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ABSTRACT

Neutrophils are prominent immune components of tumors, having either anti-
tumor (N1) or pro-tumor activity (N2). Circulating neutrophils, divided into high
density neutrophils (HDN) and low density neutrophils (LDN), functionally mirror
those N1 and N2 cells, respectively. LDN are rare in non-pathological conditions,
but frequent in cancer, exhibiting a pro-tumor phenotype. These findings have
been mainly demonstrated in animal models, thus proper validation in humans is
still imperative. Here, we observed that LDN were increased in the blood of breast
cancer (BC) patients, particularly with metastatic disease. Within the population of
non-metastatic patients, LDN were more prevalent in patients with poor response to
neoadjuvant chemotherapy than patients with a good response. The higher incidence
of LDN in BC patients with severe disease or resistance to treatment can be explained
by their pro-tumor/immunosuppressive characteristics. Moreover, the percentage
of LDN in BC patients’ blood was negatively correlated with activated cytotoxic T
lymphocytes and positively correlated with immunosuppressive regulatory T cells.
The ability of LDN to spoil anti-tumor immune responses was further demonstrated
ex vivo. Hence, this study reveals the potential of LDN as a biomarker of BC response
to treatment and opens new avenues for developing new immunotherapies.

INTRODUCTION

Breast cancer (BC) is the main type of cancer
in women worldwide, with more than 2 million new
cases per year [1]. Additionally, it is the main cause
of cancer-related deaths in women, accounting for
more than 600 000 deaths annually [1]. BC can be
molecularly divided into three different subtypes,
namely tumors with an overexpression of the estrogen
receptor (ER+), which can concomitantly increase the
progesterone receptor (PR); tumors with amplification
on the HER2 (human epidermal growth factor receptor
2) gene; and tumors that lack the three above mentioned
markers and are classified as Triple Negative Breast
Cancer (TNBC).

Tumor development and response to treatment are
highly dependent on the interactions that occur in the
tumor immune microenvironment (TIME). Actually, the
presence of tumor-infiltrating lymphocytes (TILs) has
been correlated with improved pathological complete
response (pCR) following neoadjuvant chemotherapy
(NACT) in BC patients [2]. Additionally, the neutrophil-
to-lymphocyte ratio (NLR) assessed in peripheral blood
has also been correlated with BC response to NACT,
since most studies advocate that a high NLR is predictive
of a poor response to treatment [3]. However, data is
still conflicting, and other authors claim no association
between the NLR and prognosis, implying that the use of
the NLR in a clinical setting must be extensively studied
first [4, 5]. In fact, tumors have complex mechanisms to
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escape immune surveillance [6] and, in addition, both
lymphocytes and neutrophils are composed of different cell
subtypes with opposite functions (anti- and pro-tumor),
which can explain why these markers of BC response to
treatment are still scarcely used in a clinical routine.

Tumor-associated neutrophils (TANs) can be divided
into two different populations — N1 and N2, similar to
the macrophage’s polarization. N1 are pro-inflammatory
and anti-tumor, with the capacity to stimulate effector
T lymphocytes to eliminate tumor cells; while N2 have
pro-tumor, immunosuppressive and angiogenic features
[7]. The presence of transforming growth factor-f
(TGF-B) in the TIME was found to be necessary for
the transformation of TANs to an N2 phenotype [7, 8].
Mirroring the polarization of TANS, circulating neutrophils
can also be divided into two subpopulations - high density
neutrophils (HDN) and low density neutrophils (LDN),
distinguished based on their density gradient, which
are phenotypically similar to N1 and N2, respectively.
Although HDN and LDN share common markers, namely
CDI11b, CD66b, CD15, their expression is higher in LDN
[9-11]. LDN are absent in healthy individuals’ blood,
emerging only during inflammatory and/or pathological
conditions [12]. LDN are seen as a mixture of both mature
and immature neutrophils, with altered functions and
immunosuppressive properties, such as the stimulation of
regulatory T cells (Tregs), the release of reactive oxygen
species (ROS), nitric oxide and arginase, which will inhibit
effector CD8+ T lymphocytes’ activity [13, 14]. Besides
these mechanisms, immunosuppressive neutrophils were
shown to express the programmed cell death ligand
1 (PD-L1, [15]), which is an immune checkpoint that
hampers effector T lymphocytes’ response, when bound
to its receptor PD-1. The role of LDN in cancer have been
intensively studied in the past years, mainly in animal
models, and it was observed that this subset of neutrophils
also has the capacity to promote metastization of cancer
cells [16], due, in part, to its extraordinary ability to release
neutrophil extracellular traps (NETs) to the environment,
which can entrap circulating tumor cells and help in their
migration towards secondary niches [16].

Yet, studies in this topic using human samples are
scarce, and considering that human and mice neutrophils
exhibit significant biological differences, efforts to
validate in cancer patients the results assessed in animal
models regarding LDN are crucial to fully comprehend
their future clinical utility.

Thus, here we evaluated the impact of circulating
LDN in BC patients, corroborating that a high frequency
of these cells is associated with a poor prognosis. More
specifically, our results suggested that in non-metastatic
BC, LDN can predict the response to NACT, as patients
with poor response to this treatment showed an increased
percentage of LDN pre-treatment. Additionally, we
performed a thorough phenotypic and functional
characterization of these BC patient-derived LDN in

comparison to HDN and demonstrated that LDN are
highly activated neutrophils; with increased capacity to
phagocyte bacteria, produce ROS and form NETs; and
with an immunosuppressive action towards CD4+ and
CD8+ T lymphocytes, which may justify our clinical
observations.

RESULTS

LDN are associated with a worse prognosis of
breast cancer patients, in particular, with a poor
response to neoadjuvant chemotherapy

48 non-metastatic and 12 metastatic breast cancer
(BC) patients were enrolled in this study. The main
characteristics of these patients are described in Table 1.
All non-metastatic patients were treated with neoadjuvant
chemotherapy (NACT), having received no prior treatment.
The median age of the non-metastatic patients was 57 and
the median body mass index was 26. The majority of these
patients already had the disease extended to the axillary
lymph nodes. Metastatic patients, with a median age of
64 were treated with adjuvant chemotherapy and in some
cases hormone therapy or trastuzumab (the anti-HER2
monoclonal antibody), depending on the BC subtype.

