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Summary

An increasing body of literature supports a role for neutrophils as players
in the orchestration of adaptive immunity. During acute and chronic
inflammatory conditions, neutrophils rapidly migrate not only to sites of
inflammation, but also to draining lymph nodes and spleen, where they
engage bidirectional interactions with B- and T-lymphocyte subsets.
Accordingly, a relevant role of neutrophils in modulating B-cell responses
under homeostatic conditions has recently emerged. Moreover, specialized
immunoregulatory properties towards B or T cells acquired by distinct
neutrophil populations, originating under pathological conditions, have
been consistently described. In this article, we summarize the most recent
data from human studies and murine models on the ability of neutrophils
to modulate adaptive immune responses under physiological and patho-
logical conditions and the mechanisms behind these processes.
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Introduction

Neutrophils are classically considered as the first line of
defence against infection.! Hence, the main functions of
these cells have long been thought to be limited to the
consequent initiation and amplification of the inflamma-
tory response. However, this dogmatic view of neu-
trophils has been challenged by accumulating evidence
supporting a function of these cells not only in the initia-
tion, but also in the modulation of both innate and adap-
tive immune responses.>® In fact, besides their classical
bactericidal activities, neutrophils display an array of
complex biological functions, including cytokine produc-
tion,* antigen presentation,” release of exosomes® and
neutrophil extracellular traps (NETs; extracellular fibres,
primarily composed of DNA filaments complexed with
granular antimicrobial peptides),” expression/release of
immunomodulatory molecules [e.g. reactive oxygen

species (ROS), programmed death-ligand 1 (PD-L1),
Arginase 1 (ARG-1)],> "% through which they can activate
or down-regulate innate and adaptive immune cells. Cur-
rent studies have also revealed that neutrophils can no
longer be considered as belonging to a homogeneous
population of cells.” > Hence, specialized immunoregula-
tory neutrophil populations, which have either undergone
a separate maturation/differentiation process or have been
specifically instructed by the microenvironment to acquire
distinct functions, have been recently described in both
humans and mice.” "> Furthermore, the discovery that
neutrophils can populate the spleen and lymph nodes,
under both homeostatic and inflammatory conditions,
has strongly reinforced the concept that these cells, in a
similar way to dendritic cells (DCs) and macrophages,
can deliver signals that drive not only innate but also
adaptive immune responses.'*'> In this context, it is
important to highlight that neutrophils can modulate
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adaptive B-cell and T-cell responses, both directly and
indirectly.lﬁ’17 The latter type of modulation occurs, for
example, through the ability of neutrophils to facilitate or
inhibit the functions of monocytes and DCs, including
their differentiation to professional antigen-presenting
cells (APCs), as extensively reviewed elsewhere.'®"?

Overall, the concept that neutrophils can initiate,
amplify and/or suppress adaptive immune effector
responses by establishing direct bidirectional crosstalk
with adaptive immune cells has gained a lot of attention
in the past few years. The recent studies that are reviewed
in this work, which describe neutrophil-centred crosstalk
with adaptive immune cells occurring in humans, as well
as in a variety of experimental animal models, have not
only corroborated the existence of these interactions, but
also better clarified their potential physiopathological
significance.

