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ARTICLE

CHRONIC LYMPHOCYTIC LEUKEMIA
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Apoliprotein E-mediated ferroptosis controls cellular
proliferation in chronic lymphocytic leukemia
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Unraveling vulnerabilities in chronic lymphocytic leukemia (CLL) represents a key approach to understand molecular basis for its indolence
and a path toward developing tailored therapeutic approaches. In this study, we found that CLL cells are particularly sensitive to the
inhibitory action of abundant serum protein, apolipoprotein E (ApoE). Physiological concentrations of ApoE affect CLL cell viability and
inhibit CD40-driven proliferation. Transcriptomics of ApoE-treated CLL cells revealed a signature of redox and metal disbalance which
prompted us to explore the underlying mechanism of cell death. We discover, on one hand, that ApoE treatment of CLL cells induces lipid
peroxidation and ferroptosis. On the other hand, we find that ApoE is a copper-binding protein and that intracellular copper regulates
ApoE toxicity. ApoE regulation tends to be lost in aggressive CLL. CLL cells from patients with high leukocyte counts are less sensitive to
ApokE inhibition, while resistance to Apok is possible in transformed CLL cells from patients with Richter syndrome (RS). Nevertheless, both
aggressive CLL and RS cells maintain sensitivity to drug-induced ferroptosis. Our findings suggest a natural suppression axis that mediates
ferroptotic disruption of CLL cell proliferation, building up the rationale for choosing ferroptosis as a therapeutic target in CLL and RS.

Leukemia (2025) 39:122-133; https://doi.org/10.1038/541375-024-02442-0

INTRODUCTION
High proportion of long-term non-progressors [1] in CLL might be
indicative of efficient natural suppression mechanisms keeping the
disease under control. Such mechanisms have been only marginally
explored. They might be linked to intrinsic tumor vulnerabilities,
studying which might shed light onto the complex biology of CLL
and indicate new therapeutic targets with translational potential.
We previously described that CLL cells are characterized by an
ectopic expression of the immunomodulatory cell surface receptor
immunoglobulin-like transcript 3 (ILT3/LILRB4) [2]. Functional
implications of its expression have not been fully elucidated. The
selective presence of ILT3 on CLL B cells, but not healthy B cells,
made us hypothesize that it might influence CLL biology in a
considerable way. Previously, we found ILT3 to be a negative
regulator of B cell receptor (BCR) signaling, selectively interfering
with the Akt signaling axis [2]. Subsequently, a new physiological
ligand for ILT3 has been identified as apolipoprotein E (ApoE) [3].
ApoE is an abundant serum protein regulating lipid transport

between cells, tissues, and organs [4]. ApoE exists in three main
isoforms (ApoE2, ApoE3, ApoE4), with ApoE3 being predominant
and reaching 78% homozygosity in human population [5]. ApoE has
been ascribed with anti-tumoral properties achieved via modulation
of immunosuppressive myeloid cells [6, 7] and T lymphocytes [8]. It
can also trigger intracellular signaling cascades [9].

Due to such versatility in the ApoE function, we set out to
investigate whether it might be influencing the biology of CLL
cells. We expressed lipoprotein-associated recombinant ApoE
and used it for functional and biochemical investigation on
primary CLL cell cultures mimicking the in vivo proliferative
niche. ApoE was found to be toxic to proliferating CLL cells,
hence we dissected the underlying mechanism and identified
that ApoE induces ferroptosis, a type of cell death triggered by
the accumulation of lipid peroxides which cause membrane
damage and organelle disruption [10]. We also employed
xenografts of primary tumor cells from patients with Richter
syndrome (RS), to investigate whether resistance to ApoE-
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mediated suppression might arise in highly aggressive trans-
formed CLL. Our findings suggest that ApoE targets CLL
vulnerability to ferroptosis and that it is less pronounced in
patients with aggressive CLL. Importantly, from translational
perspective this vulnerability remains targetable by drugs, even
when resistance to ApokE is acquired.

MATERIALS AND METHODS

Ethics approval and consent to participate

All methods were performed in accordance with the relevant guidelines
and regulations. Research on human samples was approved by Comitato
Etico Regionale per la Sperimentazione Clinica della Regione Toscana
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(study “TLS_LLC"). All human participants gave written informed consent.
Research on animals was approved by the ltalian Ministry of Health
(authorization 578/2021-PR).

