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Abstract
Neutrophils are becoming recognized as highly versatile and sophisticated cells that display de novo synthetic capacity and
potentially prolonged lifespan. Emerging concepts such as neutrophil heterogeneity and plasticity have revealed that, under
pathological conditions, neutrophils may differentiate into discrete subsets defined by distinct phenotypic and functional char-
acteristics. Indeed, these newly described neutrophil subsets will undoubtedly add to the already complex interactions between
neutrophils and other immune cell types for an effective immune response. The interactions between neutrophils and monocytes/
macrophages enable the host to efficiently defend against and eliminate foreign pathogens. However, it is also becoming
increasingly clear that these interactions can be detrimental to the host if not tightly regulated. In this review, we will explore
the functional cooperation of neutrophil and monocytes/macrophages in homeostasis, during acute inflammation and in various
disease settings. We will discuss this in the context of cardiovascular disease in the form of atherosclerosis, an autoimmune
disease mainly occurring in the kidneys, as well as the unique intestinal immune response of the gut that does not conform to the
norms of the typical immune system.
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Introduction

The earliest reference to the concept of Bimmunity^ was made
in Athens in 430 BC. Thucydides, an Athenian historian, re-
ported that individuals who had previously recovered from the
plague were able to tend to the sick without relapsing (Wylie
and Stubbs 2009). Since then, numerous studies have
highlighted the complexity and importance of the immune
system. The innate immune system is the first line of defense
against invading pathogens comprising various mechanisms
from physical barriers to cellular components (Alberts et al.
2002). Upon recognition of a pathogen, the innate immune

system mounts a broad immune response to abate infection
and, in most cases, the adaptive immune system is instrumen-
tal to confer longer-lasting protection. Unlike the adaptive
immunity, the innate immune system is not confined to verte-
brates as it is present in all types of plants and animals
(Janeway et al. 2001). Indeed, to be able to defend against
the dynamic and ever-changing microenvironment populated
by numerous and potentially infectious microbial communi-
ties surrounding us, various members of the immune system
interact to create and maintain a tailored immune response.
One such interaction explored here is between neutrophils
and monocytes/macrophages.

Polymorphonuclear leukocytes, more commonly known as
neutrophils, along with monocytes/macrophages arise from
common precursors and, due to this, it is expected that they
share common features (McCracken and Allen 2014; Silva
2010). In fact, these cells are essential professional phagocytes
that are capable of carrying out various roles in the host’s
innate defense against pathogens (Butterfield et al. 2006). In
addition, neutrophils and monocytes/macrophages co-express
similar antigens and these innate phagocytes can readily pro-
duce effector molecules such as granular proteins, oxidants,
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chemokines and cytokines (Daley et al. 2008; Nauseef 2007;
Sunderkötter et al. 2004). Regardless of their similarities,
emerging evidence indicates that neutrophils and monocytes/
macrophages have distinct roles as innate immune cells and
therefore are indispensable as key players against infection.
Typically, neutrophils are the first responders to be recruited
and have a higher microbicidal activity; whereas monocytes/
macrophages are recruited later on. Despite this, monocytes/
macrophages are able to digest and present antigens to other
immune cells, thereby allowing them to interact with the adap-
tive immune system (Silva and Correia-Neves 2012).
Neutrophils and monocytes/macrophages share a complex re-
lationship and; together, they orchestrate a more enhanced
immune response by regulating other immune cells as well
as each other.

Neutrophils and monocyte/macrophages coordinate
an effective immune response

Due to their robust reactivity to pathogens, neutrophils are
typically not resident in body cavities. Instead, neutrophils
are produced and stored in large reserves in the bone marrow,
ready to be deployed into the circulation (Yamashiro et al.
2001). In fact, neutrophils are the most abundant circulating
leukocyte in humans and are equipped with potent microbici-
dal activity (McCracken and Allen 2014). Monocytes also
originate from the bone marrow but circulating monocytes
can give rise to macrophages and dendritic cells (DC)
(Geissmann et al. 2010). In contrast to neutrophils, tissue-
resident macrophages are less immunoreactive; which is an
important feature that enables them to patrol the tissues for
pathogens (Davies and Taylor 2015). Following microbial
challenge, tissue-resident macrophages become activated to
produce neutrophil chemoattractants such as CXCL1,
CXCL2, interleukin (IL)-1α and monocyte chemoattractant
protein-1 (MCP-1) (Fig. 1) (Barry et al. 2013; Beck-
Schimmer et al. 2005; De Filippo et al. 2008). The resultant
effect is a rapid influx of neutrophils to the site of infection.
However, it is traditionally thought that the lifespan of recruit-
ed neutrophils is relatively short as they are preprogrammed to
die quickly to prevent excessive inflammation (McCracken
and Allen 2014). Therefore, macrophages act to prolong their
survival by producing a variety of growth factors such as
granulocyte–macrophage colony-stimulating factor (GM-
CSF), granulocyte colony-stimulating factor (G-CSF) and tu-
mor necrosis factor alpha (TNF-α) (Takano et al. 2009). This
event typically marks the onset of inflammation. Evidently,
neutrophils and macrophages work in concert to enhance the
immune response against pathogens; however, it is important
that this relationship is tightly regulated as it may contribute to
overt inflammation and onset of pathology.