Neutrophils and B cells

An important advance demonstrating that human neu-
trophils may directly modulate B-cell responses comes
from observations performed in vitro on the capacity of
human neutrophils to produce cytokines that are crucial
for B-cell survival, maturation and differentiation, such as
B-cell-activating factor of the tumour necrosis factor fam-
ily (BAFF)*>*' and A Proliferation-Inducing Ligand
(APRIL).”* These observations were then substantiated by
the discovery of populations of neutrophils that, under
steady-state, colonize the perifollicular area of the human
(as well as mouse and rhesus macaque) spleen and dis-
play B-cell-helper properties.'* These neutrophil popula-
tions were defined as B-cell-helper neutrophils (Npy),
and shown to specifically enhance, likely due to their
selective localization in the marginal zone (MZ), T-cell-
independent antibody responses by MZ B cells.'"* Com-
pared with circulating neutrophils, Ny cells were shown
to secrete more B-cell-stimulating/attracting factors, such
as BAFF, APRIL, CD40L, interleukin-21 (IL-21) and
CXCLI2, as well as to produce more NETs.'* By contrast,
T-cell-dependent responses of follicular B cells were
shown not to be affected by human splenic Ng;.'* The
fact that steady-state titres of serum immunoglobulins to
T-cell-independent antigens were found to be reduced in
patients with severe congenital neutropenias, strongly
supported the potential role of neutrophils in sustaining
MZ B-cell responses under homeostatic conditions.'*
Interestingly, the B-cell-helper properties of human Ngy
were then shown to be driven by splenic innate lymphoid
cell-derived granulocyte-macrophage colony-stimulating
factor,” unveiling the existence of an innate cell network
within lymphoid organs, directly involved in sustaining
humoral responses under homeostatic conditions.
Although these data on human splenic neutrophils have
generated some controversies,”* evidence of the capacity
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of neutrophils to specifically interact with MZ B cells not
only under homeostatic, but also during responses to
immunization or infections, has been reported in
mice.>>?” For example, it has been shown that Pentraxin
3 represents another important mediator through which
splenic murine neutrophils promote both homeostatic
and post-immune antibody responses to T-cell-indepen-
dent antigen by MZ B cells.”> Such an observation has
further strengthened the view of neutrophils as important
mediators of innate-like antibody production. Advance in
the field has been recently provided by cutting-edge imag-
ing technology to track the dynamic behaviour of various
splenic neutrophil populations during the acute phases of
Streptococcus pneumoniae infection in mice.”” This work
has revealed the existence of a population of splenic neu-
trophils that is resident within the red pulp and is
involved in pathogen clearance. An additional population
of blood neutrophils was instead shown to infiltrate the
MZ area of the spleen between 24 and 48 hr after
S. pneumoniae infection, and to be instructed, by the
microenvironment, to differentiate into Npy sustaining
T-cell-independent antibody production by MZ B
cells.””*® Future studies are needed to clarify whether the
resident splenic Npy neutrophils described by Puga
et al."* display similar or different features compared with
the newly recruited splenic Ny neutrophils described by
Deniset et al.”’ to populate the MZ area in response to
infection.”® The acquisition of B-cell-helper activity
toward MZ B cells by neutrophils has been shown to rep-
resent a fundamental mechanism for the induction of
long-term protective immunity in a murine model of
antiviral monoclonal immunotherapies.” Accordingly, in
mice infected by a murine leukaemia virus (FrCasE), and
treated with an antiviral neutralizing 1gG2a monoclonal
antibody (mAb 667, recognizing the retroviral envelope
glycoprotein), neutrophils were proved to be crucial to
sustain the enhanced serum concentration of antiviral
IgGs, but not IgM, as well as the differentiation of splenic
MZ and bone marrow (BM) plasma cells observed in
response to the antiviral mAb treatment.”* These func-
tions seemed to be mediated by the capacity of the antivi-
ral mAb treatment to induce strong B-cell-helper
properties, including an enhanced expression of BAFF
and lymphotoxin-o in splenic neutrophils.*” These obser-
vations uncover a novel role for neutrophils as crucial
actors to achieve optimized mAb-induced protective
immunity (vaccine-like effects).

