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Abstract Neutrophils accumulate in many types of
human and murine tumors and represent a significant por-
tion of tumor-infiltrating myeloid cells. Our current under-
standing of the role of neutrophils in tumor development
has depended primarily on murine models of cancer. How-
ever, there are crucial species differences in the evolution
of tumors, genetic diversity, immune and inflammatory
responses, and intrinsic biology of neutrophils that might
have a profound impact on the tumor development and
function of neutrophils in mouse versus human tumors.
To date, the majority of experimental approaches to study
neutrophils in cancer patients have been limited to the
examination of circulating blood neutrophils. The pheno-
type and function of tumor-associated neutrophils (TANs)
in humans, particularly in the early stages of tumor devel-
opment, have not been extensively investigated. Thus, the
long-term goal of our work has been to characterize human
TANSs and determine their specific role in tumor develop-
ment. Here, we summarize our findings on human TANs
obtained from human early stage lung cancer patients.
We will describe the phenotypes of different TAN subsets
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identified in early stage lung tumors, as well as their func-
tional dialog with T cells.
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Abbreviations

EGF Epidermal growth factor

FGF Fibroblast growth factors

G-MDSCs Granulocytic-myeloid-derived suppressor
cells

HGF Hepatocyte growth factor

ICAM-1 Intercellular adhesion molecule 1

LDN Low-density neutrophils

MCP-1 Monocyte chemotactic protein 1

MPO Myeloperoxidase

NDN Normal density neutrophils

NSCLC Non-small cell lung carcinoma

NY-ESO-1 New York-esophageal cancer-1

PBNs Peripheral blood neutrophils

PMN-MDSC Polymorphonuclear myeloid-derived sup-
pressor cells

TANs Tumor-associated neutrophils

VEGF Vascular endothelial growth factor

Introduction

Neutrophils accumulate in many types of human and
murine tumors and regulate nearly all steps of tumor pro-
gression [1-4]. It is becoming apparent that neutrophils
are able to shape and regulate immune and inflammatory
responses against tumor cells. Our current understanding of
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neutrophil function in tumor progression has been inferred
from various types of mouse tumor models. These mouse
models suggest that neutrophils can exert both pro-tumor
and anti-tumor effects on tumor development [1, 5]. Given
these varied effects of neutrophils, the concept of neutro-
phil diversity and plasticity has begun to emerge in murine
tumor models, leading to the paradigm of anti-tumoral “N1
neutrophils” versus pro-tumoral “N2 neutrophils” proposed
by Fridlender and colleagues [5]. Currently, a pro-tumoral
and immunosuppressive role of neutrophils in transplanted
mouse tumor has become the dominant view in the field.

It should be noted that there are substantial species
differences in tumor progression, host genetic diversity,
immune and inflammatory responses, and the intrinsic biol-
ogy of neutrophils that likely have a profound impact on
both tumor development and neutrophil function in mice
versus humans [6, 7]. In contrast to human tumors, the
majority of mouse tumor models use tumor cell lines that
have been derived from spontaneously arising advanced
tumors that have already been subjected to immune selec-
tion in vivo. These cell lines have been selected to grow
rapidly in vivo (usually in the flanks) and have thus already
undergone cancer immunoediting and “Darwinian” selec-
tion [8]. Hence, the majority of mouse tumor models lack
prolonged the initial phases of multistage tumor evolution,
such as elimination and equilibrium phases that would be
expected to occur in humans. Data obtained from these
transplantable mouse models mostly reflect the immune
response as it occurs during the advanced stage of tumor
development, at which time pro-tumoral mechanisms
already prevail. At this stage, the accumulation of immu-
nosuppressive N2 neutrophils and/or polymorphonuclear
myeloid-derived suppressor cells (PMN-MDSC) might be
expected. In contrast, human tumors are slower to evolve.
During the first steps of tumor evolution in humans, the
processes of tumor clone initiation, proliferation, and
diversification occur concomitantly with selective pres-
sure on tumor clones by anti-tumoral immune responses
[9]. Most clones likely elicit an immune response and
are killed, while other clones mediate immune tolerance
and survive during the sustained selective pressure by the
host’s anti-tumor immune response. At these early stages
of tumor evolution, anti-tumoral neutrophils (N1) would be
expected to predominate. Surviving clones will be increas-
ingly resistant to the adaptive immune system’s attacks and
will gradually come to dominate within the tumor. These
early stage human tumors have entered the escape phase
of the immunoediting process and appear to develop an
increasingly immunosuppressive environment. The func-
tional state of TANs at these early stages of tumor devel-
opment has not been well studied yet. As the tumor pro-
gresses, the composition of the tumor microenvironment
and its cytokine milieu likely become more suppressive for
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the anti-tumor host responses. Thus, it is very possible that
human and murine neutrophils represent cells with different
functional states that exist during the early and advanced
stages of tumor evolution.

