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Abstract

Breast cancer (BCa) is a heterogeneous disease with different histological, prognostic and clinical aspects. Therefore, the
need for identification of novel biomarkers for diagnosis, prognosis and monitoring of disease, as well as treatment outcome
prediction remains at the forefront of research. The search for circulating elements, obtainable by simple peripheral blood
withdrawal, which may serve as possible biomarkers, constitutes still a challenge. In the present study, we have evaluated
the expression of 6 circulating miRNAs, (miR-16, miR-21, miR-23a, miR-146a, miR-155 and miR-181a), in operable BCa
patients, with non-metastatic, invasive ductal carcinoma, not receiving neoadjuvant chemotherapy. These miRNAs, known
to be involved in both tumor cell progression and immune pathways regulation, were analyzed in relation to circulating
cytokines, tumor immune-cell infiltration and established prognostic clinicopathological characteristics. We have identified
three different clusters, with overall low (C1), moderate (C2) or high (C3) expression levels of these six circulating miR-
NAs, which define three distinct groups of non-metastatic BCa patients characterized by different clinicopathological and
immune-related characteristics, with possibly different clinical outcomes. Our data provide the proof-of-principle to support
the notion that, up- or down-regulation of the same circulating miRNA may reflect different prognosis in BCa. Nonetheless,
the prognostic and/or predictive potential of these three “signatures” needs to be further evaluated in larger cohorts of BCa
patients with an, at least, 5-year clinical follow-up.
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PR Progesterone receptor

ROC Receiver operating characteristic

T Tumor size

TC Tumor center

TGF-p Transforming growth factor beta

Treg T regulatory (cell)

UCIS Unfavorable combined immune signatures
UTR Untranslated region

Introduction

Breast cancer (BCa) is a heterogeneous disease with dif-
ferent histological, prognostic and clinical aspects. This
heterogeneity is strengthened by the dynamic interactions
among the different cells composing the solid tumor mass
(malignant cells, nonmalignant cells including immune cell
subpopulations) [1]. Our better understanding of BCa at both
the cellular and molecular levels has increased greatly dur-
ing the past few years and this resulted in the establishment
of new therapeutics. Nevertheless, further improvement of
better stratification among patients is still required [2]. Thus,
the need for identification of novel biomarkers for diagnosis,
prognosis and monitoring of disease, as well as treatment
outcome prediction remains at the front of research.

A biomarker represents an indicator of a time-depended
biological state that can objectively measure and compare
normal biological and pathogenic processes, or pharmaco-
logical responses to a therapeutic protocol [3]. The search
for circulating elements, obtainable by simple peripheral
blood withdrawal, which may serve as biomarker candidates,
reflecting individual cancer characteristics, constitutes still
a challenge [4].

Non-coding RNAs serve as promising biomarkers due
to their involvement in gene expression regulation and in
the development of BCa. Recent studies have focused on
shedding light on the functions of long non-coding RNAs
(IncRNASs) and microRNAs (miRNAs), and few of them
have investigated how IncRNAs and miRNAs are transcrip-
tionally regulated [5].

MiRNAs are stably expressed in body fluids (e.g. serum
and plasma), which are easily, non-invasively accessi-
ble, through liquid biopsies, thus allowing the evaluation
and monitoring of patients [6, 7]. miRNAs are a group of
small endogenous, single-stranded noncoding RNAs with
approximately 19-24 nucleotides that function in the post-
transcriptional regulation of gene expression by binding to
the 3’ untranslated region (UTR) of the target mRNAs. The
interactions between miRNAs and mRNAs, result in the
destabilization of the target mRNA molecule and interfere
with translation [8, 9]. Recent evidence supports that there
is an interaction between miRNAs and IncRNAs, reducing
their regulatory effect on mRNAs [10]. Moreover, because
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a single miRNA may have many potential mRNA targets,
the abnormal miRNA expression is capable to influence
the expression pattern of several mRNAs and proteins and,
consequently, be involved in the initiation of many diseases,
such as cancer [11]. A common trait of human cancers is the
differential miRNA pattern of expression between cancer
patients as compared with healthy individuals and a global
miRNA deregulation [12—-16]. Furthermore, miRNAs are
also essential regulators of the differentiation, activation,
proliferation and function of all the components of the
immune system [17].

