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ABSTRACT

dult T-cell leukemia/lymphoma (ATL) is associated with chronic
human T-cell leukemia virus type 1 infection and carries a poor
prognosis. Arsenic trioxide (AS) and interferon-alpha (IFNa)
together selectively trigger Tax viral oncoprotein degradation and cure  Correspondence:
Tax-driven murine ATL. AS/IFNa/zidovudine treatment achieves a high ALl BAZARBACHI
response rate in patients with chronic ATL. Interleukin 10 (IL-10) is an  bazarbac@aub.edu.lb
immuno-suppressive cytokine whose expression is activated by Tax. /e HERMINE
Here we show that, in ATL, AS/IFNa-induced abrogation of leukemia-
initiating cell activity requires IL-10 expression shutoff. Loss of IL-10
secretion drives production of inflammatory cytokines by the microenvi-  HIBA EL HAJJ
ronment, followed by innate immunity-mediated clearance of Tax-driven ~ he21@aub.edu.lb
leukemic cells. Accordingly, anti-IL-10 monoclonal antibodies significant-
ly increased the efficiency of AS/IFNa therapy. These results emphasize  Received: June 24, 2020.
thg sequ?ntial targeting of .m‘jili.gpapt ATL cellg apd their immune  pccented: December 4, 2020,
microenvironment in leukemia-initiating cell eradication and provide a o
strong rationale to test the AS/IFNa/anti-IL10 combination in ATL. Pre-published: February 11, 2021.

ohermine@gmail.com
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Introduction ©2021 Ferrata Storti Foundation
Adult T-cell leukemia/lymphoma (ATL) is a rare hematologic malignancy with a ~ Material published in Haematologica is covered by copyright.
dismal prognosis' and is initiated by the human T-cell leukemia virus type 1 (HTLV- M ’;}f’,'fs ae resgr;/gd t‘l’l the Ferrata S;"’ t; Zo””,dati"”' Use of
1).> ATL develops after an extended latency period and is preceded by oligoclonal 55%;,;,‘,18;"8&"3 is alowed under the folowing terms and
expansion of activated HTLV-1-infected T cells,’ as a result of initial expression of https://creativecommons.org/licenses/by-nc/4.0/legalcode.
the viral transactivator Tax. Tax modulates several cellular pathways* and is a  Copies of published material are allowed for personal or inter-
powerful oncogene; transgenic expression of Tax alone in mice induces murine "zi :;73 fg;ggf t/;”tbh’f’f’;‘;’ozzfeg’;fr”dfl"’t”b:']‘;'fc”m’"e’c"a’ pur-
ATL? Although Tax protein expression is very low in most patients with ATL, Zttps y /Crealﬁvewmmons_w g/ﬁcenses by-16/4.0/legaleods,
long-term survival of the bulk of ATL cells may depend on transient bursts of Tax sect, 3, Reproducing and sharing published materialfor com-
expression in some, if not the majority, of ATL cells and/or in HTLV-1-infected non- mercial purposes is not allowed without permission in writing
malignant cells.”™ This renders Tax an attractive therapeutic target, which has been  from the publisher.
further asserted by the efficacy of a Tax peptide-pulsed dendritic cell vaccine in
treating patients with Tax-positive ATL."”
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Zidovudine (AZT) and interferon-alpha (IFNo) have
demonstrated clinical efficacy in patients with leukemic
subtypes of ATL.®" However, the disease in several
patients is primary or secondary resistant to the therapy
and progresses or relapses even after a long period of dis-
ease control. This highlights the need for more effective
therapies to increase the response rate, improve long-term
disease control and, most importantly, eradicate the dis-
ease. One approach to improve therapy is targeting ATL
leukemia-initiating cells (LIC). Arsenic trioxide (AS) and
IFNa, in combination, degrade Tax and selectively induce
cell cycle arrest and apoptosis in ATL cells.”®” Patients
with ATL treated with a combination of AS, IFNa and
AZT achieved complete remissions® and some of them
had a long-lasting responses, even after treatment with-
drawal,”* suggesting an effect of the treatment on ATL
LIC. Similarly, a recent study showed unprecedented pro-
longed remissions of ATL in patients who received
AS/TFNa/AZT as a consolidation therapy, with molecular
studies demonstrating disappearance of a predominant
malignant clone in one patient.”” Although relapse
occurred later, it was due to a different clone.” Likewise,
in Tax-driven murine ATL, AS and IFNa cooperate to cure
leukemia through an immediate loss of LIC, and a delayed
exhaustion of tumor cells, proving the feasibility of selec-
tive targeting of ATL LIC* Of note, LIC activity was
measured and defined as the ability of these cells to initi-
ate leukemia in serial transplantation assays.

At diagnosis, the immunosuppressive profile of patients
with ATL is mostly characterized by high levels of inter-
leukin-10 (IL-10),%** which stimulates the proliferation of
HTLV-1-infected cells through activation of STAT3 signal-
ing.” In patients with ATL responding to AS/IFNo/AZT
treatment, we documented a sharp decrease of IL-10 and
a significant increase of IL-2 and IFN-gamma (IFNy), hence
restoring an immunocompetent profile.”*

In the present report, we demonstrate a critical role for
innate immunity, particularly macrophages and natural
killer (NK) cells in AS/IFNo-induced abrogation of ATL LIC
activity. Mechanistically, this combination induces loss of
IL-10 production by Tax-driven leukemic cells, triggering a
subsequent production of pro-inflammatory cytokines by
the microenvironment, and activation of innate immunity
that eventually mediates clearance of ATL LIC activity.
Treatment with the triple combination of AS, IFNa and
anti-IL-10 monoclonal antibodies yielded high cure rates in
amouse ATL model. This provides the rationale for clinical
trials combining AS/IENo/AZT with IL-10 suppressive
therapy to treat ATL. Beyond ATL, our data reinforce the
concept of dual targeting of malignant cells and their
immune microenvironment to eradicate LIC activity.

