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Ruthenium  compounds  have  become  promising  alternatives  to platinum  drugs  by  displaying  specific
activities  against  different  cancers  and  favorable  toxicity  and  clearance  properties.  Here,  we  show
that  the  ruthenium(II)  complex  [Ru(p-cymene)(bis(3,5-dimethylpyrazol-1-yl)methane)Cl]Cl  (UNICAM-
1) exhibits  potent  in  vivo antitumor  effects.  When  administered  as  four-dose  course,  by  repeating  a single
dose  (52.4  mg  kg-1) every  three  days,  UNICAM-1  significantly  reduces  the  growth  of  A17  triple  negative
breast  cancer  cells  transplanted  into  FVB  syngeneic  mice.  Pharmacokinetic  studies  indicate  that  UNICAM-
uthenium(II)
rganometallic arene complexes
nticancer drugs
riple negative breast cancer
n  vivo tests
umor infiltrating regulatory T cells

1 is rapidly  eliminated  from  kidney,  liver and bloodstream  thanks  to its high  hydrosolubility,  exerting
excellent  therapeutic  activity  with  minimal  side effects.  Immunohistological  analysis  revealed  that  the
efficacy  of  UNICAM-1,  mainly  relies  on  its capacity  to  reverse  tumor-associated  immune  suppression  by
significantly  reducing  the number  of tumor-infiltrating  regulatory  T cells.  Therefore,  UNICAM-1  appears
very  promising  for the treatment  of  TNBC.

© 2016  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Breast cancer is a heterogeneous disease classified into molec-
lar subtypes with distinctive gene expression signatures. Of all
he molecular subtypes, triple negative breast cancer (TNBC) has

he worst negative outcome and prognosis [1,2]. TNBCs occur

ost frequently in young women and tend to exhibit aggressive
etastatic behavior [3]. TNBCs are estrogen receptor (ER) and
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progesterone receptor (PR)-negative and also lack high expres-
sion/amplification of HER2, limiting targeted therapeutic options
[4]. New therapies against this breast cancer subtype are therefore
an urgent unmet medical need. Cisplatin (cis-[PtIICl2(NH3)2]) is
well established as an effective drug for the treatment of testicular
cancer and, in combination with other chemotherapeutic agents,
for ovarian, cervical, brain, bladder, lung, and breast cancers [5,6].
Recently, preclinical and clinical data have revealed encourag-
ing anticancer activity of cisplatin as single-agent in patients
with TNBC [7,8]. Despite the success of platinum-based drugs,
their continued use is greatly limited by severe dose limiting
side effects and intrinsic or acquired drug resistance [9–11].

In the search for anticancer agents containing nobel metals
other than platinum, ruthenium compounds have turned out
to be a cutting-edge class of anticancer compounds [12–18].
Accordingly, two  ruthenium(III)-based compounds, namely

dx.doi.org/10.1016/j.phrs.2016.03.032
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Fig. 1. Chemical structures of

AMI-A (imidazolium trans-[tetrachloro(dimethylsulfoxide)(1H-
midazole)ruthenate(III)]) [19] and NKP1339 sodium
rans-[tetrachloridobis(1Hindazole)ruthenate(III)] [20], are cur-
ently ongoing in phase II clinical trials. The different toxicity
rofiles between platinum- and ruthenium-based compounds
ould probably due to different targets. It is widely accepted that
he antineoplastic properties of platinum compounds rely on their
nteraction with DNA, which, in turn, activates cell death [21].
nstead, the mechanisms by which ruthenium-based drugs exert
heir anticancer effects remain to be fully elucidated but recent
vidence suggests that ruthenium compounds are most likely to be
ultitargeted [22,23]. Thus, they could represent a valid therapeu-

ic alternative to platinum-based drugs which are often associated
ith an unfavorable toxicity profile. Among the ruthenium(II)

