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Potential anti-lymphoma effect of M-CSFR inhibitor in
adult T-cell leukemia/lymphoma

Yoshihiro Komohara,” Osamu Noyori,” Yoichi Saito,” Hiroto Takeya,l) Muhammad Baghdadif)
Fumihito Kitagawa,” Naoki Hama,” Kozo Ishikawa,” Yutaka Okuno,” Kisato Nosaka,”
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Ken-ichiro Seino,” Masao Matsuoka,” and Shinya Suzu”

The c-fms proto-oncogene is also known as macrophage colony stimulating factor receptor (M-CSFR) or colony-stimulating
factor-1 receptor (CSF-1R), and is expressed on several types of malignant tumor cells and myeloid cells. In the present study,
we found that overexpression of M-CSFR was present in adult T-cell leukemia/lymphoma (ATLL) cases. M-CSFR signaling
was associated with lymphoma cell proliferation, and M-CSFR inhibition induced apoptosis in lymphoma cells. The ATLL cell
line ATL-T expressed M-CSF/CSF-1 and interleukin (IL)-34, which are both M-CSFR ligands. M-CSF and IL-34 expression
was seen in ATLL cases, and co-expression of these ligands was detected in 11 of 13 ATLL cases. M-CSFR inhibition sup-
pressed programmed death-1 and -2 ligand in ATL-T cells and macrophages stimulated with conditioned medium from ATL-T
cells. Thus, an M-CSFR inhibitor may be useful as additional therapy against ATLL due to direct and indirect mechanisms.
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INTRODUCTION

Adult T-cell leukemia/lymphoma (ATLL) is one of the
most aggressive lymphomas arising in people infected with
human T-cell leukemia virus type 1 (HTLV-1). The disease
is classified into four categories: acute (60%); lymphomatous
(20%); chronic (15%); and smoldering (5%)."> Acute and
lymphomatous ATLLs are the most aggressive, with a
reported median survival time of <1 year in patients who do
not undergo bone marrow transplantation.'

The c-fms proto-oncogene is also known as macrophage
colony stimulating factor receptor (M-CSFR) or colony-stim-
ulating factor-1 receptor.* Recent studies have shown that in
addition to M-CSF/CSF-1, interleukin (IL)-34 also binds to
M-CSFR.>¢ M-CSFR signaling is essential for macrophage
differentiation, placental development, and lactogenic differ-
entiation of the human breast.”

M-CSFR signaling is also essential for tumor cell growth,
and increased expression of M-CSFR in tumor cells is linked
to aggressive behavior and a worse clinical course in several

types of malignant tumors including breast cancer and gli-
oma. Overexpression of M-CSF in tumor cells has also been
reported in many types of malignancies.®'® M-CSFR is
overexpressed in several types of hematological malignancies
including acute myeloid leukemia and Hodgkin lym-
phoma.'"'2  ATLL cells show high production of M-CSF,"
but no information about M-CSFR expression has been
reported in ATLL.

Many companies have developed M-CSFR inhibitors,'*!*
but a minimal effect of monotherapy against malignant
tumors has been reported in clinical trials.'® Notably, a pre-
clinical study showed that combination therapy using an
M-CSEFR inhibitor and cytotoxic therapy produces significant
anti-tumor effects via induction of anti-tumor immune
responses.'” Increased anti-tumor immune responses follow-
ing treatment with an M-CSFR inhibitor were seen in other
preclinical models,'" and depletion of immunosuppressive
myeloid cells may contribute to this immune response.
Many clinical trials with combination therapy using an
M-CSEFR inhibitor are currently underway (https://clinicaltri-

Received: September 13,2018. Revised: November 12,2018. Accepted: November 20, 2018. Online Published: December 13,2018

DOI:10.3960/jslrt.18034

YDepartment of Cell Pathology, Graduate School of Medical Sciences, Kumamoto University, Kumamoto, Japan, 2Center for Metabolic Regulation of Healthy Aging, Kumamoto
University, Kumamoto, Japan, International Research Center for Medical Sciences, Center for AIDS Research, Kumamoto University, Kumamoto, Japan, ¥Division of
Immunobiology, Institute for Genetic Medicine, Hokkaido University, Sapporo, Japan, ¥Department of Hematology, Rheumatology, and Infectious Diseases, Graduate School of

Medical Sciences, Kumamoto University, Kumamoto, Japan
*First two authors equally contributed to this work.

