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The transcription factor HIF-1α is overexpressed in chronic lymphocytic
leukaemia (CLL), where it promotes leukaemia progression by favouring the
interaction of leukaemic cells with protective tissue microenvironments. Here,
we tested the hypothesis that a pharmacological compound previously
shown to inhibitHIF-1αmayact as a chemosensitizer by interrupting protective
microenvironmental interactions and exposing CLL cells to fludarabine-
induced cytotoxicity. We found that the camptothecin-11 analogue EZN-2208
sensitizes CLL cells to fludarabine-induced apoptosis in cytoprotective in vitro
cultures; in vivo EZN-2208 improves fludarabine responses, especially in early
phases of leukaemia expansion, and exerts significant anti-leukaemia activity,
thus suggesting that this or similar compounds may be considered as effective
CLL therapeutic approaches.
1. Introduction
Chronic lymphocytic leukaemia (CLL) is a monoclonal disorder of mature B cells
that accumulate in the peripheral blood (PB), bone marrow (BM) and lymphoid
organs [1]. CLL has a highly variable disease course, from an indolent disease
that requires no immediate intervention to amore aggressive disorder that necessi-
tates early treatment [2]. Treatment options vary based on genetic features of the
leukaemic cells, especially aberrations of the TP53 gene that predict poor response
to therapy. Based on improved understanding of CLL biology, standard therapy
with fludarabine, cyclophosphamide and the anti-CD20 antibody rituximab has
recently been supplemented with new agents, like inhibitors of B-cell receptor sig-
nalling (ibrutinib and idelalisib) and BCL-2 (venetoclax), which demonstrate
impressive efficacy also in high-risk patients [3]. Nevertheless, the quest for a
cure and for eradication of minimal residual disease (MRD) is still enduring as
most patients eventually relapse and need additional lines of therapy.

We have recently demonstrated that the transcription factor HIF-1α promotes
CLL maintenance by supporting heterotypic interactions with stromal cells in
protective microenvironments that are sites of MRD persistence [4]. In this
study, we aimed to test if HIF-1α inhibitors may act as chemosensitizers by pro-
moting loss of contact between CLL cells and protective BM stroma. With this
aim, we used the PEGylated camptothecin-11 analogue EZN-2208 to inhibit
HIF-1α [5]. Like most inhibitors of transcription factors, EZN-2208 is not a
specific HIF-1α inhibitor, and displays cytotoxic activity mainly due to the inhi-
bition of topoisomerase I. However, we and others have previously shown that
EZN-2208 efficiently inhibits HIF-1α even when used at concentrations that do
not trigger cell death in a topoisomerase I-dependent manner [4,5]. In leukaemia

http://crossmark.crossref.org/dialog/?doi=10.1098/rsob.190262&domain=pdf&date_stamp=2020-05-13
mailto:bernardi.rosa@hsr.it
http://orcid.org/
http://orcid.org/0000-0002-3607-6336
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


(b)

0

20

40

80

untreated EZN-2208
50 nM

EZN-2208
100 nM

EZN-2208
500 nM

EZN-2208
1 µM

100

untreated EZN-2208 fludarabine combination

(c) (d)

untreated EZN-2208
50 nM

fludarabine
5 µM

combination

0

20

40

60

80

%
 o

f 
A

nn
ex

in
 V

+
 c

el
ls

*p = 0.0036
*p = 0.04

coculture
EZN-2208 50 nM

+ +

+ +

(a)