rganometallic complexes, the half sandwich arene–ruthenium
ubgroup, in particular, offers a great promise in the field of cancer
herapy. Two prototypical compounds reported by Aird et al.
24] and RAPTA-C developed by Scolaro et al. [25] have shown
elevant therapeutic potential. We  have recently reported an
xtensive study on the coordination chemistry of ruthenium arene
ragments with bis(pyrazol-1-yl)methan ligands [26]. In this work
e extend our investigation to the in vivo antitumor activity of the
rototype compound, [Ru(p-cymene)(bis(3,5-dimethylpyrazol-1-
l)methane)Cl]Cl, termed UNICAM-1 (Fig. 1). The results presented
ere reveal that UNICAM-1 has significant anticancer activity in a
urine model of TNBC and results to be well tolerated, showing

onsiderably reduced side-effects when compared to cisplatin and
AMI-A. The analysis of tumor immune infiltrate suggests that the

esponse to this new chemotherapeutic agent relies mainly on its
apacity to elicit an anticancer immunosurveillance.

. Material and methods

.1. Compounds

NAMI-A was prepared according to a patented procedure [27].
isplatin was obtained by Sigma Chemical Co. (St. Louis, MO).
NICAM-1 was prepared as previously described [26] and its
nalytical and spectroscopic data have been reported in the Sup-
lementary materials.

.2. Cell cultures, cell proliferation assay and lysates preparation

A17 cells were established from spontaneous lobular carcino-

as  that arose in a FVB/neuT mice transgenic for the activated

soform of rat HER-2/neu oncogene (FVB/neuT233), as previously
escribed [28,29]. A17 cells were cultured in Dulbecco’s Modi-
ed Eagle Medium (DMEM, Invitrogen, Carlsbad, CA) supplemented
tin, NAMI-A and UNICAM-1.

with 20% fetal bovine serum (FBS, Invitrogen, Carlsbad, CA) and 1%
penicillin–streptomycin (Invitrogen, Carlsbad, CA). Human breast
cancer MDA-MB 231 cells were obtained from American Type
Culture Collection (Rockville, MD)  and cultured in DMEM supple-
mented with 10% FBS and 1% penicillin-streptomycin. Cells were
grown in a humidified atmosphere with 5% CO2 at 37 ◦C. UNICAM-1
effect on cell viability, respect to cisplatin and NAMI-A, was evalu-
ated by seeding 2.5 × 103 cells/well (A17 cells) or 7 × 103 cells/well
(MDA-MB-231 cells) in octuplicate in 96 well plates in complete
medium. The day after, fresh medium containing appropriate con-
centrations of UNICAM-1, NAMI-A and cisplatin (all dissolved in
isotonic solution, 0.9% NaCl(aq)) were added. After 72 h cell viabil-
ity was  determined using an MTT  (Sigma Aldrich, St. Louis, MO)
assay, as previously described [30]. The cytotoxicity of the com-
pounds was reported as percentage of viable cells relative to control
cells. All the experiments were repeated three times. For cell lysates
preparation, 4 × 105 cells/well (A17 cells) or 8 × 105 cells/well
(MDA-MB-231 cells) were seeded in 6-well plates, treated with
UNICAM-1, NAMI-A and cisplatin drugs for 48 h, harvested, and
lysed in RIPA buffer (1% NP40, 0.5% Na-deoxycolic acid and 0.1% SDS
in PBS) with fresh protease inhibitors (Protease Inhibitor Cocktail,
Sigma Aldrich, St. Louis, MO).

2.3. Animals

Female FVB/NCrl mice were obtained from Charles River S.r.l.
(Lecco, Italy), and housed under controlled conditions. Mice were
treated according to the European Community guidelines. The Ani-
mal  Research Committee of the University of Camerino authorized
the experimental protocol.

2.4. Treatments and tumor growth

105 A17 cells were inoculated in 200 �l of PBS into mam-
mary fat pad of 8-week-old FVB females. 10 days after tumor
challenge, mice were randomly divided in 4 groups (10 mice per
group) and treated with UNICAM-1, NAMI-A, cisplatin or isotonic
solution (vehicle) by intraperitoneal injection (via i.p) in accor-
dance with two  different dosage and treatment schedules (protocol
q3 × 4 or q1 × 6) as previously reported [31]. According to protocol
q1 × 6, 35 mg/kg/day of ruthenium complexes (210 mg/kg/day final
amount) and 2 mg/kg/day of cisplatin (12 mg/kg/day final amount)
were administered for six consecutive days. According to proto-
col q3 × 4, 52.5 mg/kg/day of ruthenium complexes (210 mg/kg/day