Corresponding author: Yoshihiro Komohara, MD, PhD, Department of Cell Pathology, Graduate School of Medical Sciences, Kumamoto University, Honjo 1-1-1, Chuouku,

Kumamoto, 860-8556, Japan. E-mail: ycomo@kumamoto-u.ac.jp
Copyright © 2018 The Japanese Society for Lymphoreticular Tissue Research

[(cc) IEA=T M| This work is licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International License.



als.gov/).

In the present study, we found that M-CSFR was expressed
in human ATLL cells and cell lines. M-CSFR signaling was
associated with cell growth, and an M-CSFR inhibitor abro-
gated ATLL cell proliferation. Thus, M-CSFR inhibitors
may be potentially useful as anti-ATLL therapy.

Materials and methods

Samples

Paraffin-embedded samples were prepared from speci-
mens obtained from 13 patients diagnosed with lymphoma-
tous ATLL between 2010 and 2017 at Kumamoto University
Hospital. Written informed consent was obtained from all
patients in accordance with protocols of the Kumamoto
University Review Board, and study design was approved by
the Kumamoto University Review Board (#1174).

Immunohistochemistry (IHC)

Single and double immunohistochemical staining was
performed as described previously.?® In brief, deparaffinized
sections were microwave treated in 1 mM EDTA (pH 8.0).
Then, sections were reacted with anti-M-CSFR antibody
(clone SP211, Abcam, Cambridge, UK), anti-M-CSF anti-
body (clone EP1179Y, Abcam), or isotype-matched control
antibody (DAKO, Glostrup, Denmark). For IHC of macro-
phages, anti-CD68 antibody (clone PG-M1, DAKO) was
used. IHC for IL-34 was performed as described previ-
ously.?® Horseradish peroxidase (HRP)-labeled anti-mouse
or rabbit immunoglobulin antibody (Nichirei, Tokyo, Japan)
was used as the secondary antibody. Diaminobenzidine
(DAB, brown color) and HistoGreen (green color) substrate
(#AYS-E109, Cosmo Bio, Tokyo, Japan) were used for visu-
alization of positive signals.

Cell lines and cell culture

The human ATLL cell lines, ATL-T and ED, were previ-
ously established by Taylor and Matsuoka.?> The T-cell leu-
kemia cell line MOLT-4 was purchased from the RIKEN Cell
Bank (WAKO, Japan). Control TF-1 cells (TF-1¢7) and
TF-1 cells expressing M-CSFR (TF-14¢FR) were previously
established by Suzu.? Cells were maintained in RPMI1640
supplemented with 10% fetal bovine serum. Mycoplasma
testing was performed using a polymerase chain reaction
(PCR) detection kit (Takara Bio Inc., Otsu, Japan).
Conditioned medium (CM) from cell lines was obtained as
described previously.”* Recombinant M-CSF was a gift
from Morinaga Milk Industry (Kanagawa, Japan). 1L-34
was purchased from R&D Systems (Minneapolis, MN,
USA). PLX3397 (pexidartinib) was obtained from APExBio
(Houston, TX, USA). Cell block samples of cell lines were
prepared as described previously.?