To date, data on the functional role of neutrophils in
human cancer are still relatively scarce and have largely
been obtained from experiments relying on circulating
peripheral blood neutrophils. A recent summary of these
studies has described neutrophils as versatile and heteroge-
neous cells that exert various effects on T-cell migration,
activation, differentiation, and effector functions [10-12]. It
has been suggested that one way to segregate and classify
these heterogeneous populations of neutrophils is by their
sedimentation properties in density gradients: i.e., normal
density neutrophils (NDNs) versus low-density neutrophils
(LDNs) [11, 13]. However, even these LDN and NDN
groups contain diverse cell populations with different func-
tions. LDNs contain immature neutrophils and activated
mature neutrophils that perform immunosuppressive and
pro-inflammatory functions [11, 13]. The T-cell immuno-
suppressive LDNs are also known as granulocytic-myeloid-
derived suppressor cells (G-MDSCs) [14]. NDNs mainly
consist of resting neutrophils. However, under certain dis-
ease conditions, smaller subsets of immature neutrophils
(mostly band cells) and activated mature neutrophils with
different immunoregulatory effects toward T cells have
also been detected [11, 15, 16]. The precise phenotypes
and functions of all these neutrophil subpopulations within
LDNs and NDNs still require further examination. Thus,
although the concept of neutrophil diversity and plasticity
has begun to emerge in both human and mouse tumor mod-
els, uncertainty regarding the phenotypes, functional roles,
and relationships between different granulocytic cell popu-
lations during tumor progression persists.

As mentioned above, the majority of experimental
approaches to studying neutrophils in cancer patients
rely on circulating peripheral blood neutrophils (PBNs)
and thus make the assumption that peripheral neutrophils
function similarly to those found within the tumor. This
assumption may not be valid, since the phenotype and func-
tion of tumor-associated neutrophils (TANSs) in human sub-
jects, particularly in the early stages of tumor development,
have not been extensively investigated. Importantly, in con-
trast to PBNSs, the interplay between TANs and the tumor
microenvironment likely causes phenotypic and functional
changes in TAN populations during tumor progression. For
this reason, to understand the role of neutrophils during
human tumor progression, TANs, themselves, should be
investigated and compared with PBNs. The primary chal-
lenges that have limited progress in this area include techni-
cal difficulties in obtaining fresh human tumors, inefficient
digestion of human tumor tissue, failure to isolate TANs
while preserving cell surface markers and functionality, the
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fragility of human TANs (i.e. they do not survive freezing
and thawing), and the lack of cognate mouse myeloid-cell
markers in humans. In contrast to PBNs, isolation of TANs
from tumors requires a more prolonged multi-step proce-
dure, where technical issues might have some effect on the
phenotype and function of TANs. The logistical, ethical,
and regulatory difficulties in obtaining human tumor tissue
for research also act to discourage such studies.

By having a close collaboration between the surgeon
and the laboratory, we have overcome these difficulties and
have begun the initial studies with the goal of phenotypic
and functional characterization of human TANs. Here,
we will summarize and discuss our latest findings regard-
ing the TANs and their role in the regulation of the T-cell
responses in patients with early stage lung cancer. Under-
standing the role of TANSs in regulating T-cell responses in
cancer patients is particularly important, because cytotoxic
T lymphocytes are the chief effector cells mediating anti-
gen-driven anti-tumor immunity.