The role of the immune system as a key mediator in the
multistep process of cancer development and progression is
well established [18, 19]. As mentioned above, tumor micro-
environment contains different types of immune cells, which
contribute to regulate the fine balance between anti- and
pro-tumor signals [20]. In this context, mechanisms of cross-
talk between cancer and immune cells remain to be exten-
sively elucidated. Moreover, there is an interplay between
tumor microenvironment and peripheral blood. Therefore,
circulating elements (cytokines/chemokines and miRNAs)
may correlate with parameters in the tumor microenviron-
ment. To this end, in the present study we have evaluated
the expression of 6 circulating miRNAs, (miR-16, miR-21,
miR-23a, miR-146a, miR-155 and miR-181a), in operable
breast cancer patients, with invasive ductal carcinoma, not
receiving neoadjuvant chemotherapy. The aforementioned
miRNAs have been selected on the basis of their thorough
investigation in cancer and particularly BCa, but also for
their involvement in immune processes regulation [8, 17,
21, 22]. These miRNAs are also involved in NF-kB sign-
aling network participating in negative or positive regula-
tion: NF-kB is a transcriptional factor that regulates crucial
genes affecting innate and adaptive immunity, cell prolif-
eration, inflammation, and tumor development [23]. The
miRNAs were analyzed in relation to circulating cytokines/
chemokines, tumor immune-cell infiltration and established
prognostic clinicopathological characteristics. These cor-
relations may reflect mechanistic interrelations leading to
multiparameter and functional prognostic signatures.

Materials and methods

All patients (n=48) had non-metastatic invasive ductal car-
cinoma. None of these patients was treated with neoadjuvant
chemotherapy or was enrolled to other research protocols,
nor did have any history of other cancer or additional serious
health problems. Blood samples from patients with invasive
breast cancer were collected, one day prior to surgery, at
the St. Savas Cancer Hospital in Athens, between February
2014 and May 2015. Peripheral blood mononuclear cells
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were isolated from blood using Ficoll-Hypaque gradient
and stored in liquid nitrogen before use. Sera were stored
at — 80 °C.

These 48 patients, also belonged to a larger cohort of
BCa patients along with an additional larger group of BCa
patients diagnosed between 2000 and 2010, represent a
cohort which has been analyzed for the prognostic value of
intratumoral immune infiltrates, as recently reported [24].
There are no clinical follow-up data available yet for any
of these prospectively enrolled patients with pre-surgery
obtained peripheral blood.

Peripheral blood samples (10 ml) were obtained from
healthy volunteers. Aliquots of sera and PBMCs from these
individuals were kept frozen and used as control groups.

Measurement of serum- and PBMCs-derived miRNAs

miRNA was extracted from serum using Qiagen miRNe-
asy Serum/Plasma kit (Qiagen, Hilden, Germany) and from
PBMCs using Qiagen miRNeasyMini KIT according to the
manufacturer’s instructions. cDNAs generated with the miS-
cript II RT Kit (Qiagen, Hilden, Germany) and used as a
template for real-time PCR with the miScript SYBR Green
PCR Kit (Qiagen, Hilden, Germany). For the detection of
mature miRNAs, we used miScript Primer Assays (Hs_miR-
21_2; Hs_miR-181a_2; Hs_miR-1460_1; Hs_miR-23a_2;
Hs_miR-16_2; Hs_miR-155_2) (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. As spike in
control was used miRNeasy Serum/Plasma Spike-In Control
C-39 (Qiagen, Hilden, Germany). DDCt method was used
for data analysis and melting curve analysis for the specific-
ity of miRNAs expression levels.

Measurement of serum cytokines

Measurement of IL-1Ra, I1L-9, IL-8 IL-10 was simultane-
ously performed by Luminex using the human premixed
multi-analyte kit (R&D systems) according to the manu-
facturer’s instructions. RANTES/Chemokine ligand 5
and TGF-f determinations were performed by separate
Luminex-based kits (R&D systems) as described in [25].

Assessment of tumor-infiltrating leukocytes

Formalin-fixed paraffin-embedded (FFPE) tissue blocks
were obtained after surgery from the Saint Savas Pathology
Department and analyzed for tumor immune cell infiltration
along with the cohort of retrospectively investigated patients,
described in detail in our previous report [24]. Immunostain-
ing with CD4 (4B12, 1:40; Biogenex), CD8 (SP16, 1:80;
Thermo Scientific, USA) and CD163 (10D6, 1:400; Biocare)
was performed for all patients using the Leica Bond III auto-
mation (Leica Biosystems, Germany) and Leica detection kit

(Leica Biosystems, Newcastle, UK), as previously described.
Quantification of infiltrating cells/mm? was performed as
described in [24].