It remains controversial whether neutrophils directly
interact also with follicular B cells, in addition to MZ B
cells. For a long time, neutrophils were thought to be
excluded from the B-cell follicles, for example after a bac-
terial challenge.”*® However, recent studies have sug-
gested that neutrophils can actually be recruited to B-cell
follicles when proper inflammatory signals are present.
For example, human splenic neutrophils were shown to
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lose their selective perifollicular topography, and to exten-
sively infiltrate the follicular mantle and germinal centre
areas of splenic follicles, under systemic inflammatory or
infectious disorders."* Similarly, in the past few years,
several studies performed in immunized or infected mice,
or even in healthy elderly mice, have demonstrated that
neutrophils can actually accumulate in the B-cell zones as
a consequence of the disruption of the splenic microanat-
omy and lymph node structure.'>*"*? For instance, a sig-
nificant neutrophil influx was observed in the B-cell area
of draining lymph nodes after 7 days post-immunization
in a model of adjuvant-induced emergency granulopoiesis
in neutropenic mice.”’ The recruited neutrophils have
been shown to secrete BAFF, in a granulocyte colony-sti-
mulating factor (G-CSF)-dependent manner, and to sup-
port accelerated plasma cell generation.’ However,
whether neutrophils establish direct interaction with fol-
licular B cells, or are instead interacting with MZ B cells
that have also migrated within the follicular B-cell area as
a consequence of the lymphoid organ microanatomy dis-
ruption, has not been clarified in this study.”’ Whatever
the case is, an important role for neutrophil-derived sig-
nals in sustaining B-cell functions has been extensively
demonstrated under several pathological settings, includ-
ing autoimmunity and cancer.’*?*

Regarding autoimmune diseases, abnormalities of vari-
ous neutrophil functions that may contribute to the gen-
eration of autoreactive B-cell clones, including the already
mentioned altered production of BAFF,212%35738 APRILY
and IL-6,%° have been described to occur in both humans
and mice. In this context, it is worth mentioning the
paper by Palanichamy et al.,”” in which a higher expres-
sion of interferon-o (IFN-o), APRIL and BAFF by the
mature fraction of neutrophils present in BM has been
proposed to contribute to the dysregulated B-cell onto-
geny and selection observed in both patients with sys-
temic lupus erythematosus (SLE) and NZM lupus-prone
mice.”” Recently, BAFF production by splenic neutrophils
has also been proposed to sustain the differentiation of
long-lived splenic plasma cells in lupus-prone mice
receiving anti-CD20 antibody treatment,*’ suggesting a
potential contribution for BAFF-producing neutrophils to
the lack of response to B-cell depletion therapy observed
in certain autoimmune patients.*’ The mechanism catch-
ing most of the attention concerning the role of neu-
trophils in autoimmune diseases is the production of
NETs.”***> NETs contain proteins that can function as
major autoantigenic targets in rheumatological diseases,
including double-stranded DNA and histones in SLE,
myeloperoxidase and proteinase 3 in anti-neutrophil cyto-
plasmic antibody-associated vasculitis, and citrullinated
protein, including vimentin and enolase, as well as his-
tones, in rheumatoid arthritis.”**** Interestingly, special-
ized pro-inflammatory neutrophil populations, displaying
an enhanced capacity to produce NETs and inflammatory
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cytokines, have been identified within the mononuclear
cell fraction from the peripheral blood of patients with
autoimmune diseases, including SLE, 4 psoriasis,46
rheumatoid arthritis*’ and anti-neutrophil cytoplasmic
antibody-associated vasculitis.** These neutrophil popula-
tions have been defined as low-density granulocytes,
either due to their altered buoyancy properties,'" or to
distinguish them from immunosuppressive low-density
neutrophil (LDN) populations, also known as granulo-
cytic-myeloid-derived suppressor cells (PMN-MDSCs),
identified instead within the mononuclear cell fraction of
patients with cancer, infection and other inflammatory
diseases™® (see ‘Neutrophils and T cells’ section below).
Besides functioning as a source of autoantigens and pro-
inflammatory molecules/cytokines, NETs have also been
reported to mediate the pathological vicious crosstalk
between neutrophils and several DC subsets (e.g. plasma-
cytoid DCs), in turn driving the production of IFN-o in
SLE,*%30 psoriasis,51 type 1 diabetes,”® autoimmune vas-
culitis®> and, more recently, Wiskott-Aldrich syndrome.*®
Interestingly, NETs have also been shown to directly acti-
vate human memory B cells, by accessing their endosomal
compartments and triggering Toll-like receptor-9 activa-
tion.”* This novel mechanism seems to be particularly rel-
evant for SLE patients, in whom NETs have been shown
to drive the production of antigen-specific memory B
cells, in turn leading to the production of pathogenic
autoantibodies.” Similarly, IL-17A-containing NETs have
been proposed to drive the differentiation of antigen-spe-
cific memory B cells into long-lived plasma cells in a
mouse model of chronic humoral response induced by
venom of Thalassophryne nattereri.”