Optimized disaggregation of tumor tissue
is the first critical step in studying human TANs

Generation of high-quality single-cell suspensions from
human tumor tissues is required to study human TAN func-
tion. To date, specific disaggregation techniques that are
tailored to specific types of human tumors have not been
developed. Rather, a wide variety of enzymes have been
used to digest solid tumors, under the assumption that
almost any particular enzymatic dissociation technique
will provide high cell yield without affecting the func-
tional activity of the cell populations under study. In gen-
eral, methods of enzymatic digestion which produce higher
cell yields are more harsh and tend to induce more artifacts
through the cleavage of cell surface markers [17, 18]. With-
out careful assessment of the effects of enzymatic digestion
on phenotype, a particular method may cause alterations in
the true immune cell profile and thus provide misleading
results. We have conducted a study in which we critically
evaluated the current techniques available in the literature
used to prepare human tumors for immunologic studies and
found that many approaches used an unbalanced compo-
sition of enzymes that inadvertently cleaved multiple cell
surface markers [18]. Such digestion—induced effects might
lead to false conclusions about the presence or absence of
specific cellular populations and their biologic character-
istics. Our group investigates the tumor microenvironment
of human lung cancer, so we rigorously tested and vali-
dated various techniques to process human non-small cell
lung carcinoma (NSCLC) specimens. Our objective was
to balance high immune cell yield and high cell viability
with maintenance of key surface markers and functional

characteristics. Our final approach to prepare human
lung tumors used a combination of non-traumatic, gentle
mechanical manipulation, and an optimized cocktail of spe-
cific enzymes used at low doses. We have established that
this disaggregation approach optimized cell yield and cell
viability, retrieved all major tumor-associated cell popula-
tions, and maintained the expression of cell surface mark-
ers for both lineage definition and in vivo effector func-
tions [18]. Using this methodology, we have been able to
develop a complete phenotypical and functional description
of TANSs [19, 20].

Characteristics of TANs in early stage human lung
cancer

In mice, antibodies to the CD11b and Ly-6G antigens are
well-established tools to identify granulocytes. In humans,
granulocytes do not express the Ly-6G antigen, making
the direct comparison of murine and human granulocytes
impossible. To date, the characterization of neutrophils
within human tumor tissue has largely been limited to the
detection of only single or double granulocytic markers
[for example, CD15, CD66b or myeloperoxidase (MPO)]
by immunohistochemistry. However, there had been no
reports that extensively evaluated the phenotype of TANs
in human tumors. Thus, the first goal of our investigation
was to develop a complete phenotypical description of
TANSs in humans. For this purpose, we used fresh, surgi-
cally resected early stage lung tumor tissue.

We performed an extensive phenotypic analy-
sis of tumor-associated neutrophils in high-quality,
single-cell suspensions obtained from fresh NSCLCs
using our optimized disaggregation method. In mul-
ticolor flow cytometry, TANs could be defined as
CD11b*CD15"CD66b™™MPO"Argl *CD16™IL-5Ra™ cells
and were found in varying frequency, ranging from 2 to
20% of live cells in the tumor microenvironment [19]. We
showed that neutrophils recruited into lung tumors exhib-
ited an activated phenotype when compared with circulat-
ing peripheral blood neutrophils (Fig. 1) [19]. For exam-
ple, recruited TANs expressed the “classic” activation
markers characterized by up-regulation of the adhesion
molecule CD54 (ICAM-1) and down-regulation of CD62L
(L-selectin), CXCR1, CXCR2, and CD16 [21]. CD54 plays
an important role in cellular adhesion, endothelial transmi-
gration, and stabilizing cell—cell interactions. Recent stud-
ies have shown that CD54 can also be actively involved in
the neutrophil-dependent potentiation of IL-12 and IFN-y
release by DCs and NK cells, respectively [22]. Of note,
CD54 (ICAM-1) was found to be an N1 neutrophil marker
in murine tumor models [5].
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Fig. 1 Phenotypic characteristic ~of peripheral blood neu-
trophils (PBNs) and tumor-associated neutrophils
(TANs) in early stage human Iung cancer. Both PBNs
and TANs express the canonical neutrophil  markers
CD45*CD11b*CD15"CD66b™MPOMArg-1*IL-5Ra™.  In  addi-

tion to canonical neutrophil phenotype, TANs express an activated
phenotype characterized by up-regulation of the adhesion mol-