Isolation and culturing of B cells

Primary CLL cells and healthy memory B cells were isolated via immunoselec-
tion from peripheral blood of untreated CLL patients (Supplementary Table S1)
and healthy donors, respectively. Xenografts of primary tumor cells from RS
patients were derived as described [11, 12]. 25 % 10°/well CLL cells were
cultured in serum-free AIM-V medium (Thermo Scientific) in the presence of
25 x 10*/well hCD40L-expressing irradiated 3T3 feeder cells, F(ab’)2 Fragment
Goat Anti-Human IgM Fc5u (Jackson Immune Research), 25 ng/mL IL-21 and
10 ng/ml IL-4 (ImmunoTools; IL-4 was not used for RS cells). Cell viability and
proliferation were evaluated upon 5-6 days of culture by flow cytometry using
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CLL cells are sensitive to ApoE-mediated inhibition of cell proliferation. A SDS-PAGE and immunoblotting of recombinant ApoE3.

B CLL cells activated in the presence of 3T3-CD40L feeder cells, a-IlgM stimulatory antibodies and IL4/IL21 were treated with 50 pg/mL ApoE3
or control supernatant (n =29 patients). Viability, proliferation of viable cells, and total counts of viable cells were assessed after 5 days of
culturing. Values were normalized to controls treated with supernatants from Expi293 cells transfected with an empty vector. C Quantification
and D representative flow cytometry profiles of CD86, HLA-DR, and CD58 on control and ApoE3-treated CLL cells 72 h post-activation (n =6
donors). E RNAseq counts of ApoE receptors in blood-derived unstimulated CLL cells (n = 78 donors) from a published dataset [58]. F RNAseq
counts of ApoE receptors in control and CD40L/a-IlgM/IL4/IL21-activated CLL cells 96 h post-activation (n =4 donors; study PRINA973003).
Graphs report mean values + SD. *P < 0.05, ***P < 0.001, ****P < 0.0001 (Mann-Whitney test); p adjusted are derived from DESeq2 results. TPM

transcripts per million.
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viability dye Zombie Aqua or Zombie Violet (BioLegend) and CFSE (Thermo-
Fisher). Data analysis was carried out with FlowJo v9.0.

Reagents

We used Expi293-produced recombinant ApoE isoforms or control
supernatants from mock-transfected cells (described in Supplementary
materials); ZnCl, and CuSO, (Sigma Aldrich); copper activity-based probe
CD649 [13]; Cu**-precomplexed elesclomol (BioVision and Selleck Chem);
ferrostatin-1, deferoxamine, Z-VAD(OMe)-FKM, necrostatin-2 and ATN-224
(all Cayman Chemical); erastin-2 (Tocris Bioscence); ferric ammonium
citrate (Sigma Aldrich). Immunoblotting and flow cytometry reagents are
described in Supplementary materials.

Detection of lipid peroxidation and mitochondrial stress

50 x 10°/well CLL cells, cultured as above, were treated with 50, 37, or 25 ug/
mL ApoE or control supernatants. ApoE3-induced lipid peroxidation was
evaluated by staining cells with 5 pM of the fluorescent fatty acid analog
C11-BODIPY(581/591) (Life Technologies) [14]. Cells were imaged on the
automated confocal system Opera Phenix (PerkinElmer) using 488/561 nm
lasers and 500-550/570-630 nm emission filters. Image segmentation was
performed to exclude cell debris/aggregates/feeder cells. Quantitative
analysis was performed on Harmony software (PerkinElmer). Mitochondrial
membrane potential and reactive oxygen species (ROS) were evaluated by
flow cytometry by adding 100 nM MitoTracker Orange and 5 uM MitoSOX
Red (ThermoFisher) to cells at 37 °C for 40 min and 25 min, respectively.

Bioinformatics analysis and RNAseq datasets used in

this study

A detailed description of RNAseq analysis and public RNAseq datasets used
in the study is provided in Supplementary Materials.
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mRNA production and CLL B cell electroporation

The full-length ¢<DNA of human SLC31A1 was amplified by reverse
transcription of total RNA extracted from CLL B cells and subcloned into
pPRNA2-(A)1,g [15]. mRNA encoding for SLC31A1 and GFP were generated
and used to electroporate 5x 10° CFSE-stained CLL cells as previously
described [16]. After electroporation 25 x 10%/well B cells were plated in a
96 well plate pre-coated with 25 x 10%/well hCD40L-3T3 feeder cells and IL-
4/IL-21/antibody stimuli as described above. 25, 37, and 50 pg/ml ApoE3
were added on day 2 and cell viability and proliferation analyzed at day 6
post-electroporation. SLC31A1 over-expression was evaluated by immuno-
blotting 24 h after electroporation.

SDS-PAGE analysis of ApoE binding to copper probe CD649
2 ug of recombinant ApoE3 was resuspended in 50uL PBS, in the
presence or absence of 20 uM CuSQ,, for 5 min at RT. Then 2 uM CD649
probe was added for 2 h at RT. Samples were resuspended in SDS-PAGE
loading buffer, boiled 5min at 90°C, and loaded in 4-12% polyacryla-
mide Bolt precast gels (ThermoFisher). Fluorescence (Ex/Em 633/670)
was read on the ImageQuant LAS4000 biomolecular imager (GE
Healthcare). Protein loading was checked by SimplyBlue SafeStain
(Invitrogen).