As far as cancer is concerned, there is currently evi-
dence supporting a role of neutrophils in the differentia-
tion of neoplastic B cells. For example, human
neutrophils have been proposed to play a role in the
pathogenesis of B-cell lymphomas, in particular through
the production of APRIL® More recently, the same
research group have identified tumour cell-derived
CXCL8 as the crucial mediator to recruit APRIL-expres-
sing human neutrophils into diffuse large B-cell lym-
phoma lesions.”” The acquisition of an accentuated B-cell
helper phenotype by splenic neutrophils, including an ele-
vated expression of BAFF and APRIL, has also been
reported as a mechanism through which neutrophils can
support B-cell chronic lymphocytic leukaemia develop-
ment in mice.”® Interestingly, a role of NETs, and their
interaction with CD5" B cells, has also been proposed as
a pathological mechanism promoting the transition from
autoimmunity to lymphoma in a mouse model of B-cell
chronic lymphocytic leukaemia.”® Finally, cell—cell interac-
tion between CD11b and intercellular adhesion molecule
1 expressed, respectively, by neutrophils and B cells, has
been reported to be involved in the protection of neo-
plastic B cells against cytotoxic anticancer therapies.*’
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Despite the extensive literature supporting a role of
neutrophils in driving exaggerated B-cell responses that
can lead to autoimmune and neoplastic disease develop-
ment, it is important to highlight that evidence that neu-
trophils may inhibit B-cell responses is also emerging. For
example, neutrophils have been proposed to inhibit IgA
production by B cells in a mouse model of sublingual
immunization,”" or to inhibit germinal centre B-cell for-
mation during the early stages of murine lupus develop-
ment.®> Similarly, during the early phases of the humoral
response after local Staphylococcus aureus immunization
and infection, murine neutrophils have been shown to
establish F-actin-mediated intercellular contacts with B
cells within the lymph nodes, and in turn suppress anti-
body production via transforming growth factor -, pro-
duction.®® Evidence that human neutrophils can inhibit
B-cell responses also exists. Indeed, populations of LDNs/
PMN-MDSCs isolated from healthy individuals were
shown to induce B-cell suppression through cell contact-
dependent mechanisms, release of mediators such as
ARG-1, nitric oxide and ROS, and/or induction of cell
death.®® Although intriguing, this observation needs to be
further clarified as LDNs/PMN-MDSCs are generally not
present in healthy individuals, so they may represent sub-
populations of activated neutrophils generated by some
technical artefacts.”'® Curiously, B cells have been pro-
posed to induce neutrophil apoptosis and to regulate
aged neutrophil clearance within the lung in mice,** sug-
gesting the existence of reciprocal interactions between
neutrophils and B cells that can be crucial in modulating
their survival and functions under both homeostatic and
inflammatory conditions.

Neutrophils and T cells

. . . . e 216,17,65,
As extensively discussed in previous reviews,>!®!76>6

neutrophils and T cells are known to reciprocally influ-
ence their effector functions through contact-dependent
mechanisms, chemokine/cytokine production, or NET
release. Neutrophils can positively/negatively modulate
the functions of a variety of T-cell subsets, including sub-
populations of CD4" af T cells [e.g. T helper type 1
(Thl) cells, Th17 cells, Th2 cells and T regulatory (Treg)
cells], CD8" aff T cells and 6 T cells, either in vitro or
in vivo, in both humans and mice.!*!76>%¢ However, an
open issue in the field is whether the capacity to influence
T-cell functions is exerted by pre-existing neutrophils,
that under specific circumstances acquire immunomodu-
latory properties, or by discrete neutrophil populations
that emerge under physiopathological settings and that
become specialized in either promoting or inhibiting
T-cell responses.””'°