Patient HLA typing
HLA genotyping was performed as recently described [25].
Statistical analysis

The initial clustering was performed after data normali-
zation, using the ratios of the obtained miRNA relative
expression values (x;) to the median of the respective patient
miRNA investigated (6;) by hierarchical clustering using
Ward’s Method in IBM SPSS 24. After the creation of the 3
clusters, we used QUEST classification trees in IBM SPSS
modeler 18.1 to evaluate separately the prediction power
of 7 predictors; the ratios of the 6 miRNAs as well as the
sum of their ratios Y (x; X &,). After determining the sum as
the strongest predictor, we used a second QUEST classifica-
tion tree to determine the predictor importance of the rest
of the predictors. The preliminary constructed algorithm,
miRNA g consists of the sum of the ratios (main predic-
tor), plus the patients’ x;/5; ratio for each miRNA multiplied
by the predictor importance (p;) from the second QUEST
classification (secondary predictors).The ROC curves were
generated using IBM SPSS 24 and the Jouden’s index was
calculated using the formula J=sensitivity + specificity
— 1. Contingency analysis, as well as the non-parametric
Mann—Whitney ¢ tests and Kruskal-Wallis tests were per-
formed using GraphPad Prism 7.00.

Results

Tumor cell infiltration, circulating chemokines/
cytokines and miRNAs

In our recent study [24] we have extensively investigated
the density and spatial distribution of immune cells, namely
CD8+and CD163+, in 162 patients with invasive non-met-
astatic breast cancer. For 97 of them, who belonged to a
retrospectively analyzed cohort of patients, clinical follow-
up was available, making it possible to establish combina-
tion signatures of the infiltrating cells with clinical outcome
(retrospective group), thus introducing a novel prognostic
immune signature. For 48 of the 162 patients, comprising
the prospective cohort of patients, serum and PBMCs, pro-
spectively collected one day prior to surgery, were available.
The clinicopathological characteristics of this prospective
cohort are presented in Suppl. Table 1. In these patients,
apart from CD8+ and CD163+ tumor-immune cell infiltra-
tion, we also evaluated distributions of CD4+ cells (Fig. 1a).
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Fig. 1 Tumor cell infiltration. a Differential distribution of CD4, CD8
and CD163 cells in the tumor center (TC), invasive margin (IM) and
as a sum of the two (TOTAL). The numbers represent the amount of
positive cells/ mm?. IM and TOTAL cell numbers are presented on
the right Y axis because of the generally lower infiltration of the TC.

The heatmap (Fig. 1b) was generated using the median of the
CD4, CD8 and CD163 positive cells infiltrating the tumor
center (TC), or the invasive margin (IM) and total (i.e. the
sum of TC and IM) from all patients of, both, the retro-
spective and the prospective cohort of our study. Moreover,
the levels of serum chemokines/cytokines (Rantes, IL-8,
IL-9, IL-10, IL-1Ra, TGF-p1) (Fig. 2a) as well as of serum
(Fig. 2b) and PBMC (Fig. 2c) miRNAs (miR-16, miR-21,
miR-23a, miR-146a miR-155, miR-181a) were evaluated.
Circulating factors were also determined in sera and PBMCs
from healthy donors. IL-8, IL-10 and TGF-$1 did not sig-
nificantly differ between BCa patients and healthy donors
(Fig. 2a). Rantes and IL-1Ra were detected in lower levels
in BCa patients (Fig. 2a). On the contrary, BCa patients had
higher levels of circulating IL-9 (Fig. 2a).

Serum miRNAs, with the exception of miR-155, showed
statistically significant lower relative expression in BCa

@ Springer

b Heatmap of the CD4, CD8 and CD163 positive cells infiltrating
TC, IM and as a total. The heatmap colors were generated using the
median of these populations from the total patients of both the retro-
spective and the prospective cohort of our study

patients compared to healthy donors (Fig. 2b). However,
some high expressors could be detected among BCa patients.
No statistically significant differences were observed in
PBMCs’ miR-21, miR-23a and miR-155 relative expression
levels between BCa patients and healthy donors, in contrast
to a strong trend for increased miR-16, miR-146a and miR-
181« levels in BCa patients (Fig. 2c¢).