Using blood samples from these BC patients, we
determined the frequency of low density neutrophils
(LDN) and the frequency of high density neutrophils
(HDN), after density gradient centrifugation. We also
investigated the presence of LDN in healthy donors. As
expected, we observed that LDN are almost absent in
healthy individuals when compared to non-metastatic
and metastatic BC patients (p < 0.01, Figure 1A). Within
BC patients, we also observed a significantly higher
percentage of LDN in metastatic patients than in non-
metastatic patients (p < 0.05, Figure 1A), corroborating
the idea that LDN are more frequent in more advanced,
metastatic patients, as it occurred in mice models [16, 17].

Then, we further investigated the impact of LDN
in the response to standard treatment, particularly in
non-metastatic BC patients selected for NACT, since a
poor response to this treatment is a predictive factor for
recurrence and disease progression [18, 19]. NACT is the
treatment of choice for BC patients with tumors larger
than 2 cm and/or with disease extended to axillary lymph
nodes, or with inflammatory and inoperable tumors,
independently of the BC subtype. After six months of
treatment, the response is assessed by evaluating the
remaining tumor after surgery. Patient response was
classified according to the pathological and clinical criteria
already established [20]. Briefly, NACT-responders were
classified as patients that achieved a pathological complete
response (n = 10) or that had a significant down-staging
without axillary lymph node involvement following
NACT (n =9). NACT non-responders were classified as
patients that did not achieve a tumor down-staging and/
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Table 1: Characteristics of patients enrolled in the study - blood donors. Clinical data, such as
subtype of breast cancer, tumor dimension, Ki67 (related to the tumor proliferation rate), node

status and treatment are also summarized

Patients
- - Healthy Donors
Non-metastatic Metastatic
Number of Subjects 48 12 7
A Median: 57 Median: 64  18-6
ge (Range: 31-80) (range: 30-87) range: 18-63
Bodv Mass Index (BMI Median: 26.03 Median: 25.05 NA
ody Mass Index (BMI) (range: 17.22-46.68)  (range: 18.03-35.56)
ER+ (PR —/+) 29.27% NA NA
HEB.2+ including triple 51.22% NA NA
positive breast cancer
TNBC 19.51% NA NA
. . Median: 34
Dimension (mm) (range: 6-110) NA NA
Ki67 Median: 35% NA NA
! (range: 5-98%)
Axillary lymph node Positive - 63.64% NA NA
invasion status Negative - 36.36% NA NA
Treatment
NACT 100% NA NA
NACT response 52.78%
NACT non-response 47.22%
Adjuvant chemotherapy + Tamoxifen NA 72.73% NA
Adjuvant chemotherapy + Trastuzumab NA 27.27% NA
Metastasis location
Bone NA 5in 12 NA
Bone marrow NA lin 12 NA
Liver NA 2in 12 NA
Lungs NA 41in 12 NA
Lung pleura NA 21in 12 NA

"NA: non-applicable.

or that still had disease extension to the axillary lymph
nodes after NACT (n = 17). Remarkably, we observed that
NACT non-responders had a higher percentage of LDN,
before starting the treatment, when compared to NACT
responders (p < 0.05, Figure 1B), thus suggesting this
immune trace as a probable predictive biomarker.

Since NACT is administered to BC patients
independently of the subtype, we compared the levels of
LDN in the blood of ER+, HER2 and TNBC patients, to
see whether the higher prevalence of LDN is associated
with a particular BC subtype. Curiously, ER+ BC patients
had a significantly higher percentage of LDN, when
compared to HER2 (p = 0.0007, Figure 1C) and TNBC (p
=0.0451, Figure 1C), highlighting that the assessment of
LDN could be a crucial tool in determining, in advance,
the response to treatment, especially for ER+ patients.

Total blood neutrophils have already been
implied in the prediction of BC response to NACT,
with the neutrophil-to-lymphocyte (NLR) ratio [21, 22].
However, data on the predictive power of NLR are still

conflicting, for instance, different studies suggest distinct
threshold values. To have an idea of the performance
of the percentage of LDN as a predictive biomarker
in comparison with the NLR in this BC cohort, we
assessed the NLR taking into account the percentage of
total neutrophils and lymphocytes in the whole blood of
non-metastatic patients (Supplementary Figure 1A). The
NLR was then calculated, and the BC cohort divided
into NACT-responders and non-responders, according to
the clinical information (Supplementary Figure 1B). We
observed no differences in the NLR when comparing both
groups (Supplementary Figure 1B), suggesting that the
determination of LDN may be more useful than NLR to
predict, in advance, the likelihood of a patient to respond
to NACT.

Additionally, we also used fresh biopsies and
surgical specimens of BC patients selected either for
NACT or surgery following adjuvant chemotherapy and
assessed the percentage of tumor-associated neutrophils
(TANs). The main characteristics of these patients
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are described in Table 2. The median value of TANs
percentage was obtained, and the patients were then
divided into two groups: patients with TANs below or
above the median value. We performed a follow-up of
these patients for 34 months and the progression-free
survival (PFS) was determined (Supplementary Figure
2). Interestingly, the PFS was inferior in patients with
a higher percentage of TANs (p = 0.015, hazard ratio
= 4.35 (95% CI 1.46-19.62), Supplementary Figure
2) when compared to patients with a lower percentage
of TANs (hazard ratio = 0.23 (95% CI 0.05-0.69),
Supplementary Figure 2). However, due to the lack of
matched blood and tumor samples, it was not possible
to establish a correlation between the frequency of
TANs and LDN. Nevertheless, the obtained results
show that patients with higher percentage of TANs
start to progress earlier and/or have a lower PFS when
compared to BC patients with lower percentage of
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TANSs. This result further demonstrates the importance
of neutrophils in BC.