In this context, it is well known that human and mouse
neutrophils can acquire APC properties, in vitro and
in vivo.”®” Importantly, neutrophils have been shown to
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function not only as APC for CD4" T cells, but also to
cross-present antigens to CD8" T cells.'”***” More recent
findings have further extended our knowledge on the
APC-like properties displayed by neutrophils. For exam-
ple, a potential role of neutrophils in priming vaccine
responses has been shown.”””? In this context, it has
been shown, for the first time, that human neutrophils
are able to present antigens to autologous antigen-specific
memory CD4" T cells in a major histocompatibility com-
plex class II (MHC-II; HLA-DR) -dependent fashion.”!
Importantly, under the same experimental conditions,
neutrophils were unable to induce antigen-specific
responses by naive T cells,”’ suggesting that neutrophils
belong to the so-called ‘atypical’ APCs.”> These observa-
tions were further corroborated by showing that neu-
trophils sorted from vaccine-draining lymph nodes of
rhesus macaques were able to present vaccine antigen to
autologous antigen-specific memory CD4" T cells
ex vivo.”' Finally, in an additional study performed in
rhesus macaques, it has been shown that neutrophils can
participate to the adjuvant-driven innate immune activa-
tion that leads to priming of vaccine responses.”” Neu-
trophils were recently shown to function as APCs also in
a mouse model of acute graft-versus-host disease induced
by conditioning-induced damage of the intestinal tract.”*
In this study, neutrophils were shown to migrate from
the ileum to the mesenteric lymph nodes, to therein
co-localize with T cells, and to finally present antigen on
MHC-II, therefore proving for their participation to
alloantigen presentation.”* In line with the concept that
neutrophils may play an important role in allergic late-
phase reactions,'® neutrophils isolated from the peripheral
blood of birch pollen-allergic donors were shown to
induce proliferative and cytokine responses by allergen-
specific effector T cells.””

While the studies reported above describe APC-like
functions acquired by peripheral neutrophils, populations
of so-called ‘neutrophil-DC hybrids’, expressing markers
of both neutrophils and DCs, have also been obtained
from in vitro differentiation of murine and human neu-
trophil precursors,”®”” as well as isolated in vivo.”* "’
These neutrophil-DC hybrids retain intrinsic functional
abilities of neutrophils (including the capacity to capture
exogenous material, extrude neutrophil extracellular traps
and kill bacteria), but also exhibit several DC properties
(including dendritic morphology, podosome formation
and presentation of various forms of foreign protein anti-
gens to naive CD4" T cells).”® Given these unique fea-
tures, a potential role of neutrophil-DC hybrids as potent
effectors in anticancer immunity in humans,”” and anti-
fungal defence in mice,” has been recently proposed. In
the former case, neutrophil-DC hybrids have been
described as a population of tumour-associated neu-
trophils (TANs) that infiltrate the tumour tissue in early-
stage lung cancer.”” These cells were shown to efficiently
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present antigen and trigger antitumour responses from
memory CD8" and CD4" T cells.”” These findings, which
are in apparent contrast with the general concept that
TANs negatively modulate T-cell responses and promote
tumour progression (refs 9,80 and see below), have been
recently supported by another study in which TANs iso-
lated from individuals with colorectal cancer were shown
to enhance CD8" T-cell responses,® therefore suggesting
that the immunomodulatory functions of TANs might
depend on the tumour stage and type.