Once recruited, neutrophils are capable of inducing a
second-wave inflammatory response. Firstly, the dynamic

neutrophil phenotype is altered to suit the changing environ-
ment (Rao et al. 2014). As this occurs, neutrophils regulate the
release of chemoattracting factors, such as cathepsin G and
azurocidin, which are involved in the recruitment of other im-
mune cells, in particular monocytes/macrophages (Fig. 1)
(Chertov et al. 1997a). These cells initiate a feed-forward loop
that involves further downstream inflammatory processes (Hu
et al. 2008). In addition, neutrophil-derived azurocidin was
shown to attract inflammatory monocytes in vivo (Soehnlein
et al. 2008c). The underlying mechanism was shown to involve
the upregulation of various adhesion molecules on the endothe-
lium, including intercellular adhesion molecule-1 (ICAM-1),
vascular cell adhesion molecule-1 (VCAM-1) and E-selectin
(Lee et al. 2003). Moreover, neutrophils are able to alter vascu-
lar permeability by inducing changes in the cytoskeletal struc-
ture of endothelial cells, thus promoting the transmigration of
monocytes (Gautam et al. 2001). Studies involving neutrophil
depletion have highlighted the importance of neutrophil influx
for subsequent monocyte/macrophage recruitment. In fact,
mice depleted of neutrophils demonstrated a decrease in mono-
nuclear inflammatory cell infiltrate, specifically inflammatory
monocytes (Soehnlein et al. 2008c; Zhou et al. 2003).
Conversely, reconstitution with neutrophils restored this loss
of inflammatory monocytes recruitment (Soehnlein et al.
2008c). In a mouse model of neutrophil-specific granule defi-
ciency, the distribution of cell-surface markers on monocytes
was lowered (Shiohara et al. 2004). Moreover, lipopolysaccha-
ride (LPS) stimulation of monocytes isolated from the periph-
eral blood of patients with neutropenia was found to have re-
duced cytokine production compared to healthy controls
(Mokart et al. 2008). Collectively, these studies demonstrate
that neutrophils are essential for monocyte/macrophage recruit-
ment and function.

In a classical immune response, the granular products re-
leased by neutrophils directly act on pathogens with potent
antimicrobial activity. It has become apparent that these pro-
teins are also able to affect the activity of neighboring mono-
cytes and macrophages. Depending on the microenvironment
they find themselves in, macrophages are able to acquire ei-
ther the BM1^ or BM2^ phenotype, hence allowing the mac-
rophage to act in a pro-inflammatory or anti-inflammatory
manner, respectively (Hamilton et al. 2014). The M1/M2 par-
adigm is gaining increasing recognition in the field but it
should be noted that it is a gliding scale and that a clear M1/
M2 distinction is oversimplified. Pro-inflammatory macro-
phages express inducible nitric oxide synthase and CD40
and produce TNF-α and IL-6, whereas anti-inflammatory
macrophages express arginase I and CD206 and produce
transforming growth factor (TGF)-β and IL-10 to facilitate
tissue repair (Liu et al. 2013; Wynn and Vannella 2016).
During an infection, neutrophils typically induce a M1 phe-
notype in macrophages to prime their pro-inflammatory activ-
ity. One of the mechanisms by which neutrophils mediate
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macrophage polarization is by their release of azurocidin
(Fig. 1) (Påhlman et al. 2006). Lactoferrin, another neutrophil
granule product, was detected within peritoneal macrophages
upon infection withMycobacteria. This protein is not synthe-
sized by macrophages and therefore it is thought to be trans-
ferred from apoptotic neutrophils during their clearance by
macrophages. Not surprisingly, the antimicrobial activity of
macrophages containing lactoferrin was significantly en-
hanced following infection (Silva et al. 1989). This finding
was corroborated by a study that specifically tracked the

uptake of neutrophil-derived granules by macrophages.
Following this acquisition, the macrophages showed in-
creased microbicidal activity (Tan et al. 2006). Furthermore,
a recent study reported that IL-13 secreted by neutrophils is
able to skew macrophage polarization to the M2 phenotype
during a helminth infection to effectively eradicate these par-
asitic worms (Chen et al. 2014). These findings highlight the
versatility of neutrophils as they are able to both recruit and
augment the activity of macrophages according to the de-
mands placed upon them by the immune system.

Fig. 1 Neutrophil–macrophage interaction during an immune response.
Following pathogen recognition, tissue-resident M2 macrophages pro-
duce CXCL1 and tumor necrosis factor-alpha (TNF-α), which are in-
volved in neutrophil recruitment and granulopoiesis. The recruited neu-
trophils destroy the invading pathogens and produce azurocidin that
upregulates E-selectin and vascular cell adhesion molecule-1 (VCAM-1)
expression on the endothelium to enhance monocyte recruitment.
Monocytes that have transmigrated into the tissues differentiate into M1

macrophages and proceed to degrade the invading pathogens and produce
granulocyte colony-stimulating factor (G-CSF) to prolong neutrophil sur-
vival. Once inflammation is resolved, M1 macrophages bind to neutro-
phils via TNF to induce apoptosis. Apoptotic neutrophils are cleared
away by M1 macrophages that then polarize toward an M2 phenotype
to restore homeostasis. (Stock images sourced from Servier Medical Art;
Creative Commons)
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There are various homeostatic mechanisms put in place by
the immune system to prevent an accumulation of leukocytes
in the tissue and thus avoid overt inflammation. Apoptosis,
also known as programmed cell death, is a biological response
that occurs following the resolution of inflammation (Elmore
2007). Macrophages possess membrane-bound TNF allowing
them to induce neutrophil cell death (Allenbach et al. 2006).
These apoptotic neutrophils are then cleared away by tissue-
resident macrophages via phagocytosis (Poon et al. 2014).
Annexin A1 (AnxA1), a protein produced by neutrophils,
enhances this process as it increases the phagocytic ability of
macrophages (Scannell et al. 2007). It was found that phago-
cytosis of apoptotic neutrophils causes the macrophage to ac-
quire a M2 phenotype (Fig. 1). In these macrophages, the
production of inflammatory mediators such as IL-23, a cyto-
kine involved in granulopoiesis, is inhibited, while the secre-
tion of TGF-β1, an important regulatory cytokine, is increased
(Fadok et al. 1998; Stark et al. 2005). In addition, AnxA1 is
able to act as a negative regulator of neutrophil accumulation
as it was shown to be a monocyte chemoattractant. To expand,
the monocytes recruited by AnxA1 differentiate into macro-
phages, which then proceed to engulf and clear away the re-
maining neutrophils in the tissue (Chertov et al. 1997a).
Senescent monocytes and macrophages themselves undergo
apoptosis and are cleared away by scavengers (Poon et al.
2014). Taken together, there are various mechanisms utilized
by neutrophils and monocytes/macrophages to regulate the
clearance of cells in the resolution of inflammation.