Statistics

The exact sample size (n) for each experimental group/condition and
statistical test is indicated in Figure legends. The sample size was set to
include at least three primary samples. Similar sample size was used for
comparisons, to ensure that variation within each group of data was
similar. For every figure we applied the appropriate statistical test,
including non-parametrical Mann-Whitney test DESeq2 for RNAseq data
performed as indicated in Supplementary Methods.
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Fig. 2 ApoE suppression is linked to oxidative stress signature. A Schematic representation of RNAseq sample preparation (PRINA769014
and PRJNA1135908). CLL cells were activated in co-cultures with 3T3-CD40L cells, a-lgM/IL-4/IL-21 cocktail, and 70 pg/ml recombinant ApoE3
or control supernatant for 72 h. Patients used for RNAseq analysis are indicated in Supplementary Table S1. B Volcano plot depicting RNAseq
gene expression analysis on CLL cells treated with 70 pg/ml ApoE3 or control supernatant for 72 h as described in (A). Highlighted are
significantly downregulated (blue) or upregulated (orange) RNA species. P adjusted and fold-change values were calculated by DESeq2.
C Gene expression signatures upregulated following ApoE3 treatment as identified by gene enrichment analysis with gProfiler for Gene
Onthology - Biological Process (log2 FC =1, p,q;<0.01, Table 2S Tab 3). Redundant gene groups were filtered out. D Heatmap showing
RNAseq counts of genes belonging to the “detoxification of Cu/Zn/Cd ions” group in (C). TPM transcripts per million.
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RESULTS
CLL cells are sensitive to ApoE-mediated inhibition of cell

proliferation
We expressed recombinant ApoE isoforms in mammalian cells to
produce concentrated lipoprotein-associated ApoE as described

Leukemia (2025) 39:122-133

[9] (Fig. TA and Supplementary Fig. S1). To evaluate ApoE
influence on CLL cells, we used a co-culturing system that induces
activation and proliferation of CLL cells via CD40/BCR engagement
and IL-4/IL-21 stimulation, mimicking interactions in the CLL
proliferative niche [17]. Incubation with ApoE3 affected CLL cell

SPRINGER NATURE
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Fig. 3 ApoE induces lipid peroxidation and ferroptosis in CLL cells. A CLL cells (n = 5-9 donors) were cultured with 3T3-CD40L cells, a-lgM/
IL4/IL21 and indicated concentrations of ApoE or control supernatants for 4 days and stained with MitoSOX Red and MitoTracker orange (MT-
0). Reported is mean florescence intensity (MFI) expressed as fold-change of ApoE-treated samples versus controls treated with supernatants
from Expi293 cells transfected with an empty vector. B Heatmap showing viable CLL cell counts (n = 6-10 donors) stimulated for 5 days as in
(A), in the presence of 50 uyg/mL ApoE or control supernatants and indicated compounds. Values are normalized to the corresponding
controls. C Viable cell counts of ApoE-treated CLL cell cultures (n =10 donors) in the presence of 10 uM Ferrostatin-1 or DMSO. Values are
normalized to the control group treated with control supernatants and DMSO. D Representative fluorescent images showing C11-BODIPY-
stained CLL cells stimulated for 4 days as in (A) and treated with 50 ug/mL ApoE or control supernatants. E Time course analysis of BODIPY C11
oxidation in CLL cells (n = 5 donors) activated/treated for 3-5 days as in (A). For quantification, cells were filtered by size to exclude feeder cells
and cell debris. Quantitative analysis was performed on 3000-5000 single cells per condition. The ratio of intensity of oxidized dye (488 nm
excitation) vs reduced dye (561 nm excitation) was used as a readout of lipid peroxidation. Data are expressed as fold change normalized to
the mean 488/561 ratio calculated on untreated samples. Graphs report mean values + SD. *P < 0.05, ****P < 0.0001 (Mann-Whitney test).

viability and proliferation, which resulted in a significant drop in
viable cell numbers (Fig. 1B). No correlation was observed
between ApoE ability to impair cell viability versus proliferation,
suggesting that ApoE may exert a dual inhibitory role realized in
the donor-dependent context. All three ApoE isoforms were
efficient in inhibiting CLL proliferation at concentrations in the
physiological range (IC50 18.3-49.8 ug/mL, Supplementary Fig. S2)
[18]. Interestingly, ApoE inhibited proliferation of healthy memory
B cells as well (Supplementary Fig. S3).