*p = 0.0273

*p = 0.0031

50 nM 5 µM

*p < 0.0001

*p = 0.0003

*p < 0.0001
*p < 0.0001

%
 o

f 
A

nn
ex

in
 V

+
 c

el
ls

%
 o

f 
A

nn
ex

in
 V

+
 c

el
ls

%
 o

f 
A

nn
ex

in
 V

+
 c

el
ls

60

0

20

40

80

100

60

0

20

40

80

60

*p < 0.0001
*p = 0.0491

Figure 1. EZN-2208 neutralizes the protective effect of BM stroma and improves fludarabine cytotoxic activity on CLL cells. (a) Percentage of Annexin V+ primary CLL
B cells treated with the indicated doses of EZN-2208 for 48 h. Data represent mean values ± s.e.m. of 11 independently processed primary samples. p-values are
calculated versus untreated cells. (b) Percentage of Annexin V+ primary CLL B cells in the presence or absence of HS5 stromal cells upon 48 h treatment with EZN-
2208 at the indicated concentration. Data represent mean values ± s.e.m. of eight independently processed primary samples. p-values are calculated versus
untreated cells. (c) Percentage of Annexin V+ primary CLL B cells in co-culture with HS5 cells upon 48 h treatment with the indicated agents. Data represent
mean values ± s.e.m. of eight independently processed primary samples. (d ) Percentage of Annexin V+ primary CLL B cells treated with the indicated agents
for 48 h. Data represent mean values ± s.e.m. of eight independently processed primary samples.
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settings, by adjusting EZN-2208 dosage to non-cytotoxic con-
centrations, we have demonstrated that this compound can
impair myeloid leukaemia and CLL progression in vivo via
HIF-1α inhibition [4,6]. In the current work, to unveil
increased sensitivity to the cytotoxic agent fludarabine, we
selected a concentration of EZN-2208 (50 nM) that did not
induce cell death in primary CLL cells, both when cultured
alone and cocultured with BM-derived stroma (figure 1a,b),
to mimic the protective BM microenvironment, a condition
that knowingly reduces intrinsic and drug-induced apoptosis
[7]. Notably, 50 nMEZN-2208 did not induce apoptosis in stro-
mal cells (not shown). Interestingly, EZN-2208 significantly
increased fludarabine-inducedmortality only in the protective
co-culture condition (figure 1c), whereas in the absence
of stroma adding EZN-2208 did not significantly improve
fludarabine response (figure 1d ). These results indicate that
EZN-2208 sensitized CLL cells to apoptosis by interfering
with protective microenvironmental interactions and may
add therapeutic efficacy to current CLL treatments by
impairing such protective cell contacts.

To evaluate if EZN-2208 acted as a chemosensitizer in vivo,
we exploited a transplantable model of Eμ-TCL1-derived CLL
[4]. To mimic clinical protocols, we choose a slow-progressing
Eμ-TCL1-derived CLL, and subjected mice to consecutive
treatment cycles. Thirty-four days after inoculation of leukae-
mic cells, when leukaemia burden reached 50% in PB, mice
were administered a first cycle of treatment with EZN-2208
(5 mg kg−1), fludarabine (34 mg kg−1) or a combination of
the two drugs, both used at concentrations previously charac-
terized in Eμ-TCL1 mice [4,8]. One cohort of mice was
sacrificed at the end of treatment (day 43), and significant
reduction in leukaemia burden in BM and spleen was
observed only upon combined EZN-2208 and fludarabine
treatment, while the single compounds exerted no or minor
effects (figure 2a). A second cohort of mice was subjected to
an additional treatment cycle at day 54 after leukaemia inocu-
lation, when leukaemic cells in PB reached 50–70%, and mice
were sacrificed at the end of treatment (day 63). Interestingly,
after the second cycle of treatment, EZN-2208 efficiently
reduced disease burden while fludarabine showed no effect,
and combination treatment mimicked the effect of EZN-2208
(figure 2b). Consequently, co-treatment with EZN-2208 and
fludarabine did not prolong mice survival when compared
with EZN-2208 treatment alone (not shown). These results
show that in a slow-progressing CLL model EZN-2208 and
fludarabine act cooperatively especially at early phases of dis-
ease expansion, and further confirm that EZN-2208 treatment
efficiently reduces leukaemia progression, in line with a pre-
vious report of ours, where we had observed that EZN-2208
treatment reduced leukaemia burden after a single treatment
cycle [4].