In addition to changes in activation, we also found that
activated TANs expressed a new chemokine receptor profile
in the tumor microenvironment (Fig. 1). We observed that
TANs up-regulate CCR5, CCR7, CXCR3, and CXCR4,
and down-regulate CXCR1 and CXCR2, compared to
peripheral blood neutrophils in lung cancer patients [19].
Interestingly, the expression of CCRS and CXCRI1 was
modulated on all TANs, whereas the changes in CCR7,
CXCR3, and CXCR4 expression were seen only on subsets
of TANs. The elevated expression of CCR1, CCR2, CCR3,
CCRS, CXCR3, and CXCR4 on neutrophils has also been
reported for cells directly isolated from bronchoalveolar
lavage fluid of patients with chronic inflammatory lung dis-
eases and from synovial fluid of patients with rheumatoid
arthritis [23]. It appears that, in addition to playing a role in
neutrophil recruitment, these newly expressed chemokine
receptors, which are up-regulated in neutrophils at sites
of inflammation, can also regulate many other neutrophil
functions. For instance, the binding of CXCL11 to CXCR3
stimulated the release of a-defensin and induced strong
bacterial cytotoxicity by neutrophils, whereas the binding
of CXCLI12 to CXCR4 reduced the respiratory burst in
pulmonary neutrophils [23]. Furthermore, a recent study
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ecule CD54 and down-regulation of CD62L (L-selectin), CXCRI,
CXCR2, and CD16. TANs up-regulate co-stimulatory molecules,
which acquire a novel repertoire of chemokine receptors and a new
cytokine/chemokine profile. In some small-sized, early stage tumors
that produce IFN-y and GM-CSF, TANs could differentiate into a
subset of cells exhibiting a partial phenotype of professional APCs
(CD14*HLA-DR*HLA-ABC"CCR7""CD86'"*CD206'™")

found that CCR7 is involved in the migration of murine
neutrophils to lymph nodes, where they may induce and/
or modulate adaptive immune responses [24]. Finally, the
high expression of CCRS5 on neutrophils has been found to
play a role in sequestering CCRS5 ligands during the resolu-
tion of inflammation in murine peritonitis [25].

TANSs also express co-stimulatory molecules such as
CD86, CD54, OX40L, and 4-1BBL at low levels; how-
ever, these are dramatically up-regulated during interac-
tions with activated T cells (Figs. 1, 2) [19, 20]. Normally,
resting neutrophils do not express these co-stimulatory
molecules on the cell surface, but rather store them in cyto-
plasmic granules [26]. During the activation process, neu-
trophils are able to transfer these stored molecules onto the
surface and then synthesize them de novo [26]. Surpris-
ingly, in some early stage lung cancer patients, we identi-
fied a subset of activated TANs with atypical expression
of surface markers which normally belong to the profes-
sional antigen-presenting cells (APCs) [20]. This subset
of TANSs displayed a combination of canonical neutrophil
markers (CD11b/CD66b/CD15) and APC markers (CD14/
HLA-DR/CCR7/CD86). Given this unique hybrid phe-
notype, we termed this subset ‘‘APC-like hybrid TANs’’.
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Survival A
Co-stimulatory molecules

Small size, early-stage lung tumor

Co-stimulatory and APC molecules (e.g.
CD56,CD86, OX40L, 4-1BBL, HLA-DR)

Memory T cell response
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Proliferation AN
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ROS, PD-L1, Arg-1

Factors of activated T cells
(e.g. IFN-y, GM-CSF, TNF-a)

Activated T cell

Fig. 2 Cross talk between TANs and activated T cells in small,
early stage human lung cancers. IHC staining of lung tumor sec-
tions for TANs and T cells reveals frequent contact between these
cells, suggesting that they may interact in the tumor microenviron-
ment of lung cancer patients. This interaction of TANs with activated
T cells results in mutual cell activation. Activated T cells produce
pro-inflammatory factors (e.g., IFN-y, GM-CSF, and TNF-a) that
increase the activation of TANSs, their survival time, and up-regulate
co-stimulatory molecules. TAN-affected activated T cells, in turn,
further up-regulate their activation markers, produce more IFN-y,

The frequency of this hybrid population declined as tumors
grew larger and they were almost completely absent in
large (but still early stage) tumors. Importantly, in addition
to a unique phenotype, these hybrid TANs also acquired
new functions compared with canonical TANs and PBNS,
which will be discussed further below.