final amount), and 3 mg/kg/day of cisplatin (12 mg/kg/day final
amount) were administered four times, once every three days. Body
weight of mice receiving UNICAM-1, NAMI-A and cisplatin was
checked once a week and compared with untreated controls. Tumor
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Fig. 2. UNICAM-1 suppressed TNBC growth in vivo. FVB female mice were injected with syngeneic A17 cells (105). Mice were treated with UNICAM-1, cisplatin, NAMI-A
or  isotonic solution. Treatments (q3 × 4 schedule) started ten days after cell injections. (A) Tumor growth curves in mice receiving q3 × 4 treatment schedule. Values are
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ean  ± SEM, n = 10. (B) Effect of treatments on mean body weight of mice. Values a
ice  36 days after tumor challenge. (D) Average tumor diameter in treated vs co

***p  < 0.0001 was  calculated with an unpaired two-tailed t test. Each group was  co

rowth was checked once a week using an electronic caliper until
he end of the experiment. Tumors were surgically removed on day
9, in the q1 × 6 protocol, or day 36, in the q3 × 4 protocol.

.5. Histology and immunohistochemistry

Tumors, kidneys and livers were harvested at the end of the
xperimental period, fixed in formalin and embedded in paraffin or
xed in PFA 4% and frozen in cryo-embedding medium (OCT Biop-
ica, Milan, Italy). To detect possible organ toxicity, kidney and liver
lides were stained with hematoxylin and eosin. Histopathological
vidences of acute tissue damage were semi-quantified accord-
ng to the methodology described elsewhere [32]. For each organ,
wo slides were analyzed in a blind fashion evaluating the follow-
ng parameters: central vein congestion, inflammatory aggregate,
ocal hepatic necrosis, dilated sinusoids, breakdown hepato-
ytes, perivascular inflammatory aggregate, degenerated hepatic
ord, apoptotic cells, vacuolations for liver sections and atrophic
lomerulus, dilated proximal convoluted tubule, degenerated
ubules, inflammatory cells infiltrate, desquamation of epithelial
ells and cast formation for kidney sections. The severity and inci-
ence of each parameter was scored as follows: grade 0 = absent;
rade 1 = mild; grade 2 = moderate; grade 3 = severe. For immuno-
istochemistry tumor slides were incubated with the following
rimary antibodies: rabbit mAb  anti-cleaved caspase-3 (MAB835,
&D Systems, Milan, Italy), rat mAb  anti-CD4 (550278), anti-CD8�

550281), anti-CD11b (550282), anti-CD45R/B220 (550286), anti-
D31 (550274), anti-CD105 (550546), anti-Gr-1(550291), (all from
D Pharmingen, Milan, Italy); anti-CD68 (ab53444 Abcam, Cam-
ridge, UK) and anti-Foxp3 (14-5773, eBioscience, Milan, Italy);
an ± SEM. (C) Images of representative tumors explanted from control and treated
mice at day 36. Values are mean ± SEM, n = 10. *p < 0.05; **p < 0.01; ***p < 0.001;
d to control.

after washing, slides were overlaid with appropriate secondary
antibodies. Immunostaining was  developed with DAB Chromogen
System (Dako, Milan, Italy) or Vulcan Fast Red (Biocare, Milan, Italy)
alkaline phosphatase method. The number of cleaved caspase-3
positive cells and CD31/105 positive vessels was evaluated on digi-
tal images of controls, cisplatin, NAMI-A and UNICAM-1 tumors (10
per group, 5 × 400 microscopic fields per tumor).

2.6. Metal trace examination

Ruthenium and platinum content in explanted livers and kid-
neys from mice treated with UNICAM-1, NAMI-A, cisplatin or
isotonic solution were evaluated by Inductively Coupled Plasma-
Mass Spectrometry (ICP-MS). Metal content in sera of mice were
measured at 7, 14, 30 and 60 days from the beginning of the treat-
ments. All solutions were prepared using ultrapure water obtained
from a Millipore Milli-Q system (resistivity 18.2 M� cm). Opti-
mized digestion of samples (Supplementary Table I) was carried
out in a microwave digestor (Berghof Speedwave four, Berghof,
Eningen, Germany) with 5 ml  of HNO3 (65%). Fifty microliters of
iridium solution (20 mg)  was  added as recovery standard. Digested
solutions were diluted with ultrapure water to obtain a solution
with the correct acid concentration in order to perform analysis.
The concentrations of ruthenium in the processed samples were
measured by ICP-MS (7500cx series) with the operating condi-