LDN are highly activated neutrophils with
increased neutrophil-associated activities

To better understand why LDN are associated with
worse BC prognosis, we characterized phenotypically and
functionally the LDN and HDN subsets. In particular,
we assessed the percentage and the median fluorescence
intensity (MFI) of CDI11b, CD66b, CD33 and PD-LI.
CDl11b and CD66b are adhesion molecules expressed on
activated neutrophils; CD33 is a marker of neutrophils’
maturation status, since its expression decreases with cell
maturation; PD-L1 is an inhibitory immune checkpoint,
capable of decreasing effector immune responses through
the impairment of T lymphocytes’ activity. The percentage
of these markers was similar between LDN and HDN,
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Figure 1: Low density neutrophils are associated with poor response to neoadjuvant chemotherapy and with advanced
stages of breast cancer. (A) Percentage of high density neutrophils (HDN) and low density neutrophils (LDN) in the whole blood of
healthy donors (white bars, n = 7), in non-metastatic breast cancer (BC) patients (grey bars, n = 48) and metastatic BC patients (black
bars, n = 12). (B) Percentage of high density neutrophils (HDN) and low density neutrophils (LDN) in the whole blood of non-metastatic
BC patients with response to NACT (R, grey bars, n = 19) and without response to NACT (NR, red bars, n = 17). (C) Percentage of high
density neutrophils (HDN) and low density neutrophils (LDN) in the whole blood of HER2 non-metastatic BC patients (white bars, n = 20),
of estrogen receptor (ER+) (light blue bars, n = 15) and in triple negative non-metastatic BC patients (TNBC, dark blue bars, n = 10). Data
are represented as mean + SEM. Statistical analysis: two-way ANOVA with Tukey’s multiple comparisons (A) or with Sidak’s multiple
comparisons (B and C), p < 0.05, ""p <0.01, ""p <0.001, "p < 0.0001.
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Table 2: Characteristics of patients enrolled in the study — biopsy and/or tumor donors. Clinical
data, such as subtype of breast cancer, tumor dimension, Ki67 (related to the tumor proliferation
rate), node status and treatment are also summarized

Non-metastatic Patients

Number of Subjects

Age

Body Mass Index (BMI)

ER+ (PR —/+)

HER2+ including triple positive breast cancer
TNBC

Dimension (mm)

Ki67

Axillary lymph node

invasion status

Treatment
NACT
Other chemotherapeutic treatments

97
Median: 60 (range: 35-87)
Median: 26.09 (range: 17.65-46.64)
64.29%
23.47%
12.24%

Median: 23 (range: 7-88)
Median: 20% (range: 2—82%)
Positive - 43.01%
Negative - 56.99%

33%
67%

except for PD-L1 which was significantly higher in LDN
(p = 0.03, Figure 2A), suggesting that LDN can have an
augmented immunosuppressive action. When considering
the MFI, both CD11b and CD66b are elevated in LDN (p
< 0.01, Figure 2B), meaning that these markers are more
expressed in LDN, highlighting their superior activated
state when compared to HDN.

We performed the immunophenotyping analysis
of HDN and LDN in both metastatic and non-metastatic
BC patients (Supplementary Figure 3) and observed
that the percentage of PD-L1 is increased in HDN (p <
0.05, Supplementary Figure 3A) and in LDN (p < 0.01,
Supplementary Figure 3C) of metastatic patients when
compared to non-metastatic. Nevertheless, LDN of
metastatic BC patients still have a higher percentage of
PD-L1, when compared to HDN (data not shown). On the
other hand, the expression level of CD11b was lower in
HDN (p < 0.001, Supplementary Figure 3B) and in LDN
(p <0.05, Supplementary Figure 3D) of metastatic patients
when compared to non-metastatic. These results imply that
the neutrophils of metastatic patients have an even more
pronounced immunosuppressive phenotype.

Besides assessing the expression of these markers,
we analyzed the neutrophils’ function in both subsets.
This function relies upon three main distinct activities: the
capacity to phagocyte bacteria or other pathogens, the ability
to generate an oxidative burst and finally the release of
extracellular traps (NETs) through a process called NETosis.

To evaluate the phagocytic capacity, we used FITC-
labelled E. coli and incubated these bacteria with both
HDN and LDN at 37°C and 4°C (as a negative control).
By flow cytometry, we observed that LDN had a higher
FITC internalization (p < 0.0001, Figure 2C) than HDN,
which is correlated with a higher amount of bacteria
phagocytosed.

The oxidative burst was assessed by quantifying the
production of reactive oxygen species (ROS) using the
DCFH2-DA probe, following neutrophils’ stimulation with
PMA. When stimulated, both neutrophils’ subpopulations
had an identical capacity to produce ROS (Figure 2D),
which was significantly higher than their unstimulated
counterparts (p = 0.0005 and p = 0.01 for HDN and
LDN, respectively, Figure 2D). Though, interestingly,
LDN tended to have higher ROS production without any
stimulation when compared to HDN also unstimulated
(Figure 2D).

