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Chronic lymphocytic leukemia (CLL) co-evolves with its own microenvironment where
inflammatory stimuli including toll-like receptors (TLR) signaling can protect CLL cells
from spontaneous and drug-induced apoptosis by upregulating IkBg, an atypical co-
transcription factor. To dissect IkBg-centered signaling pathways, we performed a gene
expression profile of primary leukemic cells expressing either high or low levels of IkBg
after stimulation, highlighting that IkB¢ is not only an inflammatory gene but it may con-
trol metabolic rewiring of malignant cells thus pointing to a novel potential opportunity
for therapy. We exploited the capacity of the dimethyl itaconate (DI), an anti-inflammatory
electrophilic synthetic derivative of the metabolite Itaconate, to target IkB;. CLL cells,
murine leukemic splenocytes, and leukocytes from healthy donors were treated in vitro
with DI that abolished metabolic activation and reduced cell viability of leukemic cells
only, even in the presence of robust TLR prestimulation. RNA sequencing highlighted that
in addition to the expected electrophilic stress signature observed after DI treatment, novel
pathways emerged including the downregulation of distinct MHC class II complex genes.
In conclusion, DI not only abrogated the proinflammatory effects of TLR stimulation but
also targeted a specific metabolic vulnerability in CLL cells.
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Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction course in which the extrinsic component of the tumor plays a

fundamental role in driving the progression and fate of leukemic
Chronic lymphocytic leukemia (CLL), the most common malig-  cells. CLL cells maintain the expression of their unique B-cell
nancy of mature B cells, has a very heterogeneous clinical receptor indispensable to receive survival signals as shown by the
impressive clinical efficacy of novel kinase inhibitors [1]. Despite
these advancements, profound responses are obtained only in a
minority of patients and relapses still occur rendering it crucial
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from the surrounding microenvironment including inflammatory
stimuli [2]. A recent paper revealed resistance mechanisms
operating in different and/or novel prognostic subgroups of
CLL pointing again on cytokines (IL4) and TLR ligands (TLR7
and TLR9) as the strongest actuators of drug resistance [3].
Moreover, TLR-mediated signaling in LN-resident CLL cells is only
partially inhibited by BTK inhibitory drugs [2] raising the urgent
need for the identification and targeting of novel molecular
circuits.

Relevant to mention is TLR9 signaling as this stimulation
induces proliferation and migration of the leukemic clone in some
CLL samples but promotes cell death in others [4-10]; to note,
IkB¢ was identified as one of the key molecules that endorses
the survival of CLL cells. Specifically, the stimulation of TLR9 in
vitro results in cell proliferation, metabolic activation, and pro-
tection from apoptosis mainly in patients’ samples overexpressing
IkB¢ and bearing adverse prognostic markers [4, 10, 11]. IkB¢,
an atypical member of the IkB family, is upregulated by STATs and
NF-kB after IL1R and TLRs stimulation and regulates at chromatin
level the expression of several inflammatory cytokines such as IL6
and IL10 [12]. In CLL cells, it can be induced at higher levels as
compared with normal B-lymphocytes suggesting that targeting
this transcriptional regulator may uncover a novel vulnerability in
CLL [11]. However, it is unknown if and which different transcrip-
tional programs are activated by IkB¢ and if we could target them
for therapeutic purposes.

To address these questions, we first performed a transcriptomic
analysis of primary CLL samples under TLR9 stimulation to iden-
tify the pathways that are specifically related to high levels of
IkB¢. Next, we focused on an inhibitory agent acting on IkB¢ to
test its therapeutic activity in vitro in different preclinical models
of CLL.

Results

Transcriptional profiles of IkBz-high versus IkBg-low
CLL samples

To analyze the IkB¢-linked transcriptional alterations in CLL cells,
we performed RNAseq of primary leukemic cells purified from
peripheral blood (PB) of patients and stimulated with CpG; we
compared the response of IkB¢-high cases (IkBZ+ cells after 24 h
CpG stimulation>29.75% respect to unstimulated sample, as we
previously described) to the one observed in IkB; low samples
that are characterized by a TLR9 activation profile likely inde-
pendent of IkB¢. Specifically, 4 IxB¢-High cases and 3 IkB¢-Low
cases were either incubated in vitro for 4 h or treated with CpG.
In the IkB¢-high cases, the stimulation altered the expression of
830 genes (Fig. 1A, left) while in the IkB¢-low cases, 126 genes
were differentially expressed (Fig. 1A, right).

To understand which functions and processes are associated
with TLR9-induced IkB¢ expression, we compared transcriptomic
profiles taking advantage of Metascape, a web-based platform
that allows to compare multiple lists of genes [13]. As illus-
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trated in Fig. 1B, inflammatory-related pathways were enriched
through all CLL samples analyzed independent from IkB¢ lev-
els (e.g. GO inflammatory response). That notwithstanding, there
was a strong enrichment of several RNA metabolic processes in
IkB¢-High cases only, as well as stress responses (Fig. 1B).