tions described elsewhere [33]. Calibration curves were obtained
using aqueous standard solutions (1.5% nitric acid) with appro-
priate stock standards dilutions (Fluka Analytical, Aldrich, Milan,
Italy).
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Table  1
Half Maximal Inhibitory concentration (IC50) values were calculated for A17
and MDA-MB231 cells treated for 72 h with increasing concentrations of tested
compounds.

IC50 (�M) ± SD
Cisplatin NAMI-A UNICAM-1
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A17 6.93 ± 0.14 485.58 ± 0.02 230.66 ± 0.02
MDA-MB 231 38.70 ± 0.03 840.21 ± 0.03 409.89 ± 0.04

.7. Immunoblotting analysis

Tumor lysates were obtained as previously described for
ell lysates preparation. Lysates (40 �g/lane) were separated by
–20% gradient precast SDS-PAGE (Bio-Rad) and transferred onto
olyvinylidene difluoride (PVDF) membranes (Immobilon P, Mil-

ipore). Rabbit monoclonal antibodies against COX2 and cleaved
aspase-3 and rabbit polyclonal antibody against caspase-3 were
rom Cell Signaling (Beverly, MA,  USA). Secondary antibody con-
ugated with peroxidase was from Sigma–Aldrich (St. Louis, MO,
SA). The immunoreactive bands were detected by using LiteAblot
LUS (Euroclone) detecting reagents and pictures were acquired
ith ChemiDoc Imaging System (Bio-Rad).

.8. Statistical analysis

Quantitative data are presented as means ± SEM from at least
hree independent experiments. The significance of differences was
valuated with two-tailed Students t-test, or one way ANOVA fol-
owed by Bonferroni post test. Statistical analysis was carried out

ith GraphPad Prism5 Software (San Diego, CA, USA). p ≤ 0.05 was
sed as the critical level of significance.

. Results and discussion

.1. UNICAM-1 inhibited TNBC growth in vitro

The effect of UNICAM-1, compared with that of NAMI-A and
isplatin, on cancer cell viability was estimated by MTT  assay

t 72 h treatment using the human MDA-MB-231 cells and the
urine A17 cells as models of TNBC. A17 cells were established

rom an FVB/neuT transgenic mammary tumor and were previ-
usly described as strongly related to TNBC [34]. Although the

able 2
emiquantitative analysis of morphological injury parameters in liver and kidney of cont

CONTROLS UNI

Liver
Central vein congestion (CVC) 0.8333 ± 0.4082 0.33
Inflammatory aggregate (IA) 0.8333 ± 0.4082 0.58
Focal  hepatic necrosis (FHN) 0.4167 ± 0.3764 0.66
Dilated  sinusoids (DS) 0.6667 ± 0.4082 0.75
Moderate breakdown hepatocytes (MBH) 0.7500 ± 0.5244 0.41
Perivascular inflammatory aggregate (PIA) 0.9167 ± 0.5845 0.50
Degenerated hepatic cord (DHC) 0.6667 ± 0.2582 1.2
Apoptotic cells (AC) 0.0 ± 0.0 0.50
Vacuolations (V) 0.08333 ± 0.2041 1.0

Kidney
Atrophic glomerulus (G) 0.5833 ± 0.3764 1.0
Dilated  proximal convoluted tubule (PCT) 0.8333 ± 0.2582 0.91
Degenerated tubules (T) 0.3333 ± 0.2582 0.83
Inflammatory cells infiltrate (I) 0.5833 ± 1.201 0.33
Desquamation of epithelial cells (D) 0.2500 ± 0.4183 0.83
Cast  formation (C) 0.08333 ± 0.2041 0.16

alues are given as mean ± SD. The group with the higher score for each analyzed injury 

* p < 0.05 vs.  Control group.
** p < 0.01 vs.  Control group.