NETs are composed by decondensed chromatin,
histones, cytoplasmic proteins and granular enzymes,
such as myeloperoxidase (MPO) and neutrophil elastase,
that attach to the DNA [23]. In a tumor context, NETs
have been shown, mainly using mice models, to entrap
malignant cells, supporting the early adhesion of
circulating tumor cells in distant organ sites [24, 25].
We analyzed the formation of these structures in both
HDN and LDN with or without PMA stimulation. Both
subtypes were able to release NETs (Figure 2E and
2F) and, although HDN showed NETs that occupied a
larger area when stimulated (compared to stimulated
LDN, p = 0.002, Supplementary Figure 4A), MPO was
significantly reduced in stimulated HDN (compared to
stimulated LDN, p = 0.04, Figure 2E). Interestingly, non-
stimulated LDN were able to form NETs with a higher
area (p = 0.06, Supplementary Figure 4A) and MPO
intensity (p = 0.03, Figure 2E) when compared to HDN
also unstimulated, demonstrating their hardwired capacity
to release these structures, even without further stimulus.
Besides assessing NETs” area and MPO intensity, we also
quantified the nuclear area, since nuclear enlargement is
an initial step of NETosis. Again, unstimulated LDN have
an increased nuclei area when compared to unstimulated
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Figure 2: Low density neutrophils are more activated, have a higher phagocytic capacity, produce more reactive
oxygen species and neutrophil extracellular traps than high density neutrophils. (A) Percentage of high density neutrophils
(HDN, grey bars) and low density neutrophils (LDN, red bars) positive for CD11b, CD66b, CD33 and PD-L1 (assessed by flow cytometry).
(B) Median fluorescence intensity (MFI) of CD11b, CD66b, CD33 and PD-L1 present in high density neutrophils (HDN, grey bars) and
low density neutrophils (LDN, red bars). Data in (A) and (B) correspond to 48 non-metastatic breast cancer patients. (C) Phagocytic
capacity analyzed as the ratio between the median fluorescence intensity (MFI) of FITC-labelled E. coli incubated with neutrophils at 37°C
and 4°C in high density neutrophils (HDN, grey bar, n = 11) and low density neutrophils (LDN, red bar, » = 12). (D) Levels of released
reactive oxygen species (ROS) assessed by flow cytometry of high density neutrophils without stimulation (HDN, grey bar, n = 14) and
with PMA stimulation (HDN (+PMA), grey bar with stripes, n = 14), of low density neutrophils without stimulation (LDN, red bar, n =
14) and with PMA stimulation (LDN (+PMA), red bar with stripes, n = 14). (E) Neutrophil extracellular traps (NETs) quantification by
the median fluorescence intensity of myeloperoxidase (MPO) in high density neutrophils without stimulation (HDN, grey bar, n = 11) and
with PMA stimulation (HDN (+PMA), grey bar with stripes, n = 11), of low density neutrophils without stimulation (LDN, red bar, n = 11)
and with PMA stimulation (LDN (+PMA), red bar with stripes, n = 11). Each n represents the mean value of 3 different images per patient.
(F) Images of neutrophil extracellular traps (NETs) in high and low density neutrophils with and without PMA stimulation analyzed with
DNA staining (DAPI, blue channel) and MPO staining in red. Both channels were merged and the Z stacks (1 um between each stack) were
projected with the maximum fluorescence intensity. Scale bar (white line): 20 um. Data in A-E are represented as mean += SEM. Statistical
analysis: two-way ANOVA with Sidak’s multiple comparisons (A and B) and Mann-Whitney (C-E) tests, "p < 0.05, “p < 0.01, *"p < 0.001,
“p <0.0001.
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HDN (p = 0.003, Supplementary Figure 4B), even if this
difference was abrogated when neutrophils were PMA-
stimulated (Supplementary Figure 4B).

The increased capacity of LDN to phagocyte
bacteria, release ROS and form MPO-containing NETs,
even in the absence of stimulation, appear to be correlated
with the fact that this subtype has a higher activation
level, seen by the increased expression of CD11b and
CDO66b. These features are associated with augmented
antimicrobial responses, but there is also growing
evidence for these increased activities being implicated in
the acceleration of tumor progression [26].

LDN are correlated with immunosuppressive
molecules and regulatory T lymphocytes

We analyzed the level of several cytokines in the
plasma of BC patients, namely IL-8, IL-10, IL-17, IFN-y,
TGF-B and CCL17. The chemokine CCL17 is produced
by neutrophils and previous studies have shown that
its expression is increased in pro-tumor N2 TANs [8].
Accordingly, a positive correlation between the level of
LDN and the concentration of CCL17 in BC patients’
plasma (» = 0.57, p = 0.0007, Figure 3A, Supplementary
Table 1) was found. CCL17 is the ligand of CCR4,
expressed in T lymphocytes, especially in regulatory
T cells (Tregs) and acts as a chemoattractant of these
lymphocytes. Consequently, we observed that CCR4+
Tregs were increased in the blood of patients that presented
higher levels of LDN, as a positive correlation was also
observed between these two populations (r = 0.34, p =
0.03, Figure 3B). We also assessed IL-8, a chemokine
known to be involved in neutrophil recruitment.
Interestingly, we observed a positive correlation between
the level of HDN and the concentration of IL-8 in the
patients’ plasma (» = 0.5128, p = 0.0208, Supplementary
Table 1). However, the same was not observed for the level
of LDN (Supplementary Table 1), which may indicate that
this particular subset of neutrophils is not being recruited
by IL-8, but by another chemokine, for instance CCL17,
as suggested by the results above mentioned. As for
IFN-y, IL-10 and IL-17, they were chosen because IFN-y
reflects the activation status of cytotoxic T lymphocytes
(CTLs), whereas IL-10 reflects an anti-inflammatory
environment, and IL-17 is a key player in the promotion
of neutrophil expansion and polarization towards an
immunosuppressive phenotype. However, the levels of
IL-10 and IFN-y did not show any correlation with LDN
(Supplementary Table 1), and IL-17 was not detected in
patients’ plasma (Supplementary Table 1).

Since TGF-f has the capacity to transform “normal”
neutrophils into neutrophils with a pro-tumor phenotype,
we also evaluated this cytokine in the plasma of BC
patients and established a positive correlation between its
level and the percentage of LDN in the blood (r = 0.45, p
=0.025, Figure 3C).

Ultimately, it was observed that activated effector
CTLs, expressing the activation marker CD69, showed a
tendency to be negatively correlated with the percentage
of LDN (r = —0.38, p = 0.053, Figure 3D) in patients’
blood. Thus, it seems that LDN, besides expressing
PD-L1, could also indirectly exert immunosuppression
towards T lymphocytes, possibly via CCR4+ Tregs,
which in turn contribute to inhibit the activity of CTLs,
and consequently anti-tumor responses.

LDN can reduce the activation and proliferation
of T lymphocytes

To confirm the hypothesis that LDN of BC patients
impair T lymphocytes’ activity, we conducted in vitro
experiments to evaluate the impact of this neutrophils’
subset in the activation and proliferation of T lymphocytes.
Therefore, we performed a co-culture of LDN with
peripheral blood mononuclear cells (PBMCs, depleted of
CD15+ cells, which are precisely the neutrophils that appear
in PBMC:s fraction, upon the density gradient centrifugation)
from the same patient (Figure 4A and 4B), with or without
stimulation with PMA and ionomycin. As a control, we
used a monoculture of PBMCs (also depleted of CD15+
cells). While no significant differences were found in the
unstimulated condition, the stimulated PBMCs plus LDN
demonstrated an overall reduction in the activation markers
—CD25, CD69 and HLA-DR and in the proliferation marker
(Ki67) in both CD4+ (Figure 4A) and CD8+ T lymphocytes
(Figure 4B), when compared to stimulated PBMCs incubated
in the absence of LDN. This observation corroborates the
idea that LDN weakens the ability of effector T lymphocytes
to become activated upon stimulation.