Extensive demonstrations of the capacity to acquire
immunosuppressive properties towards CD4" and CD8"
T cells by circulating and/or tissue-derived neutrophil
populations in humans and mice also exist.*'%%% In
humans, the populations of circulating immunosuppres-
sive neutrophils described to date are heterogeneous.® '’
In fact, some populations of mature suppressive neu-
trophils have been identified within either normal density
neutrophils (that sediment on top of the red cell fraction
after blood centrifugation over density gradients) or the
whole leucocytes (obtained after red cell lysis of whole
blood).*'® However, immunosuppressive LDNs/PMN-
MDSCs represent the population of human immunosup-
pressive neutrophils that has gained most of the attention
in the field.”'® These cells have been originally identified
within the mononuclear cell fraction of patients with sev-
eral types of solid tumours or haematological malignan-
cies,”'* but more recently they have also been found in a
broad variety of acute and chronic inflammatory disease
conditions, including infection with human immunodefi-
ciency virus type 1,***° hepatitis B virus,®® or sepsis.*”**
Interestingly, immunosuppressive LDNs/PMN-MDSCs
have also been described in conditions in which an
altered T-cell tolerance is present, such as in pregnancy
and breastfeeding,g%92 in neonates,”>°° or in healthy vol-
unteers receiving G-CSF for stem cell mobilization.””
As immunosuppressive LDNs/PMN-MDSCs are com-
posed by a mixture of immature and mature neutrophils,
an open question is whether the suppressive cells corre-
spond to the immature neutrophils or to the subpopula-
tion of mature ones, which often display features of
‘activated/degranulated’ cells.”'® In this context, two
recent studies,””'”" have shown that the most suppressive
subset of human LDNs/PMN-MDSCs belong to the
mature neutrophil population, at least in healthy volun-
teers receiving G-CSF for stem cell mobilization,” or in
head and neck cancer patients,'® respectively. By con-
trast, immature neutrophils have been reported to either
promote,” or modestly suppress,'® T-cell proliferation,
indicating that they can display disease-specific functional
plasticity.

Another crucial issue is that the definition of ‘immuno-
suppressive’ must rely on the demonstrated capacity to
suppress T-cell responses (such as proliferation and/or
IFN-y production) by neutrophils.* '® The inhibition of
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T-cell responses by human immunosuppressive neu-
trophils primarily occurs through an overproduction of
ARG-1, ROS* ' or via PD-L1-dependent interac-
tions.®>'17 19 Ppolarization of T-helper cell responses
towards an anti-inflammatory phenotype (expansion of
Th2 and Treg cells and inhibition of Thl cells) has also
been proposed as an immunosuppressive mechanism used
by human LDNs/PMN-MDSCs.”>'**'% In this context,
considering the general lack of knowledge on the ability
to polarize T-helper cell responses by normal neutrophils,
it is interesting that LDNs/PMN-MDSCs present in
patients with SLE were shown to promote, and not to
inhibit, Th17 differentiation in an ARG-1-dependent fash-
ion.'” The latter observation suggests the existence of
preferential crosstalk occurring between neutrophil and
T-cell populations depending on the disease type. Among
the recently suggested mechanisms of T-cell suppression
by human neutrophils, it is worth mentioning a study in
which membrane-coated microvesicles released by apop-
totic neutrophils, but not apoptotic neutrophils them-
selves, were shown to suppress the proliferation of a
subset of CD25~ CD127" T cells by down-regulating IL-2
and IL-2 receptor expression and signalling.'”” The exis-
tence of such a variety of immunosuppressive mecha-
nisms might be related to the many different types of

immunosuppressive neutrophil populations, conditioned
101

by external factors. Cytokines such as IFN-y™"" and gran-
ulocyte-macrophage colony-stimulating factor,'”® or the
direct contact with mesenchymal stem cells'® or tumour

cells,"®''® have all been proposed to induce a suppressive
phenotype in neutrophils from healthy donors. In this
context, evidence that immunosuppressive neutrophil
populations are present in the spleen,'* placenta,”’ air-
ways,111 or in tumours,''>13 already exists, but our
understanding of the relationship between circulating and
tissue neutrophils is still in its infancy. It is important to
remark that, considering the very low number of circulat-
ing and tissue-derived immunosuppressive neutrophil
populations that can be isolated for functional assays, the
identification of specific markers identifying pure popula-
tions of immunosuppressive neutrophils would definitely
help advance the field. Among the candidate markers, lec-
tin-like oxidized low-density lipoprotein receptor-1 has
been recently proposed to distinguish immunosuppressive
PMN-MDSCs from normal neutrophils in blood and tis-
sues from cancer patients,lw’“4 as well as in blood from
infants.”® However, these findings require further valida-
tion across more laboratories.