Quantitative real-time PCR (qPCR)

Total RNA was isolated using RNAiso Plus (Takara Bio
Inc.) and reverse transcribed using a PrimeScript RT Reagent
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Kit (Takara Bio Inc.). qPCR was performed using TagMan
polymerase with SYBR Green Fluorescence (Takara Bio
Inc.) and an ABI PRISM 7300 Sequence Detector (Applied
Biosystems, Foster City, CA, USA). All primer sets were
purchased from Takara Bio Inc. Primer sequences are as fol-
lows: IL-34; (F) 5>-TGTTCAGAATCGCCAACGTC-3’, (R)
5’-GCTCACCAAGACCCACAGATAC-3’, M-CSF; (F)
5’-GCTGAAGAGCTGCTTCACCAA-3", (R)
5’-CATTCTTGACCTTCTCCAGCAA-3’, B-actin; (F)
5’-CTGTGGCATCCACGAAACTAC-3’, (R)
5’-CTGATCCACATCTGCTGGAAG-3".

Immunocytostaining (IC)

ATL-T cells were fixed with 2% paraformaldehyde for 5
min, and then incubated with anti-cleaved caspase-3 antibody
(clone 5A1E, Cell Signaling Tech., Danvers, MA, USA) with
CanGet signal solution A (Toyobo, Tokyo, Japan). HRP-
labeled anti-rabbit immunoglobulin antibody (Nichirei) was
used as secondary antibody, and the reaction was visualized
with DAB.

For staining of macrophages, the cells were detached and
plated on coverslips in a 12-well culture plate (50,000 cells/
well). Cells were treated with CM and PLX3397 (or DMSO
as control) for 24 h and then fixed with 1% paraformalde-
hyde. Cells were dried and then reacted with anti-pro-
grammed death-1 ligand (PD-L1, CD274) and PD-L2
(CD273) antibody (Clone 29E.2A3 and 24F.10C12,
BioLegend, San Diego, CA, USA). HRP-labeled anti-
mouse immunoglobulin antibody (Nichirei) was used as sec-
ondary antibody, and the reaction was visualized with DAB.
For quantification of positive signals, a cell-enzyme linked
immunosorbent assay (cell-ELISA) was performed as
described previously.?® In brief, cells were plated in a
96-well plate (5,000 cells/well) and treated with CM and
inhibitor. Cells were then fixed with 1% paraformaldehyde,
reacted with anti-PD-L1 and PD-L2 antibody, and incubated
with secondary antibody. Reactions were visualized with
TMB solution (Thermo Fisher Scientific, Waltham, MA,
USA).

Western blot analysis

To detect cell apoptosis, cells were treated according to
the manufacturer’s protocol and reacted with anti-caspase-3
(#19677-1-AP, Peprotech), cleaved caspase-3 (clone D3E9,
Cell Signaling Tech.), and Poly(ADP-ribose)polymerase
(PARP) (#9542, Cell Signaling Tech.) antibodies.
Visualization was performed as described previously.?

Macrophage culture

Peripheral blood mononuclear cells were obtained from
healthy volunteer donors who each provided written
informed consent for the use of their cells in accordance with
the study protocols approved by the Kumamoto University
Hospital Review Board (#1169). Monocytes were isolated
using RosettSep cocktail (StemCell Tech., Vancouver,
Canada), plated in UpCELL culture plates (CellSeed, Tokyo,
Japan), and cultured in 2% human serum, 1 ng/mL



Komohara, et al.

granulocyte macrophage-colony stimulating factor (WAKO),
and 50 ng/mL macrophage-colony stimulating factor
(WAKO) for 7 days to induce macrophage differentiation.

Flow cytometry

Flow cytometry of PD-L1 and PD-L2 was performed as
described previously.?’

Statistical analysis

Student’s ¢-test was used for statistical analysis of in vitro
data. A P value <0.05 was considered to be statistically sig-
nificant. All data from cell culture studies are representative
of at least two independent experiments. All error bars indi-
cate the standard deviation.