Correlations of tumor cell infiltration, circulating
chemokines/cytokines and miRNAs

We next sought to find possible correlations among the
peripheral factors examined in the previous section (i.e.
chemokines and cytokines), but also between these fac-
tors and TILs. Interestingly, we could detect significant
correlations among chemokines/cytokines in the group of
BCa patients (Fig. 3) which could not be observed among
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Fig.2 Circulating chemokines/cytokines and miRNAs in BCa we measured (miR-16, miR21, miR-23a, miR-146a, miR-155, miR-

patients. a Scatter plots representing the levels of cytokines we meas-
ured (IL-9, Rantes, IL-1Ra, IL-8, IL-10, TGF-p1), in the sera of
healthy donors (blue) and BCa patients(red). The horizontal lines rep-
resent the medians. Scatter plots representing the levels of miRNAs

healthy donors (suppl. Figure 1). Significant correlations
were found when comparing levels of Rantes or IL-9
with each of IL-8 (Fig. 3a, e), TGF-p1(Fig. 3b, f) and
IL-1Ra (Fig. 3c, g). A strong correlation was observed
when comparing Rantes with IL-9 (Fig. 3d). For IL-10
and Rantes there was a strong trend (p =0.0786; data not
shown). IL-8 also significantly correlated with TGF-p1
(Fig. 3k) and with IL-1Ra (Fig. 3i). Moreover, serum miR-
NAs significantly correlated versus each other, a finding
that was also seen in PBMC miRNAs (suppl. Table 2 and
suppl. Table 3). Notwithstanding, such correlations were
absent when comparing serum and PBMC miRNAs (data
not shown). Serum miR-16 and miR-146a correlated with
Rantes, IL-9, IL-1Ra and IL-8 (Fig. 31). IL-8 also corre-
lated with miR-23a. In line with recent reports [26], the
strongest correlation was detected between miR-146a and
IL-8, but also between miR-146a and IL-9. This latter

181a) in arbitrary units in the sera (b) and in PBMCs (c) of healthy
donors (blue) and BCa patients (red). The horizontal lines represent
the medians

cytokine was also found to be related with PBMC miRNAs
(except miR-16) (Fig. 3m).

With the exception of miR-155, all serum miRNAs
showed correlations with tumor-infiltrating CD4+ or
CD8+ cells levels, in TC, IM or both (T) (Fig. 3n). On the
other hand, only IL-1Ra correlated with CD8 infiltration
in IM (data not shown), while no relation was observed
between PBMCs miRNAs and tumor infiltration (data not
shown).

Patient stratification using serum derived miRNAs

Hierarchical clustering of the normalized values [value (x;)/
median (8;)], for each miRNA from 37 patients belonging to
the prospective group of patients with no missing values for
all of the six miRNAs (without including normal donors),
resulted in three distinct clusters (Fig. 4a). Cluster one (C1)
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Fig.3 Correlations of Tumor cell infiltration, circulating chemokines/
cytokines and miRNAs. a—k X-Y plots representing the main cor-
relations between some of the circulating chemokines/cytokines we
measured in BCa patients. The Spearman r coefficient, as well as p
values are presented above their respected graphs and the regression
line was plotted, representing the correlation generated for each set
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NAs and cytokines (m) and circulating miRNAs and TILS (n) in BCa
patients. P values and Spearman coefficient (r) are presented next to
each relation
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Fig.4 Hierarchical clustering and miRgcogrg algorithm. a Dendro-
gram generated using the x;/5; values in hierarchical clustering with
Ward’s Method. The three distinct clusters are presented (from top
to bottom: C1, C2, C3). b Tukey plots of the levels of circulating
miRNAs levels, in the BCa patients classified by hierarchical cluster-
ing, measured in arbitrary units, between C1 (pink), C2 (green), C3
(red) patients and healthy donors (Blue). ¢ Scatter diagram depict-
ing the sum of the ratios (x;/6;) in BCa patients (left) and healthy
donors (right). BCa patients are distinguished further between their
clusters (C1 pink, C2 green, C3 red). d, i Our preliminary algo-

consists of patients with uniformly low levels of miRNA
expression, whereas cluster two (C2), includes patients with
moderate levels of miRNA expression. Finally, the third
cluster (C3) generally includes patients with the highest
levels of miRNA expression, but with no consistent pattern
(Fig. 4b). Taking into account these clusters, we tested if
the sum of the individual miRNA normalized values x;/5;,
indicative of the overall miRNA expression for each patient,
could classify the patients within specific clusters. Using
QUEST classification to calculate the predicting potential
of the sum, as well as of the individual ratios x;/§; for each
of the 6 miRNAs, we confirmed that only the sum of the

rithm, miRgcorg, contains 2 variables: the sum of the ratios x;/5; (as
presented in C) and the sum of each patient’s ratio (x;/5;) after being
multiplied first with the respective miRNAs predictor importance
(pi). ii The predictor importance (pi) values for each of our 6 miR-
NAs in descending order as it was measured using QUEST classi-
fication trees. iii Scatter diagram depicting the miRgcogg values for
BCa patients (left) and Healthy Donors (right). BCa patients are dis-
tinguished further between their clusters [C1 pink (n=12), C2 green
(n=15), C3red (n=16)]