Methods

Treatments

AS was obtained from Sigma-Aldrich (St Louis, USA) and
recombinant human IFNa (Roferon®) from Hoffman-La Roche
(Basel, Switzerland). The proteasome inhibitor PS341 or borte-
zomib  (Velcade®) was purchased from  Millenium
Pharmaceuticals. For in vivo experiments, mice received AS (5
pg/g/day) intraperitoneally, IFNa (10° IU/day) subcutaneously,
and bortezomib (0.5 mg/Kg/day) through mini-osmotic pumps
(Alzet, Chatles River). Treatment protocols were initiated at day
15 (bortezomib) or day 18 (AS and IFNa) following intraperitoneal

injection of spleen cells from ax transgenic mice (spleen cells), and
given for the duration of 6 days (bortezomib) or 3 days (AS and
IFNa ).

Anti-IL-10 antibody (JES5-2A5, BioXCell, EUROMEDEX) or its
isotype control (InVivoMAD rat IgG1, BioXCell), were adminis-
tered by intraperitoneal injection, starting on day 7 after injection
of spleen cells. These antibodies were given at the dose of 500 ug
on a biweekly basis for 2 weeks, followed by a continuous
biweekly dose of 200 ug in surviving mice until the animals’ death
or sacrifice.

Recombinant mouse IL-10 (Biolegend, Ozyme) was given once
weekly by intraperitoneal injection at the dose of 200 ng to sec-
ondary ATL mice starting on day 7 following injection of spleen
cells from AS/IFNa. -treated primary mice.

Clodronate or empty liposomes were obtained from Encapsula
NanoSciences LLC and administered intraperitoneally at the dose
of 50 mg/kg, starting on day 3 following intraperitoneal injection
of spleen cells twice weekly over 2 consecutive weeks, followed
by one injection in the third week.

Anti-NK1.1 antibody (clone PK136) or its mouse IgG isotype
control was obtained from BioXCell. Starting on day 3 after injec-
tion of spleen cells in SCID mice, both antibodies were adminis-
tered intraperitoneally, at the dose of 250 ug, on a weekly basis,
until the death of the mice.

Mice

A murine ATL transplantation model in which 10° unsorted
spleen cells from two independent ax transgenic mice that devel-
oped murine ATL®*! was used throughout the study. Spleen cells
were inoculated intraperitoneally into SCID mice (Charles River,
France). All recipient mice rapidly developed massive hyperleuko-
cytosis, splenomegaly, hypercalcemia, multiple organ invasion,
and constitutive activation of nuclear factor-kB. Tax expression
was detectable only at very low levels by quantitative polymerase
chain reaction (PCR) (Online Supplementary Figure S1A). These fea-
tures are reminiscent of those in patients with ATL or tax trans-
genic mice. All untreated mice died within 3 to 4 weeks and these
murine ATL could be serially passaged for years, with very con-
stant time-to-death in all recipients, pointing to the remarkable
stability of this murine ATL model.

To study the role of the innate immune microenvironment in
recipient mice, primary ATL SCID mice were treated with
AS/IENa for 3 days. Spleen-derived cells were transplanted into
secondary SCID or NOG SCID mice (Jackson, USA) that were left
untreated and sacrificed weekly. In serial transplantation assays,
spleen-derived cells from weekly sacrificed secondary ATL SCID
mice were injected into tertiary SCID or NOG SCID mice and
subsequently quaternary SCID mice.

All mice protocols were approved by the Institutional Animal
Care and Utilization Committee of the American University of
Beirut. All animals were housed in specific pathogen-free housing.
Animals were sacrificed by cervical dislocation following deep
anesthesia with isoflurane.

Patients’cells

Peripheral blood mononuclear cells (PBMC) from two normal
donors, three patients with chronic ATL and three patients with
acute ATL were separated using Ficoll and cultured in RPMI sup-
plemented with 10% fetal bovine serum and antibiotics. Blood
was collected after informed consent in accordance with the
Declaration of Helsinki. PBMC were treated, ex-vivo, with arsenic
(1 uM) and IFNo. (10° IU) for 24 h, and sorted based on CD25
expression. Transcript levels of IL-10 were quantified by real-time
PCR in both CD25" and CD25™ subpopulations using appropriate
primers (Table 1).
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Figure 1. Arsenic and interferon-a target adult T-cell leukemia/lymphoma cells and their innate immunity to abrogate adult T-cell leukemic-initiating cell activity.
(A) SCID mice were injected with 10° cells, derived from the tumoral spleen of tax transgenic mice that developed adult T-cell leukemia/lymphoma (ATL), treated with
arsenic trioxide (AS) and interferon-alpha (IFNa) from day 18, for 3 days, then sacrificed. One million unsorted or sorted CD25""¢" or CD25"°* spleen-derived cells
from primary recipients were injected into secondary SCID mice. Survival of untreated secondary recipients injected with unsorted spleen cells from untreated (con-
trol) and AS/IFNa-treated primary mice are shown in black and red, respectively (n=10 per condition). Survival of untreated secondary recipients injected with
CD25"&" or CD25"°" cells from untreated primary mice (control) are shown in black crossed and dashed histograms, respectively; those from AS/IFNa-treated pri-
mary mice are shown in red crossed and dashed histograms, respectively (n=4/condition). (B) One million CD25" cells from control or AS/IFNa-treated primary mice
were injected alone (n=5 per condition) or together with 10° spleen-derived CD25 cells from AS/IFNa-treated primary mice into secondary SCID mice (n=3/condi-
tion). Survival of untreated secondary SCID mice injected with CD25" cells from control or AS/IFNo-treated primary mice are represented in black and red histograms,
respectively. Survival of secondary SCID mice injected with CD25" cells from control mice and CD25 cells from AS/IFNa-treated primary mice are represented by a
dashed red histogram (black contour line). Survival of secondary SCID mice injected with CD25" cells and CD25" cells from AS/IFNa-treated primary mice are repre-
sented by a dashed red histogram (red contour line). (C) Survival of untreated secondary SCID (red histograms) and NOG SCID (blue histograms) mice injected with
10° unsorted spleen cells from control or AS/IFNo-treated primary SCID mice (n=7/condition). The t-test was performed to validate significance. *P<0.05, **P<0.01,

and ***P<0.001. P-values <0.05 were considered statistically significant.