To dissect which metabolic pathways are involved, we took
advantage of OmicsNet, a web-based resource that analyzes
specifically metabolic networks [14].

Analyzing the 552 genes upregulated in IkB¢-High samples,
we observed an enrichment in one-carbon (1C) metabolism
(n.Hits = 94; adj.p value = 1e-031) and a related increase in
Purine metabolisms (Fig. 1C).

Overall, transcriptional analysis suggested that the prosurvival
activity of IkB¢ and increased ATP levels are related to a broad
metabolic rewiring involving also 1C metabolism whose implica-
tion in cancer is well known [15]. We hypothesized that targeting
IkB¢ may at the same time interrupt the metabolic advantages of
CLL cells.

Dimethyl itaconate treatment reduces IkBg expression
in CLL cells

Dimethyl itaconate (DI) is a synthetic derivative of TCA cycle
secondary metabolite Itaconate with electrophilic properties that
downmodulates an inflammatory axis centered on IkB¢ [16, 17].
With respect to itaconate, DI has a lower negative charge due
to esterification and increased capacity to cross the cell mem-
brane; this modification impacts the electrophilicity of DI that may
regulate additional pathways as compared with endogenous ita-
conate [16-18]. On this ground, we hypothesized that using the
electrophilic compound DI, we may target the IkB¢ inflammatory
and metabolic axis thus increasing the therapeutic selectivity and
specificity against CLL cells.

To partially mimic the TLR-stimulated nodal niche, we treated
primary human leukemic cells with the TLR9 ligand CpG before
(or after) drug treatment in vitro. We added DI to primary
leukemic cells isolated from the PB of patients with CLL and, after
different time points, we measured both the mRNA and protein
levels with or without TLR9 stimulation with CpG. Specifically,
we tested two different conditions: (A) PRE-CpG where CLL cells
were cultured in the presence of DI overnight (ON) followed by
CpG stimulation; (B) POST-CpG where CLL cells were incubated
for 4 h with CpG and following treated with DI; the concentrations
of DI were the same previously used in macrophages [16] (Fig. 2A
and B). With the PRE-CpG and POST-CpG schedules, we would
like to recapitulate both preventive and curative approaches.

To evaluate the effects of DI on IkB¢ induction, we analyzed
both protein and RNA expression with flow cytometry and qPCR
analyses. As expected, kB¢ protein levels are heterogeneously
increased by CpG among different CLL samples, confirming the
presence of both “IkB¢-high” and “IkB¢-low” cases as previously
described [11]. On the other hand, increasing concentrations of
DI blocked kB¢ induction when cells were pretreated (Fig. 2C;
n = 11, mean 50 pM = 16.96%, 100 oM = 7.7%, 200 pM =
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3.3%). Increasing doses of DI were effective also in the POST-CpG
setting (Fig. 2D; n = 10).

Focusing on mRNA induction, 4 hours of TLR9 activation
induced a 12-fold change (FC) increase of NFKBIZ mRNA while
in the PRE-treated samples (green bar) DI significantly repressed
NFKBIZ mRNA induction to three-fold. In the POST setting (blue
bar), DI-treated samples showed a trend of decrease compared
with CpG-stimulated ones (Fig. 2E).

© 2023 The Authors. European Journal of Immunology published by
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Finally, we tested the functional effects of the DI-mediated
inhibition by analyzing two known target genes, namely IL6 and
IL10. As shown in Fig. 2F, IL6 induction was significantly blocked
when DI was added before TLR9 stimulation, and a trend of
reduction was observed when DI was added after CpG. Similarly,
IL10 mRNA levels were 23.16 FC in the CpG stimulated samples
over the untreated, and 12.23 and 3.38 in the PRE- and POST-
settings, respectively, though the decrease was highly variable and
not statistically significant (Fig. 2G).
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Figure 2. Dimethyl itaconate (DI) abrogates TLR9-mediated IkB¢ induction in CLL cells. Schematic representation of PRE-CpG (A) and POST-CpG
(B) schedule. In both experimental procedures, NFKBIZ RNA was quantified at time point “A”. At time point “B”, Western blot and flow cytometry
analysis was performed. At time point B and C, metabolic activation and cell viability were quantified. For RNA-seq analysis RNA was extracted
at time point “A” only in the PRE-CPG Schedule. We tested both the PRE-CpG (green) and POST-CpG (blue) schedules to specifically evaluate the
effects of increasing doses of DI (50-200 pM) on ATP levels and viability of purified CLL cells. IkB¢ quantification by flow cytometry in primary
CLL cells stimulated for 24 h with CpG in the presence of increasing concentration of DI following the PRE (C) and POST (D) schedule (n = 11
independent experiments in PRE; n = 10 independent experiments in POST). One representative sample is shown in left panel for PRE and POST
respectively. (E) NFKBIZ mRNA quantification relative to 18s, B-actin, and TBP after 4/8 h of CpG stimulation in the presence or not of 100 pM of DI (n
= 6 independent experiment). (F-G) IL6 (n = 13 samples in 11 independent experiments) and IL10 (n = 8 samples in five independent experiments)
mRNA quantification relative to 18s, B-actin, and TBP after 24 h of CpG stimulation in the presence or not of 100 M of DI. One-way ANOVA analyses
were performed, and Turkey or Dunn posttests were done for multiple comparisons. “p < 0.05; *p < 0.01; ***p < 0.001; ***p < 0.0001.