ratios Y.(x;/5;) (Suppl. Figure 2) could predict the classifi-
cation of each patient in the respective cluster, although the
upper and lower limits between the clusters were not clearly
distinguishable (Fig. 4c). This problem was surmounted by
creating an algorithm, named miRgorp (Fig. 4d, 1), which
incorporates the predicting potential of the 6 miRNAs indi-
vidually. This was accomplished after a second QUEST
classification including all the six predictors, attributing to
each one miRNA a predictor importance factor. Each predic-
tor importance factor (Fig. 4d, ii) was multiplied with the
corresponding x;/6; miRNA values and added to the sum of
the ratios for each patient, resulting in the final miRgcorg
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algorithm, with an improved discriminative potential among
clusters (Fig. 4d, iii). One more advantage of the miRqy-org
is that patients with missing values, can be securely assigned
as C3 patients if their miRgog is higher than the lower limit
of cluster 3. After generating their respective ROC curves,
each cluster appeared to have clear discrimination (C1 sensi-
tivity = specificity = 1, C2 sensitivity = specificity = 1), with
no overlapping patients (Suppl. Figure 3). The values of
miRgorg at which we observed the maximum combination
of specificity—sensitivity, (miRgcorg-thresholdq; = 4.71,
miRgcore-threshold, = 13.75), will be generally consid-
ered as the distinctive thresholds, separating the 3 clusters,
for patient stratification. By evaluating the normal control
group based on the BCa patients clustering analyses, all,
but one, of the normal donors, were found to be clustered in
C3, both from hierarchical clustering and from scoring with
miRgorg. Although there were statistically significant dif-
ferences in the expression levels of miR-146a (p =0.0031),
miR-155 (p=0.0031) and miR-181a (»p =0.0083) between
the groups of normal donors and patients in C3 (Suppl.

Figure 4a), there was no consistent pattern for discriminat-
ing between these two groups.

To investigate any possible diagnostic value of miRgcogrg,
we generated ROC curves to determine our algorithm’s
ability to distinguish between BCa patients and healthy
donors (Fig. 5). By examining our total patient population,
we were presented a ROC curve with diagnostic potential
(AUC=0.810; 95%CI 0.704-0.916, Sensitivityy,x = 1.000,
Specificityy,x =0.651, J=0.651), reaching a maximum
combination of sensitivity—specificity at the threshold of
miRgorg-threshold = 15.52. After observing the individual
discriminatory capabilities within each cluster, our previous
remark was confirmed. The ability of our algorithm in diag-
nosis was reduced, due to the high overlap between healthy
donors and C3 patients (AUC=0.462; 95%CI 0.263-0.660).
The algorithm values within C1 (AUC =1.000) and C2
(AUC=0.985; 95%CI 0.952-1.000) showed a clear distinc-
tion between healthy donors and BCa patients. Moreover,
there were differences among the clusters and normal donors
in terms of serum cytokine levels (Suppl. Figure 4b and 4c),

a C
N C1,C2,C3 vs normals C1vs normals C2 vs normals C3 vs normals
10 ~ 1 1 I 10
/,/ /// /
/ / /
08 // 08 0 ’/y/ 06 ///
// // . /
é 067 // 05 05 // o6 —
> / /
= / // /
W | o / 04 04 / 04 /
c // / //
A / / .
0.2 / / 02 021 /,/ 02 /
/' / A
- 7 // /
1-Specificity
(J
AUC 95%Cl MIRSCORE value for max Miax: Miin © Youden
sensitivity - min 1-specificity sensitivity | 1-specificity | Statistic (J)
C1,C2,C3 0.810 0.704-0.916 15.52 1.000 0.349 0.651
C1 1.000 1.000-1.000 9.94 1.000 0.000 1.000
C2 0.985 0.952-1.000 13.77 0.944 0.000 0.944
Cc3 0.462 0.263-0.660 29.41 0.611 0.500 0.111

Fig.5 Receiver operating characteristic (ROC) curve analysis of our
clusters. ROC curves showing the distinction of C1, C2, C3 patients
(a), C1 (b), C2 (¢) and C3 (d) BCa patient algorithm values, with
those of normal donors. Table (e) presents some of the important
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ROC curve metrics such as the AUC (with the 95%CI), the algo-
rithm value at which the best combination of sensitivity—specificity is
reached along with the coordinates of this curve point (max sensitiv-
ity, min 1-specificity) as well as the Youden statistic (J)
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with more prominent those for IL-9 (p =0.0030), IL-1Ra
(p=0.0153) and IL-8 (p=0.0058). However, we were not
able to establish any characteristic profile that could improve
the classification power of the miRgcogg.