Other materials and statistical analysis

Cell lines, their treatment and their transduction with short hair-
pin RNA (shRNA), flow cytometry and cell sorting, apoptosis
assays, quantitative PCR, immunoblot analysis, enzyme-linked
immunosorbent assays (ELISA), B-glactosidase histochemical
staining and the statistical analysis are described in the Ounline
Supplementary Methods section.

Results

Arsenic and interferon-o target both Tax-driven
leukemic cells and their microenvironment to abrogate
adult T-cell leukemic-initiating cell activity

SCID mice were injected with tax transgenic malignant
cells and subsequently left untreated or were treated with
AS and IFNa for 3 days starting on day 18, then sacrificed.
As previously reported,” this short-term treatment of pri-
mary mice did not affect tumor load (reflected by Tax
transgene DNA) or Tax expression in the leukemic cells
(Online Supplementary Figure S1A). One million unsorted
spleen-derived cells were then injected into untreated sec-
ondary recipient SCID mice. As previously reported,” the
survival of secondary recipients transplanted with cells
from previously treated mice was longer than that of sec-
ondary recipients transplanted with cells from untreated
mice (Figure 1A), reproducing the formerly reported loss
of ATL LIC activity in mice treated with AS/IFNa.” To
investigate the basis of this effect, we sorted spleen-
derived cells from untreated or AS/IFNa-treated primary
transplanted mice based on CD25 (CD257, CD25"" or
CD25*%#). CD25 is expressed on normal regulatory T cells
but is also highly expressed in ATL cells.? Both CD25""
and CD25"" fractions contained bona fide leukemic cells
as they carried the tax transgene, unlike the CD25 cells
(Online Supplementary Figure S1B). Both CD25™¢ and
CD25*" fractions displayed similar LIC activities, as all
secondary recipients inoculated with 10° cells from either
subpopulations developed leukemia (Online Supplementary
Figure S1C-E) and succumbed at 3 weeks after injection
(Figure 1A). Conversely, leukemia development was not
observed in secondary recipients of CD25 cells (data not
shown).

Treatment with AS/IFNa induced a slight decrease of
the percentage of CD25" cells, predominantly the
CD25*%" fraction (Online Supplementary Figure S1F).
Importantly, fractions of CD25" cells derived from
AS/IFNa-treated primary recipients exhibiting features of
apoptosis or senescence were similar to those of CD25*
cells from wuntreated primary recipients (Ounline
Supplementary Figure S1G-I). Moreover, as previously

reported” and in agreement with the loss of LIC activity,”
treatment of primary mice with AS/IENa reduced the
tumor bulk (defined as spleen weight x tax DNA) in
untreated secondary recipient SCID mice (Ounline
Supplementary Figure S1]). Importantly, sorted CD25" cells
derived from AS/IFNo-treated primary mice exhibited
preserved LIC activity, contrary to unsorted spleen cells
(Figure 1A). This prompted us to investigate whether the
effect of AS/IFNa on LIC activity was mediated by the
Tax-negative non-ATL CD25 population. SCID mice
were thus injected with 10° CD25" cells from AS/IFNa-
treated primary mice along with 10° CD25* cells from
either untreated or AS/IFNa-treated primary mice (Figure
1B). The survival of untreated secondary recipient mice
was significantly increased only when they were injected
with both CD25 and CD25" cells derived from AS/IFNa-
treated primary mice (Figure 1B). This result suggests that
AS and IFNa exert a dual effect on both Tax-driven
leukemic cells and non-leukemic cells to abrogate ATL LIC
activity.

To directly assess whether AS/IFNa-induced loss of ATL
LIC activity involves the innate immunity, we took advan-
tage of the difference in the immune background of SCID
and NOG SCID mice. While SCID mice are known to
have natural killer (NK) cells and functional macrophages,
NOG SCID mice lack NK cells and have impaired
macrophage functions.”® Transplantation of spleen cells
derived from AS/IFNa-treated primary SCID mice into
secondary recipient SCID or NOG SCID mice revealed
that the LIC activity was only abrogated in SCID mice
(Figure 1C, compare red and blue histograms). All togeth-
er, these results implicate the innate immune cells of both
the donor and the recipient in clearance of LIC activity.

A critical role for natural killer cells and macrophages
in arsenic/interferon-o-mediated suppression of adult
T-cell leukemic-initiating cell activity

The importance of the innate immunity in both donors
and recipients in AS/IFNo-induced suppression of LIC
activity prompted us to further investigate the role of
macrophages and NK cells in the observed phenotype.
SCID mice were injected with 10° CD25* cells from
untreated or AS/IFNo-treated primary mice along with
25,000 sorted macrophages (CD25CD11b'F4/80%) or NK
cells (CD25CD335%) from AS/IFNa-treated primary mice
(Figure 2A). Significantly increased survival was observed
exclusively in untreated secondary recipients injected with
CD25" cells from AS/IFNo-treated primary mice together
with either macrophages or NK cells also derived from
AS/IENo-treated primary mice (Figure 2A, Online
Supplementary Figure S2A). These results demonstrate a
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Figure 3. A critical role for the loss of interleukin-10 production in arsenic/interferon-mediated eradication of adult T-cell leukemic-initiating cell activity. (A)
Enzyme-linked immunosorbent assay (ELISA) on supernatant of homogenized CD25* or CD25" sorted cells derived from the spleen of untreated (control) or arsenic
trioxide (AS)/interferon alpha (IFNa)-treated primary mice. (B) ELISA on plasma of normal SCID mice (n=3; gray histogram) or SCID mice with adult T-cell
leukemia/lymphoma (ATL) injected with 10° spleen cells derived from tax transgenic mice, and left untreated (n=5; black histogram) or treated with AS and IFNo.
from day 18 until day 21 (n=5; red histogram). (C) Survival of untreated secondary SCID mice injected with 10° or ten unsorted spleen cells from untreated (control)
primary ATL mice (n=3 and n=4, respectively; black), 10° cells from primary mice treated with AS/IFNa. for 3 days (n=8; red), or ten cells from untreated primary mice
together with 10° cells from primary mice treated with AS/IFNa for 3 days (n=8; red-black dashed). (D) Survival and spleen weight of secondary recipient SCID mice
injected with 10° unsorted spleen cells derived from primary mice treated with AS/IFNa. These secondary recipients were left untreated (control; black histograms)
or treated with recombinant murine (Rec-m) interleukin 10 (IL-10) (red; n=7/condition). (E) Spleen weight and survival of primary ATL SCID mice (n=7/condition) treat-
ed with anti-IL-10 antibodies (green histogram) or control isotype (black histogram). (F) Quantitative reverse transcriptase polymerase chain reaction analysis of
homogenized CD25* or CD25 sorted cells derived from the spleens of untreated primary mice or primary mice treated with anti-IL-10 antibodies. The t-test was per-
formed to validate significance. *P<0.05, **P<0.01, and ***P<0.001. P-values <0.05 were considered statistically significant.
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critical role for macrophages and NK cells of the primary
donor mice in AS/IFNa-induced abrogation of ATL LIC
activity.