In conclusion, the addition of DI before CpG stimulation and to
a lesser extent after CpG stimulation blocked both NFKBIZ mRNA
and protein as well as its target genes.

DI blocks metabolic activation of leukemic cells and
induces apoptosis

To test the efficacy of DI to inhibit TLR-induced IkB¢-mediated
metabolic activation, we quantified the ATP present in purified
CLL cells cultured in vitro. As expected, CpG treatment induced a

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

heterogeneous increase of ATP production at both 24 (Fig. S1A)
and 48 hours as compared with untreated samples (48 h CpG =
125%, SD = 40.45, n = 15, p = 0.0353; Fig. 3A); on the other
hand, increasing concentrations of DI pretreatment significantly
reduced the energy production induced by TLR9 stimulation. We
then asked if DI could inhibit metabolic activation and promote
cell death when added after the stimulation of TLR9 and conse-
quent high expression of IkB¢ as this would more closely mimic
the in vivo situation where ongoing TLR signaling was reported
in the lymph nodes [2]. Even in this most stringent experimental
setting (POST-CpG), a dose-dependent reduction of the cellular
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Figure 3. DI selectively reduces metabolic activation and survival of primary CLL cells, sparing healthy leukocytes. We tested both the PRE-CpG
(green) and POST-CpG (blue) schedules to specifically evaluate the effects of increasing doses of DI (50-200..M) on ATP levels and viability of purified
CLL cells (A) PBMC from CLL patients (B), in the presence or not of TLR9 stimulation. Using cell titer Glo assay, after 48 h of TLR9 stimulation (2.5
ng/mL CpG) we quantified the percentage of ATP present in the cells with respect to the Ctrl samples as a measure of their metabolic activation (A
left n = 15 samples in nine independent experiments), B left n = 12 samples in 10 independent experiments). Using TC20 automated cell counter
we measured the percentage of viable trypan blue negative cells after 48 h of TLR stimulation (2.5 pg/mL CpG) (A right n = 13 samples in nine
independent experiments), B right n = 11 samples in eight independent experiments). Two-way ANOVA analysis was performed and Dunnet posttest
was performed for multiple comparisons. *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001. (C) Western blot analysis of one representative CLL sample
treated with 100 uM DI in the presence or not of CpG for 24 h (in green PRE-CpG setting, in blue POST-CpG setting). PARP, BCL-xL, and MCL1 expression
were evaluated. (D) Using Flow Cytometry we measured the percentage of Annexin V positive cells in CLL cells PRE-treated ON or POST-treated with
100 M DI after 24 h of CpG stimulation (n = 10 samples in six independent experiments). One-way ANOVA analysis was performed and Dunnet
posttest was performed for multiple comparisons. *p < 0.05; *p < 0.01; ***p < 0.001; ***p < 0.0001. (E) Western blot analysis of one representative
(out of 3) CLL sample treated with increasing concentration of DI in the presence or not of CpG for 24 h (50 pM-100 pM-200 uM; in green PRE-CpG
setting, in blue POST-CpG setting). (F) Western blot analysis of one (out of 3) representative sample of leukemic TCL1-tg mice-derived splenocytes
stimulated 24 h with 2.5 pg/mL CpG-ODN1826 (murine specific) or 1 pg/mL LPS in the presence or not of 100 pM of DI (green = PRE; blue = POST).
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metabolic state is evident as compared with untreated samples;
specifically, the percentage of ATP levels dropped to 37.23% =+ 35
at the maximal dose of DI as compared with untreated control
(Fig. 3A).

Since the intracellular levels of ATP reflect both metabolic state
and cell viability, we monitored the percentage of trypan blue pos-

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

itive versus negative cells under the same experimental conditions
using an automated cell counter (Fig. 3A, 48 h; Fig. S1A, 24 h);
as expected, after 48 h of in vitro culture untreated leukemic cells
started to dye (67.98% + 17.88 cell viability) and DI treatment
decreased the percentage of viable cells to 60.87% =+ 16.92 at
50 uM, 52.07% =+ 18.19 at 100 uM DI, and 43.12% =+ 15.9 at
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200 pM DI (n = 12 samples for all the doses). DI PRE-treatment
induced cell death even in the presence of CpG. Notably, DI was
effective even when added after TLR9 stimulation (Fig. 3A). Over-
all, we observed a dose-dependent reduction in cell viability at
both 24 and 48 h, with or without CpG stimulation that reflected,
at lower levels, the impact on metabolic activation.