We observed that ApoE did not impact the early steps of CLL
cell activation using as readout the upregulation of CD86, CD58,
and HLA-DR (Fig. 1C, D). Instead, strong interference with the late
stages of CLL cell activation (i.e., proliferation) let us hypothesize
that receptors for ApoE might get upregulated following CLL cell
stimulation. Analysis of RNAseq data from a published dataset of
78 patients allowed us to appreciate that, out of known ApoE
receptors, ILT3 showed the highest levels expression in blood-
derived unstimulated CLL cells (Fig. 1E). However, we observed
that following CD40 engagement and cytokine stimulation, CLL
cells upregulated the expression of several ApoE receptors
(Fig. 1F), consistent with our prediction. Activation-induced
upregulation of ApoE receptors was observed in healthy memory
B cells as well (Supplementary Fig. S4).

ApoE treatment is associated with redox and metal disbalance
signature in CLL cells

To get insight into the mechanism of ApoE-mediated inhibition,
we compared gene expression profiles in activated CLL cells
treated for 72h with ApoE3 (the predominant genetic ApoE
variant [5]) (Fig. 2A). Bioinformatics analysis of RNAseq data
evidenced a considerable impact of ApoE3 on CLL cell
transcriptomes (Fig. 2B, Supplementary Table S2) and modulated
expression of genes belonging to various signaling pathways
implicated in CLL pathogenesis (Supplementary Fig. S5). By
analyzing genes significantly upregulated in ApoE3-treated cells,
we observed a signature implicating several cellular pathways,
including cellular response to metal toxicity (Fig. 2C). Specifically,
transcriptomics evidenced upregulated expression of metal-
lothioneins M1E, MT1G, MT1H, MT2A (Fig. 2D). These proteins
scavenge ROS and bivalent metal ions, protecting cells from
oxidative injury and heavy metal toxicity [19]. Hence, our data
suggested a possible mechanism underlying ApoE-mediated cell
death in CLL cells.

ApoE induces lipid peroxidation and ferroptosis in
proliferating CLL cells

Firstly, we questioned whether CLL cells were suffering oxidative
stress following ApoE3 treatment. ApoE has been previously
implicated in the induction of mitochondrial ROS [20]. Measure-
ment of mitochondrial ROS and mitochondrial potential in CLL
cells revealed a trend indicative of mitochondrial oxidative stress
in ApoE3-treated cells (Fig. 3A). To follow up on this observation,
we performed cell death inhibitor screening using the apoptosis
inhibitor Z-VAD, the necroptosis inhibitor necrostatin-2, and the

SPRINGER NATURE

ROS scavenger and ferroptosis inhibitor ferrostatin-1. Ferrostatin-1
was found to be the only inhibitor able to salvage CLL cells from
ApoE-mediated toxicity (Fig. 3B), which we confirmed on the
extended panel of donors (Fig. 3C).

Our data suggested that ApoE toxicity might be caused by
ferroptosis, a regulated cell death program distinct from apoptosis
and necroptosis. It is driven by lipid peroxidation [21] which
metallothioneins are known to counteract [19]. To evaluate lipid
peroxidation in ApoE-treated CLL cells we used the C11-BODIPY
(581/592), a fatty acid analog that shifts fluorescence emission
peak from 590nm to 510nm upon oxidation. Hence, lipid
peroxidation could be assessed by calculating the ratio of
reduced-vs-oxidized spectra emission. Using C11-BODIPY, we
observed that ApoE3 induced lipid peroxidation in cultured CLL
cells (Fig. 3D). Quantitative image analysis at the single cell level
revealed that ApoE-mediated lipid damage started on day 4 of
stimulation (Fig. 3E), when CLL cells typically start proliferating.
This observation corroborated our hypothesis on the selective
impact of ApoE upon late stages of CLL cell activation. Collectively,
our findings suggested that ApoE toxicity against proliferating CLL
cells is caused by ferroptosis that could be counteracted by ROS
scavenging.

ApoE-induced ferroptosis occurs under hypoxic conditions
and does not depend on iron supplementation

The partial pressure of oxygen (pO,) in blood is close to 5%, while
it could drop as low as 0.5-1% within the lymph node niche where
CLL cells form proliferative centers [22]. Since O, is required for
lipid peroxidation, we asked whether CLL cells cultured in hypoxia
are still sensitive to ApoE toxicity. After setting up conditions for
achieving CLL cell proliferation at 1% pO, (Supplementary
Fig. S6A), we were able to appreciate the inhibitory effect of
ApoE upon CLL cell proliferation (Supplementary Fig. S6B), as well
as toxicity of the synthetic ferroptosis-inducer erastin-2 against
them (Supplementary Fig. S6C). These data demonstrate that
ApoE-mediated inhibition and ferroptosis in proliferating CLL cells
can occur under hypoxic condition.