These results prompted us to deplete macrophages or
NK cells in the recipient mice using clodronate or anti-
NK1.1 antibody, respectively. For macrophage depletion
in the recipient mice, we used clodronate treatment.”
Secondary recipient SCID mice, injected with 10° unsort-
ed spleen cells from either untreated or AS/IFNa-treated
primary mice, were treated with empty liposomes or clo-
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dronate (see experimental design in Figure 2B).
Macrophage depletion was confirmed by flow cytometry
based on the reduction of CD25CD11b'F4/80" cells
(Online Supplementary Figure S2B). Clodronate treatment
abrogated the effects of AS/IFNa and restored ATL LIC
activity (Figure 2B, Online Supplementary Figure S2B), con-
firming the critical role of macrophages of secondary
recipients in the AS/IFNa-induced cure.
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Figure 4. Loss of leukemia-initiating cell activity requires innate immunity. (A) Primary mice injected with cells, derived from the tumoral spleen of tax transgenic
mice that developed adult T-cell leukemia/lymphoma (ATL), were treated with arsenic trioxide (AS) and interferon alpha (IFNa) for 3 days then sacrificed. One million
unsorted spleen-derived cells were injected into 50 secondary SCID mice that were left untreated and sacrificed on a weekly basis (5 per week). (B, C) One million
unsorted spleen cells derived from weekly sacrificed untreated secondary SCID mice were injected into tertiary SCID (green histograms) (B) or NOG SCID (dark blue
histograms) (n=10/condition) (C) mice that were left untreated. (D) Enzyme-linked immunosorbent assay on supernatant of homogenized spleen-derived CD25" and
CD25" sorted cells from weekly sacrificed untreated secondary mice injected with 10° unsorted spleen cells from AS/IFNa-treated primary mice. Control indicates
secondary mice injected with 10° unsorted spleen cells from untreated primary mice. The t-test was performed to validate significance. *P<0.05, **P<0.01, and

*%%P<0.001. P-values <0.05 were considered statistically significant.
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Figure 5. Legend on next page.
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Figure 5. Tax knock down in adult T-cell leukemia/lymphoma-derived cells decreased interleukin-10 production. (A) The same experimental design as that illustrat-
ed in Figure 1A was followed and secondary SCID mice were left untreated and sacrificed on a weekly basis (left). Interleukin 10 (IL-10) levels were determined by
enzyme-linked immunosorbent assay (ELISA) in the supernatant of CD25* sorted spleen cells from untreated secondary mice injected with 10° unsorted spleen cells
from arsenic trioxide (AS)/interferon alpha (IFNa)-treated primary mice sacrificed at week 2 to 4 (each condition represents pooled cells from 3 mice, middle). IL-10
determined by ELISA in the supernatant of homogenized spleen-derived CD25" and CD25" sorted cells from untreated secondary mice injected with 10° unsorted
spleen cells from AS/IFNa-treated primary mice sacrificed at week 4 to 8 (right). (B) Western blot for p-STAT3 and STAT3 in untreated secondary mice injected with
10° unsorted spleen cells derived from primary mice with adult T-cell leukemia/lymphoma (ATL) treated with AS/IFNc.. These secondary mice were sacrificed at
weeks 4, 6 and 8. (C) Transcript levels of human IL-10 in untreated ATL-derived (HuT-102 and MT-1) or HTLV-1-negative (Jurkat) cell lines (black histograms) or after
24 h of ex-vivo treatment with AS/IFNa alone (red histograms) or combined with the proteasome inhibitor PS-341 (green histograms). (D) Transcript levels of human
1L-10 in CD25" (blue histograms) or CD25" (red histograms) sorted cells from freshly isolated peripheral blood mononuclear cells from six patients with ATL, after ex-
vivo treatment with AS/IFNa. (E) IL-10 levels (ELISA) of green fluorescent protein-positive (GFP*) sorted cells from ATL-derived (HuT-102 and MT-1) or HTLV-1-negative
(Jurkat) cell lines following transduction with GFP-lentiviral vectors encoding scrambled shRNA (shScr) or shRNA against Tax (shTax). Gray and red histograms corre-
spond to un-transduced, shScr, or shTax transduced GFP+ sorted cells as indicated. The t-test was performed to validate significance. *P<0.05, **P<0.01, and ***

P<0.001. P-values <0.05 were considered statistically significant.

cells from either untreated or AS/IFNo-treated primary
mice, were treated with an anti-NK1.1 antibody or with a
mouse IgG isotype control (see experimental design in
Figure 2B). NK-cell depletion was confirmed by flow
cytometry based on the reduction of CD25NK1.1* cells
(Online Supplementary Figure S2C). Importantly, NK-cell
depletion abrogated the effects of AS/IFNa and restored
ATL LIC activity (Figure 2B, Online Supplementary Figure
S2C), confirming the critical role of NK cells of secondary
recipients in the AS/IFNa-induced cure.

