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Abstract

The formation of premetastatic niches creates a fertile environment for the seed-
ing of disseminated cancer cells in selected secondary organs. This is crucial for the
development of metastasis in various malignancies, including breast cancer (BC). We
previously reported that the loss of FBXW?7 in bone marrow-derived stromal cells
promoted cancer metastasis by increasing the production of the chemokine CCL2,
which attracts myeloid-derived suppressor cells and macrophages to the premeta-
static niche. Furthermore, treatment with the CCL2 inhibitor propagermanium (PG),
which has been used in Japan as a therapeutic agent against chronic hepatitis B, was
shown to block the enhancement of metastasis in FBXW7-deficient mice through
inhibiting the formation of premetastatic niches. Here, we describe a phase | dose-
escalation study of PG used as an antimetastatic drug for perioperative patients with
primary BC. The primary end-point was the percentage of patients who experience
dose-limiting toxicity. Twelve patients were enrolled in the study. Dose-limiting toxic-
ity was not observed, and the maximum dose was determined to be 90 mg/body/day.
The serum concentrations of PG were nearly within the normal range in all observa-
tion days. We observed an inverse correlation between FBXW7 mRNA levels in blood
and the serum concentrations of CCL2 and interleukin (IL)-6, in agreement with our
previous mouse model. Also, IL-6 was downregulated in a PG dose-dependent man-
ner, as observed in mice. Thus, PG was given safely and it is expected to have anti-
metastatic potential in BC. This trial is registered in the UMIN Clinical Trials Registry
as UMIN000022494.
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1 | INTRODUCTION

Distant metastasis is the leading cause of mortality in cancer patients,
including those with breast cancer (BC), which is one of the most
common malignant tumors worldwide® and remains a major cause of
cancer death, despite advances in diagnosis and treatment.>?

The process of tumor metastasis involves the interaction of
primary tumor cells with the environment of distant organs (the
premetastatic niche). Also important is the interaction of cancer cells
with their environment after arriving in a distant organ (metastatic
niche).® A premetastatic niche creates a fertile environment for the
seeding of disseminated cancer cells in selected secondary organs.*

The C-C motif chemokine 2 (CCL2, also known as monocyte
chemoattractant protein-1 [MCP-1]) and the signaling pathway
modulated by its receptor (CCR2) play a crucial role in the recruit-
ment of monocytes to the sites of inflammation.®> Recently, the
signaling pathway in the tumor microenvironment has generated
increasing interest due to its association with tumor progression
and metastasis, including that in BC.®? CCL2 is overexpressed in
breast cancer tissues,*® and patients with high expression of CCL2
have early recurrence or poor prognosis in breast cancer.!**® We
previously showed that increased expression of CCL2 due to down-
regulated expression of F-box and WD repeat domain containing 7
(FBXW?7) in bone marrow-derived stromal host cells promoted the
formation of premetastatic niches through recruitment of myelo-
monocytic cell-derived suppressor cells, thereby promoting meta-

static tumor growth.**

Our findings provided strong evidence that
host cells play a critical role in tumor metastasis through the for-
mation of premetastatic niches through the CCL2/CCR2 signaling
pathway.’® Furthermore, we showed that treatment with a CCL2
inhibitor, propagermanium (PG), blocked the enhancement of me-
tastasis in FBXW7-deficient mice through inhibiting the formation
of premetastatic niches.**

Propagermanium is an organic germanium compound with a
chemical structure of [(01/2)3GeCH2CH2CO2H]n. It has been used
clinically in Japan since 1994 as a safe therapeutic agent against
hepatitis B virus e antigen (HBe)-positive chronic hepatitis type B.
Treatment with PG decreased or eliminated HBe antigen and in-
creased anti-HBe Ab, resulting in seroconversion. Also, the decrease
of hepatitis B virus (HBV)-DNA polymerase activity and HBV-DNA
content in blood has been reported.*® Propagermanium targets gly-
cosylphosphatidylinositol-anchored proteins that are closely associ-
ated with CCR and selectively inhibit CCL2/CCR2 signaling.?’

There has been growing interest in repurposing previously ap-
proved noncancer drugs as potential anticancer treatments. This
approach offers the advantages of shorter development time, lower
research cost, and lower drug prices.*® Propagermanium could be
repositioned as an antimetastatic drug for BC patients.