As an additional readout of this LDN-derived
T lymphocyte suppression, we assessed the levels of
secreted IFN-y in the cultures’ supernatants (Figure
4C). As expected, IFN-y production was reduced in
stimulated T lymphocytes in contact with LDN (p = 0.007,
Figure 4C). Thus, patient derived-LDN have indeed an
immunosuppressive phenotype, with the capacity to
reduce the activation and the proliferation of effector T
lymphocytes.

Likewise, we also assessed the levels of released
CCL17 in cultured HDN and LDN, with or without a 3
hours stimulation with PMA (Figure 4D). LDN without
stimulation showed a higher capacity to produce this
chemokine when compared to HDN (p = 0.04, Figure 4D).
When both subtypes were stimulated, this difference was
further enhanced (p = 0.02, Figure 4D), showcasing the
higher capacity of LDN to produce CCL17. This result
combined with the results of the previous subsection
supports the idea, suggested by animal studies [27], that
LDN mediate T lymphocytes impaired immune response.
Namely, LDN may recruit CCR4+ Tregs, via the release
of CCL17, and downregulate the activation of effector T
lymphocytes.
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DISCUSSION

Neutrophils have gained significant interest in the
past years in the field of tumor immune microenvironment
(TIME). These immune cells, which were previously
only seen as the first responders to a pathogen, were
encountered in the TIME, and their major role in
cancer biology is becoming increasingly clear [12, 13].
The relevance of neutrophils in tumorigenesis was
first suggested by the observation that cancer patients,
especially the population with more advanced and
aggressive disease, exhibited an increased neutrophil-to-
lymphocyte ratio (NLR) in the peripheral blood [3, 21].
Additionally, a large-scale meta-analysis of expression
signatures revealed tumor-associated neutrophils (TANSs)-
signatures as being associated with poor disease outcomes
in several types of solid tumors [28]. Indeed, it has
been demonstrated that tumor-mediated signals induce
the formation of TANs that support tumor growth and
metastization; however, there are also studies showing that
TANS can also exhibit an anti-tumorigenic phenotype [26].
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This dichotomy led to the establishment of two
different subtypes of TANs — N1 (anti-tumor) and N2
(pro-tumor), which were reflected systemically — high
density neutrophils (HDN) and low density neutrophils
(LDN), respectively, being the latter mainly present in
autoimmune diseases and cancer [29].

The role of the LDN subtype in cancer has
been studied particularly in mice models. LDN were
shown to have immunosuppressive characteristics
and the ability to enhance tumor progression and
metastization [16]. Nevertheless, there are various
dissimilar aspects of neutrophil biology between
humans and mice, and conflicting reports still fuel the
debate regarding the role played by human LDN in
specific cancers. Hence, studies in human subjects that
support these findings are still missing in the field.
As such, in a cohort of non-metastatic and metastatic
breast cancer (BC) patients, we assess the role of LDN
in patients’ outcomes, particularly in the response to
the conventional neoadjuvant chemotherapy (NACT),
their phenotype and function, as well as investigate
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Figure 3: Low density neutrophils are positively correlated with immunosuppressive molecules and regulatory T cells.
(A) Correlation between the percentage of low density neutrophils (LDN) and the concentration of CCL17 in the plasma of breast cancer
patients (Spearman » = 0.57, p = 0.0007, n = 32). (B) Correlation between the percentage of LDN and the percentage of circulating CCR4+
regulatory T cells (Tregs) in breast cancer patients (Spearman r = 0.34, p = 0.03, n = 41). (C) Correlation between the percentage of low
density neutrophils (LDN) and the concentration of TGF-f in the plasma of breast cancer patients (Spearman » = 0.45, p = 0.025, n = 25).
(D) Correlation between the percentage of LDN and the percentage of circulating CD69+ cytotoxic T lymphocytes (CTLs) in breast cancer

patients (Spearman » =—0.38, p = 0.053, n = 27).
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the impact of these human LDN in T lymphocytes’
activity.

First, we observed that LDN are absent in the blood
of healthy individuals and that metastatic BC patients
have a higher percentage of LDN than non-metastatic
patients, corroborating the idea that LDN are implicated
in metastization [30, 31] and accumulate continuously
with cancer progression [13]. Additionally, we observed
that non-metastatic BC patients without response to
NACT had, before starting the treatment, a significantly
higher percentage of LDN when compared to patients
with response to NACT. Although a high prevalence
of neutrophils in the low density fraction was already
observed in cancer patients, including patients with breast

and lung carcinomas, most of the patients enrolled in
previous studies had advanced disease and no correlation
between response to treatment and LDN propagation was
established [11, 13].

As such, our observations suggest that the percentage
of LDN could potentially be used as a predictive factor
to discriminate, prior to treatment, patients that will truly
benefit from the treatment and promptly transfer the non-
responders to alternative therapies.

Interestingly, the most studied biomarkers to predict
BC response to NACT — TILs and NLR, are usually
associated with triple negative breast cancer (TNBC) [2,
32, 33] and, here, we observed that the subtype of BC
with a higher percentage of LDN was estrogen receptor
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Figure 4: Low density neutrophils are capable of reducing the activation level and the proliferation of effector T
lymphocytes. (A) Percentage of CD25, CD69, HLA-DR and Ki67 in cultured CD4+ T cells without stimulation and without the addition
of LDN (No P/I, No LDN, white bars), without stimulation and with the addition of LDN (No P/I, LDN, blue bars), with PMA/ionomycin
stimulation and without the addition of LDN (P/I, No LDN, red bars) and with both stimulation and the addition of LDN (P/I, LDN, black
bars), n = 10. (B) Percentage of CD25, CD69, HLA-DR and Ki67 in cultured cytotoxic T lymphocytes (CTLs) without stimulation and
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(P/I-No LDN, red bar, n = 8) and in the PBMCs and LDN co-culture with PMA/ionomycin stimulation (P/I - LDN, black bar, n = 8). (D)
CCL17 produced by cultured high density neutrophils without stimulation (HDN, grey bar) and with PMA stimulation (HDN (+PMA),
grey bar with stripes), low density neutrophils without stimulation (LDN, red bar) and with PMA stimulation (LDN (+PMA), red bar with
stripes), n = 6. Data are represented as mean = SEM. Statistical analysis: Mann-Whitney (C and D) and #-test (A and B), "p < 0.05, “p <
0.01, ™p <0.001, **p < 0.0001.
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(ER+). LDN appear as particularly important to predict,
in advance, the response to treatment of BC patients with
ER+ tumors, which curiously are normally seen as the
BC patients with better response to treatment and overall
survival.