Granulocytic-myeloid derived suppressor cells and
TANs exerting immunosuppressive properties towards T
cells have been isolated also from the BM, spleen and
tumour tissues of mice. The phenotypic and functional
features of these suppressive neutrophil populations have
been extensively reviewed elsewhere.*>® Murine PMN-
MDSCs have been shown to suppress T-cell function
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mostly through ROS production®”® or, as shown more
recently, via PD-LI expression,115 or S100A9-mediated
up-regulation of prostaglandin E,.*° Similar to human
suppressive neutrophils, our knowledge on the specific
features of murine PMN-MDSCs is limited by the lack of
specific markers that distinguish them from normal neu-
trophils. As far as murine TANS, there is a general con-
sensus in the field that, similar to the macrophage
M1/M2 polarization, TANs can also switch from an anti-
tumorigenic N1 phenotype, evident during the early
phases of tumour growth, to a pro-tumorigenic N2 phe-
notype acquired during tumour progression.*”''® The
ability of N2 TANs to inhibit the CD8" T-cell antitu-
moral immune response is one of the main mechanisms
through which these cells have been shown to favour
tumour progression.’>''”!"® In this context, TANs iso-
lated from different models of murine cancer have been
shown to promote immunosuppression by strongly
inducing CD8" T-cell apoptosis via tumour necrosis fac-
tor-o and nitric oxide-dependent mechanisms.''®

Finally, it is worth mentioning two papers showing, for
the first time, the existence of heterogeneous LDN/PMN-
MDSCs within the peripheral blood of mice''® and rhesus
macaques,'”’ pointing to the possibility of performing
phenotypical and functional comparisons of LDNs/PMN-
MDSCs across different species. In mice, immunosuppres-
sive. LDNs/PMN-MDSCs were shown to be generated
during tumour progression.'”” Interestingly, transforming
growth factor-f; seems the main factor involved in both
N2 polarization of TANs and conversion of normal den-
sity neutrophils into immunosuppressive LDNs."'®'" In
rhesus macaques, immunosuppressive LDNs/PMN-
MDSCs were shown to be constitutively present and to
increase after vaccination.'?° Notably, the mature CD33",
but not the immature CD33™, neutrophil component was
shown to display ARG-1-dependent immunosuppressive
properties,'*® hence, in a similar way to human suppres-
sive LDNs/PMN-MDSCs.

Neutrophils and Treg cells

The existence of direct crosstalk between neutrophils and
Treg cells has been suggested mostly for human neu-
trophils."” More recently, evidence that this crosstalk can
occur also in vivo, in different murine disease models, has
been reported.'*'”'** For instance, CCL17 production by
murine TANs has been shown to contribute to tumour
growth by recruiting Treg cells within the tumour tis-
sue."”! The presence of a murine neutrophil population
modulating Treg cell infiltration through the production
of anti-inflammatory lipoxin A4 has also been described
to occur within the ocular tissue, and shown to prevent
dry-eye pathogenesis.'** Interestingly, both human and
murine neutrophils exposed to pregnancy hormones pro-
gesterone and estriol were shown to promote the
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induction of a population of CD4" Treg cells (displaying
a GARP' CD127" FOXP3* phenotype and producing
IL-10, IL-17 and vascular endothelial growth factor)
through transfer of apoptotic neutrophil-derived proteins,
including forkhead box protein 1, to T cells.'** Finally,
the observation that neutrophil depletion in pregnant
mice leads to abnormal fetal-maternal unit and embryo
development, accompanied by significantly attenuated
neutrophil-induced T-cell numbers in draining lymph
nodes, suggests that the induction of this T-cell popula-
tions by neutrophils could be a crucial mechanism for

maternal—fetal tolerance.'?’