The primary objective of this phase 1 study was to assess the
dose-limiting toxicity (DLT) of PG as a single agent and to determine
its maximum tolerated dose (MTD) in perioperative patients with
primary BC. The secondary objectives were to examine the serum

concentration of PG and the safety of treatment of BC patients.
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2 | MATERIALS AND METHODS
2.1 | Patients

It is well known that surgery and other perioperative stresses can
promote metastasis,*’ suggesting that it is important to suppress
cancer metastasis in the perioperative setting. Therefore, in this
study of primary BC patients, we examined the perioperative use of
PG, which has the potential to suppress cancer metastasis by inhibit-
ing the formation of premetastatic niches.

Eligible patients had primary BC. The treatment plan consisted of
curative surgery without neoadjuvant therapy. Patients were 20- to
70-year-old women with histologically confirmed invasive ductal car-
cinoma. They had an ECOG performance status of O or 1, adequate
organ function, no HBV infection, and no ongoing systemic infections
or other malignancies. The stages and grades of the tumors were clas-
sified according to the AJCC/UICC 7th TNM classification and stage
groupings. The clinical data were obtained from medical records.

2.2 | Propagermanium

Serocion Capsule 10, containing PG, was produced by Sanwa
Kagaku Kenkyusho. The active pharmaceutical ingredient in each
capsule was 10 mg PG. Serocion was launched in Japan in 1994 as an
oral drug for chronic HBV infection. The patients took PG capsules 3

times daily in the observation period.

2.3 | Study objectives

The primary objectives were to determine DLT and to estimate the
MTD. The secondary objective was to evaluate the safety and phar-

macokinetics of PG.

2.4 | Study design and procedures

This multiinstitutional, open-label, phase | study, a dose-escalation trial,
was carried out in compliance with the study protocol, the Declaration
of Helsinki, and Japanese Good Clinical Practice guidelines. All patients
provided written informed consent. Propagermanium was given from
7 days before surgery to the final day except for the day of surgery. The
PG dose was escalated in a “3 + 3 design”, with cohorts of 3 patients
per dose level of 30, 60, and 90 mg/body/day followed by a cohort of 3
patients receiving 90 mg/body/day (Figure 1). Standard postoperative
therapy was scheduled after PG treatment. The trial was carried out at
Kyushu University Beppu Hospital, National Cancer Center Hospital
East, and The Cancer Institute Hospital Ariake of the Japanese
Foundation for Cancer Research after the protocol was approved by
each institutional review board and registered as UMIN000022494.
The Trial Coordination Office for this trial was EP-CRSU Co., Ltd.
Safety was monitored by EP-CRSU Co., Ltd.



MASUDA ET AL.

CRRVWATSVE Cancer Science

Cohort 1: PG
30 mg/d (n =3)

1

Cohort 2: PG
60 mg/d (n =3)

1

Cohort 3: PG
90 mg/d (n =3+3)

FIGURE 1 Design of a phase | dose-escalation study of
propagermanium (PG) used as an antimetastatic drug for
perioperative patients with primary breast cancer

2.5 | Dose-limiting toxicity

Dose-limiting toxicity was defined as a treatment-related grade 3
or higher adverse event (AE) observed during the DLT evaluation
period in each stage (Figure 2). We previously showed in a mouse
model that the enhancement of metastasis could be blocked by ad-
ministration of PG at a concentration equivalent to 30 mg/day in
humans.'* In addition, PG was reported to inhibit the CCL2/CCR2
pathway in a dose-dependent manner in vitro.t” These results sug-
gested that PG could suppress metastasis in a dose-dependent
manner. Furthermore, the previous phase | study of PG for human
chronic hepatitis B determined 90 mg/body/day as the highest
dose among 15, 30, 60, and 90 mg/body/day (http://www.info.
pmda.go.jp/go/pack/3919007M1021_1_09/?view=frame&style
=SGML&lang=ja). Therefore, we undertook a phase | dose-escala-
tion study of PG (30, 60, and 90 mg/body/day) in BC patients. The
MTD was the highest dose at which no more than 1 of 3 patients
experienced a DLT. Three additional patients were planned to be
enrolled at the MTD or the highest planned dose (90 mg/body/day)

to confirm safety.

2.6 | Safety

The safety of each treatment group was assessed by evaluating
study drug exposure, AEs, all deaths, changes in laboratory deter-
minations, and vital sign parameters. Adverse events reported from
the start of PG treatment until 28 days after discontinuation of PG
were collected (Figure 2). Adverse events were assessed according
to the Common Terminology Criteria for Adverse Events version
4.0.