Clinicopathological characteristics and tumor
immune signatures of patients in the different
miRNA clusters

The above-defined clusters, each representing one distinct
serum miRNA profile, either immune-related or cancer-
related, or both, were checked if they comprise patients with
distinct clinicopathological characteristics (Fig. 6a). At a
first glance, the clusters seem to differ regarding age, with
C3 including mostly patients diagnosed with breast cancer
at a younger age than C1 and C2 (Fig. 6¢). It is interesting
that the majority (> 60%) of patients with the C2 miRNA
signature exhibit a more favorable prognostic profile accord-
ing to TNM staging, tumor grade and low Ki67 (Fig. 6a, b).
Furthermore, the majority (93%) of C2 patients are HER2/
neu negative. No substantial differences were observed
in all 3 clusters regarding hormone receptors, ER and/or
PR. C3 cluster, as opposed to C1, comprised more patients
with aggressive disease, as evidenced, by younger age, and
increased frequencies of patients with less differentiated
(grade 3) and highly proliferating (Ki67 >20%) tumors
(Fig. 6b). C1 and C2 are composed of patients with differ-
ent nodal status (p =0.0497). Moreover, there are important
tendencies when combining clinicopathological character-
istics, especially nodal status and HER2/neu expression,
p=0.0502, nodal status & Stage, p=0.0537. There is also, a
very strong trend p =0.0501, when we collectively examine
nodal status, HER2/neu status and Stage between patients
of the two clusters. Furthermore, there are significant differ-
ences between the C2 and C3 patients regarding HER2/neu
status (p=0.0184). In addition, we observed trends by exam-
ining HER2/neu status combined with Ki67% and HER2/neu
status combined with Stage between C2 and C3, (p=0.0657
and p=0.0919, respectively). The combination of these
three parameters (i.e. HER2/neu, Stage and Ki67%) slightly
differentiated the two clusters leaning towards significance
(p=0.1516). Similarly, C1 and C3 patients exhibited a trend
for the nodal status combined with Ki67% (p=0.1795). It
is worth mentioning that we consider these trends signifi-
cant, since the comparison of the percentages resulted in
strong statistical significances (p <0.0001), indicating that
not reaching statistical significance might be attributed to
the small number of patients in some groups.

There were also correlations between the clusters and
tumor immune infiltration. We could detect differences in
CD4 and CD8 T cell infiltration, with a statistically signifi-
cant difference in TC CD4 between C1 and C2 (p =0.0054),
and an almost significant difference between C1 and C3

(p=0.0547). CD163 tumor infiltration did not differ among
clusters (Fig. 6d). Based on the combination of tumor CD8
and CD163 cell infiltration in the TC and the IM, we have
previously defined a favorable signature (FCIS, with high
(H) CDS8 cell infiltration in the TC and low (L) in the IM
(i.e. CD8 HL) and/or CD163 LH), an unfavorable (UCIS,
CDS8 LH or CD163 HL and none of the good profiles, CD8
HL/CD163 LH) and a remaining group of all other combina-
tions (REST). These combined signatures were related to the
clinical outcome of a retrospectively evaluated cohort of 97
patients. When comparing the percent distributions of each
infiltration signature within each cluster (suppl. Figure 5a),
there were differences among clusters (p =0.0021). C1 and
C3 were very similar, whereas there was an increased fre-
quency of patients with the FCIS signature and lower UCIS
patients in the C2 cluster.

HLA and miRNA clusters

We have previously presented data suggesting that some
HLA alleles are related to better prognosis and/or better
prediction of clinical response after immunization [27-29]:
HLA-A*24, HLA-A3 superfamily alleles (A*03, A*11,
A*31, A*33, A*68), and HLA-DRB1*11 expressing patients
have a prognostic advantage compared to HLA-A*02
expressors. Based on these preliminary observations, we
compared the distribution of patients expressing each allele
among the different miRNA clusters. Cluster 3 comprised a
significantly increased number of HLA-A*02+ and the low-
est number of HLA-A*24+ and HLA-DRB1*11+ patients,
whereas all C1 patients expressed alleles of the A3 super-
family. The lowest number of HLA-A*02+ patients was
observed in C2 (suppl. Figure 5b).

Discussion

To our knowledge, this is the first report to show that the
evaluation of 6 serum miRNAs (miR-16, miR-21, miR-23a,
miR-146a, miR-155 and miR-181a) defines three different
groups/clusters of BCa patients with different clinicopatho-
logical characteristics, tumor infiltration status, circulating
cytokines/chemokines levels and HLA allele expression
frequencies.