Neutrophils with a composite phenotype of APCs, par-
ticularly those with the same phenotype as dendritic cells,
have recently been described in many non-cancerous
inflammatory conditions and were termed °‘neutrophil-DC
hybrids’” [27-30]. However, the APC-like hybrid TANs
which we have identified in early stage human lung tumors
are not quite similar to these “neutrophil-DC hybrid” cells.
We have found that neutrophils in some early stage lung
tumors do not exhibit the full phenotype of dendritic cells,
but rather acquire only a partial dendritic cell phenotype,
as well as a partial monocyte/macrophage phenotype.
The APC-like hybrid TANs do not express many other
macrophage- and DC-lineage defining markers such as
CD209, CD204, CD83, CD80, CD1c, CD163, and CCR6
[20]. Thus, the differentiation of neutrophils in early stage
lung tumors results in the formation of activated canoni-
cal TANs (CDI11b*CD66b*CD15M"HLA-DR-CD14"7),
as well as a unique rare subset of TANs with

and proliferate. In some patients, TANs can acquire new character-
istics of “professional APCs” and become APC-like hybrid TANS.
These APC-like hybrid TANs are able to directly stimulate antigen-
specific autologous memory and effector T-cell responses, as well as
cross-present tumor antigens bound with specific antibodies. It seems
that neutrophil-mediated suppression of T-cell response through the
ROS, PD-L1, and arginine depletion mechanisms is not active in
early stages of tumor development, but might be turned on at more
advanced stages

composite characteristics of neutrophils and APCs
(CD11b*CD66b*CD15MHLA-DRTCD14™).

In addition to the phenotypic changes observed in TANS,
the tumor microenvironment can also prolong the survival
of recruited short-lived circulating neutrophils. We found
that TANs were able to survive in cell culture longer than
circulating neutrophils. In the presence of tumor-condi-
tioned media in vitro, both TAN and naive blood neutro-
phils exhibited prolonged survival [19]. This effect is likely
due to the fact that pro-inflammatory factors (such as IFN-
v, IL-6, IL-8 and GM-CSF) present in tumor-conditioned
media are known to prolong the lifespan of human neu-
trophils in vitro by delaying apoptosis [19, 31, 32]. For
instance, we found that TANs are able to produce a large
amount of IL-8 as compared to PBNs [19]. This TAN-
derived IL-8 can increase neutrophil survival as well as
recruit more neutrophils.

In turn, the cytokines and chemokines produced by
TAN subsets within the lung tumor are critical in mediat-
ing their effects on the tumor microenvironment and the
local inflammatory processes. We found that, in contrast
to circulating neutrophils, TANs produce a variety of pro-
inflammatory mediators such as CCL2 (MCP-1), CCL3
(MIP-1a), and IL-6, as well as anti-inflammatory IL-1Ra
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[19]. MCP-1 is a classic monocyte chemoattractant that can
also promote adaptive immune changes, particularly Thl-
type responses [33]. TANs also secrete CCL3 (MIP-1a).
The role of neutrophil-derived CCL3 is critical in the
recruitment of immature DCs to sites of inflammation, as
well as in the initiation of a protective Thl response [34].
The cross talk that occurs between neutrophils and den-
dritic cells has been described previously [35]. As a result
of this interaction, neutrophil-activated DCs produce the
pro-inflammatory cytokine IL-12, which induces T-cell
proliferation. As we often see co-localization of TANs with
HLA-DR" APCs in lung tumors [19, 20], we infer that
TANSs create a favorable environment for T-cell activation
and differentiation at the early stages of tumor develop-
ment. On the other hand, TAN-secreted MIP-1a may act as
a growth, survival, and chemotactic factor for tumor cells
and thus could be considered pro-tumorigenic [36]. In our
study, we did not see high levels of pro-angiogenic VEGF,
but there were other growth factors that might support
angiogenesis, such as FGF, HGF, and EGF. Thus, these
data suggest a complex role for TANSs in early stage human
lung cancer.