*** p < 0.05 vs.  Cisplatin group.
# p < 0.05 vs.  NAMI-A group.
esearch 107 (2016) 282–290 285

ruthenium(II) complexes showed a lower effectiveness respect to
cisplatin, they are able to inhibit viability of both cell lines in a
dose-dependent manner, where UNICAM-1 proved more efficient
than NAMI-A as reported in Table 1 and Supplementary Fig. 1. We
next studied whether these inhibitory effects of ruthenium(II) com-
plexes on cells viability were the result of apoptosis. Interestingly,
only UNICAM-1 resulted in the induction of cell death by the acti-
vation of the apoptotic “executioner” caspase-3 (Supplementary
Fig. 2) when compared to NAMI-A or cisplatin treatments. Taken
together, these results suggest that UNICAM-1 leads to apoptosis
of TNBC cells, showing promising in vitro anticancer activity.

3.2. UNICAM-1 inhibited TNBC growth in vivo

We next investigated the in vivo antineoplastic effects of
UNICAM-1 against A17 cells, able to give rise to aggressive
mesenchymal tumors when injected into syngeneic mice. A17
cells share molecular signature with TNBC, including expression
of vimentin, cytokeratin 14, and N-cadherin as we previously
described [28,34]. A key feature of A17-signature is also the over-
expression of COX2, a mesenchymal hallmark in tumors, whose
relevance in growth, vasculogenesis and invasiveness has been
widely documented in various types of carcinoma, both in clin-
ical and experimental studies [35,36]. Here we  have shown that
UNICAM-1 is able to significantly reduce A17 transplantable tumors
growth in FVB syngeneic mice (Fig. 2). The efficacy of UNICAM-
1 as antitumoral agent was compared with that of cisplatin and
NAMI-A. In an attempt to optimize a treatment schedule, resulting
in a powerful anticancer action associated with minimal side-
effects, the same final concentration of UNICAM-1 (210 mg/kg)
or cisplatin (12 mg/kg) or NAMI-A (210 mg/kg) was administered
according to two different protocols: a) treatment called q1 × 6
(intraperitoneal (i.p.) injection of UNICAM-1 (35 mg/kg/day) or
cisplatin (2 mg/kg/day) or NAMI-A (35 mg/kg/day), repeated for
6 consecutive days); b) treatment called q3 × 4 (i.p. injection of
UNICAM-1 (52.5 mg/kg/day) or cisplatin (3 mg/kg/day) or NAMI-A
(52.5 mg/kg/day), repeated 4 times at intervals of 3 days). Although
both protocols were effective (Supplementary Fig. 3), tumor growth

inhibition became more significant in q3 × 4 treatment, where
UNICAM-1 displayed the same anticancer activity of cisplatin
(Fig. 2), suggesting that the protocol of administration, not only the
dosages, are critical features. Focusing on q3 × 4 drug regimen, it is

rol, UNICAM-1, cisplatin and NAMI-A groups.

CAM-1(52.5 mg/Kg) CISPLATIN(3 mg/Kg) NAMI-A (52.5 mg/Kg)

33 ± 0.2582*,*** 1.167 ± 0.7528 0.5833 ± 0.5845
33 ± 0.5845# 1.417 ± 0.7360 1.667 ± 0.9309
67 ± 0.5164 0.7500 ± 0.6892 0.6667 ± 0.4082
00 ± 0.5244 1.000 ± 0.4472 0.9167 ± 0.3764
67 ± 0.4916 1.000 ± 0.6325 1.000 ± 0.7071
00 ± 0.3162***,# 1.417 ± 0.8612 1.500 ± 0.7071
50 ± 0.2739** 1.250 ± 0.6892 1.500 ± 0.6325*

00 ± 0.4472* 1.167 ± 0.6831** 0.3333 ± 0.2582*,***

00 ± 1.581 0.8333 ± 1.211 0.4167 ± 0.8010

83 ± 0.2041* 0.7500 ± 0.6892 1.167 ± 0.6055
67 ± 0.3764 0.7500 ± 0.6892 0.9167 ± 0.5845
33 ± 0.4082* 0.6667 ± 0.4082 1.250 ± 0.6124**