The contribution of innate immunity, namely
macrophages and NK cells, to the therapeutic effects of
AS/IFNa was further asserted by a significant increase of
the production of the pro-inflammatory cytokines IL-12
and JFNy as well as monocyte chemoattractant protein-1
(MCP-1) and macrophage inflammatory protein 1-alpha
(MIP-1a) exclusively in the CD25" spleen cell population
of AS/IENa-treated primary mice sacrificed after 3 days of
treatment (Figure 2C).

Arsenic and interferon-o sharply decreased
interleukin-10 production by Tax-driven leukemic cells,
resulting in loss of leukemic-initiating cell activity and
activation of innate immunity

In addition to its effects on the production of pro-
inflammatory cytokines by non-malignant cells, AS/IFNa
treatment for 3 days significantly decreased the produc-
tion of the anti-inflammatory cytokine IL-10 by CD25*
cells (Figure 3A), along with a significant decrease of IL-10
plasma levels (Figure 3B). Interestingly, baseline IL-10 plas-
ma levels were significantly higher in ATL SCID mice than
in normal SCID mice (Figure 3B). These results are quite
similar to those observed in patients with ATL who dis-
play high levels of IL-10 at diagnosis, with the levels
decreasing sharply after treatment with AS/IENo/AZT.**
In these patients, IL-10 may be produced by ATL cells
and/or by HTLV-1-infected non-malignant cells,” or even
by HTLV-1-negative cells. Indeed, HTLV-1-infected non-
malignant cells may provide an adequate environment for
the growth of ATL cells. To mimic this situation, we used
malignant cells derived from two different tax transgenic
mice. We, therefore, transplanted into SCID mice ten or
10° unsorted spleen cells derived from a SCID mouse
injected with malignant cells from one ax transgenic ani-
mal (Figure 3C, Online Supplementary Figure S3A, black his-
tograms), 10°cells derived from a second SCID mouse
injected with malignant cells from another tax transgenic
mouse and subsequently treated with AS/IFNo (Figure
3C, Online Supplementary Figure S3A, red histograms), or a
mixture of ten cells derived from the untreated SCID
mouse injected with malignant cells from one tax trans-

Table 1. List of primers.

mGAPDH Forward Primer CATGGCCTTCCGTGTTCCTA
mGAPDH Reverse Primer CCTGCTTCACCACCTTCTTGAT
hGAPDH Forward Primer GTGGACCTGACCTGCCGTCT
hGAPDH Reverse Primer GGAGGAGTGGGTGTCGCTGT
IL-10 Forward Primer GTGATGCCCCAAGCTGAGA
IL-10 Reverse Primer CACGGCCTTGCTCTTGTTTT
hIL-10 Forward Primer GCCTAACATGCTTCGAGATC
hIL-10 Reverse Primer TGATGTCTGGGTCTTGGTTC
IFN-y Forward Primer TCAAGTGGCATAGATGTGGAAGAA
IFN-y Reverse Primer TGGCTCTGCAGGATTTTCATG
IL-12 Forward Primer TCAAACCAGACCCACCGAA
IL-12 Reverse Primer GCTGACCTCCACCTGCTGA

CATGCTTCTGGGCCTGCTGTTC
CCTGCTGCTGGTGATCCTCTTG

mMCP-1 Forward Primer
mMCP-1 Reverse Primer

mMIP1A Forward Primer CCTTGCTGTTCTTCTCTGTACCATG
mMIPIA Reverse Primer GCATTCAGTTCCAGGTCAGTGATG
Rantes Forward Primer CAGCAGCAAGTGCTCCAATCTT
Rantes Reverse Primer TTCTTGAACCCACTTCTTCTCTGG

CATCCATCTCGTGCTACTTGTGTT
CATCTATCCAGTTGGCCTCTGTTT
CGGATACCCAGTCTACGTGT
GAGCCGATAACGCGTCCATCG

IL-15 Forward Primer
IL-15 Reverse Primer
Tax Forward Primer
Tax Reverse Primer

genic and 10° cells derived from the AS/IFNa-treated
SCID mouse injected with malignant cells from the other
tax transgenic animcal (Figure 3C, Online Supplementary
Figure S3A, red-black dashed histograms). While the short-
term treatment of primary recipients with AS/IFNa affect-
ed ATL LIC activity, and resulted in prolonged survival of
untreated secondary recipients, adding as few as ten
malignant cells from untreated animals preserved the LIC
activity of Tax-driven leukemic cells from treated animals
and resulted in rapid death of secondary recipients in less
than 3 weeks (Figure 3C, Online Supplementary Figure S3A).
These results strongly suggest that Tax-driven leukemic
cells produce IL-10, and potentially other cytokines,
which prevent therapy-induced loss of ATL LIC activity
through a paracrine mechanism. To test this hypothesis
directly, we treated secondary recipients injected with
malignant cells derived from AS/IFNo-treated primary
mice, with recombinant mouse IL-10 (Rec IL-10) (Figure
3D). Upon adding Rec IL-10, the weight of the spleens of
all mice increased significantly and the animals suc-
cumbed to ATL in less than 3 weeks (Figure 3D).