There is also emerging evidence suggesting that neutro-
phils are able to take on different phenotypes and functions
during physiological conditions as well as in various diseases
such as diabetes, stroke and myocardial infarction (Cuartero
et al. 2013; Ma et al. 2016; Rao et al. 2014). Perhaps non-
intuitively, neutrophils in the skin have been shown to be
critical for the resolution of tissue inflammation by facilitating
wound healing (Cantürk et al. 2001). Therefore, it is becoming
clear that simply removing neutrophils or halting their recruit-
ment following inflammation has the potential to impact on
inflammatory responses in a more complex fashion than orig-
inally believed. In contrast to previous dogma, neutrophils are
becoming recognized as highly versatile and sophisticated
cells that display de novo synthetic capacity and potentially
prolonged lifespan (de Oliveira et al. 2016; Mantovani et al.
2011). In addit ion, concepts such as Bneutrophil
heterogeneity^ and Bneutrophil plasticity^ have begun to
emerge, with evidence indicating that, under pathological con-
ditions, neutrophils may differentiate into discrete subsets de-
fined by distinct phenotypic and functional characteristics
(Beyrau et al. 2012). Indeed, it was reported that neutrophils
acquire the BN2^ immunosuppressive phenotype during
tumourigenesis and chronic inflammation (de Oliveira et al.
2016). These N2 neutrophils are characterized by their immu-
nosuppressive ability and delay in apoptosis as there is a

reduction in Fas-ligand expression (Andzinski et al. 2015).
Additionally, classical neutrophil function was attenuated in
the N2 neutrophils as there was a downregulation in the path-
ways associated with antigen processing and chemokines
(Shaul et al. 2016). TGF-β blockade resulted in the decrease
of N2 neutrophils suggesting that this cytokine is important in
inducing an immunosuppressive profile in neutrophils
(Fridlender et al. 2009). Interestingly, M2 macrophages in
the intestines are producers of TGF-β and Fas-ligand and
therefore there is ongoing research to examine whether the
change in the neutrophil phenotype may also occur in the host
tissues of various immunological microenvironments and
whether this is dependent on the tissue-resident macrophages.

Overall, the interactions between neutrophils and
monocytes/macrophages enable the host to effectively defend
against and eliminate foreign pathogens; however, it is also
becoming clear that these interactions can be detrimental to
the host if not tightly regulated. The latter part of this review
explores the functional cooperation of neutrophils and
monocytes/macrophages in various disease settings. We will
discuss these interactions in the context of cardiovascular dis-
ease in the form of atherosclerosis, an autoimmune disease
mainly occurring in the kidneys, as well as the unique intesti-
nal immune response of the gut that does not conform to the
norms of the typical immune system.

Neutrophils and monocyte/macrophages
in atherosclerosis

Atherosclerosis, a disease of the vasculature, is characterized
by progressive accumulation of low-density lipoproteins
(LDLs), fibrosis and inflammation within the vascular endo-
thelium. Development of fatty plaques as a result of these
processes leads to narrowing of the vascular lumen and is
associated with myocardial infarction and stroke (Bots et al.
1997; Grau et al. 2001; O’Leary et al. 1999). For many years,
the development and progression of atherosclerotic plaques
have traditionally been viewed as a classical monocyte-
driven process (Gerrity, 1981; Østerud and Bjørklid 2003;
Woollard and Geissmann 2010). Once activation of the vas-
cular endothelium is triggered, interaction between monocytes
and the endothelium, mediated by adhesion molecules, in-
duces monocyte arrest and extravasation into the endothelial
space (Mestas and Ley 2008). Here, the cells differentiate into
macrophages producing pro-inflammatory cytokines and re-
active oxygen species (ROS) and are capable of ingesting vast
amounts of accumulated oxidized LDLs (Weber and Noels,
2011). Along with pro-inflammatory macrophages within the
fatty streak, foam cell death propagates inflammation to per-
petuate the development of the plaque (Soehnlein and Weber,
2009).