2.7 | Serum concentration of PG

The serum concentration of PG was measured in blood samples (3 mL)
collected on days O (predose), 7, and 15 (PG dose) (Figure 2). The con-
centrations were measured by liquid chromatography/mass spec-
trometry at Sumika Chemical Analysis Service (Osaka, Japan). Serum
concentrations over 120, 260, and 400 ng/mL at 30, 60, and 90 mg/
day, respectively, were considered abnormal based on the Cmax from
Sanwa Kagaku Kenkyusho, as reported on the 2016 Japanese inter-
view form of approved medicines by the Japanese Ministry of Health,
Labour and Welfare (http://www.info.pmda.go.jp/go/pack/39190
07M1021_1_09/?view=frame&style=SGML&lang=ja).

2.8 | FBXW7 mRNA expression in blood

The expression level of FBXW7 mRNA was analyzed by quantitative RT-
PCR as described previously** using blood samples (2 mL) collected on
day O (predose), day 36 (PG dose), and the final postdose day (Figure 2).
Reverse transcription was undertaken with random hexamers using
M-MLV reverse transcriptase (Invitrogen). Quantitative PCR was car-
ried out with LightCycler FastStart DNA Master SYBR Green | (Roche
Diagnostics). The raw data are presented as the relative quantity of tar-
get genes, normalized to GAPDH. The primer sequences for PCR were
as follows: FBXW7 forward 5-CTCTCCCAGATAATGGCACTCTCA-3'
and reverse 5 AGAGTCATCTGACCAAGAAATAGCC-3';
GAPDH forward 5-TTGGTATCGTGGAAGGACTC-3' and reverse
5-AGTAGAGGCAGGGATGATGT-3'. The quantitative RT-PCR was car-

ried out at LS| Medience Corporation (Fukuoka, Japan).

Registration Operation Final observation
Screening Treatment I Treatment
Day 01 45678 15 22 29 36 64 or
Discontinuation
PG * * * FIGURE 2 Treatment and evaluation
Fexwr_ % * * procedure of a phase | dose-escalation
g;z::zz'"e’f + 4+ study of propagermanium (PG) used as
an antimetastatic drug for perioperative
AE 2000 . . .
* * * * 1 * patients with primary breast cancer. AE,
DET * adverse event; DLT, dose-limiting toxicity
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2.9 | Serum concentrations of multiple
cytokines and chemokines

Serum concentrations of multiple cytokines and chemokines, in-
cluding interferon-y, interleukin (IL)-1p, I1L-2, IL-4, IL-5, IL-8, IL-10,
IL-12p70, IL-13, tumor necrosis factor-a, granulocyte macrophage

TABLE 1 Characteristics of perioperative patients with breast
cancer treated with propagermanium

Characteristic n=12
Age, years

Median (range) 63 (40-69)
ECOG performance status, n

0 12

1 0
Subtype, n

HR+/HER2- 11

HR + HER2+ 0

TN 1
Surgery, n

Bp + SNB 2

Bt + SNB 5

Bt + Ax 5
Pathologic stage, n

I/IA 4

A 2

1B 3

A 2

1B 0

Inc 1

Abbreviations: Ax, axillary lymph node dissection; Bp, partial
mastectomy; Bt, total mastectomy; ER, estrogen receptor; PgR,
progesterone receptor; HER2, human epidermal growth factor receptor
2; HR, hormone receptor; SNB, sentinel lymph node biopsy; TN, triple
negative.

TABLE 2 Adverse events (AE) in
perioperative patients with breast cancer

treated with propagermanium AE/CTCAE grade

Back pain
Diarrhea

Wound infection
Arthritis

Pain in extremity
Fever

Pharyngitis

Cancer SCience Nulia

colony-stimulating factor (GM-CSF), IL-6, IL-18 and CCL2 were
measured with ECL using a V-PLEX Plus Human Biomarker Kit
(MesoScale) from blood samples (2 mL) collected on day O (pre-
dose), day 36 (PG dose), and final day (postdose) at LS| Medience
Corporation (Figure 2).

2.10 | Statistical analysis

Associations between the variables were tested with the Mann-
Whitney U test, Student’s t test or Fisher’s exact test. The degree of
linearity was estimated by Spearman’s rank correlation coefficient.
A 2-sided P < .05 was deemed statistically significant. Statistical
analyses were undertaken using JMP Pro 13 software (SAS Institute,
Cary, NC, USA) or R version 3.5.1 (Vienna, Austria; URL: http://

www.R-project.org/).