To confirm these results in a mouse model of aggressive
CLL with dysfunctional p53 [9], we transplanted the human
CLL cell line MEC-1 in Rag2−/−γc−/− mice, a model that is
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Figure 2. In vivo EZN-2208 treatment exerts significant anti-leukaemia effects and partly improves response to fludarabine. (a) (i) Spleen weight of C57B6 mice
injected with EµTCL1-derived leukaemia, treated with one cycle of the indicated agents and sacrificed at the end of treatment. Data represent mean values ± s.e.m.
(n = 3). (ii) Percentage of leukaemic cells (calculated as CD5+CD19+ cells over total cells) in the BM of transplanted mice treated with indicated agents as in (a).
Data represent mean values ± s.e.m. (n = 3). (iii) Percentage of leukaemic cells (calculated as CD5+CD19+ cells over total cells) in the PB of mice treated with
indicated agents as in (a). Data represent mean values ± s.e.m. (n = 3). (b) (i) Spleen weight of transplanted leukaemic mice treated with two cycles of the
indicated agents and sacrificed at the end of the second cycle of treatment. Data represent mean values ± s.e.m. (n = 3). (ii) Percentage of leukaemic cells (cal-
culated as CD5+CD19+ cells over total cells) in the BM of transplanted mice. Data represent mean values ± s.e.m. (n = 3). (iii) Percentage of leukaemic cells
(calculated as CD5+CD19+ cells over total cells) in the PB of transplanted mice. Data represent mean values ± s.e.m. (n = 3). (c) Percentage of MEC-1 leukemic
cells (calculated as CD19+ cells over total cells) in the spleen (i), BM (ii) and PB (iii) of mice treated with the indicated agents at day 18 post-transplantation and
sacrificed at the end of treatment. Data represent mean values ± s.e.m. (n = 3). (d ) Kaplan–Meier survival curve of Rag2−/−γc−/− mice injected with MEC-1,
treated as indicated and sacrificed when terminally sick (n = 6). Significant p-values calculated by log-rank (Mantel–Cox) test are as follows: EZN-2208 versus
untreated, p = 0.0286; EZN-2208 versus fludarabine, p = 0.0075; combination treatment versus untreated, p = 0.0045; combination treatment versus fludarabine,
p = 0.0005.
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Table 1. Clinical characteristics of primary CLL samples. M, male; F, female; n.a., not available; del, deletion. For IGHV identity: M, mutated (less than or equal
to 98%); U, unmutated (greater than 98%).

CLL#
age at
diagnosis gender

CD38
(PB%)

Rai stage at
diagnosisa

IGHV
identity

disease
course cytogenetic

138 49 F 3 low M progressive n.a.

050 60 M 11 low U progressive del(11q), del(13q)

370 57 M 2.3 low U stable del(13q)

236 70 M 0.04 low M stable del(13q)

250 54 M 19.1 low n.a. stable n.a.

219 58 M 1.2 low U progressive del(17q), del(13q)

242 64 F 0.1 low n.a. stable del(13q)

123 62 F 0.2 low M stable del(13q)

225 74 F 15.9 low M progressive normal

489 50 M 7 Int M progressive n.a.

117 45 M 0.3 low U progressive del(13q)

136 66 M 33.8 low M stable del(17q), del(13q)

019 70 F 0 low M stable del(13q)

186 61 M 0 low M stable normal

247 74 F 0.3 low M stable n.a.

316 64 M 24.7 Int M progressive trisomy 12

509 52 F 0.4 low M stable n.a.

197 38 M 0.2 low M stable normal
aLow, Stage 0; Intermediate, Int, Stages I and II; High, Stages III and IV.
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insensitive to fludarabine treatment. To assess whether EZN-
2208 treatment sensitized MEC-1-driven CLL to fludarabine,
we first used the dose of 5 mg kg−1 EZN-2208, which we
had previously characterized in this mouse model [4]. Similar
to previous experiments, EZN-2208 treatment effectively
slowed CLL progression; however, we did not observe any
additive effects upon adding fludarabine (data not shown).
We thus hypothesized that diminishing EZN-2208 efficacy
may unveil possible additive effects of fludarabine, and trea-
ted MEC-1-transplanted mice with 2 mg kg−1 EZN-2208.
Even if used at a lower concentration, EZN-2208 significantly
impacted leukaemia progression in this aggressive CLL
model, while fludarabine treatment had no effect (figure 2c,d ).
Adding fludarabine to EZN-2208 further reduced CLL
involvement in the BM (figure 2c), although combination
treatment did not improve mice survival with respect to
EZN-2208 treatment alone (figure 2d ).

In summary, our studies confirm that EZN-2208 is an
effective compound that suppresses CLL progression in
different CLL mouse models, including a disease with
adverse prognostic markers that appears refractory to treat-
ment with fludarabine. This conclusion is in accordance
with a recently published work where another compound
targeting HIF-1α was found to exert anti-tumour activities
in p53-mutated CLL [10].