Iron is one of the main ferroptosis mediators catalyzing the
production of free radicals that oxidize lipids [10]. We assessed
whether iron overload might promote ferroptosis in CLL cells and
whether iron availability could influence ApoE toxicity. Iron
overloading using ferric ammonium citrate did not impact viability
or proliferation of CLL cells (Supplementary Fig. S7A), whereas iron
chelation with deferoxamine did not influence ApoE-mediated
inhibition (Supplementary Fig. S7B). Hence, modulation of iron
levels appears not to have a direct impact on ferroptosis or ApoE
toxicity in proliferating CLL cells.

ApoE toxicity against CLL cells is regulated by copper

We explored a parallel hypothesis according to which ApoE
inhibition might be associated with bivalent metal disbalance.
Cell culture medium indeed contains two physiological
bivalent metals, zinc (Zn>") and copper (Cu?"), whose accumula-
tion and associated toxicity are counteracted by the action of
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Fig. 4 ApoE is a copper-binding protein whose toxicity is regulated by intracellular copper levels. A Cell viability at different
concentrations of ZnCl, and CuSO,4 was evaluated on CLL cells cultured with 3T3-CD40L cells and a-IgM/IL4/IL21 for 5-6 days (n = 3 donors).
B Representative SDS-PAGE analysis of ApoE3 interaction with copper-selective probe CD649, as such or pre-incubated with 20 pM CuSO,.
Bovine serum albumin (BSA) was used as a copper-binding control. C Quantification of SDS-PAGE results (n =4 independent experiments).
D Immunoblotting (left panel) and its quantification (right panel) of SLC31AT1 levels in CLL cells 24 h after electroporation with nothing (mock),
GFP mRNA, or SLC31AT mRNA. E ApoE3-mediated inhibition of CLL cell proliferation after electroporation with nothing (mock), GFP mRNA or
SLC31AT mRNA. D, E are representative of n = 5-7 independent experiments. F Representative flow cytometry analysis of CLL cell proliferation
after electroporation and cultured with or without 37 pg/mL ApoE3. Histograms in dark gray depict non-proliferating cells. G Dose response
matrix and ZIP synergy score of CLL cell viability upon their activation in the presence of ApoE3 and Cu?"-precomplexed elesclomol. Synergy
score was calculated in SynergyFinder package in R using the ZIP score model. CLL cells were cultured with 3T3-CD40L cells, cytokines, and
indicated compounds for 6 days (n =8 donors). Graphs report mean values + SD. *P < 0.05, **P < 0.01; ****P < 0.0001 (Mann-Whitney test).

metallothioneins [23]. We established that CLL cells were relatively ApoE3 was pre-incubated with 20 uM Cu®" (Fig. 4B, C and
resistant to Zn?" toxicity, while being sensitive to elevated Supplementary Fig. S8), suggesting ApoE3 has a consistent
concentrations of Cu®" (Fig. 4A). It has been shown that ApoE is capacity of copper binding.

capable of binding Cu?*-loaded resin [24]. To evaluate copper- To establish whether copper contributes to ApoE toxicity, we
binding properties of recombinant ApoE3, we used a chemical evaluated if sensitivity of CLL cells to ApoE could depend on
acyl imidazole probe CD649 that irreversibly binds to copper- intracellular copper concentrations. First, we assessed this by
binding proteins via bioconjugation [13]. CD649 was found to modulating levels of copper importers in CLL cells. By re-
bind ApoE3 at basal conditions, with a significant increase when analyzing published proteomics results [25] we established that
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SLC31A1 is the only copper transporter expressed on the surface
of CLL cells (Supplementary Fig. S9). We overexpressed SCL31A1
in CLL cells via mRNA electroporation [16] (Fig. 4D, E and
Supplementary Fig. S10). This did not have an impact upon CLL
cell proliferation on its own (Fig. 4F), however it raised CLL cell