Dialog between TAN and T cells in early stage
lung cancer

Given that cytotoxic T cells are the major effector cells
mediating anti-tumor immunity, there is a great deal of
emphasis placed on understanding the regulation of T-cell
responses by tumor-infiltrating myeloid cells, including
neutrophils. In general, neutrophils are extremely versa-
tile cells and depending on environmental cues may exert
diverse effects on T-cell response. Numerous studies have
convincingly demonstrated that activated neutrophils are
able to stimulate T-cell responses by providing co-stimula-
tory signals [16, 37, 38]. Moreover, in some circumstances,
activated neutrophils can even present antigens and thus
function as professional APCs [38—40]. Neutrophils can
also exert inhibitory effects on T-cell responses via the
production of reactive oxygen species and the depletion of
extracellular arginine, suggesting a degree of effector func-
tion plasticity [15, 41, 42].

These studies, however, have only evaluated periph-
eral neutrophils and have not examined the interaction of
TANs with T lymphocytes in the human tumor microenvi-
ronment. In cancer, immunosuppressive function of neu-
trophils is often associated with a population of circulat-
ing low-density granulocytes termed PMN-MDSC [14].
However, there has been some uncertainty whether PMN-
MDSC are present in human tumors, particularly at early
stages of development, and whether the majority of TANs
are actually PMN-MDSC. Given the dual functionality of
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neutrophils in the regulation of T-cell responses, one of
our goals was to determine whether lung tumors at an early
stage of development can convert recruited granulocytes
into cells with T-cell suppressive activity or whether neu-
trophils represent a part of anti-tumoral host response with
T-cell stimulatory activity.

First, we found the frequent co-localization of TANs
and T cells in tumor tissue in lung cancer patients, sug-
gesting that TANs can functionally interact with T cells
[19]. Although the presence of a minor suppressive sub-
population of TANs cannot be excluded, our data sug-
gest that in patients with early stage lung cancer, TANs
do not significantly contribute to the inhibition of T
cell responses [19]. Freshly isolated TANs from early
stage lung cancer patients were not able to suppress
IFN-y production or proliferation of T cells that had
been activated with anti-CD3/CD28 antibodies or allo-
geneic dendritic cells (DC). In fact, the TANs isolated
from a vast majority of small-sized, early stage tumors
were actually able to stimulate T-cell response to vary-
ing degrees [19]. Direct cell-cell contact was important
for this neutrophil-mediated stimulation of T-cell prolif-
eration. The important feature of this interaction is cross
talk between TANs and T cells resulting in mutual cell
activation (Fig. 2). During their interaction, T cells fur-
ther up-regulated activation markers and produced more
IFN-y, whereas TANs showed increased longevity and
expressed the co-stimulatory molecules CD86, CD54,
OX40L, and 4-1BBL [19]. Typically, these co-stimu-
latory molecules are expressed on antigen-presenting
cells, including mature dendritic cells, activated mac-
rophages, and B cells [43]. Our data suggest that the
CD86, CD54, 4-1BBL and OX40L co-stimulatory mol-
ecules can also be up-regulated on activated TANs as
a result of their interaction with activated T cells. The
ability of human neutrophils to up-regulate OX40L has
also been reported in human sepsis [44]. The OX40L/
0X40 and 4-1BBL/4-1BB pathways could have the
potential to enhance anti-tumor immunity and break
tumor-induced immune suppression and immunological
tolerance. Indeed, the administration of soluble OX40L
or gene transfer of OX40L into tumors has been shown
to strongly enhance anti-tumor immune function in
mice [45]. Furthermore, co-stimulation through 4-1BB/
CD137 protects from activation-induced cell death and
enhances the anti-tumor effector function of CD8* mela-
noma tumor-infiltrating lymphocytes [46]. Our data are
in good concordance with the previous studies demon-
strating the ability of granulocytes to provide accessory
signals for T cell activation [16, 39]. For example, Rad-
sak et al. have shown that PMNs activated with IFN-y
and GM-CSF are able to augment T-cell proliferation by
providing co-stimulatory signals through MHC class II,
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CD86, and CD54 co-stimulatory molecules. Our find-
ings demonstrated that some lung tumors can secrete
IFN-y and GM-CSF, as well as trigger the expression of
co-stimulatory molecules, including CD86 and CD54,
on the surface of TANs. Furthermore, using an in vitro
functional assay, we found that blocking CD86, CD54,
OX40L or 4-1BBL with neutralizing antibodies signifi-
cantly reduced the ability of TANs to stimulate T cells
[19]. Thus, the early stage tumors have a potential to cre-
ate a favorable environment in which TANs can bolster
T-cell response.