To address the activity of DI on cells expressing different
amounts of kB¢, we divided our small cohort of samples into
IkB¢-high versus kB¢ -low (cut off 29.75% positive cells 24 h after
CpG stimulation as previously reported) [11] and we re-analyzed
both cell activation and cell viability after 100 pM DI treatment
(n = 36; IkB¢-high n = 18; IkB¢-low n = 18;). As reported in
Fig. S2, DI reduced cell viability in both IkB¢-low and IkB¢-high
samples. Moreover, DI reverted the increased CpG-mediated cellu-
lar activation which is more evident in IkB¢-high samples where
DI reduced the ATP content of CpG-treated cells from 141% to
40%; in IkB¢-low samples, the CpG effect was less evident (107%
respect to control) and was inhibited by DI as well (37%). Over-
all, these data suggest that the impact of DI is associated only
partially with the expression levels of IkB¢. However, DI was very
effective in abrogating the cytoprotective effects of CpG that are
found mainly in IkB¢-high samples.

Next, we tested the effect of DI on PBMC isolated from the
blood of patients with CLL (n = 12) because the non-leukemic
cellular fractions have a protective effect against drug treatment
[19]. To note, even under these experimental conditions, DI not
only blocked the effects of CpG on metabolic activation but also
induced cell death with or without TLR9 stimulation, in both PRE-
and POST-setting (Fig. 3B, 48 h; Fig. S1B, 24 h).

To further validate our results in a different preclinical model
of CLL, we tested DI ex vivo on leukemic cells collected from TCL1
transgenic mice and treated with LPS obtaining similar results
(Fig. S3) [20].

To identify the type of DI-induced cell death, we quantified
the percentage of Annexin V positive cells (Fig. 3D), we analyzed
the expression of BCL-xL, MCL1, and PARP1 (Fig. 3C), and we
quantified the cleavage of PARP1 after densitometric analysis in
primary CLL cells (Fig. S4A). DI promoted apoptosis either alone
or in combination with CpG as demonstrated by the reduction of
both MCL1 and BCL-xL, by the increased rate of PARP1 cleavage
as compared with the total amount expressed and the increase in
Annexin V positive cells (Fig. 3C). Similar results were obtained
in murine leukemic cells where PARP1 was cleaved in DI-treated
samples (Fig. 3F).

Normal peripheral blood mononuclear cells are
resistant to DI treatment

To evaluate the effect of DI treatment on normal leukocytes
which may result in potential toxicity, we treated peripheral blood
mononuclear cells (PBMC) isolated from PB of healthy donors;
briefly, we either pretreated the cells ON with DI (PRE-CpG sched-
ule) or treated with DI 4 h after CpG stimulation (POST-CpG). 24
and 48 h after CpG stimulation, we measured the ATP levels and

© 2023 The Authors. European Journal of Immunology published by
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the percentage of viable trypan blue negative cells. TLR9 trigger-
ing did not affect metabolic activation or cell viability of PBMC;
both PRE-CpG and POST-CpG treatment with DI did not influence
leukocytes survival (Fig. 4A, 48h; Fig. S1C, 24 h), and no signifi-
cant toxic effect could be detected even at the highest dose of 200
|LM DL

These results suggest a leukemic or a B-cell-specific effect of
DI. To analyze the impact of DI on different cell populations,
we treated healthy PBMC with 100 wM of DI before or after
CpG stimulation. We then stained the cells with a viability dye
and analyzed by flow cytometry viable CD5%/CD19~ cells (i.e.
T-lymphocytes), CD5/CD19*% cells (i.e. B-lymphocytes), and
CD16™ cells (i.e. monocytes and NK cells). Mirroring the result
in Fig. 4A, we did not observe any significant difference in the
distribution of viable cells except for a trend of reduction of
CD5™" cells after CpG (Fig. 4C; n = 8). Focusing on the B-cell
compartment, a trend toward a cytoprotective effect by CpG was
observed while DI did not affect cell survival (Fig. 4D; green
columns for CD19* cells; n = 8).

We performed a comparative study between primary CLL cells
and nonmalignant B cells isolated from healthy donors. We eval-
uated their response after 4 and 24 h of CpG stimulation (Fig. 4E
and F, respectively), in the presence or absence of DI; we included
also nonmalignant PBMC isolated from healthy donors at 24 h
(Fig. 4E). As expected, in nonmalignant B cells, after 24 h of
TLR9 stimulation, the levels of kB¢ are comparable with those
of IkB¢-low patients (Fig. 4F) [11]; in contrast, IkB¢ was unde-
tectable in nonmalignant PBMC (Fig. 4E). After 4 h of stim-
ulation, nonmalignant B cells express lower levels of NFKBIZ
mRNA and IkB¢ protein than CLL cells (Fig. 4B and E, respec-
tively). CLL cells are known to have constitutive activation of NF-
kB p65, and IkB¢ is a known interactor of NF-kB; for this rea-
son, we analyzed phospho p65 in normal and leukemic B cells,
and we confirmed higher phosphorylation levels in CLL cells and
found lower responsiveness in healthy B cells (Fig. 4E and F).
This in vitro analysis demonstrated that DI treatment targeted
malignant cells strongly suggesting a rather specific antileukemic
effect likely related to differential activation of the NF-kB
pathway.