SPRINGER NATURE

sensitivity to ApoE3 (Fig. 4E, F). Second, when Cu®*" was
delivered into cells via a copper-selective ionophore elesclomol
which bypasses cellular receptors [26, 27], a synergistic profile
between ApoE and copper ions was observed (Fig. 4G). Hence,
our data suggest that ApoE is a copper-binding protein and that
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Fig. 5 Cells from CLL patients with high WBC display increased resistance to ApoE. A Percentage of viable proliferating cells and total
counts of viable CLL cells from CLL patients without chromosomal aberrations (Neg, n = 11 donors), deletion of chromosome 13 (del13g,n =7
donors), or trisomy 12 (tris12, n = 3 donors). CLL cells were grown with 3T3-CD40L cells, a-lgM/IL4/IL21, and treated with 50 pg/mL ApoE3 for
5-6 days. B Percentage of viable proliferating cells and total counts of viable CLL cells from patients with mutated (MUT) IGHV (low WBC n =7
donors; high WBC n=9 donors) and unmutated (U-MUT) IGHV (high WBC, n=10 donors) cultured as in (A). Values in (A) and (B) are
normalized to the control group treated with supernatants from Expi293 cells transfected with an empty vector. 20,000 WBC/uL was used as a
threshold to define low and high WBC groups. Graphs report mean values + SD. *P < 0.05 and **P < 0.01 (Mann-Whitney test). C Analysis of
lipid peroxidation using BODIPY C11 comparing CLL cells from donors with low WBC (n =6 donors) and high WBC (n =4 donors). Controls
were treated with supernatants from Expi293 cells transfected with an empty vector. Graph report mean values + SD. **** P < 0.0001 (Mann-
Whitney test). D Volcano plot depicting RNAseq gene expression analysis on CLL cells cultured for 72 h with 70 pg/ml ApoE3 or control
supernatant. Highlighted are significantly downregulated (blue) or upregulated (orange) RNA species. P adjusted and fold-change values were
calculated by DESeq?2. Patients used for RNAseq analysis are indicated in Supplementary Table S1. E Gene expression signatures upregulated
following ApoE3 treatment in cells from high WBC donors as identified by gene enrichment analysis with gProfiler for Gene Onthology—
Biological Process (log2 FC > 0.6, p,q; < 0.05, Table 3S Tab 3). F Heatmap showing RNAseq counts of genes belonging to the “response to
unfolded protein” group in (E). G Viability (left panel), proliferation of viable cells (central panel) and total counts of viable cells (right panel)
analyzed for CLL cells with high WBC (n = 10 donors) activated in co-cultures with 3T3-CD40L cells, a-IlgM/IL-4/IL-21 cocktail and treated with
various concentration of Erastin-2 or vehicle for 4-5 days. Values are normalized to the mean of the control group treated with vehicle
(DMSO0). Mann-Whitney test was performed for every single concentration point versus respective vehicle control. **P < 0.01, ***P < 0.001,

*#*6%P < 0,0001.
<

its toxicity could be enhanced by increasing intracellular copper
concentrations.

CLL aggressiveness associated with higher resistance to ApoE
toxicity

CLL cells from different CLL donors showed heterogenous
response to ApoE treatment (Fig. 1B). We, therefore, evaluated
whether ApoE sensitivity could be influenced by genetic and
clinical features of CLL. First, donors were stratified according to
the presence of chromosomic aberrations (del13q, trisomy 12,
neg) but no significant differences were observed (Fig. 5A). When
donors were stratified according to the IGHV mutational status
and white blood cell counts (WBCs), considering 20,000 WBC/pL as
a threshold to define low or high WBC subgroups, we observed
that CLL cells from low WBC donors were significantly more
affected by ApoE treatment when considering IGHV-mutated
(MUT) group (Fig. 5B). IGHV mutational status on its own did have
effect when patients with similar WBC were compared (high WBC
MUT donors vs high WBC U-MUT donors, Fig. 5B). We observed
that increased resistance to ApoE toxicity in high WBC donors was
associated with reduced lipid peroxidation (Fig. 5C). To get insight
into the mechanisms underlying this phenotype, we performed
RNAseq analysis which revealed a signature of unfolded proteins
response (UPR) in ApoE-treated CLL cells from high WBC donors
(Fig. 5D, E, Supplementary Table S4). Specifically, DNAJB1, HSPB1,
BAG3, PPP1R15A, DDIT3, and YOD1 genes were found to be
upregulated (Fig. 5F). URP can counteract the endoplasmic
reticulum stress by activating antioxidative machinery to restore
homeostasis [28-30]. Moreover, HSPB1 and AEBP1 genes that were
significantly upregulated in high WBC CLL (Fig. 5F and Supple-
mentary Table S3, respectively) are known as negative regulators
of ferroptosis [31, 32]. Interestingly, CLL cells from high WBC
donors still retained sensitivity to the ferroptosis-inducing small
drug erastin-2 (Fig. 5G). Altogether, these data suggest that CLL
cells could activate transcriptional programs to counteract ApoE
toxicity but are still sensitive to the pharmacological induction of
ferroptosis.

Richter syndrome (RS) cells could become resistant to ApoE
toxicity but not to ferroptosis

This data prompted us to assess ApoE sensitivity in transformed
CLL B cells from Richter syndrome (RS) patients. RS is characterized
by particularly poor survival and response to therapy [12]. Using
RS patient-derived xenografts from three donors with different
mutational profiles [11, 12] (Table S4), we optimized culturing
conditions for RS cells allowing us to evaluate their viability and
proliferation similarly to the CLL model (Figure S11). We observed
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that two RS cases, RS_IP867/17 and RS_1316, showed intrinsic
resistance to ApoE inhibition (Fig. 6A, B). ApoE resistance was not
associated with the loss of RS cell sensitivity to ferroptosis since
erastin-2 was efficient in reducing viability of proliferating cells in
RS cultures (Fig. 6C).