It is well accepted that hyperlipidemia increases the risk for
developing atherosclerosis by way of increasing the number of
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circulating inflammatory monocytes and their emigration into
atherosclerotic lesions (Adamson and Leitinger 2011; Huang
et al. 2001; Mohty et al. 2008; Shankar et al. 2007). However,
emerging evidence is accumulating that hyperlipidemia not
only activates monocytic cells but also induces neutrophilia
and priming of circulating neutrophils (Drechsler et al. 2010;
Huang et al. 2001). With the advancement of neutrophil-
specific fluorescent labeling techniques in recent years, a num-
ber of studies have demonstrated the accumulation of neutro-
phils within atherosclerotic plaques (Ionita et al. 2010; Rotzius
et al. 2010). In fact, hyperlipidemia- or hypercholesterolemia-
induced neutrophilia has been shown to be an initiating stim-
ulus for plaque development (Drechsler et al. 2010). While the
total number of neutrophils within the plaque is minimal, the
locations of maximal neutrophil infiltrations correlate with
those regions having the highest monocyte density (Rotzius
et al. 2010). To examine the role of neutrophils in atheroscle-
rosis, it was found that the administration of a CXCR4 antag-
onist to induce neutrophilia in Apolipoprotein E knockout
(Apoe−/−) mice triggered the rapid development of atheroscle-
rosis due to abnormal lipoprotein metabolism (Zernecke et al.
2008). These mice exhibited enhanced lesion formation with a
modest increase in lesion monocyte numbers compared to
mice that did not receive the CXCR4 antagonist. Conversely,
prevention of neutrophil trafficking to sites of inflammation
through adoptive transfer of neutrophils deficient in the che-
mokine receptor CXCR2 was found to be protective against
atherosclerotic plaque formation (Zernecke et al. 2008). In a
separate study, induction of neutropenia in mice significantly
reduced the number of monocytes and macrophages within
atherosclerotic plaques and attenuated plaque development
(Drechsler et al. 2010). Furthermore, antagonism of the recep-
tor for a potent neutrophil chemokine, IL-8 receptor, was also
shown to be effective in the attenuation of atherosclerosis (Qin
et al. 2013). Neutrophils may play direct roles in lesion forma-
tion, for example, through modification of LDLs by
myeloperoxidase (MPO), making them increasingly recogniz-
able to macrophages and making high-density lipoproteins no
longer able to remove cholesterol from foam cells (Podrez et al.
1999; Undurti et al. 2009). However, their low numbers and
co-localization with monocytes within plague regions vulner-
able to rupture, point to a role for leukocyte interactions in
atherogenesis (Ionita et al. 2010; Rotzius et al. 2010). Much
research has thus been undertaken to understand the mecha-
nisms by which neutrophil–monocyte interactions contribute
to lesion formation (Ionita et al. 2010; Soehnlein et al. 2005).

One such mechanism is the neutrophil-driven recruitment
of monocytes to sites of lipid accumulation (Soehnlein et al.
2008c). Exocytotic release of granules containing pro-
inflammatory peptides is thought to be a major mechanism
by which neutrophils perform these functions (Fig. 2)
(Soehnlein et al. 2005). In vivo models have demonstrated
their importance by depleting neutrophils in mice and

subsequently superfusing neutrophil secretions onto the tissue.
Neutropenic mice exhibited a marked reduction in the accu-
mulation of monocytes at a site of inflammation that can be
reversed by the subsequent exposure to granule products
(Soehnlein et al. 2008c). In human atherosclerotic plaques,
the use of immunohistochemistry has provided evidence for
LL-37 deposition within the neointima, while cathepsin G has
been established by the presence of its mRNA (Ciornei et al.
2006; Legedz et al. 2004). Additional granule products, includ-
ing azurocidin and α-defensins have also been identified
(Barnathan et al. 1997; Lee et al. 2002). These granule prod-
ucts have been shown to be chemotactic for monocytes by
several mechanisms, including Ca2+ mobilization by FPRL1
activation and modification of macrophage inflammatory pro-
tein (Agerberth et al. 2000; Chertov et al. 1997b; Soehnlein
et al. 2009b; Yang et al. 2000). Azurocidin deposition on the
endothelial surface, triggered by neutrophil–integrin binding,
led tomonocyte adhesion and extravasation into the tissue (Lee
et al. 2003), whereas another study demonstrated that release
of azurocidin onto the vascular endothelium stimulated arrest
of monocytes, potentially occurring through the priming effect
of CAM on monocyte rolling prior to adhesion (Fig. 2)
(Soehnlein et al. 2005).

Once at the site of lipid accumulation, the function of
monocytes/macrophages and foam cells can also be modulat-
ed by granule products released by neutrophils. In vitro stud-
ies have demonstrated that culturing monocytes with LL-37
shapes their development into a pro-phagocytic, M1 pheno-
type, while culture of LL-37 with fully differentiated macro-
phages can shift them away from an M2 phenotype.
(Soehnlein et al. 2008c; van der Does et al. 2010; Wan et al.
2014). This priming in the phagocytic capacity of granule-
peptide-treated macrophages may occur through increased
generation of ROS (Fig. 2) (Soehnlein et al. 2008b). α-
defensins also activate macrophages to enhance phagocytosis
through the generation of ROS in addition to causing an up-
regulation in cytokine synthesis (Soehnlein et al. 2008a;
Zughaier et al. 2005). A lack of interaction between mono-
cytes and neutrophil granule products via neutropenia corre-
lates with decreased circulating levels of IL-6 and TNF (Lee
et al. 2003). Notably, the levels of these primarily monocyte-
derived cytokines can be re-established by administration of
granule products (Soehnlein et al. 2008c). Neutrophil granule
products can also regulate development and function of foam
cells. For example, foam cell maturation was shown to be
impaired by blockade of the FPR2 receptor, which can recog-
nize LL-37 as an agonist and this correlated with reduced
production of TNF-α (Lee et al. 2013, 2014).