Targeting IL-10 abrogates ATL LIC -
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Figure 6. Combination of an anti-interleukin-10 monoclonal antibody, arsenic and interferon abrogates adult T-cell leukemic-initiating cell activity. (A) Kaplan-Meier
analysis of overall survival of primary SCID mice injected with 10° unsorted spleen cells and treated with an anti-interleukin (IL)-10 antibody (blue line; n=5), arsenic
trioxide (AS)/ interferon alpha (IFNa) (red line; n=7) or the triple combination AS/IFNa/anti-IL-10 antibody (green line; n=5) or left untreated (control; black line; n=5).
(B) Survival of secondary recipient SCID mice injected with 10° unsorted spleen cells derived from primary SCID mice with adult T-cell leukemia/lymphoma (ATL)
treated with an anti-IL-10 antibody (blue line; n=5), AS/IFN« (red line; n=6) or AS/IFNa/anti-IL-10 antibody (green line; n=10) or untreated controls (black line; n=10).
Secondary SCID mice injected with 10° spleen cells derived from primary ATL SCID treated with AS/IFNa,/anti-IL-10 were treated with clodronate (light blue line; n=5)
or anti-NK1.1 (purple line; n=5) starting on day 3 after injection of leukemic cells. (C) Proposed model for therapy-induced ATL cure: ATL cells depend on IL-10 sig-
naling to escape from the innate immune system. Treatment with AS/IFNa induces Tax degradation, resulting in decreased IL-10 production, activation of NK cells
and macrophages and innate immunity-mediated abrogation of ATL LIC activity.
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Conversely, treatment of secondary recipients with an
anti-IL-10 monoclonal antibody significantly decreased
their splenomegaly and prolonged their survival (Figure
3E, Online Supplementary Figure S3B). Importantly, untreat-
ed secondary (see Figure 6B) or tertiary (Ounline
Supplementary Figure S3C) SCID mice serially transplanted
with 10° spleen cells derived from anti-IL-10-treated pri-
mary recipients survived significantly longer than those
transplanted with spleen cells derived from untreated pri-
mary recipients. These results demonstrate a critical role
for IL-10 in ATL LIC activity. Further asserting this pivotal
role of IL-10, treatment of ATL SCID mice with an anti-IL-
10 monoclonal antibody significantly increased the pro-
duction of the pro-inflammatory cytokines MCP-1, MIP-
la, IENy, IL-12 and IL-15 (Figure 3F), exclusively in the
CD25 spleen cell population. These results provide direct
evidence implicating the loss of IL-10 production in the
observed activation of innate immunity.

Finally, AS/IFNa-induced abrogation of IL-10 produc-
tion was rescued upon co-treatment with the proteasome
inhibitor PS-341 (Online Supplementary Figure S3D), in
agreement with our previous finding that the curative
effect of AS/IFNa requires intact proteasome activity, like-
ly involving Tax degradation by the proteasome.”

Arsenic and interferon-o. induced loss of adult T-cell
leukemic-initiating cell activity is associated with
delayed activation of innate immunity

Our results indicate that both AS/IFNa-induced preven-
tion of IL-10 production by Tax-driven leukemic cells and
AS/IFNa-induced activation of innate immunity are
mandatory for the suppression of ATL LIC activity. To dis-
sect the sequence of events, 10° unsorted spleen-derived
cells from AS/IFNa-treated primary mice were injected
into 50 SCID mice that were left untreated. Subsequently,
five of these secondary recipients were sacrificed each
week until week 9 (Figure 4A). The loss of ATL LIC activ-
ity was investigated by serial transplantation of spleen
cells from secondary recipients into tertiary SCID or NOG
SCID mice that were left untreated. Transplantation of
unsorted spleen-derived cells from untreated secondary
SCID mice injected with spleen cells from AS/IFNo-treat-
ed primary mice into tertiary SCID mice revealed a
delayed and progressive loss of LIC activity starting at
week 7 and reaching complete exhaustion by week 9
(Figure 4B). Interestingly, spleen cells derived from
untreated secondary mice sacrificed at weeks 4, 5 and 6
maintained their long-term LIC activity in serial transplan-
tation experiments in tertiary and quaternary recipient
SCID mice (Figure 4B green histograms, Omnline
Supplementary Figure S4A). Hence, early isolation of spleen-
derived ATL cells from their environment in untreated sec-
ondary SCID mice allowed the cells to maintain their
leukemia-initiating activity, which would have been lost if
the cells had been kept in their original environment. LIC
activity was preserved when unsorted spleen-derived cells
from untreated secondary SCID mice were transplanted
into tertiary NOG SCID mice (Figure 4C), pointing to a
critical role of recipient innate immunity in this delayed
eradication of LIC activity. To confirm this finding, we
measured levels of pro-inflammatory cytokines in sorted
CD25" or CD25" cells from spleens of untreated secondary
SCID mice sacrificed at weeks 4 to 8 (see experimental
design in Figure 4D). A gradual and significant increase of
the production of IL-12, ITFNy, MCP-1, MIP-1a, RANTES

Targeting IL-10 abrogates ATL LIC -

and IL-15 (Figure 4D, Online Supplementary Figure S4B) was
observed exclusively in the CD25 non-leukemic fraction,
starting in week 6 or 7. This delayed production of pro-
inflammatory cytokines by non-malignant cells in the
microenvironment is concomitant with the delayed loss of
ATL LIC activity.

Loss of interleukin-10 production by Tax-driven
leukemic cells is an early event preceding the loss of
leukemic-initiating cell activity

Contrary to pro-inflammatory cytokines, IL-10 was
selectively produced by the Tax-driven CD25" leukemic
subpopulation. IL-10 protein and transcript levels signifi-
cantly and rapidly decreased in untreated secondary recip-
ients injected with spleen cells from AS/IENa-treated pri-
maries (Figure 5A, Online Supplementary Figure 5A). The
decrease of IL-10 levels was accompanied by the reduc-
tion of its downstream STATS3 signaling (Figure 5B).
Similarly, treatment of primary ATL SCID mice with anti-
IL-10 monoclonal antibody resulted in a decrease of
pSTATS (Online Supplementary Figure 5B). Collectively,
these results demonstrate that treatment of Tax-driven
leukemic cells with AS and IEN abrogates their produc-
tion of IL-10 followed by increased production of pro-
inflammatory cytokines by non-leukemic cells and innate
immunity-mediated loss of ATL LIC activity.