DI induces NQO1 but not ATF3

To explore the molecular pathways regulated by DI in leukemic
cells we focused on ATF3, the key transcription factor regulating
the effect of itaconate in murine macrophages where ATF3 was
induced [16]. However, DI alone was unable to increase ATF3
protein in CLL cells. On the other hand, CpG-stimulated cells
increased ATF3 protein, and when DI was added before CpG, a
trend of reduction of ATF3 was observed though variable among
patients (Fig. 3E). ATF3 induction by CpG and LPS in TCL1-tg
splenocytes was less evident compared with human CLL cells, and
DI treatment alone exerted a trend of induction only (Fig. 3F).
Next, we analyzed the NQO1 protein as a prototypic target
of NRF2-mediated electrophilic stress previously shown to be
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Figure 4. DI selectively reduces metabolic activation and survival of primary CLL cells. (A) We tested both the PRE-CpG (green) and POST-CpG (blue)
schedules to specifically evaluate the effects of increasing doses of DI (50-200 uM) on ATP levels and viability of purified PBMC from healthy donors,
in the presence or not of TLR9 stimulation. Using Cell titer Glo assay, after 48 h of TLR9 stimulation (2.5 pg/mL CpG) we quantified the percentage
of ATP present in the cells with respect to the Ctrl samples as a measure of their metabolic activation (A left). Using TC20 automated cell counter
we measured the percentage of viable trypan blue negative cells after 48 h of TLR9 stimulation (2.5 pg/mL CpG) (A right). N = 8 samples in four
independent experiments. Two-way ANOVA analysis was performed and Dunnet posttest was performed for multiple comparisons. *p < 0.05; *p
< 0.01; *p < 0.001; ***p <0.0001. (B) NFKBIZ mRNA quantification relative to 18s and B-actin after 4 h of CpG stimulation in the presence or not of
100 uM of DI (n = 9 CLL cells in nine independent experiments; n = 5 nonmalignant B cells in three independent experiments). Two-way ANOVA
analyses were performed, and Dunnet posttests were done for multiple comparisons. *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001. (C, D) Using flow
cytometry we measured the distribution (C) and the viability (D) of CD5*,CD16%, and CD19*" populations of leukocytes in healthy PBMC PRE-treated
ON or POST-treated with 100 pM DI after 24 h of CpG stimulation (n = 8 samples in seven independent experiments). Two-way ANOVA analysis was
performed and Dunnet posttest was performed for multiple comparisons. *p < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001. (E) Western blot analysis
of one representative sample of CLL and purified B cells, total PBMC derived from healthy donors stimulated 4 h/24 h with CpG in the presence or
not of 100 pM of DI (out of 3). (F) Western blot analysis of three representative samples of purified B cells from healthy donors stimulated 24 h with

CpG in the presence or not of 100 uM of DI
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induced by DI in mouse macrophages. In the presence of DI,
leukemic cells showed a trend of higher amounts of NQO1 mRNA
(in five out of eight samples Fig. S4B) confirmed by western blot
analysis (Fig. 3E and Fig. S4C for densitometric analysis of five
samples).

Finally, we analyzed these same pathways also in PBMC and
B-lymphocytes isolated from healthy donors; DI heterogeneously
and slightly increases NQO1 in healthy PBMC cells where it is
higher with respect to CLL cells (Fig. 4E and F). ATF3 expression
is induced mainly in CpG-stimulated CLL cells (Fig. 4E) where it
is inhibited by DI (Fig. 3E).

DI abrogates TLR signaling pathways and promotes
NRF2-mediated stress response

To explore the molecular mechanism through which DI targets
leukemic cells, we performed RNAseq analysis on primary CLL
cells treated with 100 uM of DI, in the presence or absence of 4 h
of TLR9 stimulation.

DI, either alone or with CpG, perturbed 276 common
genes suggesting a DI-specific pathway alteration (e.g. TXN,
HSPA1L/HSP70, HSP90, HMOX1; Fig. 5 and Fig. S5). To note,
among the top 50 differentially expressed genes (DEGs) HLA-
DQA1, an MHC class II complex gene, was significantly down-
regulated by the presence of DI.

Moreover, DI abrogated CpG effects; TLR9 activation upregu-
lated 433 genes and downregulated 216 genes of which only 55
and 41 remained differentially expressed with DI pretreatment
(Fig. 5A and B; Fig. S5). Among the DI-regulated genes, we con-
firmed NFKBIZ, IL6, and IL10 together with other inflammatory
genes including cytokines and chemokines (Fig. 5B).