RESULTS

ATLL cells express M-CSFR

IHC for M-CSFR was performed using cell blocks of
TF-1¢" and TF-1M® to confirm the specificity of the anti-M-
CSFR antibody. Strong positive signals were seen on
TF-1MSSFR whereas no or weak signals were detected on
TE-1¢7 (Figure 1A). Normal lymphocytes were negative for
M-CSFR (Figure 1B). These data indicate the specificity of
this antibody for the M-CSFR protein. Next, IHC for
M-CSFR was performed using 13 ATLL tissue sections, and
positive signals were detected in all cases. Strong circum-
ferential membrane staining of M-CSFR on lymphoma cells
was seen in 11 cases (85%), and weak incomplete membrane
staining of M-CSFR was seen in two cases (Figure 1C).
Double IHC with anti-CD68 antibody indicated that
M-CSFR was detected on lymphoma cells that were negative
for macrophage marker (Figure 1D).

M-CSFR signaling stimulates lymphoma cell growth

Next, M-CSFR expression was examined in cell lines.
Two ATLL cell lines, ATL-T and ED cells, expressed
M-CSFR, whereas no expression of M-CSFR was seen on
MOLT-4 cells (Figure 2A). Recombinant M-CSF and IL-34
protein induced lymphoma cell growth in ATL-T and ED
cells, but no effect was observed in MOLT-4 cells (Figure
2B). M-CSF and IL-34 did not affect the sensitivity of
ATLL cells to doxorubicin (Figure 2C).

ATLL cells produce M-CSF and IL-34

We next used qPCR to test whether ATLL cell lines
express M-CSF, IL-34, and M-CSFR. ATL-T cells
expressed M-CSF and IL-34 mRNA, whereas no mRNA
expression of either ligand was seen in MOLT-4 cells (Figure
3A). ED cells expressed low levels of IL-34 mRNA (Figure
3A). Then we tested the protein expression of M-CSF and
IL-34 in cell lines and tissue sections. Consistent with the
gqPCR data, ATL-T cells were positive for M-CSF and 1L-34,
whereas MOLT-4 cells were negative (Figure 3B). M-CSF
expression in lymphoma cells was strong in six cases (46%),
weak in five cases (38%), and negative in two cases (Figure
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3C, 3D). Strong and weak IL-34 expression in lymphoma
cells was seen in six (46%) and seven cases (54%), respec-
tively (Figure 3C, 3D). Notably, IL-34 expression was also
detected in endothelial cells (arrowhead, Figure 3C).

An M-CSFR inhibitor induced apoptosis of ATL-T cells

PLX3397, an M-CSFR inhibitor, significantly inhibited
ATL-T and ED cell proliferation in a dose-dependent manner
(Figure 4A). IC for cleaved caspase-3 showed that
PLX3397 induced apoptosis in lymphoma cells after 24 h of
incubation (Figure 4B). Western blot analysis using anti-
caspase 3, anti-cleaved caspase 3 and anti-PARP antibodies
showed similar results with regard to apoptosis in lymphoma
cells. Cleavage of caspase 3 and PARP was seen in
16h-treatment and the densities were dependent on stimula-
tion time (Figure 4C).

The M-CSFR inhibitor abrogates PD-L1/L2 expression in
macrophages and ATL-T cells.

PD-L1 and PD-L2 expression on macrophages is associ-
ated with immune suppression in the tumor microenviron-
ment.’! We previously showed that PD-L1 and PD-L2
expression on macrophages is significantly elevated by CM
from ATL-T cells.? 1C and cell-ELISA were performed to
test if PLX3397 abrogated PD-L1 and PD-L2 expression on
macrophages stimulated with CM. We observed suppression
of PD-L1 and PD-L2 by PLX3397 (Figure 5A and 5B).

Finally, because ATL-T cells also express PD-L1 and
PD-L2, we tested the effect of PLX3397 on PD-L1 and
PD-L2 expression in ATL-T cells and found that these pro-
teins were slightly but significantly suppressed by PLX3397
(Figure 6A-6C).