33 ± 0.4082 0.9167 ± 1.281 0.08333 ± 0.2041
33 ± 0.4082* 0.7500 ± 0.4183 0.7500 ± 0.8216
67 ± 0.2582 0.1667 ± 0.2582 0.1667 ± 0.2582

parameter is evidenced by bold character.
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ig. 3. Histopathological analysis of liver using hematoxylin and eosin (H&E) sta
entral vein; CVC, central vein congestion; IA, inflammatory aggregate; FHN, focal h
nflammatory aggregate.

ossible to appreciate how A17 tumor grow rate (Fig. 2A) and the
nal tumor dimensions (Fig. 2C and D) were significantly reduced

n the UNICAM-1- and cisplatin-treated groups compared to the
ontrol group, whereas NAMI-A was less effective. While all con-
rol mice developed palpable tumors after two weeks from A17
ell challenge, two of the total ten mice treated with UNICAM-1
id not develop palpable tumors until the end of the experiment.
f note, as shown in the tumor growth graph, tumors developed

n control mice displayed a rapid growth rate, reaching an aver-
ge diameter of 7 mm at the end of the study (on day 36 after
hallenge), whereas tumors developed in the UNICAM-1 treated
ice remained very small, with an average diameter never exceed-

ng 3 mm.  Interestingly, body weight did not significantly differ
etween UNICAM-1-treated and control mice (Fig. 2B), suggest-

ng the absence of drug toxicity at the selected dose level. On the
ontrary, both NAMI-A- and cisplatin-treatments were associated
ith weigh loss (Fig. 2B).

.3. UNICAM-1 exhibited markedly reduced liver toxicity
ompared to cisplatin

An extensive histopathological analysis with the evaluation of
everal tissue injury parameters was carried out on explanted
iver and kidney, common targets of chemotherapy drugs toxic-
ty. Table 2 shows moderate kidney toxicity levels similar for the
hree drugs, except for the presence of inflammatory cells infiltrate

nly in cisplatin treated kidneys. Importantly, liver toxicity was
uch less evident in UNICAM-1 than in cisplatin or NAMI-A treated
ice (Table 2 and Fig. 3). Pharmacokinetic studies indicated that
NICAM-1 was rapidly lost from the organs and the bloodstream
 Representative sections of liver from different treatment groups are shown. CV,
c necrosis; DS, dilated sinusoids; DHC, degenerated hepatic cord; PIA, perivascular

thanks to its high hydrosolubility, in agreement with lack of serious
side effects. In particular, analysis of traces of ruthenium and plat-
inum in the livers and kidneys of treated mice clearly demonstrated
a high elimination of UNICAM-1. In contrast, repeated administra-
tions of NAMI-A and cisplatin lead to an accumulation of ruthenium
and platinum respectively, preferentially in the kidneys (Fig. 4A).
Moreover, blood analysis demonstrated that ruthenium and plat-
inum were still circulating seven days after the last administration
of NAMI-A and cisplatin, whereas ruthenium traces were almost
undetectable one week after the last UNICAM-1 treatment (Fig. 4B).

3.4. UNICAM-1 impaired tumor angiogenesis and induced
apoptosis in TNBC

Histological and immunohistochemical analyses carried out on
explanted tumors showed several differences among control and
treated mice. Notably, while all three treatments provoke a reduc-
tion in the number of vessels, a significantly increased number of
apoptotic cells (cleaved caspase-3 positive cells) was visible only
in UNICAM-1 treated tumors (Fig. 5), suggesting that the inhibitory
activity of UNICAM-1 on tumor growth was due, at least in part, to
cell death induction through apoptosis.

3.5. UNICAM-1 suppressed TNBC growth by inhibiting tumor
infiltration of regulatory T cells
Chemotherapy seems to be efficient if it succeeds in eliciting
anticancer immunosurveillance, that implies the activation of an
immune response specific for malignant cells [37]. Antineoplas-
tic agents may  stimulate immunosurveillance by acting on cancer
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Fig. 4. Ruthenium and platinum content in liver and kidney (A) and serum (B) from mice injected with UNICAM-1, NAMI-A or cisplatin evaluated by Inductively Coupled
Plasma-Mass Spectrometry (ICP-MS). The data are presented as% injected dose per gram of tissue (% ID per g). Values are mean ± SEM, n = 10. *p < 0.05; **p < 0.01; ***p < 0.001;
****p  < 0.0001 was  calculated with an unpaired two-tailed t-test. Each group was  compared to control.