To analyze the transcriptomic profiles at a system level and
to identify the pathways affected by the treatments, we per-
formed an enrichment and protein—protein interaction (PPI) anal-
ysis with Metascape. Using the lists of DEGs, we compared both
the upregulated and downregulated genes by the treatment alone
or in combination with the stimulation (DI up, DI down, CpG up,
CpG down, DI4+CpG up, DI+CpG down). To highlight the TLR-
activated pathways specifically abrogated by DI, we also extracted
the lists of genes differentially expressed in the transcriptomic
profiles of DI+CpG samples as compared with stimulated sam-
ples only (DI+CpG vs. CpG-up, DI+CpG vs. CpG-down). The PPI
analysis of all these lists merged highlighted the presence of dis-
tinctive subnetworks specific to the different treatments (Fig. 5C).
In detail, the pretreatment with DI abrogated the wave of inflam-
mation promoted by TLR9 as witnessed by the cytokines sig-
naling subnetwork (SN1) together with cyclin-dependent kinases
(SN5) and the ribosomal RNA metabolic processes network (SN2;
Fig. 5C and Fig. S6). DI alone promoted a stress-dependent alter-
ation that is even boosted in the presence of CpG with three key
subnetworks: NRF2 stress-related transcriptional activity protein
folding and ubiquitination including KEAP1, ATF3, and heat shock
proteins (SN3,4,8; Fig. 5C; Figs. S6, S7, S8, and S9). In addition,
DI downregulated several genes grouped in the subnetwork spe-
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cific for antigen processing and presentation (SN6; Fig. 5C; Figs.
S6 and S8).

An enrichment analysis was performed and the top 20
enriched pathways among all the lists are shown in Fig. 6A;
moreover, a specific analysis for transcription factors regulation
was performed on DEGs as shown in Fig. 6B and confirmed
that key inflammatory NF-kB family members activated by CpG
are counteracted by DI. DI-specific transcription factors signa-
ture included ATF4 and HSF1 further reinforcing a stress-related
response (Fig. 6A and B). To identify the genes involved in this
perturbation, we re-analyzed the expression of the single genes
and created a heat plot specific for these pathways (Fig. 6C).
This analysis further confirmed that stress-related genes such as
NQO1, KEAP1, and HMOX1 are specifically induced by DI. Among
them, several transcripts related to Heat shock proteins and fac-
tors emerged (Fig. 6C).

Discussion

The aim of this project was twofold: (1) to identify IkB¢-related
transcriptional programs in primary CLL samples. (2) to target
IkB¢ in preclinical models of CLL.

The analysis of primary CLL samples identified a unique
IkB¢-related transcriptomic profile where prototypic inflamma-
tory genes were present though they represent marginal part
of the gene expression pattern. Our results support the exis-
tence of transcriptional program that drives typical inflammatory
molecules while at the same time rewiring the metabolic state of
the malignant cells in IkB¢-High samples. Exploiting a synthetic
derivative of the endogenous metabolite itaconate, we could tar-
get IkB¢ whereas at the same time inducing metabolic stress lead-
ing to leukemic cell death.

To partially mimic the nodal niche, we used a reductionist
approach by prestimulating primary human leukemic cells with
the TLRY ligand CpG before or after drug treatment in vitro. We
incubated primary leukemic cells with DI because it was known
to act as an IkB¢ inhibitor in different models of inflammation
[16]; moreover, DI is an electrophilic molecule, and this class of
compounds was previously shown to be preferentially active on
leukemic cells [21]. The use of DI is currently proposed as a novel
putative treatment strategy for several inflammatory-mediated
diseases including cardiovascular diseases where a recent report
showed that DI-loaded nanofibers reduce inflammation and help
to repair myocardic infarction [16, 22-25]. In the context of can-
cer, DI showed anticancer activity in mouse models of hepatocel-
lular carcinoma [26] and protected mice from colitis-associated
colorectal cancer through its anti-inflammatory effects [27]. A
recent report demonstrated an antitumor effect of DI on a thymic
carcinoma cell line [28]; however, our data show for the first time
as proof of principle a direct therapeutic effect of DI on primary
leukemic cells.

We observed a dose-dependent block of IkB¢ induction by DI
pretreatment, and a decrease when DI was added after CpG stim-
ulation. DI treatment of leukemic cells reduced TLR-mediated
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Figure 5. DI abrogates TLR activation and promotes NRF2-mediated stress response. We adopted the PRE-CpG (green) schedule to specifically
evaluate the effects of 100 uM DI on transcriptome of purified CLL cells. We performed RNAseq on n = 6 donors of primary CLL samples treated
or not with 100 pM DI ON followed by the addition of 2.5 pg/mL CpG. For each paired contrast (“DI treated vs. ctrl”, “CpG stimulated vs. ctrl”,
“DI+CpG treated and stimulated vs. ctrl” and “DI+CpG treated and stimulated versus CpG”) we calculated the DEGs, as genes with [log,fc[>1 and
nominal p-value < 0.001 [41] and with those lists we performed enrichment and PPI analysis with Metascape [13]. (A) Circos plot showing the DEGs
overlapping among the up- and downregulated lists of genes, (B) Heatmap showing the top 50 DEGs identified in the meta-analysis. (C) PPI network
showing the connection among the genes in all the lists of DEGs: the colors in the circle of each gene represent their respective list. Subnetworks
(SN) were used to identify closely connected neighborhoods. For each SN an enrichment analysis was performed with Metascape, and the most
representative enrichment terms are reported).

metabolic activation and to a lesser extent was proapoptotic. DI
reduced CpG-mediated metabolic activation and cytoprotection
even when added after robust in vitro TLR stimulation. Surpris-
ingly, DI reduced ATP basal levels when cells were incubated ex-
vivo without CpG. This may indicate the memory of previous in

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

vivo TLR stimulation without excluding the possibility of addi-
tional targets of DI activity.