3 | RESULTS

3.1 | Patient characteristics

A total of 12 female BC patients (3 in a 30 mg/body/day cohort,
3 in a 60 mg/body/day cohort, and 6 in a 90 mg/body/day dose-
expansion cohort) were enrolled in this study and received at least
1 dose of SK-818. All patients were at TNM stage |, Il, or I, and had
undergone curative surgery. The patient characteristics are summa-
rized in Table 1.

3.2 | Safety and DLTs

Seven AEs were observed in 12 patients during the PG treatment
period. All AEs were grade 1/2, with the most common being back
pain (16.7%) and fever (16.7%). Fever was considered a treatment-
emergent AE. The AEs for all dose levels are listed in Table 2. No DLTs
were observed at any dose level of PG in BC patients. Thus, we could
not determine the MTD. The maximum dose was 90 mg/body/day. In

30 mg/day (n = 3) 60 mg/day (n = 3) 90 mg/day (n = 6)
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Abbreviation: CTCAE, Common Terminology Criteria for Adverse Events.
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FIGURE 4 Correlation among FBXW7 mRNA levels and serum concentrations of C-C motif chemokine 2 (CCL2) and interleukin (IL)-6 in
perioperative patients with primary breast cancer treated with propagermanium

addition, the AEs for all dose levels of the patients with chronic hepati-
tis B are shown in Table S1, which is based on the 2016 Japanese inter-
view form of approved medicines by the Japanese Ministry of Health,
Labour and Welfare (http://www.info.pmda.go.jp/go/pack/39190
07M1021_1_09/?view=frame&style=SGML&lang=ja).
the most frequent AE (2.7%) in the patients with chronic hepatitis

Papula was
B. Adverse events following PG treatment might be observed more
frequently in patients with BC compared to chronic hepatitis B,
although no DLTs were observed in patients with either BC or chronic
hepatitis B.

3.3 | Serum concentration of PG

Serum concentrations of PG on days O (predose), 7, and 15 (PG dose)
are shown in Figure 3. The concentrations on all days except day 15
at a 30 mg dose were within the normal range reported for healthy

donors on the 2016 Japanese interview form of approved medicine

by the Japanese Ministry of Health, Labour and Welfare (http://
www.info.pmda.go.jp/go/pack/3919007M1021_1_09/?view=frame
&style=SGML&lang=ja).

3.4 | Correlation among FBXW7 mRNA levels
in blood and serum concentrations of multiple
cytokines and chemokines

In our previous study of FBXW7-deficient mice, the serum concen-
trations of various cytokines and chemokines were examined to
explore how FBXW?7 affected the formation of the premetastatic
niche.* In this clinical trial, we also investigated the correlation be-
tween FBXW7 mRNA levels in the blood and serum concentrations
of multiple cytokines and chemokines. The correlation diagram is
shown in Figure S1. Interleukin-1p, IL-2, IL-4, IL-12p70, IL-13, and
GM-CSF were not assessed because they were not detected.

As expected, Spearman’s rank correlation coefficient showed a
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FIGURE 5 Relationship between the dose level of propagermanium (PG) and FBXW7 mRNA level and serum concentrations of C-C motif
chemokine 2 (CCL2), and interleukin (IL)-6 in perioperative patients with primary breast cancer. PG given as 30 mg/day (n = 3), 60 mg/day
(n = 3), and 90 mg/day (n = 6)

significant inverse correlation between FBXW7 mRNA expression
and the levels of CCL2 and IL-6 in blood (IL-6 is induced by CCL2) ~ TABLE 3 Correlation between FBXW7 mRNA expression in

(r = 0.404 and 0.356, P = .015 and .033, respectively) (Figure 4). blood and clinicopathological factors in breast cancer

FBXW?7
Factors n (average + SD) P value
3.5 | Relationship between dose Age (years)
level of PG and serum concentrations of multiple <65 7 0.061 + 0.005 5889
cytokines and chemokines >65 5 0.065 + 0.006
Pathological tumor size (cm)
The correlation diagram of PG and the serum concentrations of
<2 7 0.064 £+ 0.005 .7045
multiple cytokines and chemokines are shown in Figure S2. There
. . . 22 5 0.061 +0.006
was no statistically significant correlation between the dose level
of PG and FBXW7 mRNA expression level or CCL2 level in blood. Lymph node metastasis
Of note, IL-6 was downregulated in a PG dose-dependent manner - 6 0.068 £ 0.005 1824
(Figure 5). + 6 0.057 +0.005
Nuclear grade
1 6 0.072 £ 0.004 .0025
3.6 | Relationship between FBXW7 mRNA 2,3 6 0.053 + 0.004
expression in blood and clinicopathologic factors in ER
primary BC - 1 0.061 + 0.014 5345
+ 11 0.062 +0.004
Our previous study showed that BC patients with low expression PR
f FBXW7 in blood had 2% In this study, the re-
o in blood had poor prognoses.™ In this study, the re ~ 4 0.057 +0.007 812
lationship between clinicopathologic factors and FBXW7 mRNA
o _ . + 8 0.065 + 0.005
expression in blood on day O was examined. As shown in Table 3,
. . . . Ki-67 (%
FBXW7 mRNA levels in blood were inversely associated in the -67 (%)
group with the high malignant potential such as high nuclear <2 2 Dby = Do e
220 3 0.049 +0.006