Also, we believe that LDN could be an interesting,
alternative biomarker to NLR, with several advantages.
Indeed, besides the fact that we did not observe significant
differences regarding NLR between NACT-responders
and non-responders in our cohort, it is important to note
that NLR includes several subsets of cells, which may
have different roles in cancer. Yet, it is not completely
clear whether NLR is truly representative of pro-tumor
neutrophils or simply reflects a tumor associated-
inflammatory condition.

Phenotypically, we observed that LDN had a
higher percentage of PD-L1 and a higher expression level
(MFI) of CD11b and CD66b, when compared to HDN,
in accordance with previously published studies [9-11,
34]. These results highlight, on one hand, the greater
immunosuppressive status and, on the other, the more
activated state of LDN when compared to HDN. Then,
we characterized the normal neutrophils’ function in
both subsets. Interestingly, LDN had a higher capacity to
phagocyte FITC-labelled E. coli and to release reactive
oxygen species (ROS), which could correlate with the
more activated phenotype (CD11b"e"/CD66bMe"). This
phenotype of LDN, aligned with what has been mainly
reported for animal studies, may contribute to a more
aggressive and resistant to treatment BC. Namely, PD-L1
is a well-studied immune checkpoint inhibitor that spoils
the anti-tumor immune responses [35]. Additionally,
it is known that ROS may contribute to initiate cancer
angiogenesis, metastasis and the activation of cell survival
signals [36]. The release of ROS was also shown to reduce
the function of effector T lymphocytes [13], which could
be another way by which LDN impair T lymphocytes’ anti-
tumor function. There is also a growing body of evidence
for neutrophil activation driving tumor progression and
metastasis through a number of pathways [37].

The formation of neutrophil extracellular traps
(NETs), also known as the process of NETosis, is a
stepwise cascade, starting with the production of ROS,
followed by chromatin decondensation and release of
DNA, histones and cytoplasmic enzymes (including
neutrophil elastase and myeloperoxidase - MPO) to the
extracellular space [38]. We observed that both subtypes
were capable to form these structures, although MPO
intensity was higher in LDN, whereas the NETs’ area
was increased in HDN. MPO was shown to be added
to the NETs’ structure in later stages [38], which could
suggest that LDN have more mature NETSs, although not
as large as in HDN. Additionally, MPO present in NETs
has been shown to limit T lymphocytes’ activity [39,
40], which again sustains the immunosuppressive role
of LDN.

Focusing on LDN, we observed that this neutrophils’
subset was positively correlated with the concentration
of TGF-B and CCL17. TGF-B is a known inducer of
LDN polarization [7] and is also essential in the process
of epithelial-to-mesenchymal transition [41], which
culminates in the extravasation of tumor cells from the
primary tumor. Moreover, this cytokine is correlated with
increased tumor growth [42] and M2 polarization [43],
assisting in the maintenance of an immunosuppressive
microenvironment. CCL17 is capable of recruiting
lymphocytes that express its receptor — CCR4. We
observed a positive correlation between LDN and CCR4+
Tregs, suggesting that CCL17-producing LDN can recruit
immunosuppressive Tregs (Figure 5). Tregs, on their hand,
can inhibit the effector function of CTLs and, accordingly,
we observed a tendency for a negative correlation between
LDN and activated CTLs (Figure 5).

To better elucidate this issue, we performed ex
vivo co-culture assays consisting of PBMCs (depleted
of the neutrophils that appear in this mononuclear
cells’ fraction, upon centrifugation) in the presence
or absence of LDN isolated from the same patient.
We observed that the T lymphocytes’ activation and
proliferation that were increased following PMA/
ionomycin stimulation, were significantly reduced in
the presence of LDN, attesting the immunosuppressive
action of this neutrophil subset.

We have previously reported that activated CTLs
(expressing the activation marker HLA-DR) were mainly
present in biopsies of BC patients with good response to
NACT and that this biomarker could predict efficiently
BC response to treatment [20]. Combining with the results
shown in this study, there seems to be an effect of low
density neutrophils in activated T lymphocytes. This effect
is not only indirect, by the recruitment and stimulation
of Tregs, but also direct since LDN can decrease the
activation and proliferation of effector CTLs.

This study demonstrates that LDN have an
important role in breast cancer progression, as well
as the potential to be used as a predictive marker of
response to NACT. Nevertheless, further studies need
to be conducted to validate this marker. Additionally,
due to the immunosuppressive action of LDN in
effector T lymphocytes, new targeted immunotherapies
could be developed, to inhibit LDN activity and,
consequently, release its inhibitory effect on effector
cytotoxic T lymphocytes. The manipulation of TGF-§
or the enhancement of IFN-y activity, have shown to
favor neutrophil anti-tumor functions rather than pro-
tumor [44]. However, these therapies were proved to
be toxic and not well tolerated. Therefore, LDN-target
immunotherapies that could assist in the treatment of
breast cancer patients with poor response to standard
chemotherapy still need to be developed. Although
further studies are needed, our results suggest that
CCL17 may be a potential therapeutic target.