In addition to modulation via the controlled release of
granule products, neutrophil extracellular trap (NET) forma-
tion is capable of priming monocyte function in atheroscle-
rosis (Fig. 2) (Fuchs et al. 2007; Nahrendorf and Swirski
2015). NETs are web-like structures, consisting of neutrophil
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DNA and endogenous antimicrobial proteins, extruded upon
stimulation leading to death of the cell (Remijsen et al.
2011). Increased numbers of netting neutrophils have been
found adhering to the vascular lumen in mouse models of
atherosclerosis, as well as being identified in atherosclerotic
plaques removed from human arteries (Megens et al. 2012;
Warnatsch et al. 2015). To examine the effects of NET for-
mation by cholesterol crystal-primed neutrophils on athero-
genesis, Apoe−/− mice unable to undergo NET formation fed
on high fat had a 3-fold decrease in the size of atherosclerotic
lesions and this finding was similarly observed by other re-
searchers (Knight et al. 2014; Warnatsch et al. 2015).
Furthermore, while NETs were found to be a crucial driver
in the synthesis of pro-inflammatory, pro-atherogenic cyto-
kines, such as IL-1β and IL-6, these cytokines were not
neutrophil-derived. Instead, monocytes exposed to NETs
and subsequently to cholesterol crystals, exhibited a substan-
tial increase in their production of these cytokines.
Furthermore, chemokines such as CXCL1 and CXCL2 re-
leased by these primed monocytes then contributed to a

positive feedback loop by further attracting neutrophils to
the site of lipid and monocyte accumulation (Fig. 2).

It is becoming increasingly clear that phagocyte partner-
ship, through cell mediators, is a key aspect in the develop-
ment of atherosclerosis. Disruption in the recruitment or func-
tion of either one of the cell types discussed can disrupt this
partnership and afford considerable protection against plaque
formation and the risk of the associated complications. In
future, taking advantage of our understanding in neutrophil–
monocyte cell interactions may help in the development of
therapeutics to aid in the prevention of atherogenesis.

Neutrophils and monocytes/macrophages
in the kidney

Glomerulonephritis (GN) is a global term referring to a col-
lection of kidney diseases mostly involving inflammation of
the glomeruli or renal vasculature. These can be acute or
chronic in nature, can be generally classified as non-
proliferative or proliferative and can present as a nephrotic

Fig. 2 Immune interactions in atherosclerotic plaques. During
atherosclerosis, neutrophils release granule proteins (GPs) that are
deposited along the endothelial vessel to regulate the expression of
cellular adhesion molecule (CAM). Monocytes traveling into the plaque
differentiate into M1 macrophages and ingest surrounding LDLs causing
their maturation to foam cells. Within the atherosclerotic plaques, GPs
released from intralesional neutrophils interact with low-density lipopro-
teins (LDL), making them more recognizable to macrophages. GPs can

also interact with monocytes, macrophages and foam cells to increase
their proinflammatory, phagocytic activity. Concurrently, neutrophils
can release their nuclear contents in the form of extracellular traps
(NETs) to prime monocyte function causing the release of CXCL1 from
monocytes, resulting in a positive feedback loop to enhance neutrophil
recruitment. ROS reactive oxygen species; TNF tumor necrosis factor.
(Stock images sourced from Servier Medical Art; Creative Commons)
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or nephritic syndrome. Common clinical characteristics of
these diseases can include hematuria, proteinuria, hyperten-
sion, edema and decreased urine output (Becquet et al. 2010;
Hamouda et al. 2014; Li et al. 2014; Ramanathan et al. 2017).
GN is commonly attributed to non-infectious causes including
immune complex-mediated disease, or as a complication aris-
ing from cardiac surgery or critical illness requiring intensive
care, although post-infectious causes also exist (Jegatheesan
et al. 2016; Kanjanabuch et al. 2009; Li et al. 2011; Okpechi
et al. 2010; Rosner and Okusa 2006). Kidney damage during
GN, such as an acute kidney injury (AKI), is known to result
from a multitude of factors including activation of the com-
plement cascade, endothelial damage, leukocyte infiltration,
pro-inflammatory signaling, necrosis and apoptosis (Akcay
et al. 2010; Allam et al. 2012; Kaushal et al. 2004; Thurman
et al. 2003). Although GN patients may appear to recover
from an episode of AKI, with serum creatinine returning to
normal levels, alterations in kidney physiologymean that AKI
is a known predictor of chronic kidney disease and end-stage
renal disease (Lech et al. 2014). In patients undergoing cardiac
surgery who develop AKI, the risk of mortality is high and
correlates with the severity of injury (Abel et al. 1976; Lech
et al. 2014; Rosner and Okusa 2006). More specifically, re-
search has demonstrated that the immune response associated
with an episode of AKI is a major determinant of patient
outcomes (Zhang et al. 2015).

Many immune cell types have been implicated in the devel-
opment of proliferative GN; however, phagocytic leukocytes
have been shown to be major contributors in the pathogenesis
of kidney injury, particularly in crescentic and post-infectious
GN (Ferrario et al. 1985; Hooke et al. 1987). In fact,
monocytes/macrophages appear to be the most abundant im-
mune cell type within the glomerulus in several forms of GN
(Hooke et al. 1987; Weidner et al. 2004). While leukocytes do
not typically accumulate in capillary beds, their aberrant recruit-
ment to the glomerular capillaries represents amajor pathway for
tissue injury (Braehler et al. 2016; Finsterbusch et al. 2016; Xiao
et al. 2005). Within hours of the induction of injury, influx of
inflammatory monocytes/macrophages and neutrophils contrib-
ute to early tubular necrosis through the generation of pro-
inflammatory cytokines,myeloperoxidase and extracellular traps
(Braehler et al. 2016; O’Sullivan et al. 2015). In particular, gen-
eration of ROS and secretion of proteolytic enzymes by neutro-
phils have long been known to significantly disrupt the integrity
of the glomerular capillaries leading to glomerular dysfunction
causing symptoms such as proteinuria (Baud and Ardaillou
1993; Odobasic et al. 2007). Neutrophils can also contribute to
monocyte activation and extravasation through granule product
release and extracellular trap formation (Nakazawa et al. 2016;
Soehnlein et al. 2009a). In contrast, in the later stages of disease,
M2-type macrophages have been shown to be important in in-
flammation resolution and tissue repair (Jang and Rabb 2009;
Lee et al. 2011).