We further sought to evaluate whether ferroptosis resistance
might be deduced from transcriptional profiles of RS cells.
Comparative analysis of transcriptomes in 14 RS patients and
269 CLL patients revealed that, out of 21 genes previously
implicated in conferring ferroptosis resistance [10, 21, 33], four
(CD44, GSS, GCLM, AKR1C3) were found to be upregulated in RS
cells (Fig. 6D). However, the statistical result for CD44 was found to
be influenced by outliers since the median of expression in RS
cells (138.35+868.64) versus CLL cells (147.00 +148.70) was
comparable (Supplementary Table S5), and a separately con-
ducted statistical comparison confirmed that CD44 was not
upregulated in RS cells (Supplementary Fig. S12). Meanwhile,
glutathione synthetase (GSS), glutamate-cysteine ligase regulatory
subunit (GCLM) and aldo-keto reductase family 1 member C3
(AKR1C3) were expressed at medium-low levels in RS cells, which
probably explains the lack of protective effect of their expression
against erastin-2-induced death (Fig. 6C). Notably, one of the
major protectors against ferroptosis, glutathione peroxidase 4
(GPX4), was found to be significantly downregulated in RS cells
(median TPM 39.29 + 24.72 versus 107.76 = 58.32; Fig. 6E). These
data altogether suggested that, although RS cells seem to develop
mechanisms of protection against ApoE-induced ferroptosis, they
maintain sensitivity to drug-induced ferroptosis and do not
display transcriptional signature indicative of ferroptosis
resistance.

DISCUSSION
Our study describes a regulatory mechanism according to which
an abundant serum protein ApoE inhibits the proliferation of CLL
cells through ferroptotic cell death. The described mechanism
might become compromised in aggressive CLL and particularly in
transformed RS, where we detected cases of ApoE resistance.
Nevertheless, both CLL cells and ApoE-resistant RS cells maintain
sensitivity to drug-induced ferroptosis, suggesting a promising
therapeutic target. Our results illustrate how a study of natural
suppression mechanisms helps elucidate CLL vulnerabilities,
adding to the emerging concept of ApoE-mediated tumor
regulation [6-8] and consolidating the role of ferroptosis in
controlling malignant B cells [34, 35].

The regulatory function of serum-derived proteins has been
previously explored in the context of CLL. However, the focus has
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Fig. 6 RS cells could become resistant to ApoE toxicity but not to drug-induced ferroptosis. A Counts of viable CLL cells (n =5 donors)
and RS cells (n =3 donors) from patient-derived xenografts cultured with 3T3-CD40L cells, a-lgM/IL21 and indicated concentrations of
ApoE3 for 4-5 days. Values were normalized to controls treated with supernatants from Expi293 cells transfected with an empty vector.
Statistical comparison was performed on RS_1316 and RS_IP867 samples versus CLL samples. Graphs report mean values + SD. *P < 0.05,
**P < 0.01 (Mann-Whitney test). B Representative flow cytometry profiles depicting cell viability and proliferation for three RS patient-
derived xenografts cultured as above and treated with 50 pg/mL ApoE for 4 days. Percentages of proliferating RS cells are >70% in all
conditions tested and are constant between Ctrl and ApoE conditions. C RS cells (n =3 donors) were activated in the presence of 3T3-
CD40L feeder cells, a-lgM stimulatory antibodies, and IL21, and treated with various concentrations of erastin-2. Viability (left panels),
proliferation (central panels), and total counts of viable cells (right panels) were assessed after 4 days of culturing. Values are normalized to
the mean of the control group treated with vehicle (DMSO). Mann-Whitney test was performed for every single concentration point versus
respective vehicle control. Graphs report mean values + SD. *P < 0.05. D RNAseq counts of ferroptosis resistance genes and (E) GPX4 in a
cohort of RS patients (n = 14) versus CLL cohort (n =269 donors). TPM transcripts per million; p adjusted and fold-change expression
values are derived from DESeq2 results.
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fallen mostly on cytokines and immunomodulatory soluble
proteins regulating inflammatory milieu [36] and antitumoral
immune response [37, 38]. ApoE-mediated regulation of tumors is
an emerging field. ApoE has been implicated in the modulation of
anti-tumor immunity [6-8], however it has not been yet found to
act upon tumor cells directly. ApoE ability to inhibit CLL
proliferation suggests that it can counteract such strong signals
as the BCR and CD40 triggering, which are considered to be
driving forces sustaining CLL progression and resistance to
therapy [39]. Exploring the biochemical basis of ApoE-mediated
suppression revealed that it induces toxic lipid peroxidation. ApoE
plays one of the central roles in orchestrating lipid homeostasis, as
it normally coordinates cholesterol efflux from cells [4]. Whereas in
pathogenic settings, such as Alzheimer’s disease, the ApoE isoform
ApoE4 promotes mitochondrial dysfunction [20] and pathogenic
MAPK signaling [40]. In this context, our data outline a novel ApoE
activity, as no previous evidence for ApoE ability to promote
ferroptosis has been described.