DISCUSSION

In the present study, we showed high expression of
M-CSFR in ATLL cells in pathological specimens and cell
lines. An in vitro study using ATLL cell lines revealed that
stimulation of M-CSFR with M-CSF or IL-34 increased
ATLL cell proliferation. We believe that the present study is
the first report to describe the function of M-CSFR in ATLL.

M-CSEFR activates signaling pathways involving Stat3,
ERK, and AKT, and affects survival, proliferation, migration,
adhesion, and production of several cytokines in tumor cells.’
We did not investigate the correlation between M-CSFR and
the details of the signaling pathway in ATLL in the present
study. Further investigation is needed to uncover the impor-
tance of M-CSFR in ATLL.

ATLL is generally resistant to chemotherapy.?
Therefore, we tested if M-CSFR signaling affects the sensi-
tivity to a chemotherapeutic drug. However, we found no
correlation between M-CSFR signaling and sensitivity to
doxorubicin. We previously demonstrated that a high den-
sity of tumor-associated macrophages (TAMs) in ATLL tis-
sues is correlated with worse clinical prognosis,* and co-cul-
ture with macrophages induces chemo-resistance in ATLL
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Fig. 1. THC for M-CSFR. THC for M-CSFR was performed with cell block specimens of
TF-1¢" and TF-14% cell lines (A4), cell blocks of lymphocytes (B), and biopsy sections from
patients diagnosed with ATLL (C). Double IHC for CD68 (pan-macrophage marker, green) and
M-CSFR (brown) (D).
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Fig. 2. Effect of M-CSF and IL-34 on cell lines. IHC for M-CSFR was performed using
cell block specimens of ATL-T, ED, and MOLT-4 cell lines (4). Cell lines were cultured
with or without M-CSF (1.0, 10, 100 pg/mL) or IL-34 (0.1, 1.0, 10 pg/mL) for 3 days in
a 96-well plate, and then cell viability was tested with the WST assay (n = 5) (B). ED
cells were cultured with doxorubicin and M-CSF or IL-34 for 2 days, and then cell via-
bility was tested with the WST assay (n = 5) (C). *P < 0.05. N.C.; negative control.
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156



M-CSFR/CSF-1R in ATLL

A Control CM (ATL—T) CM (ATL-T) + PLX3397
: v
"l ‘ ‘ - 2 Y
- . .
5l @ p ' Q ‘\ ‘ ‘
o ’ @ » %
. 4
o O
. B " ® 4
8 *
L)
feae gt g ¢
& -
E ' L L ’ i e o:f
' L L ‘(‘ L |
AR - U8 _—n ﬁ P J
B P=0.013
% 200 1 P=0.003 % 250 1 P=0.004
ko) g
é 150 é 200 4
% % 150
- 100 4 N
fa) A 100
o o
2 %07 2 50
kS kS
(0] [0
o 0 4 o o 4
& O P RO N S
s PLX3397 (uM) & PLX3397 (uM)
CM (ATL-T) CM (ATL-T)

Fig. 5. Effect of PLX3397 on PD-L1 and PD-L2 expression on macrophages. Macrophages
were plated in a 24-well plate and cultured with CM from ATL-T cells and PLX3397 (40 uM)
for 1 day (A4). Macrophages were plated in a 96-well plate and cultured with CM from ATL-T
cells and PLX3397 for 1 day, and the expression of PD-L1 and PD-L2 was determined with a

cell-ELISA (n = 3) (B).

cells.’’ However, the detailed mechanisms of chemo-resis-
tance in ATLL cells have not been determined. Unknown
factors derived from the microenvironment may be involved
in chemo-resistance of ATLL cells.