In a cohort of non-metastatic and non-neoadjuvant treated
BCa patients with invasive ductal carcinoma, the overall
pre-surgery serum miRNAs expression levels were found
to be lower than those quantified in normal individuals.
However, by carefully observing the diverse expression of
these miRNAs among individual patients, it was apparent
that each miRNA could be either overexpressed/upregulated
or downregulated (or even remain within normal range), thus
probably reflecting different disease situations. Circulating
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Fig.6 Clinicopathological characteristics and tumor infiltration of
patients in the different miRNA clusters. a Complex pie-chart rep-
resenting the differential distribution of the main clinicopathological
characteristics in each vector (T), nodal status (N), AJCC staging,
histological Grade, Ki67%, HER2/neu and Hormone Receptor Status.
Each circle represents a different cluster, with C1 in the center, C2
in the middle and C3 on the outside of the circle. The colors ranging
from blue, grey, red, purple, represent clinicopathological character-
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istics with ascending worse prognosis. b The age distribution of the
BCa patients within our clusters. C1 patients are presented with pink,
C2 with green and C3 with red. ¢ Table with the distribution of clin-
icopathological characteristics between the clusters in percentages, as
presented in a. d Differential distribution of CD4, CD8 and CD163
positive cells infiltrating the TC, IM and total. Values are colored in
purple for C1, in green for C2 and in red for C3. The horizontal lines
represent each group’s median
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miR-21 and miR-155 have been extensively investigated in
BCa and in most cases they were reported to be upregulated
[30] and thus suggested to harbor diagnostic potential. How-
ever, there are also studies documenting decreased levels of
these two miRNAs in patients with invasive BCa compared
to controls [31], which is in agreement with our findings.
Similarly, serum miR-16 and miR-181a levels in BCa have
been found either up- or down-regulated by different groups
and correlated with high risk, and tumor development and
metastasis, respectively [15, 32]. Circulating levels of miR-
23a and miR-1460a have not so far been investigated in BCa,
although their upregulation has been documented in other
cancer types [21, 22]. Signatures incorporating some of the
above miRNAs have been suggested by several groups to
possess an important diagnostic impact [8].

To evaluate if differential expression levels of all six
miRNAs could distinguish between different groups of
BCa patients at diagnosis, we applied hierarchical cluster-
ing which revealed three distinct groups of patients, namely
C1 with low overall miRNA expression, C2 with interme-
diate overall expression and C3 with high overall expres-
sion. Using an algorithm to classify individuals within each
cluster, no normal donor was found exhibiting C1 miRNA
levels profile, and only one out of 18 (5.5%) was classified
within the C2 patient group. Thus, C1 and C2 miRNA signa-
tures have a potential diagnostic role, which may not be the
case for C3 because more than one-third of the BCa patients
(37%), belonging to this cluster had a miRNA profile which
was very similar to that defined in the majority of the normal
population. This was further confirmed by ROC analyses
using as cutoff the C2 cutoff value, where sensitivity was
very high (94.4%), but specificity fairly exceeded a 60%,
rendering the overall diagnostic potential of the signature
quite poor.

Interestingly, we found that patients classified in the three
different groups possess different clinicopathological charac-
teristics with established prognostic relevance, thus offering
possible prognostic miRNA signatures. Those belonging to
C2 seem to have the best overall profile, as more than two-
third of them were at earlier stages (I or Ila), with differen-
tiated (low/intermediate grade) tumor cells, exhibiting low
proliferation rate (<20% Ki67 expression), bearing hormone
receptors and lacking HER2/neu oncoprotein overexpres-
sion. The latter could be considered nowadays as a disadvan-
tage, since more than 90% of the C2 patients are considered
HER2/neu negative and thus could not benefit from the very
effective therapeutic option of Herceptin treatment [33].0n
the other hand, C1 and C3 patients do not substantially dif-
fer in most clinicopathological parameters, apart from age
and Ki67 expression, with patients in C3 being significantly
younger at diagnosis and comprising the highest percentage
of >20% Ki67 expressors. These two characteristics, along
with other minor differences in nodal status and tumor size,

may imply that patients in C3 exhibit a worse prognostic
profile, according to classical clinicopathological prognostic
characteristics.