Another interesting regulatory aspect of ApoE-mediated toxicity
is that it could be potentiated by increasing intracellular copper
concentrations, possibly due to the copper-binding properties of
ApoE. Excess copper can induce production of ROS [41] that may
exacerbate oxidative stress within cells, further potentiating
cellular damage by ApoE. Moreover, copper has been recently
shown to directly enhance ferroptosis in pancreatic cancer in vitro
and in vivo by promoting degradation of GPX4. Our data hence
reinforce the notion of synergy between intracellular copper and
ferroptotic cell death and promote the concept of tumor cell
regulation by copper.

The propensity of ApoE to inhibit cell proliferation points
towards a possibility that it might exert most of its inhibitory
action upon dividing CLL cells in the tumor niche, i.e, bone
marrow and secondary lymphoid organs. ApoE could be delivered
into CLL niches from blood. However, certain resident cells such as
macrophages are considered to be major ApoE producers in
tissues [4, 42]. Guided by single-cell RNAseq analysis of human
bone marrow [43], we obtained preliminary data suggesting that
mesenchymal stromal cells derived from CLL biopsy could secrete
ApoE (Supplementary Fig. S13). Further exploiting the nature and
targetability of ApoE-producing cells within the CLL microenvir-
onment might become therapeutically relevant. Notably, a recent
study comparing gene expression profiles of CLL cells from
peripheral blood and lymph node biopsies identified ApoE among
transcripts upregulated in lymph node samples from patients with
clonally stable CLL [44]. Combined with our data, this might
suggest that pharmacological upregulation of ApoE levels might
counteract CLL progression and could be potentially enhanced by
copper-delivery compounds, such as elesclomol [45] which we
found to act in synergy with ApoE. A possible therapeutic
approach to ApoE upregulation could be to use synthetic liver X
receptor (LXR) agonizts that held great promise in various
applications [46, 47] and have been reported to increase ApoE
levels in vivo [48]. We, however, found that, in contrast to human
mesenchymal stromal cells that appear to be responsive to LXR
agonist GW3965 (Supplementary Fig. S13), splenocytes that
constitute the primary CLL niche in the widely-used Ep-TCL1 CLL
model [49] are unable to upregulate ApoE secretion following
GW3965 treatment, either in vitro or in vivo (Supplementary
Fig. S14). Hence, there is a need to evaluate alternative
compounds for the assessment of ApoE efficacy in preclinical
models.

Finally, our data suggest that sensitivity to ApoE might be
different across CLL spectrum, with decreased sensitivity in
aggressive CLL and resistance arising during RS transformation.
Our data associated URP signature with the increased resistance to
ApoE toxicity suggesting that UPR might help ameliorating
oxidative stress in ApoE-treated CLL cells due to its known
antioxidative function [28-30, 32]. Interestingly, we find that CLL

Leukemia (2025) 39:122-133

F. Nardi et al.

and RS cells are sensitive to drug-induced ferroptosis, even in
cases of ApoE resistance. Several ferroptosis inducers have been
showing promising effect in cancer therapy [10, 21]. In this
context, our study suggests pharmacological induction of
ferroptosis as a potential therapeutic approach in CLL and RS. It
also improves our knowledge of molecular vulnerabilities in RS
that have been yet poorly phenotypically characterized, although
accounting for as much as 15% of total CLL cases [50]. Ferroptosis
is a programmed cell death involving disbalance in redox
homeostasis and lipid peroxidation, that has been recently
proposed as a targetable vulnerability for many tumors, including
diffuse large B-cell lymphoma [34, 35] and acute myeloid leukemia
[51, 52]. CLL has been already characterized as highly prone to
oxidative stress [53], which could act as a protective mechanism
since indolent CLL is hypersensitive to redox disbalance [54].
Consequently, pharmacological induction of oxidative stress has
been proposed as a therapeutic strategy in CLL [55, 56]. Overall,
this strongly suggests that redox burden intrinsic to CLL cells
might render them particularly sensitive to agents inducing
ferroptosis. Moreover, induction of ferroptosis might represent a
promising strategy to circumvent CLL resistance to apoptotic cell
death and Bcl-2 inhibitors [57].

In conclusion, our findings illustrate that the exploration of
natural suppressor mechanisms holds promise in revealing
biochemical aspects of CLL regulation and therapeutic targets in
CLL and RS.
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