Tax knock-down in human adult T-cell
leukemia/lymphoma cells decreased interleukin-10
production

To translate the findings from our murine model to
human cells, we treated ATL-derived cell lines HuT-102 or
MT-1 with AS/IENa for 24 h. Tax protein was detectable
in HuT-102 cells but not in MT-1 cells or HTLV-1-negative
Jurkat cells (Online Supplementary Figure S5C). As previous-
ly reported,”® AS/IFNo induced proteasomal-mediated Tax
degradation (Online Supplementary Figure S5C). Treatment
with AS/IENa significantly decreased IL-10 expression,
exclusively in ATL-derived cell lines (Figure 5C).
Importantly, this AS/IFNa-induced loss of IL-10 produc-
tion was rescued upon co-treatment with PS-341 (Figure
5C), suggesting that the effect of AS/IFNa on IL-10 pro-
duction involves Tax degradation by the proteasome.
Importantly, no effect was observed on the HTLV-1-nega-
tive Jurkat T cell line (Figure 5C). Similar results were
observed upon ex-vivo treatment of PBMC from six
patients with ATL (3 with acute ATL and 3 with chronic
ATL). These PBMC were treated ex-vivo with AS/IFNa for
24 h, before sorting the CD25" and CD25 subpopulations
of cells. Of note, and as previously reported, baseline IL-
10 transcripts levels were significantly higher in the PBMC
of patients with ATL than in those of HTLV-1-negative
controls™ (Online Supplementary Figure S5D). In patients
with ATL, IL-10 was predominantly produced by the
CD25" cells and significantly decreased upon treatment
with AS/IFNa (Figure 5D). These results are consistent
with the previously reported high IL-10 plasma levels in
patients with ATL as compared to levels in healthy
donors* and the decrease of IL-10 production following
AS/TENo/AZT therapy.”

To directly demonstrate the role of Tax in IL-10 produc-
tion, we knocked down Tax in HuT-102 or MT-1 cell lines
using shRNA. Tax knock-down was verified by real-time
PCR (Online Supplementary Figure S5E). Extinction of Tax
resulted in a significant decrease of IL-10 protein levels
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(Figure 5E) in the ATL-derived cell line, which expresses
high levels of Tax (HuT-102), and in the ATL-derived cell
line, which does not express detectable Tax protein (MT-
1) (Figure S5E, Online Supplementary Figure S5C), but not in
HTLV-1-negative Jurkat cells (Figure 5E). Although Tax
protein was undetectable in the MT-1 cell line (Online
Supplementary Figure S5C), these cells have been shown to
sporadically express Tax and such expression is critical for
the survival of the whole cell population." These results
highlight the role of Tax in IL-10 production and confirm
in human primary ATL cells and ATL-derived cell lines
that AS/IFNa treatment decreases IL-10 production.

The triple combination of arsenic, interferon-o and
anti-interleukin-10 monoclonal antibodies cures
murine adult T-cell leukemia/lymphoma

The critical role of IL-10 shutdown in suppression of
ATL LIC activity incited us to combine IL-10 suppressive
therapy with AS and IFNa. SCID mice were injected with
10° spleen cells and treated as indicated in Figure GA.
Treatment with AS/IFNa or with anti-IL-10 monoclonal
antibodies significantly prolonged the survival of primary
ATL SCID mice, whereas treatment with the triple combi-
nation yielded a 6-month survival of around 80% of mice
(Figure 6A).

To assess the effects of these combinations on LIC activ-
ity, primary ATL SCID mice received short-term treat-
ment (for 3 days) with AS/IFNa., anti-IL-10 antibodies, or
their triple combination (see experimental design in Figure
6B). No significant changes in spleen weight, in tax DNA
or in the percentage of CD25" cells were observed follow-
ing short-term treatment of these primary mice, as com-
pared to the untreated group (Online Supplementary Figure
S6A). Importantly, significant increases of the production
of the pro-inflammatory cytokines IEN-y and IL-15 as well
as MCP-1 and MIP-1o were observed exclusively in the
CD25 spleen cell subpopulation sorted from the treated
groups. Furthermore, an additive effect of AS/IFNa and
anti-IL-10 antibodies was noted (Online Supplementary
Figure S6B). Conversely, IL-10 transcripts (Online
Supplementary ~ Figure S6B) and protein (Online
Supplementary Figure S6C) were produced by the CD25"
population and were downregulated after treatment with
AS/IFN, but only IL-10 protein levels were downregulated
by anti-IL-10 antibodies (Online Supplementary Figure S6B
and C).

As previously reported,” short-term treatment of pri-
mary ATL mice with AS/IFNa significantly decreased the
ability of Tax-driven leukemic cells to initiate leukemia in
untreated secondary recipients. This was demonstrated
by the increased survival of untreated secondary SCID
mice from a median of 23 days (range, 20-24) to a median
of 70 days (range, 67-76) (Figure 6B). Similar results were
observed upon short-term treatment of primary mice with
anti-IL10 antibodies, which significantly increased sur-
vival of untreated secondary mice to a median of 55 days
(range, 45-62) (Figure 6B). Strikingly, treatment of primary
mice with the triple combination of AS/IFNa/anti-IL10
antibodies almost totally abrogated ATL LIC activity in
untreated secondary mice (Figure 6B).

Finally, ATL LIC activity was rescued completely when
secondary SCID mice, injected with spleen cells derived
from primary SCID mice treated with the triple combina-
tion of AS/IFENo/anti-IL10 antibodies, were further treated
with clodronate or anti-NK1.1 antibodies, confirming the

critical role of macrophages and NK cells in the therapeu-
tic efficacy of this triple combination (Figure 6B). These
results provide a strong rationale for testing the potential
therapeutic effect of the combination of AS/IFNa and
anti-IL10 in patients with ATL.

Discussion

In this study, we unraveled the mechanisms of the cur-
ative therapeutic effect of AS/IFNa in murine ATL. We
demonstrated that this combination targets both malig-
nant cells and innate immune cells to suppress ATL LIC
activity. Indeed, malignant growth was impaired only
when malignant cells were exposed to AS/IFNa in the
presence of intact innate immunity in both primary donor
mice and secondary recipient mice (Figure 6C). Yet, innate
immunity alone was not able to prevent growth of
untreated malignant cells. At the molecular level, we
showed that ATL long-term self-renewal is dependent on
IL-10 signaling and AS/IFNa therapy abrogated IL-10 pro-
duction by the malignant cells. This triggers activation of
innate immunity, which subsequently eliminates ATL LIC
activity (Figure 6C).