Surprisingly, we observed that although EZN-2208 added
therapeutic value to fludarabine treatment in vitro, in co-cultures
where CLL cells are protected from cell death by BM-derived
stromal cells (figure 1), in the more complex in vivomicroenvir-
onment EZN-2208 sensitized CLL cells to fludarabine only
partially. One possible explanation is that fludarabine is
poorly effective in vivo at the concentration used in our
experiments, or in the mouse models that we used, although
we selected a concentration previously characterized in Eμ-
TCL1 mice [8]. Nonetheless, the main conclusion of our work
is that EZN-2208 exerts strong anti-CLL activities in two in
vivo systems. The effectiveness of EZN-2208 may be due to a
number of in vivo functions, besides its cytotoxic activity. For
instance, we previously reported that EZN-2208 inhibits
neo-angiogenesis in CLL mouse models [4]. In addition,
because HIF-1α is an important regulator of immune cell func-
tions [11], EZN-2208 may also interfere with the supporting
action of lymphoid ormyeloid immune regulators that promote
CLL maintenance and proliferation [12]. Interestingly, our
experiments show that EZN-2208 targets especially CLL popu-
lations residing in BM and spleen (figure 2). Because CLL cells
express higher levels of HIF-1α when in contact with stromal
cells [4,13], our data suggest that CLL cells residing in protective
niches rely on HIF-1α-dependent pro-survival signals more
significantly than cells in peripheral circulation.

In conclusion, our work suggests that pharmacological
strategies aimed at inhibiting HIF-1α may be of added
value for CLL therapy, and further studies should be per-
formed to evaluate the efficacy of these compounds in
settings that recapitulate drug-resistant disease for future
clinical development.
2. Methods
MEC-1 and HS5 cells (DSMZ and ATCC) were maintained in
RPMI-1640 and DMEM supplemented with 10% FBS and 1%
Pen-Strep antibiotics (Lonza) at 37°C in a humidified atmos-
phere containing 5 and 10% CO2. CLL patients (clinical
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features shown in table 1) were diagnosed per International
Workshop on CLL (iwCLL) guidelines [1], and were either
untreated or off therapy for at least six months. Leukaemic
CD19+ cells obtained with informed consent as approved
by the institutional ethics committee at San Raffaele Hospital
were used immediately after isolation with RosetteSep
Human B Cell Enrichment Cocktail and Lymphoprep (STEM-
CELL Technologies). EZN-2208 was provided by Belrose
Pharma Inc., fludarabine purchased from Sandoz and
CMFDA from Life Technology.

For co-culture experiments, 3 × 106 PB-derived CLL cells
were labelled with 1 µM CMFDA, added to a HS5 monolayer
and treated with EZN-2208 and fludarabine. Forty-eight
hours later, non-adherent CLL cells were collected and cell
viability was evaluated by flow cytometry as percentage of
Annexin V+ cells over the total number of CMFDA+ cells.

Rag2−/−γc−/− and C57BL/6 Eμ-TCL1mice were maintained
in specific pathogen-free animal facilities and treated in accord-
ance with European Union and Institutional Animal Care and
Use Committee (IACUC) guidelines. C57BL/6 mice were
injected i.p. with 10 × 106 splenic cells from Eμ-TCL1 leukaemic
mice; Rag2−/−γc−/− mice were injected i.v. with 10 × 106 MEC-1
cells. When indicated, mice were treated intravenously (i.v.)
with five administrations of EZN-2208 every other day, and/
or intraperitoneally (i.p.) with fludarabine for 5 consecutive
days starting on day 3 of EZN-2208 administration.

Immunophenotypic analysis was performed with the
following antibodies: anti-human CD19 (PC-7) from Beck-
man Coulter, anti-mouse CD5 (APC) and anti-mouse CD19
(PECY-7) from BD Biosciences. Annexin V staining was
performed using the PE Annexin V Apoptosis Detection Kit
I (BD Pharmigen).

For survival experiments, the Kaplan–Meier curves were
analysed with the Mantel–Cox test. Unless otherwise stated,
two-sided Student’s t-test was used to measure statistical
significance.

Ethics. The experiments presented in this publication have been
approved by institutional and governmental committees. Animal
studies were approved by the San Raffaele Hospital Institutional
Animal Care and Use Committee (IACUC) and by the central com-
mittee that revises animal experimentation at the Italian Ministry of
Health. Collection of cells from patients at San Raffaele Hospital
was obtained upon collection of informed consent forms and was
approved by the Institutional Ethics Committee of San Raffaele
Hospital in accordance with National and International guidelines.
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