Additionally, the three clusters of patients displayed
different immune-related characteristics. Although the
tumors among the three groups were similarly infiltrated by
CD163+ macrophages, they differed in their T cell content.
Cl-classified patients had the lowest numbers of CD4 and
CDS8 T cells infiltrating their tumors, both in the TC and the
IM, in contrast to patients belonging to the C3 cluster who
exhibited the highest T cell infiltration. C2 BCa patients dis-
played rather high numbers of CD4 TILs both in the TC and
the IM, but the median levels of CD8 TILs in the TC were
high and in the IM were low. Consequently, C2 patients com-
prised the highest frequency of patients with the favorable
infiltration profile, i.e. FCIS [24], while more UCIS patients
were found within the C3 cluster. These findings further sup-
port the notion that patients with the C1 miRNA signature
and, more profoundly, with the C3 signature might have a
worse prognosis than those classified within the C2 group.
Since serum miRNA levels positively correlated with CD4
and CD8 tumor T cell infiltration, and no correlation was
observed with PBMC miRNAs, it is reasonable to assume
that circulating miRNAs reflect the tumor microenviron-
ment immune situation. Since the expression of miR-16,
miR-21 and miR-146 [34] have been reported to positively
correlate with memory T cells, and increased miR-23a and
miR-155 levels with the presence of CD8 T cells in tumors
[35, 36], their combined circulating levels support the
notion that patients with the C3 miRNA signature may have
more immunogenic tumors represented by higher adaptive
immune cell infiltration than patients belonging to the C1
cluster. However, the high levels of miR-23a may hamper
their functional potential, since high miR-23 expression was
related to impaired cytotoxic T lymphocyte function [35],
while miR-21, miR-146a and miR-155 positively control T
regulatory cell functional competence [37-39],supporting
an underlying immune-related tumor escape mechanism in
C3 patients. It can be hypothesized that patients with the C3
miRNA profile could represent good candidates for immu-
notherapeutic interventions, aiming at reactivating their pre-
existing endogenous immune responses [40]. On the other
hand, the low overall expression of the six miRNAs of the
C1 signature correlated with low T cell tumor infiltration,
implying that patients within this group bear poorly immu-
nogenic tumors. Thus, strategies aiming at increasing tumor
recognition and infiltration by immune cells might improve
the clinical outcome of these patients.

Although PBMC-miRNA levels did not correlate with
serum miRNAs, nor with circulating cytokine/chemokine
levels (apart from IL-9), cluster signatures were compat-
ible with circulating cytokine/chemokine profiles of the
distinct groups: high levels of miR-16, miR-21, miR-146
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and miR-155 have been previously reported to be negatively
correlated with cytokines/chemokines production, including
IL-8, IL-10, Rantes [41, 42], mostly through their positive or
negative role in the NF-kB signaling network [23].Whether
circulating miRNAs are implicated in PBMC functionality,
independently of their subpopulations endogenous miRNA
levels, cannot be excluded in the context of cell-to-cell inter-
action [43]. It remains to be elucidated whether the deregula-
tion of miRNAs (along with the NF-kB pathway) is funda-
mental for tumor development and progression.

The MHC is crucial in anticancer T cell immunity and
some HLA alleles have been correlated with some cancer
types. For instance, the HLA-A?2 allele has been correlated
with worse prognosis in ovarian, prostate, lung and breast
cancer, while HLA-A24 has been associated with better
clinical outcome in prostate and breast cancer [27-29, 44,
45]. Furthermore, some miRNAs have been reported to
act as regulators of different HLA loci [18]. The signifi-
cantly increased frequency of HLA-A2 negative patients,
along with an increased frequency of HLA-A24 express-
ing patients detected in C2, are also indicative for a better
prognostic profile as opposed to the C3 group which exhibits
these HLA genotypes inversely.

An important limitation of the present study is the low
numbers of BCa patients analyzed among the 3 clusters, as
well as that of normal individuals. Nevertheless, our data
constitute a clear proof-of-principle supporting the notion
that, the up- or down-regulation of the same circulating miR-
NAs may be associated with plausible different prognosis in
BCa. This may have an important impact given that most of
the published reports so far in the field refer to the diagnostic
(and much less to the prognostic/predictive) relevance of
either upregulation (or overexpression) or downregulation
of each specified miRNA, even if those are included in sig-
natures with other miRNAs [8, 14]. Discrepancies in circu-
lating miRNA expression levels among different research
groups are attributed mainly to methodological differences
[46]. However, in the present study, sera were collected, han-
dled and molecularly analyzed under identical conditions,
thus avoiding any methodological interference for our data.

In conclusion, we present strong evidence that three dif-
ferent signatures of six circulating miRNAs (miR-16, miR-
21, miR-23a, miR-146a, miR-155 and miR-181a) define
three distinct groups of non-metastatic BCa patients with
invasive ductal carcinoma, characterized by different clinico-
pathological and immune-related characteristics, with pos-
sibly different clinical outcome. Nonetheless, the prognostic
and/or predictive potential of these signatures needs to be
further evaluated in larger cohorts of BCa patients with an,
at least, 5-year clinical follow-up.
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