More recently, several key studies have highlighted not only
the role of these phagocytes in modulating renal injury but also
the importance of novel monocyte–neutrophil interactions in
the propagation of inflammation, compared with other tissue
compartments. Using a mouse model of renal ischaemia reper-
fusion injury (IRI), a major cause of sterile AKI, CD169+

kidney-resident monocytes and macrophages exert protective
effects in the glomerulus through prevention of neutrophil ac-
cumulation (Karasawa et al. 2014). In this study, targeted de-
pletion of CD169+ monocytes/macrophages resulted in signif-
icantly elevated and ongoing renal injury compared to that of
their wild-type counterparts. These cells form amajor compart-
ment of the CX3CR1+ peripheral monocytes andmacrophages
residing in the kidney. Even more notably, depletion of
CD169+ monocytes/macrophages prior to renal IRI proved to
be fatal within 2 days of injury. Further investigation of these
findings using flow cytometry and immunohistochemistry re-
vealed that this effect was due to increased accumulation of
neutrophils in the kidney. Additionally, the depletion of neu-
trophils in CD169-DTRmice attenuated the disease, highlight-
ing the deleterious role of neutrophils in AKI. The protective
effect afforded by CD169+ monocytes/macrophages was me-
diated by the suppression of ICAM-1 and macrophage inflam-
matory protein 2-alpha (MIP2α)/CXCL2 upregulation, poten-
tially to inhibit further neutrophil or monocyte recruitment.

In a separate model of glomerular inflammation, monocytes
and neutrophils were also found to be retained in the intravas-
cular space following administration of an anti-glomerular
basement membrane (GBM) antibody (Devi et al. 2013). In
the uninflamed kidney, non-classical monocytes were ob-
served to patrol the glomeruli of the kidney in addition to
trafficking neutrophils. However, upon administration of the
anti-GBM antibody, there was a significant increase in the
duration of retention of monocytes and neutrophils within the
intravascular space. This finding was not seen in a model of
puromycin aminonucleoside nephrosis but increased neutro-
phil dwell time has been similarly observed in models using
anti-MPO (Kuligowski et al. 2009). Intriguingly, this response
appears to be unique to the kidney, with studies of inflamma-
tion in skeletal muscle not demonstrating marked increases in
neutrophil dwell time.

In this model, a significant increase in oxidative burst was
observed for those neutrophils that were retained longer in the
glomerulus and inhibition of the macrophage-1 (MAC-1) an-
tigen led to restoration of neutrophil behavior to basal levels.
Importantly, diminution in the dwell time of, and oxidant pro-
duction by, neutrophils was associated with a marked reduc-
tion in albuminuria, reflecting amelioration in disease pathol-
ogy. Other studies have demonstrated that neutrophils persist
in the glomerulus only for a short time frame following ad-
ministration of anti-GBM (Tang et al. 1997). Despite this brief
retention, ROS-producing neutrophils, along with monocytes,
appear to be capable of inducing significant and enduring
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damage to the kidney and play a critical role in the pathogen-
esis of AKI.

Another study extended these findings by imaging direct
interactions between intravascular neutrophils and monocytes
within the glomerulus upon the initiation of glomerulonephritis
(Finsterbusch et al. 2016). In the same model of anti-GBM-
induced glomerulonephritis, it was reported that direct interac-
tions between monocytes and neutrophils occur for increasing
durations within the inflamed kidney (Finsterbusch et al.
2016). In fact, these interactions primed the cells for subse-
quent inflammatory activity. When neutrophils directly
interacted with patrolling monocytes within the intravascular
glomerulus, they were more likely to be activated and were
retained for a longer duration of time than those that did not
interact. Not only did these cells remain longer in the glomer-
ulus but they were also observed to have increased production
of ROS compared with non-interacting cells. To confirm these
findings, mice depleted of monocytes also demonstrated a sig-
nificant decrease in ROS production by neutrophils. In an ef-
fort to understand how this communication leads to activation
of neutrophil ROS production, anti-TNF antibodies were ad-
ministered. Upon inhibition, the dwell time of neutrophils in
the glomerulus was reduced and there was a substantial de-
crease in the number of cells producing ROS, correlating with
reduced glomerular injury. Taken together, these studies dem-
onstrate that while neutrophils may only remain within the
glomerular capillary for a short time frame, their recruitment
and activation bymonocytes is detrimental to glomerular struc-
ture and function. Disruption in the recruitment of neutrophils
to the glomerulus or inhibiting the interaction between mono-
cytes and neutrophils in the glomerulus may prove to be ther-
apeutic for the treatment of GN. Furthermore, increased under-
standing of these novel leukocyte interactions in the kidney
may shed light on the mechanisms of recruitment, activation
and regulation of these cell types in other disease processes.