Fig. 5. Analysis of apoptotic cells and vessel number in A17 tumors. Representative images of cleaved caspase-3 and CD31/105 positive immunohistochemical sections of
c . Quan
t nel). R
( ired t

c
p
o
t
u
i
c
t
m
T

ontrol, cisplatin, NAMI-A and UNICAM-1 treated tumors on day 36 (upper panel)
reated tumors was  determined as described in the experimental section (lower pa
n  = 10). *p < 0.05; **p < 0.01; ***p < 0.001; ****p<0.0001 was calculated with an unpa

ells in several ways, for example, by depletion of immunosup-
ressive cells from the tumor bed [38], or through direct effects
n malignant cells that then elevate their immunogenicity and
heir susceptibility to immune control by cytotoxic T and nat-
ral killer (NK) cells. Certain chemotherapeutics enhance tumor

mmunogenicity because they induce a form of apoptosis in can-
er cells, known as “immunogenic cell death”, that favors the

ransfer of tumor antigens to dendritic cells (DC), which ulti-

ately “cross-prime” and activate anti-tumorigenic CD4+/CD8+
-cell immunity. Accordingly, numerous studies have reported
tification of cleaved caspase-3 positive cells and number of vessels in control and
esults are represented as means ± SEM from 5 × 400 microscopic fields per tumor

wo-tailed t test. Each group was compared to control.

a link between response to conventional therapies, and tumor
immune infiltrate in several different solid tumor types, includ-
ing breast cancer [39]. Immunohistochemical analysis of tumors
explanted from mice treated with cisplatin, NAMI-A and UNICAM-
1 revealed a significantly higher level of tumor immune infiltrates
in comparison with control mice (Fig. 6). Our results are concor-
dant with a recent study by Denkert et al. [40], showing that tumor

infiltrating lymphocyte levels correlate positively with patient sur-
vival and predict pathologic complete response to chemotherapy in
human TNBC. In fact, the presence of tumor-infiltrating T lympho-
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Fig. 6. Semiquantitative analysis of inflammatory infiltration in A17 tumors from control, cisplatin, NAMI-A and UNICAM-1 treated mice (protocol q3 × 4). Data were analyzed
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ells:  cytotoxic-T lymphocytes; CD11b+ cells: dendritic cells; CD68+ cells: macro
*p  < 0.01; ***p < 0.001; ****p < 0.0001 was calculated with an unpaired two-tailed t 

ytes indicates the host immune response to tumor antigens and is
onsidered as a positive marker of response to chemotherapy. How-
ver, human tumors also promote accumulation of CD4 + CD25+
mmunosuppressive regulatory T cells (Treg, Foxp3 positive cells)
n the tumor bed or in the blood. These cells are known as the key
ontributor to maintenance of immune tolerance [41]. Emerging
vidence suggests that Treg cells have an important immunopatho-
ogic role in human tumor growth by suppressing endogenous
umor-associated antigen-specific T-cell immunity [42,43]. Tregs
an suppress proliferation of activated effector T cells by direct
ontact, inhibiting their clonal expansion [44], or can induce direct
illing of effector cells through release of granzyme and perforin
45,46]. Transforming growth factor-b (TGF-b) and IL-10 secreted
y Tregs have also been involved in inhibition of tumor-specific CTL
ytotoxicity in vivo [47]. Interestingly, following UNICAM-1 treat-
ent the levels of CD4+ and cytotoxic CD8+ T lymphocytes were

ncreased, concomitantly with a strong reduction of Foxp3 regu-
atory T-cell infiltration (Fig. 6, Supplementary Figs. 4,5). Recently,
n immunologic signature consisting of the absence of Foxp3 cells
nd the presence of a high number of CD8 T cells on final surgical
iopsy of breast tumor treated by neoadjuvant chemotherapy has
een associated with pathologic complete responses [38,48]. A high
D8/Treg ratio has been also associated with favorable prognosis

n epithelial ovarian cancer [49]. However, although induction and
xpansion of Tregs in the tumor microenvironment are considered
ritical steps in evasion of the immune response and tumor cell
urvival, the molecular mechanisms underlying Treg cells recruit-
ent in the primary tumor remain unclear. Clinical studies of breast
ancer patients have shown a correlation between increased COX2
xpression with high Treg recruitment [50] and recently Karavi-
is et al. provided direct evidence that COX2, and subsequent PGE2
× 400 microscopic fields per tumor (n = 5). CD4+ cells: T-helper lymphocytes; CD8+
s; B220+ cells: B lymphocytes; Foxp3 cells: regulatory T lymphocytes. *p < 0.05;
ach group was  compared to control.