grade (2, 3) and with high Ki-67 (20% or higher) (P =.003 and .037,
respectively). Abbreviations: ER, estrogen receptor; PgR, progesterone receptor.
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4 | DISCUSSION

This phase | dose-escalation study evaluated a CCL2 inhibitor, PG, in
perioperative patients with primary BC. To our knowledge, this clini-
cal trial is the first to test PG as an antimetastatic drug in the setting
of BC. Treatment with PG showed low-grade AEs and no DLTs, similar
to observations made when used for patients with chronic hepati-
tis B. Furthermore, the blood concentrations of PG on all days were
within the normal range, except day 15 at a 30 mg dose. Thus, the
maximum dose of PG was determined to be 90 mg per day. These
results indicate an acceptable safety profile of PG treatment for BC
patients.

It is well known that the IL-6/STAT3/vascular endothelial
growth factor A axis plays a crucial role in tumor angiogenesis.?%?
Interleukin-6 is downstream from CCL2.2°22 |n a mouse model of
metastatic BC, IL-6 was downregulated by CCL2 neutralization by
anti-CCL2 Ab, resulting in inhibition of metastasis.?® Consistent with
these reports, serum IL-6 levels were downregulated in a PG dose-de-
pendent manner, implying that PG might have the potential to inhibit
metastasis in human BC. Furthermore, the maximum dose at 90 mg PG
per day could be the most promising dose for preventing metastasis.

Interestingly, serum CCL2 levels increased after surgery and
remained high until the final observation day, which was approxi-
mately 2 months after surgery, suggesting that CCL2 continued to
be activated for at least 2 months after surgery, possibly a result of
operative stress or inflammation,?* and might promote cancer me-
tastasis. Given this result, it might be better to administer PG for
2 months or longer as adjuvant therapy to inhibit metastasis. Further
study will be required to determine the duration of PG treatment for
prevention of metastasis after surgery.

Several clinical trials of CCL2 inhibitors have been undertaken
for therapeutic intervention in solid malignancies.g'9 In a mouse
model, Bonapace et al found that the interruption of treatment with
anti-CCL2 neutralizing Ab led to enhanced metastasis due to an in-
flux of monocytes into the metastatic site and a rebound of IL-6 lev-
els.?® However, overshooting of IL-6 serum levels was not observed
following PG treatment in our study. Given this result, PG might be
preferable for CCL2 inhibition compared to anti-CCL2 neutraliz-
ing Ab in human BC.

Finally, an inverse correlation was observed between FBXW7
mMRNA expression and CCL2 or IL-6 levels in the blood. Moreover,
low expression of FBXW?7 mRNA in blood was associated with clin-
icopathologic factors showing tumor aggressiveness, including high
nuclear grade and high Ki-67 staining in BC patients. These obser-
vations support our previous clinical data that BC patients with low
expression of FBXW?7 in blood had poor overall survival and dis-
ease-free survival after undergoing curative surgery.14 Furthermore,
these results confirm our finding that the FBXW?7/CCL2 axis is im-
portant for BC progression, and thus provides a rationale for the ef-
ficacy of PG for inhibition of metastasis of BC patients. However,
the mechanisms by which FBXW7 mRNA levels are downregulated
in some BC patients are unknown. The expression of FBXW?7 in

blood might depend on individual constitutional variability, as we

previously suggested.14 Further studies will be required to clarify
this mechanism.

In conclusion, this study of PG as monotherapy in BC patients
has shown a manageable safety profile and provides a basis for ex-
ploring the clinical use of PG as an antimetastatic drug for BC pa-
tients. In the future, phase Il clinical trials would be required to test
the maximum dose (90 mg/body/day) of PG for direct assessment
of its antimetastatic potential and other potential mechanisms of
action.
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