Neutrophils and monocytes/macrophages in the gut

The intestine is themost densely populated organ in the human
body, containing over 1012 microorganisms that outnumber
host cells by approximately 10:1 (Garrett et al. 2010). The
structure of the gut consists of specialized intestinal cells that
act as a physical barrier to separate the luminal content from
the host tissues. Despite this, one of the requirements of the
intestinal lining is to be highly permeable in order to regulate
nutrient exchange during digestion. As a result, the microbial
communities located in the mucosal region between the intes-
tinal cells and lumen come in constant contact with the intes-
tinal immune system (Mowat and Agace 2014). The mucosal
microbiota coevolves with the intestinal immune system,
thereby creating a unique microenvironment (Belkaid and
Hand 2014). The immune population in the gut predominantly
consists of monocytes and tissue-resident macrophages, which

are concentrated in the lamina propria (Fig. 3) (Bain and
Mowat 2014). Intestinal macrophages play a large role in
maintaining intestinal homeostasis as they act as the first line
of defense against any microorganisms that breach the intesti-
nal lining (Belkaid andHand 2014). Upon a microbial attack, a
typical host immune response involves the activation of tissue-
resident macrophages, which leads to the secretion of
chemokines such as IL-8 that facilitate the recruitment of neu-
trophils to the gut. These neutrophils originate from the blood-
stream and transmigrate across the vascular endothelium into
the lamina propria (Beck-Schimmer et al. 2005; de Oliveira
et al. 2013; Fournier and Parkos 2012). It is here where neu-
trophils perform antimicrobial functions and prevent any se-
vere infections from occurring.

It is expected that the immune cells located in the intestines
would be constantly activated, as they are in perpetual contact
with the microbiota. However, studies have shown that these
intestinal immune cells are capable of remaining in a state of
anergy without compromising their functional capabilities
(Smythies et al. 2005, 2010). In extra-gastrointestinal tissue,
macrophages recognize and bind to moieties located on path-
ogens, leading to their activation. Recent evidence has shown
that intestinal macrophages become partial to an immunosup-
pressive M2 profile in order to adjust to the local environment
and prevent excessive inflammation. It was reported that the
intestinal epithelium constitutively expresses TGF-β1, which
could explain the preference for the anti-inflammatory M2
macrophages in the intestines rather than one that is of the
M1 prolife (Avery et al. 1993). In fact, the M2 intestinal mac-
rophages become tolerant to immunogenic peptides via the
downregulation of pattern recognition receptors and constitu-
tively produce IL-10 as well as TGF-β (Bain et al. 2013;
Fadok et al. 1998; Smith et al. 2001). Both IL-10 and
TGF-β have been shown to elicit anti-inflammatory effects
on neutrophils, as these cytokines are able to regulate neutro-
phil recruitment, function and lifespan (Krause et al. 2015;
Lewkowicz et al. 2006). Moreover, these intestinal macro-
phages play a large role in the clearance of neutrophils in the
colon following inflammation as they release soluble Fas-
ligand that binds to and causes neutrophil apoptosis (Fig. 3)
(Duffield 2003).

The microenvironment in the gut is ever-changing due to
our diet and lifestyle, thus the intestinal immune system must
constantly adapt to maintain homeostasis. A disruption in the
intestinal immune system has been shown to have both local
and systemic effects, such that changes in the gastrointestinal
environment lead to the onset of various diseases that are not
confined to the gut (Ho et al. 2015). Locally, a variety of
infections in the gut can occur and, due to the exponential
growth of microbes, it is essential that the immune response
is potent and quick. Neutrophils and macrophages have been
shown to cooperate in order to enhance the immune response
during infectious diseases. In one study, zebrafish were
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infected with Mycobacterium marinum to mimic chronic
granulomatous disease, which primarily affects the gastroin-
testinal tract. It was reported that neutrophils were recruited to
granulomas by dying macrophages, which they then internal-
ize and destroy (Yang et al. 2012). Shigella flexneri, a patho-
gen that causes dysentery, is rapidly phagocytosed by macro-
phages and neutrophils upon infection. Macrophages that in-
ternalized the bacteria quickly died. Conversely, neutrophils
infected with S. flexneri successfully degraded the bacteria
and proceeded to engulf the dead macrophages (Mostowy
et al. 2013). Clostridium difficile and Staphylococcus aureus
are both members of the host intestinal microbiota of most
individuals. Although both neutrophils and macrophages
work together to overcome infection by these bacteria when
they overgrow, the outcome is not the same. During infection
with C. difficile, neutrophil recruitment is enhanced by MIP-2
released by macrophages (Castagliuolo et al. 1998). On the
other hand, S. aureus exploits this relationship to aid in its own
survival by hindering the uptake of apoptotic neutrophils by
macrophages, resulting in necrosis (Greenlee-Wacker et al.
2014). Therefore, the interaction between neutrophils and
macrophages in the gut is clearly essential against microbial

invasions, though it may also be exploited in some infections
to the benefit of the bacteria.

In addition to constant microbial exposure, the gut is also
prone to autoimmune diseases: inflammatory bowel disease
(IBD), of which the most common forms are Crohn’s disease
(CD) and ulcerative colitis (UC). CD is characterized by wide-
spread inflammation throughout the gastrointestinal tract
whereas UC is confined to the large intestine, more specifical-
ly the mucosa (Xavier and Podolsky 2007). IBD in humans is
driven by T cells due to their pivotal role against pathogens;
however, there is also the involvement of immune cells such
as neutrophils and macrophages during disease as shown by
their accumulation in the inflamed mucosa (Larmonier et al.
2015). In order to study this involvement, various animal
models have been adopted to replicate the symptoms of CD
and UC in humans. These include the trinitrobenzene sulfonic
acid (TNBS), dextran sulfate sodium (DSS) and adopted Tcell
transfer models (Mizoguchi 2012). These models are com-
monly used to evaluate the efficacy of therapeutics; however,
it is important to consider that, although the pathologies in-
duced by the animal models are not identical to that of human
IBD, they are designed tomimic aspects of the human disease.