Importantly, our study also showed that this T-cell
stimulatory activity was related to the size of early stage
tumors [19]. In contrast to the stimulatory interactions
described above, we observed that when TANs were iso-
lated from large early stage tumors, they attenuated T-cell
stimulatory ability. It appears that the anti-tumoral poten-
tial of neutrophils diminishes during tumor progression,
supporting the concept of an immunogenic ‘‘switch’’
from anti-tumor to pro-tumor phenotype [47, 48]. We
speculate that, while small-sized early stage tumors in
humans have already reached a considerable size and
represent the final escape stage of the immunoediting
process, the process of tumor evolution is still ongoing,
because the profound immunosuppressive environment
is not fully developed yet and anti-tumoral neutrophils
still prevail in small-size tumors (early escape stage).
The resistant tumor clones, which survived the immu-
noediting process, likely develop further immunosup-
pressive mechanisms that sustain tumor growth into even
more advanced stages. At these advanced tumor stages,
the suppressive environment appears to disable anti-
tumoral N1 neutrophils and perhaps even convert them
into the pro-tumoral N2 type (late escape stage). Thus,
it is very possible that N2 pro-tumoral TANs represent
the consequence of tumor progression, rather than the
cause. This hypothesis has not been experimentally con-
firmed, but we are currently testing it by studying TANs
from patients with advanced lung cancer (stages III and
IV). However, obtaining these cells is logistically chal-
lenging, since these individuals do not routinely undergo
tumor resection and are managed with chemotherapy and
radiation therapy. In support of this concept, in studies
using murine TANs with a very compressed time scale
compared to human tumors, Mishalian et al. reported that
TANs from small early tumors (Days 1-7 after implanta-
tion) were cytotoxic to tumor cells and produced higher
levels of TNF-a, NO, and H,0, compared with TANs
in larger, established tumors [48]. It appears that TANs
isolated from small-size, early stage lung cancers resem-
ble the anti-tumor N1 TANs from small, early murine
tumors, and as tumors become larger, the TANs become
less stimulatory and lose this N1 phenotype.

TANSs with composite characteristics
of neutrophils and APCs

As mentioned above, in some lung cancer patients, we
identified a specialized subpopulation of TANs that
exhibited hybrid characteristics of canonical neutrophils
and APCs (APC-like hybrid TANs) [20]. These APC-
like hybrid TANs accumulated only in small, early stage
tumors that produced low amounts of IFN-y and GM-
CSF. These APC-like hybrid neutrophils originated from
immature CD15MCD66b*CD10"CD16™/1°%/int  progeni-
tors and were driven to differentiate into the hybrid phe-
notype by IFN-y and GM-CSF present within the tumor
microenvironment in a subset of patients with early stage
lung cancers [20]. These soluble factors, at the very low
concentrations found in tumor-conditioned media, syner-
gistically exert their APC-promoting effect on immature
neutrophils via the down-regulation of the transcription
factor Ikaros [20]. Interestingly, the development of APC-
like hybrid neutrophils was inhibited under hypoxic con-
ditions [20]. This observation might explain their absence
in large tumors. APC-like hybrid TANs acquire new
functions compared to canonical TANs and are able to:
(1) augment both antigen non-specific and tumor-specific
T- cell responses, (2) directly stimulate antigen-specific
autologous memory and effector T-cell responses to virus
and tumor-derived antigens, respectively, and (3) uptake,
degrade, and cross-present tumor antigens [20]. Interest-
ingly, in our model antigen system, we found that antigen
cross-presentation is triggered in hybrid neutrophils only
when tumor antigen (in this case, NY-ESO-1 protein)
was delivered as an IgG-immune complex, although this
cross-presentation occurred at a relatively low level [20].
Therefore, our data demonstrate that APC-like hybrid
neutrophils likely utilize their up-regulated FcyRI and
FcyRII receptors for efficient antigen uptake and cross-
presentation. It is also possible that these hybrid neutro-
phils may ‘‘regurgitate’” processed peptide outside of the
cell and thus facilitate the antigen uptake and processing
by other professional APCs that are frequently co-local-
ized with neutrophils in lung tumors [40]. We also found
a small population of APC-like neutrophils in regional
lymph nodes of cancer patients (consistent with their
expression of the lymph node homing receptor, CCR7),
suggesting they play a potential role in directly priming
effector T-cell responses outside of the tumor. Our find-
ings are in line with the previous studies demonstrating
the ability of activated neutrophils to function as profes-
sional APCs in some inflammatory diseases [28-30]. In
particular, it has been shown that activated mouse and
human neutrophils are able to present viral and bacterial
antigens to T cells and prime antigen-specific Thl and
Th17 cells [16, 29, 40, 49].
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The strong T-cell stimulatory activity of hybrid neu-
trophils may contribute to the amplification of anti-
tumor effector CD8 responses or the longevity of CD8
T-cell memory in early stage tumors. Thus, it is possible
that these hybrid TANs are a primary contributor to the
strong T-cell stimulatory effect of all TANs as observed
in small-size, early stage tumors. Consistent with this
idea, the absence of hybrid TANs and the establishment
of an immunosuppressive tumor microenvironment may
explain the inability of TANSs to stimulate T cells in large
tumors as described above.