www.oncotarget.com

2397

Oncotarget



MATERIALS AND METHODS

Patients’ samples

Samples from 157 breast cancer (BC) patients
were collected for this study (see the flowchart in
Supplementary Figure 5). From the 157 samples, 60 were
blood samples (48 non-metastatic BC and 12 metastatic
BC); these samples were collected in Vacutainer EDTA
tubes (BD Biosciences). Whole blood from 7 healthy
donors was collected for comparison studies. Additionally,
fresh biopsies and surgical specimens from 97 non-
matched non-metastatic patients were collected in Transfix
(Cytomark). Patients’ characteristics are described in
Tables 1 and 2. These samples were handled one day
post-collection and were provided by Hospital de Vila
Franca de Xira (HVFX), Hospital Santa Maria (HSM),
Hospital CUF Descobertas (HCD) and Hospital Professor

LDN

Whole blood

4

Tumor
progression

No response to NACT
Worse prognosis

Doutor Fernando Fonseca (HFF). This study was accepted
by the Ethical committees of HVFX, HSM, HCD, HFF
and NOVA Medical School. Participants were recruited
voluntarily and written informed consent was obtained.
Patients’ samples were collected during clinical routine
and this collection did not influence the patients’ treatment
or diagnosis. Sample processing was performed according
to the Declaration of Helsinki.

Sample processing

Fresh tumors and biopsies were mechanically
dissociated with a BD Medicon (BD Bioscience), filtered,
and washed once with PBS 1X.

Low density neutrophils (LDN) and high density
neutrophils (HDN) were isolated from whole blood
through Histopaque-based density gradient centrifugation.
Whole blood was layered on top of a solution of equal

CCL17

Tregs
CTLs
PD-1
T cell activation
proliferation
IFN-y
CD4+ T cells

Figure 5: The role of low density neutrophils in breast cancer prognosis and response to neoadjuvant chemotherapy.
Low density neutrophils, isolated from the peripheral blood mononuclear cell layer after whole blood density centrifugation, have a high
capacity to release extracellular traps (NETs) and reactive oxygen species (ROS), express PD-L1 and release CCL17. CCL17 will recruit
CCRA4+ regulatory T cells (Tregs) which will inhibit CD4+ T cells and cytotoxic CD8+ T lymphocytes (CTLs). This inhibitory action on
T lymphocytes can also be achieved directly from the low density neutrophils. The inhibition will lead to lower T lymphocytes’ activation,
proliferation and IFN-y production, leading to tumor progression, and consequently poor response to neoadjuvant chemotherapy (NACT)

and worse prognosis.
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volumes of Histopaque-1077 and Histopaque-1119
(Sigma-Aldrich), in a 1:1 (blood: Histopaque) ratio
and centrifuged at 2000 rpm for 20 min, without brake.
Circulating LDN, possibly present in the peripheral blood
mononuclear cells (PBMCs) layer of the peripheral blood
and HDN, present in the granulocytes fraction, were
collected for immunophenotyping by flow cytometry and
functional assays. The plasma was collected for ELISA
assays.

Immunophenotyping

Staining for tumor-associated neutrophils was
performed in processed tumor/biopsies samples with anti-
CD45-PercP and anti-CD15-PE (Biolegend) for 15 min,
in the dark at room temperature, followed by a washing
step with PBS 1X.

Antibody staining was also performed in whole
blood, and in LDN and HDN fractions. A cocktail of
mouse anti-human monoclonal fluorescent antibodies
(mAbs) was added to the samples and kept in the dark for
15 min at room temperature. For both whole blood and
HDN, red blood cell lysis was performed with RBC lysis
buffer (Biolegend), for 20 min at 4°C, followed by a wash
step with PBS 1X and centrifugation at 300 g for 5 min.

Data were acquired in a BD FACS Canto II with
FACSDiva Software v8.0.1 (BD Biosciences) and the
results were analyzed using FlowJo software v10.

The mAbs used for the blood samples’ staining
were: anti-CD3-APC (clone UCHTI), anti-CD15-PE
(clone H198), anti-CD8-PE (clone HIT8a), anti-CD4-FITC
(clone OKT4), anti-CD25-PE (clone BC96), anti-CD127-
PE-Cy7 (clone A019D5), anti-CCR4-BV421 (L291H4),
anti-CD69-PercP (clone FN50), anti-CD11b-FITC (clone
ICRF44), anti-CD66b-APC (clone G10F5), anti-CD33-
APC-Cy7 (clone P67.6) and anti-PD-L1-APC (clone
29E.2A3), all from Biolegend. The immune populations
were defined as follows: LDN (in the PBMCs fraction),
HDN (in the granulocytes fraction) and total neutrophils
(in whole blood) as CD15+, cytotoxic T lymphocytes as
CD3+/CD8&+, helper T lymphocytes as CD3+/CD4+ and
regulatory T cells as CD4+/CD25"eh/ CD127""; they are
represented as a percentage in respect to the single cells’
gate (see the gating strategy in Supplementary Figure 6).
To analyze the expression levels of CCR4, CD11b, CD66D,
CD33, PD-L1 and CD69, we considered the median
fluorescent intensity (MFI) of the positive population and
normalized it to the MFI of the negative population.

Phagocytic capacity

E. coli, grown in Lysogeny broth (LB) at 37°C,
were heat-killed at 95°C for 1 h and centrifuged at
12000 g for 10 min. The bacterial pellet was resuspended
in 0.1 M sodium carbonate buffer (pH 9) and incubated
with 0.1 mg/mL of fluorescein isothiocyanate (FITC,

Sigma Aldrich) for 1 h in the dark with shaking at room
temperature, followed by 3 washing steps with PBS 1X
and centrifugation at 12000 g for 10 min. The pellet was
resuspended in PBS 1X.

To assess phagocytic capacity, the entirety of the
fraction containing the HDN or the LDN were incubated
with FITC-labelled E. coli (1:10 bacteria to neutrophils
ratio) for 30 min at 37°C or at 4°C (incubation without
E. coli was used as negative control). Trypan blue (GE
Healthcare) was added to quench FITC fluorescence
of non-internalized bacteria. Cells were then washed
two times with Hank’s Balanced Salt Solution (HBSS,
HyClone) and centrifuged at 250 g for 5 min, at 8°C. HDN
were submitted to red blood cell lysis with RBC lysis
buffer, as described above, followed by another washing
step.