Fig. 3 Intestinal homeostasis vs inflammatory bowel disease (IBD).
During intestinal homeostasis, M2 macrophages mainly release anti-
inflammatory factors that influence neutrophil phenotype and contribute
to epithelium proliferation. Conversely, during IBD, the epithelial barrier
of the intestines is damaged, which allows for the entry of microbes into
the tissue. Subsequently, surrounding macrophages predominantly ex-
press the M1 macrophage phenotype and release pro-inflammatory fac-
tors involved in neutrophil recruitment. Neutrophils arrive at the site of

injury and proceed to produce anti-microbial factors to control infection;
however, they may also further contribute to tissue destruction.
Neutrophil accumulation in the tissue can also occur due to impairment
in neutrophil apoptosis. MIP-2 macrophage inflammatory protein 2;
MPO myeloperoxidase; ROS reactive oxygen species; TGF-β
transforming growth factor; VEGF vascular endothelial growth factor.
(Stock images sourced from Servier Medical Art; Creative Commons)
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The role of macrophages and neutrophils differ between CD
and UC. It has been noted that there are high levels of pro-
inflammatory macrophages detected in the gastrointestinal tis-
sue of CD patients (Thiesen et al. 2014). In contrast, neutrophil
accumulation predominates in UC patients (Harbord et al.
2006; Marks et al. 2006). It was reported that cultured macro-
phages from CD patients secreted less chemotactic mediators
such as IL-8 as well as impaired pro-inflammatory cytokine
production following stimulation with Escherichia coli (Marks
et al. 2006; Smith et al. 2009). Conversely, UC is thought to be
a neutrophil-driven disease (Bressenot et al. 2015). Indeed,
neutrophils contribute to disease pathology via the excessive
production of pro-inflammatory factors such as MPO and
ROS, leading to tissue damage (Fig. 3) (Wéra et al. 2016).
During DSS-induced colitis, mice deficient of macrophages
resulted in exacerbated disease pathology, higher levels of
CXCL1 expression and MPO activity compared to wild-type
mice. Not surprisingly, there was a concurrent increase in the
number of neutrophils in the colon. Subsequently, neutrophil
depletion prevented the increase in disease severity in these
mice (Qualls et al. 2006). The findings from this study suggest
that gastrointestinal macrophages have a protective effect dur-
ing colitis by downregulating neutrophil recruitment as well as
their activity. Interestingly, recent studies have shown that neu-
trophils are also able to play a protective role during TNBS-
and DSS-induced colitis (Kühl et al. 2007; Rong et al. 2011).
The discrepancy in results from the aforementioned studies
could be due to a change in the inflammatory environment of
the colon as it is dependent on themodel of colitis, species used
and the setup of the study.

One of the characteristics of IBD is an inflamed and dam-
agedmucosa (Fig. 3).Macrophages play amajor role in wound
healing and mucosal repair by the release of reparative factors,
such as vascular endothelial growth factor (VEGF) and TGF-β
(Brancato and Albina 2011). On the other hand, neutrophils
secrete a variety of tissue damaging factors, such as oxidants
and granulocytic proteins, during the immune response and
may negatively influence wound repair (Koh and DiPietro
2011 Wilgus et al. 2003). Thus, the role of macrophages in
inducing apoptosis and clearing neutrophils from inflamed
gut tissues are essential in preventing intestinal tissue necrosis
and pathology. Indeed, apoptotic intestinal epithelial cells were
observed to be abundant in patients with IBD. In contrast, there
is evidence of delayed apoptosis in immune cells such as T
cells and neutrophils during IBD (Brannigan et al. 2000; Souza
et al. 2005). The cell death pathway of neutrophils from IBD
patients appeared to be delayed as there was a decrease in the
expression of pro-caspase 3. Furthermore, the high levels of
IL-8 found in the serum of IBD patients compared to healthy
controls may explain the increased resistance to cell death by
the Fas-ligand produced by macrophages (Brannigan et al.
2000). It is conceivable that this impairment of apoptotic ma-
chinery could account for the aforementioned accumulation of

leukocytes in the colon during colitis. This study highlights the
fact that neutrophil apoptosis is delayed during IBD; however,
further studies are warranted to determine whether it occurs
before, during or after the onset of disease. While neutrophils
have been shown to be capable of producing proangiogenic
and reparative VEGF, as well as expressing IL-10 that could
potentially modulate both monocyte andmacrophage polariza-
tion to pro-reparative phenotypes, it is currently unclear wheth-
er neutrophils promote these phenotypic changes in the in-
flamed colon. Additionally, it is unknown whether the delayed
neutrophil apoptosis in IBD is mediated by impaired phago-
cytic function in macrophages in the gut. The discovery of
other mechanisms that contribute to impaired neutrophil apo-
ptosis will be important for the development of effective inter-
ventions and therapeutics in the future.

Conclusions

There have been significant discoveries in our understanding
of the interaction between neutrophils and monocytes/macro-
phages. This immunological relationship has evolved in such
a way that it is dynamic and able to adapt to various pathogens
and microenvironment settings. However, it should be noted
that the neutrophil and monocyte/macrophage interaction may
not always be beneficial to the host. As discussed in this re-
view, both of these cells have been demonstrated to be capable
of driving various autoimmune and inflammatory diseases.
Nonetheless, depletion studies and the use of novel transgenic
animal models in recent years have begun to reveal key mech-
anisms and identify critical roles of neutrophils and
monocytes/macrophages during an aberrant immune re-
sponse. Clearly, a better understanding of the relationship
shared between neutrophils and monocytes/macrophages
and their complex interactions, is critical for the development
of therapeutics for numerous diseases in the future.
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