LIC rely on a tight crosstalk between signals from
leukemic cells and their neighboring immune microenvi-
ronment cells, through their respective cytokine produc-
tion, for their activity and self-renewal. Indeed, malignant
cells release suppressive cytokines and chemokines to
evade immune detection and hamper the activity of
immune cells.”* In that sense, patients with ATL exhibit
an immunosuppressive cytokine profile characterized by
high levels of IL-10 at diagnosis.®***” IL-10 can be pro-
duced by ATL cells, HTLV-1-infected non-ATL cells or
even by HTLV-1-negative cells.”® Furthermore, besides its
potential immunosuppressive properties,” IL-10 promotes
proliferation of HTLV-1-infected cells through the STAT3
and IRF4 pathways.” Interestingly, it was demonstrated
that IRF4 and nuclear factor-kB drive ATL maintenance.”
Similarly, a recent study showed that the HTLV-1 anti-
sense bZIP factor HBZ upregulates expression of IL-10,
interacts with STAT1 and STAT3 and modulates the IL-
10/JAK/STAT signaling pathway.”® In this study, we
demonstrate that IL-10 is produced by malignant cells in
Tax-driven murine ATL and, importantly, AS/IFNa,
known to induce Tax degradation, decreased IL-10 levels.
Similarly, ex-vivo treatment of ATL-derived cell lines or pri-
mary cells from patients with ATL with AS/IFNa
decreased IL-10 expression. These results demonstrate a
great similarity with the high IL-10 levels in patients with
ATL and the decrease of IL-10 following AS/IFNa/AZT
therapy.”

One prominent observation in our study is the crucial
role of innate immunity, particularly NK cells and
macrophages, in therapy-induced suppression of ATL LIC
and disease cure. This innate immunity is activated by the
decrease in IL-10 levels, known to suppress macrophage
activity.” Loss of IL-10, following treatment with AS/IFNa.
or monoclonal antibodies, activates innate immunity. This
triggers the production of pro-inflammatory cytokines by
NK cells, macrophages, and potentially other components
of innate immunity such as dendritic cells and neutrophils,
eventually leading to abrogation of ATL LIC activity
(Figure 6C). Our results presumably indicate that ATL cells
evade the innate immune system through the production



of IL-10, an anti-inflammatory cytokine that impedes the
pro-inflammatory response. Targeted therapies hamper-
ing IL-10 production by ATL cells activate an innate
immune response which eradicates the disease through
abrogation of LIC activity.

Oncogene addiction is a specific feature of LIC* sug-
gesting that, at least in malignancies with a single rate-lim-
iting genetic event such as some leukemias, oncogene
degradation could be used to eradicate LIC and, secondar-
ily, the disease** It has been suggested that ATL cells
depend on Tax expression for their survival and long-term
self-renewal.’”"! However, Tax expression is barely
detectable in patients with ATL, likely due to the defect of
the provirus in ATL cells and 5’ long terminal repeat selec-
tive heavy CpG methylation in some patients. Yet, tran-
sient bursts of Tax expression take place in a small fraction
of HTLV-1-infected non-malignant or ATL cells.”"
Nonetheless, this finding still necessitates validation in pri-
mary ATL cells. Moreover, in most reported cases, Tax
expression was analyzed in cells from peripheral blood
but not from lymph nodes, spleen or bone marrow where
LIC might be located. In our model, AS/IFNa-induced loss
of IL-10 production and LIC activity were rescued upon
co-treatment with a proteasome inhibitor, suggesting that
the curative effect of AS/IFNa in ATL involves Tax degra-
dation by the proteasome.'” Unfortunately, the unde-
tectable level of Tax protein in tax transgenic murine ATL
cells precludes a direct demonstration of therapy-induced
Tax degradation in vivo. To overcome this in vivo limitation,
we knocked down Tax expression in human ATL-derived
cell lines expressing different baseline levels of Tax pro-
tein. We demonstrated that extinction of Tax significantly
affected IL-10 production, regardless of baseline Tax pro-
tein expression, confirming that IL-10 is a downstream tar-
get of Tax. Our findings, along with recently reported data
on the upregulation of IL-10 expression by the other
HTLV-1 regulatory protein HBZ,* highlights the critical
role of IL-10 in HTLV-1 infection and the pathogenesis of
ATL.

One limitation of our model is that the immune-pheno-
type of the malignant cells in our model (exclusively CD4
CD8 cells) may not reflect that of the majority of ATL
cells. In this model, the lack of adaptive immunity allowed
us to unravel the critical role of innate immunity in
AS/IFENo-induced eradication of ATL LIC activity.
Nevertheless, therapy-induced loss of IL-10 production
likely also activates adaptive immunity in patients with

ATL. Similarly, HTLV-1-infected non-malignant cells nor-
mally present in patients with ATL are not encountered in
tax transgenic mice. These HTLV-1-infected non-malig-
nant cells can be a source for Tax-dependent IL-10 produc-
tion in patients with ATL, allowing long-term self-renewal
of malignant cells in niches, even in the minority of
patients with a defective provirus that lost the ability to
express Tax in the malignant cells. Finally, we cannot dis-
miss the possibility that HTLV-1-negative cells may also
participate in the production of IL-10 in patients with ATL
and that these may also be targeted by AS/IFNa.
However, our results in tax transgenic mice are similar to
those obtained in ATL-derived cell lines, freshly isolated
cells from ATL patients and, importantly, patients with
ATL treated with AS/IENa/AZT.

In conclusion, collectively our results provide a strong
rationale for clinical trials combining AS/IFNa with anti-
IL-10 antibodies in patients with ATL. Furthermore, week-
ly examination of untreated secondary mice enables a
detailed exploration of therapy-induced response to tar-
geted agents in vivo, and disentangles the sequence of
events resulting from the effect of treatment on leukemic
cells and their environment.
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