An [HC study using biopsy samples showed that ATLL
cells expressed both M-CSF and IL-34 at high frequency.
IL-34 protein is expressed in keratinocytes of the skin and
neurons of the brain in healthy conditions,*? and IL-34
mRNA is expressed in various tissues such as the spleen, kid-
ney, liver, lung, testis, ovary, and intestines.® 1L-34 expres-
sion is elevated by several pathological conditions including
autoimmune diseases and neurological disorders.’>* At the
cellular level, immune cells, synovial fibroblasts, endothelial
cells, epithelial cells, and adipocytes also express 1L-34.°
Overexpression of IL-34 was recently suggested to be related
to tumor progression or chemo-resistance in lung cancer,
breast cancer, osteosarcoma, colorectal cancer, and mela-
noma.?'**3  Co-expression of M-CSF and IL-34 is associ-
ated with the worst clinical course in lung cancer.?! In our
present study, many cases (11 of 13) expressed both M-CSF
and 1L-34, and co-expression of these molecules may be
related to the aggressiveness of ATLL.

Recent advances in immunotherapy indicate that blocking
immune checkpoint molecules improves the clinical course
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in several cancers including Hodgkin lymphoma.*® PD-L1
expression in lymphoma cells is observed in 7% of ATLL
patients and is correlated with a poor clinical course; how-
ever, PD-L1 expression in TAMs is correlated with a better
clinical course.*! We suggested that PD-L1 expression in
TAMs is mediated by Stat3 activation in the microenviron-
ment and that IL-27 is a candidate molecule related to Stat3
activation.*> In the present study, we found that inhibition of
M-CSFR suppressed PD-L1 and PD-L2 expression in
CM-stimulated macrophages. M-CSFR signaling activates
Stat3 signaling,?” and the M-CSFR-Stat3 pathway may be
related to the overexpression of PD-1 ligands in TAMs. We
also previously showed the importance of Stat3 in PD-L1 and
PD-L2 expression in ATL-T cells.** The expression of PD-1
ligands in ATL-T cells was down-regulated by an M-CSFR
inhibitor, although the decrease was slight as compared to
that of Stat3 inhibitor. Unknown mechanisms other than
M-CSFR signal might be related to Stat3 activation in lym-
phoma cells. Disruption of the 3'-region of the PD-L1 gene
is related to overexpression of PD-L1 in ATLL.*
Mechanisms other than M-CSFR signaling may be linked to
overexpression of PD-1 ligands in the ATL-T cell line.

In conclusion, overexpression of M-CSFR and its
ligands, M-CSF and IL-34, was observed in ATLL cells.



Komohara, et al.

A Control PXL3397
;::lm i -
00
< 150
B
100
50
kY m. wo 10 0 2%
B m_A 1000
4.5 45
10 a0 Negative control
a4 sal M e Control
w30 35 a0 — PLX3397
£ 125 Es
§ 20 8 o
1.5 15
10 10
0.5 0.
0.0 0.0
1 105 nt L0 1n°
APC-A
PD-L2
Cc
120 1 mPD-L1 mPD-L2
9 100 A * % o,
= 80 A1
L
= 60 1
(]
2 40 -
©
2 20 A
0 4
Control 30 100
PLX3397 (uM)

Fig. 6. Effect of PLX3397 on PD-L1 and PD-L2 expression in the ATL-T cell line.
The expression of PD-L1 and PD-L2 was tested with flow cytometry, and a dot blot
of SSC/FSC (A4) and a histogram of PD-L1 and PD-L2 staining (B) are presented.
Mean fluorescent intensity (MFI) of PD-L1 and PD-L2 is presented (C). *P < 0.05
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The M-CSFR inhibitor induced apoptosis in ATLL cell lines,
and also suppressed the expression of PD-1 ligands in lym-
phoma cells and macrophages. Inhibition of M-CSFR may
affect the immunosuppressive microenvironment and the
anti-tumor environment. An M-CSFR inhibitor may be use-
ful as additional therapy against ATLL via direct and indirect
mechanisms.
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