The phagocytic capacity was evaluated by flow
cytometry. The internalized bacteria were estimated
by measuring the ratio between the MFI of the positive
population at 37°C and the MFI of the positive population
at 4°C, in order to discount the influence of bacteria
possibly attached to the neutrophils’ membrane. Higher
phagocytic capacity was considered proportional to a
higher value of internalized bacteria.

Reactive Oxygen Species (ROS) production

The entirety of the fraction containing the
HDN or the LDN were washed 2 times with PBS
1X and centrifuged at 300 g for 5 min. 5 pM of
2',7"-Dichlorofluorescin diacetate (DCFH2-DA,
Invitrogen) probe was added to each neutrophil subtype
and incubated in the dark for 15 min, at 37°C. Following
this incubation period, neutrophil stimulation was
performed by adding 200 ng/mL of phorbol 12-myristate
13-acetate (PMA, Sigma Aldrich) for 30 min. At the end
of the incubation, the tubes were immediately transferred
to ice to stop the stimulation and consequent release of
reactive oxygen species (ROS), followed by another
washing step with PBS 1X. HDN or LDN without the
probe were used as negative control, and HDN or LDN
containing the probe but not the PMA stimulus were used
to access the basal level of ROS production.

The oxidative burst upon stimulation was accessed
by flow cytometry. The level of ROS released was
determined by assessing the MFI of the stimulated
neutrophils; the MFI of the non-stimulated neutrophils was
also measured to assess the basal level of ROS production.

Neutrophil Extracellular Traps (NETs)
formation

After patient-derived HDN and LDN isolation, red
blood cell lysis was performed with RBC lysis buffer for
10 min at room temperature, followed by centrifugation
at 1100 rpm for 5 min. After washing with HBSS, the
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neutrophils were resuspended in RPMI-1640 medium
(Gibco) supplemented with 1% of autologous plasma and
seeded on top of coverslips (13 mm), previously soaked in
70% ethanol, in a 12-well plate. Stimulation with 100 ng/
mL of PMA was performed for 3 h, at 37°C.

After the incubation, the plate was centrifuged at
1100 rpm for 5 min and the supernatant was collected,
centrifuged at 2000 rpm for 10 min and stored at —20°C
for ELISA. The wells were then washed with PBS 1X and
fixed with 4% paraformaldehyde (PFA) for 10 min. The
wells were rinsed two times with PBT (PBS 1x + 0,1%
Triton X-100, ACROS Organics) and then blocked with
PBT + 1% bovine serum albumin (BSA, Sigma Aldrich)
for 10 min. Mouse anti-human anti-myeloperoxidase
(MPO, clone 266-6K1, Santa Cruz Biotechnology)
was added in a 1:100 concentration and incubated
for 1 h at room temperature. The secondary antibody
goat anti-mouse Alexa 568 (Invitrogen) was added at a
concentration of 1:500 and incubated for 45 min in the
dark at room temperature. Counterstaining was performed
with 4',6-diamidino-2-phenylindole (DAPI) solution
(0.001 mg/mL in PBS 1X), for 10 min protected from
light, and the coverslips were mounted with Fluorescent
Mounting Media (DAKO) into microscopy slides. Images
were acquired in a confocal microscope (LSM710, Zeiss)
and analyzed with Fiji software.

Nuclei area was assessed in the DAPI channel
by applying an automatic threshold and measuring the
area in the “analyze particles” menu. NETs’ area was
quantified also by applying an automatic threshold.
Besides the area, NETs were assessed by measuring the
fluorescence intensity of MPO in the Alexa 568 channel.
In all quantifications, 3 different images per patient were
analyzed and the mean value was obtained.

Co-culture of LDN with PBMCs

Whole blood from 10 breast cancer patients
was collected and the PBMCs fraction was isolated as
described above. PBMCs were stained with anti-CD15-
PE for 15 min in the dark at 4°C, followed by a washing
step with PBS 1X and centrifugation at 300 g, 5 min. Cells
were resuspended in PBS with 2% fetal bovine serum
(FBS, Sigma Aldrich) and 10% Penicillin/Streptomycin
(GE Healthcare). CD15+ (LDN) and CDI15-depleted
(PBMCs) populations from the same patient were sorted
in the BD FACS Aria III and collected to RPMI-1640
with 10% FBS and 10% Penicillin/Streptomycin. CD15-
depleted population was cultured alone or in a 1:1 ratio
with CD15+ cells in RPMI-1640 with 10% FBS and 1%
Penicillin/Streptomycin. Stimulation was performed with
35 ng/mL of PMA and 1 pg/mL of ionomycin (Merck
Millipore) for 24 h. After this incubation period, the
supernatant was collected as above described and the cells
were stained with anti-CD3-PercP (clone UCHT1), anti-
CD4 (clone OKT4), anti-CD8-PacificBlue (clone SK1),

anti-CD25 (clone BC96), anti-HLA-DR-APC (clone
L243), anti-CD69-APC-Cy7 (clone FN50) and anti-Ki67-
PE (clone Ki-67). The staining was executed as described
above, except for the intracellular marker Ki67, which
was added only after a 30 min permeabilization step with
Fix/Perm kit (Invitrogen). Incubation with Ki67 was
performed for 30 min at room temperature, followed by
a wash step with PBS 1X and centrifugation at 300g for
S min.

ELISA

The quantity of secreted IL-8, IL-10, IL-17, IFN-y,
TGF-B (Biolegend) and CCL17 (R&D Systems) in the
patients’ plasma was measured using the ELISA technique,
according to the manufacturer’s instructions. CCL17 and
IFN-y were also measured in the culture’s supernatant.
Cytokine concentration was calculated using the specific
standard curves.

Statistical analysis

Statistical analysis was performed in GraphPad
Prism v8 and statistical significance was considered for
p < 0.05. Comparison between samples was performed
by a nonparametric Mann-Whitney test or by a two-way
ANOVA with multiple comparisons. Correlations were
calculated with the Spearman 7 test. 7-test was used
to compare samples in an unstimulated vs stimulated
condition. Progression-free survival was plotted as a
Kaplan-Meier curve and the log-rank test was used to
assess the hazard ratios.
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