Neutrophils and y6 T cells

Controversial observations have been reported on the
crosstalk occurring between neutrophils and 6 T cells in
both humans and mice.'””*® Human neutrophils were
shown to either stimulate yd T cells,"”** or negatively
modulate 7 T-cell activation,'*>'?® mostly through the
release of serine proteases or ROS production. Recently,
immunosuppressive LDNs/PMN-MDSCs were shown to
suppress 70 T-cell function.'?” However, these data need
to be further verified since LDNs/PMN-MDSCs were
unexpectedly isolated from healthy donors.'*”  Also,
mouse neutrophils were initially shown to inhibit 7
T-cell functions in a model of Cryptococcus neoformans
infection,'*® whereas a more recent paper shows that
mouse neutrophils can actually sustain IL-17 production
by 70 T cells in the lung, by way of IL-1f secretion dur-
ing the initial phase of pneumococcal infection.'” Evi-
dence supporting the capacity of murine neutrophils to
inhibit the proliferation and IL-17 production by yé T
cells through ROS production also comes from studies
performed in tumour-bearing mice'*® and a mouse model
of psoriasis (SC, DB and PS, unpublished observations).
These apparently controversial results might be explained
by the different populations of neutrophils or type of
functional assays used in the different studies. Additional
studies are therefore required to better clarify the regula-
tory role of human and mouse neutrophils towards y6 T
cells. On the other hand, evidence supporting an impor-
tant role of 0 T cells in promoting the recruitment of
neutrophils within inflammatory tissues, including
tumours, in both humans and mice, is also continuously

. 112,117,131
growmg.“’ 7,13

Neutrophils and invariant NKT cells

Neutrophils have been shown to impair invariant natural
killer T (iNKT) cell functions through cell-cell contact-
dependent mechanisms, in both humans and mice.”
Studies performed in different mouse models of inflam-
matory diseases have also reported the capacity of both
neutrophils and iNKT cells to reciprocally modulate their

© 2018 John Wiley & Sons Ltd, Immunology, 156, 23-32
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Figure 1. Crosstalk between neutrophils with adaptive immune cells. The cartoon displays the adaptive immune cell types with which human/

mouse normal or immunosuppressive/proinflammatory neutrophils establish stimulatory/inhibitory interactions, based on the current literature.

Specifically: B cells, including marginal zone (MZ) B cells and CD5" B cells; T cells, including invariant natural killer T (iNKT) cells, & T cells,
CD8" T cells, CD4" T helper type 1 (Th1) cells, Th17 cells; Th2 cells and T regulatory (Treg) cells.

recruitment within inflamed tissues.'** '** Finally, a more
recent study has instead proposed a novel regulatory loop
occurring between neutrophils, iNKT cells and B cells
during IL-18-driven inflammation, ultimately restraining
the formation of self-reactive antibodies during sterile
inflammation.”® Accordingly, neutrophils were shown to
induce up-regulation of the death-receptor ligand, Fas
ligand, in iNKT cells, via CD1d cognate interactions. Fas
ligand expression by iNKT cells has been, in turn,
demonstrated to be crucial to restrict the expansion of
harmful autoreactive B-cell responses.*®

Concluding remarks

The data described in this article are schematically
depicted in Fig. 1. A major issue that remains to be clari-
fied in the field is whether the interactions occurring
between neutrophils and adaptive immune cells are
mediated by newly generated immunoregulatory neu-
trophil populations, or by pre-existing neutrophils

© 2018 John Wiley & Sons Ltd, Immunology, 156, 23-32

conditioned by the specific disease and acquiring distinct
immunoregulatory phenotypes. Future studies taking
advantage of technologies, such as intravital microscopy
or next-generation sequencing, will extend our knowledge
on the immunoregulatory role of neutrophils in adaptive
immunity. Altogether, these discoveries may allow us to
envisage effective therapeutic interventions targeted
at disease-specific pathological populations/subsets of
neutrophils.
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