Though one of the goals of our work was to study the effects
of DI on purified leukemic cells where indeed the treatment
promoted cell death, we also showed that the presence of normal
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Figure 6. DI promotes stress-related pathways in CLL cells. The RNAseq data generated on n = 6 donors of primary CLL samples of Fig. 5 were
further analyzed with Metascape (A) Heatmap showing the top 20 enriched terms among the lists of DEGs identified in the meta-analysis; (B)
Enrichment analysis against TRRUST collection was performed and the Heatmap shows the enriched terms among the lists of DEGs identified in
the meta-analysis; (C) Among the DI-specific enriched pathways emerged, we extracted those related to stress/NRF2. Following, we extracted the

list of genes that hit the enriched pathways, and we created the Heatmap with log,RPKM values.
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leukocytes was not able to protect from the apoptotic effect of
DI against CLL cells as it occurs in the case of other drugs when
utilized ex vivo in co-culture systems [19].

It is also relevant to note that when DI was utilized on PBMC
isolated from healthy donors, no relevant toxicities were appar-
ent including on normal B cells. Notably, healthy B-lymphocytes
are responsive to CpG in terms of IkB¢ expression although
at lower levels as compared with IkB¢-high CLL cases; in con-
trast, NF-kB p65 (which IkB¢ is a cofactor of) is constitutively
activated in CLL but not in normal B cells. That left only one
possibility to explain this rather specific anti-leukemic effect,
that is, DI appears to target a specific vulnerability of leukemic
cells.

At a molecular level, our results show that in CLL cells DI
did not induce ATF3 protein but, on the contrary, blocked TLR-
mediated ATF3 induction thus supporting an ATF3-independent
effect. In addition, our RNA-sequencing data show the induc-
tion of a signature related to electrophilic stress. Moreover, we
observed induction of NQO1 in leukemic cells when incubated
with DI suggesting that NQO1 may mediate, at least in part, DI
function in a manner similar to what was previously observed in
macrophages [16, 29]. Overall, our data support a bivalent role
of DI in CLL cells where it can block inflammation by interrupting
the secondary wave controlled by IkB¢, while at the same time
inducing NRF2 signaling.

Although the NRF2 pathway is considered mainly a protective
response that cancer cells may adapt to survive in challenging con-
ditions [30], our data suggest that the opposite can happen where
DI acts as an anti-tumor agent that at the same time induces NRF2
signaling. Interestingly. It was recently proposed that NRF2 may
have a dual protumorigenic versus antitumorigenic role depend-
ing on the tumor stage and context, and NRF2 activation may
lead to metabolic vulnerabilities [31]. Our data are in line with
previous observations of increased NRF2 levels in CLL cells with
respect to normal PBMC and their increased sensitivity to elec-
trophilic compounds [21].

Finally, our transcriptomic analysis highlighted a DI-specific
downregulation of several MHC class II genes. To note, a recent
report demonstrated that B-cell receptor signaling can upregu-
late antigen presentation machinery including MHC class II genes
[32]. This effect of DI may impact the activity of T-helper cells in
vivo which are known to play a role in sustaining leukemic cells
[33-35].

In conclusion, our data suggest that DI can have a dual role
in inducing electrophilic stress independent from CpG and at the
same time inhibiting the inflammatory and cytoprotective effect
mediated by the TLR9/IkB¢ axis. This effect is more evident in
IkB¢-high samples as they are characterized by enhanced reactiv-
ity to microenvironmental stimuli (see Fig. S10 for a schematic
representation).

Our correlative analyses on one side support the link
between TLR-mediated inflammation, IkB¢ overexpression, and
DI immunomodulatory role, on the other side highlight the exis-
tence of novel unexpected mechanisms independent from classic
TLR signaling that may uncover novel CLL vulnerabilities.

© 2023 The Authors. European Journal of Immunology published by
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Materials and methods

Reagents

Class B CpG oligonucleotides specific for Human TLR9 (CpG
ODN2006) and murine TLR9 (CpG ODN1826) were purchased
from Invivogen and were used at a concentration of 2.5 wg/mL.
LPS ultrapure O111:B4 (Invitrogen) was used at a concentration
of 1 pg/mL. DI was purchased from Santa Cruz Biotechnology
(sc-239775), dissolved in RPMI, and used at increasing concen-
trations from 50 to 200 wM as previously described [16].