Interestingly, we found that the differentiation of
APC-like neutrophils into T-cell stimulatory cells strictly
depends on the concentration of IFN-y and GM-CSF in
the tumor microenvironment. While low doses of IFN-y
and GM-CSF synergistically drove the differentiation
of immature neutrophils into highly immunostimula-
tory hybrid neutrophils, high doses of IFN-y resulted in
the formation of hybrid neutrophils with high expression
of PD-L1 and the ability to profoundly suppress T-cell
responses [20]. This dual effect of APC-like hybrid neu-
trophils on T cells suggests a regulatory role for hybrid
neutrophils in inflammation, in situations when stimula-
tion of T cells should be followed by subsequent suppres-
sion to resolve the inflammatory process. On the other
hand, in advanced stage tumors, where a more chronic
inflammatory process exists, immature neutrophils might
be directed to suppress anti-tumor T-cell response by
converting immature granulocytes into G-MDSC, thus
facilitating tumor growth.

We believe that early stage lung tumors exert diverse
effects on the differentiation and function of TANSs result-
ing in the formation of two subsets of TANs: canonical
and hybrid [20]. Although recruited mature neutrophils
acquire the phenotype of activated canonical TANs,
immature neutrophils can change their differentiation
program depending on the tumor microenvironment. We,
therefore, envision a system in which, if tumors produce
a sufficient amount of IFN-y and GM-CSF, the immature
neutrophils will differentiate into hybrid neutrophils. In
the absence of these factors, or if other inhibitory condi-
tions become dominant in the tumor microenvironment,
then the immature neutrophils use a default pathway and
become canonical TANs. Given that APC-like TAN fre-
quency correlates inversely with tumor size, their role in
modulating the host anti-tumor response in early tumor
stages may be critical in limiting disease progression. It
is tempting to speculate that by encouraging the devel-
opment of APC-like TANs pharmacologically, these cells
might provide an even more potent augmentation of the
host anti-tumor T-cell response and reduce overall tumor
burden.

@ Springer

Conclusion

In contrast to observations in murine model systems
using rapidly growing, highly immunosuppresive tumor
cells, human tumor development represents a process
of slow and gradual evolution. Therefore, it is criti-
cal to understand the complex interaction of TANs with
the tumor microenvironment at all stages of tumor evo-
lution, since their relationship appears to change over
time. Our findings characterize tumor-infiltrating neutro-
phils and their subsets in patients with early stage lung
cancer for the first time. Areas of active investigation in
our lab focus on the determination of the specific roles
of canonical and APC-like hybrid TANs during early
and advanced stages of tumor development in lung can-
cer patients. Deciphering the functional role of TANs in
early versus advanced stages of lung cancer will add new
knowledge to our understanding of TAN plasticity during
tumor progression and may help us to develop different
therapeutic strategies to regulate the function of TANs
depending on tumor stage. Understanding how to direct
and maintain human TANs towards anti-tumor effector
cells will open new therapeutic options and aid in the
future design of active immunotherapy to boost natural or
vaccine induced anti-tumor immunity.
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