overexpression, results in a tumor environment that promotes Treg
recruitment and attenuation of the normal immune response [51].
COX2 is associated with a basal-like transcription pattern in human
breast tumors [34] and it was  found significantly overexpressed
in A17 tumors, where it correlates with their mesenchymal signa-
ture [29,34,35,52,53]. Beside its immunosuppressive effect, COX2
expression has been also linked to cancer progression due to its
ability to promote cell proliferation and angiogenesis [36]. We
therefore evaluated if there is a correlation between COX2 lev-
els and Treg recruitment in A17 tumors explanted from control
and treated animals. Of note, western blot analyses revealed a sig-
nificant reduction of COX2 expression upon UNICAM-1 treatment
(Fig. 7), supporting the association between COX2 levels and Treg
infiltration and unraveling the molecular mechanism which might
mediate the antitumoral and immunomodulatory action of this
ruthenium compound. In addition, UNICAM-1 induces an enhance-
ment of recruitment and infiltration into tumors of cells expressing
the dendritic marker CD11b and the macrophage marker CD68
(Fig. 6). Although the role of tumor associated macrophages is still
controversial, tumor-infiltrating macrophages often participate in
the host response toward the tumor, killing tumor cells [54,55].
In agreement with this finding, high macrophage infiltration has
been correlated to improved survival in colorectal cancer [56].
Overall, we  report that UNICAM-1 has a relevant therapeutic effi-
cacy against TNBC and its unique immunomodulatory action might
explain the observed anticancer effects.
4. Conclusion

Cancer remains a major cause of mortality worldwide.
Chemotherapy is one of the most potent strategies to treat tumors,



M.  Montani et al. / Pharmacological R

Fig. 7. UNICAM-1 targeted COX2 expression in A17 transplanted tumors. Western
blot  analysis for the expression levels of COX2 and �-actin (loading control) in A17
tumors from FVB mice receiving isotonic solution (control), cisplatin, UNICAM-1, or
NAMI-A (upper panel). Densitometric quantification of COX2 expression normalized
on �-actin was performed with ImageJ Software (lower panel). Statistical analysis
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he  critical level of significance (****p < 0.0001; ***p < 0.001).

owever the toxicity of currently available anticancer drugs repre-
ents one of the most critical issues. New therapies, characterized
y high efficiency and low toxicity, are therefore an urgent unmet
edical need. Conventional cancer therapies, such as chemother-

pies, have been developed based on the concept that cancer
onstitutes a cell-autonomous genetic or epigenetic disease. As a
onsequence, their cytostatic and/or cytotoxic effects have been
ested in vitro, on cultured human tumor cells, and on human can-
er xenografts growing in immunodeficient mice. Little attention
as been given to the host immune system in terms of progno-
is and potential response to therapy [57]. On the other hand, the
ole of the immune system in cancer has long been known and
ccumulating evidence indicates that the therapeutic efficacy of
everal antineoplastic agents relies on their capacity to influence
he tumor-host interaction and to favorably modify the immune

icroenvironment.
Our studies were focused on the development and valida-

ion of an organometallic ruthenium(II)-arene complex, we called
NICAM-1, as novel anticancer drug. Overall, UNICAM-1 exhibits a
arked anti-tumoral activity in vivo against an experimental TNBC
odel, associated with low toxicity and favorable clearance proper-

ies. Therapeutic efficacy of UNICAM-1 seems to rely on its capacity
o influence the tumor-host interaction, leading to activation of
n immune response specific for malignant cells, supporting the
ypothesis that chemotherapy is efficient if it succeeds in eliciting
nticancer immunosurveillance [37].
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