Cells

Patients with CLL untreated or off therapy for more than 6 months
were diagnosed according to the iwCLL Guidelines [36]; clinical
and biological characteristics of the patients are reported in Tables
S1 and S2. Peripheral blood (PB) samples were obtained after
informed consent as part of a study approved by the institutional
ethics committee (IRB code VIVI-CLL). We analyzed a total of 40
randomly selected patients’ samples for the different analyses, and
we measured the expression of IkB¢ protein before and after 24 h
CpG treatment in 38 of them.

Total PB mononuclear cells (PBMC) were isolated by Ficoll
centrifugation from heparinized PB from healthy donors (IRB
code Leu-Buffy_Coat) and patients with CLL (Lymphoprep; Axis-
Shield Diagnostics, Dundee, UK); in addition, CLL and normal
B cells were negatively selected using a B-cell enrichment kit
(RosetteSep; StemCell Technologies). The purity of the isolated
B cells was always greater than 95%. Splenocytes were isolated
from TCL1-leukemic mice when the percentage of leukemic cells
circulating in the PB exceeded 80%.

Cell viability and metabolic activation

Viable cells were counted using the automatic cell counter TC20
(Bio-Rad) after staining with trypan blue dye (Bio-Rad). ATP
quantification was assessed using Cell Titer-Glo assay (Promega)
and luminescence was measured using a Mithras LB 940 multi-
mode microplate reader (Berthold Technologies).

Real-time PCR quantification

RNA was extracted and analyzed as previously described
[11] using the following probes with CFX connect (Bio-
Rad): Probe NFKBIZ (qHsaCEP0052487, Bio-Rad); Probe
IL6 (Hs00985639m1, Thermo Fisher Scientific); Probe IL10
(Hs00961622 m1, Thermo Fisher Scientific); Probe Actin
(qHsaCEP0036280, Bio-Rad); Probe 18s (qHsaCEP0049956,
Bio-Rad); Probe NQO1 (qHsaCEP0039593, Bio-Rad); Probe TBP
(qHsaCIP0036255, Bio-Rad).
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RNA sequencing

RNA-seq data and methods have been deposited in NCBI's Gene
Expression Omnibus[37] and are accessible through GSE226904
and GSE210972.

Heatmap were created with Heatmapper [38] with Log,RPKM
values.

Gene Ontology (GO), Kyoto Encyclopedia of Genes and
Genomes, and BioCarta enrichment analysis were performed on
the lists of DEGs using the Metascape platform [13]. The PPI
networks were constructed with Metascape and modified with
Cytoscape 3.9.1 platform [39]. Venn diagrams were created with
InteractiVenn [40].

Western blotting

Cell lysates were prepared and analyzed as previously described
with the following antibodies: NFKBIZ (Cell Signaling Tech-
nology, #9244, 1:1000); NFKBIZ (Cell Signaling Technology,
#93726, 1:1000); anti-B-Actin HRP-conjugated (Sigma 1:20000);
Anti-ATF3 (Cell Signaling Technology, E9J4N #18665, 1:1000);
Anti-PARP (Cell Signaling Technology, #9542, 1:1000); Anti-
NQO1 (Sigma-Aldrich, HPA0O07308, 1:1000); Anti-Rabbit HRP-
conjugated (Sigma-Aldrich, A0545, 1:4000); Anti-BCL-xL (Cell
Signaling Technology, 54H6 #2764, 1:1000); Anti-Mcl1 (Cell Sig-
naling Technology, D35A5 #5453, 1:1000); Anti-NF-kB p65 (Cell
Signaling Technology, D14E12 #8242, 1:1000); Anti-phospho-
NF-kB p65 (Ser536; Cell Signaling Technology, 93H1 #3033,
1:1000); Anti-NF-kB p50 (Cell Signaling Technology, D4P4D
#13586, 1:1000).

Flow cytometry analysis

For all experiments data were acquired on a BD Navios flow
cytometer (BD Pharmingen) and analyzed using FCS Express 7
Flow Cytometry software (De Novo Software). For the analysis of
PBMC, cells were stained with viability dye 660 or viability dye
780 (e-Bioscience/Thermo Fisher Scientific) and following with
antibodies against CD5-PC7, CD19-ECD, and CD16-PC5 (Beck-
man Coulter). To quantify IkB¢ expression, cells were fixed and
permeabilized with FIX/PERM kit (BD Pharmigen) and following
stained with IkB¢-PE (hft2nap clone, e-Bioscience). For apoptotic
cell quantification, cells were stained with Annexin V Apoptosis
Detection Kits kit (e-Bioscience/Thermo Fisher Scientific) follow-
ing the manufacturer’s protocol.

Statistical analysis

Statistical analyses were performed with Prism Software (Graph-
Pad Prism 9 Software) and the details of each analysis are
described in the corresponding figure legend. p < 0.05 was con-
sidered significant.
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