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Neutrophil granulocytes are the most numerous type of leukocyte in humans bearing

an enormous, yet largely unexplored therapeutic potential. Scientists have very recently

increased their efforts to study and understand these cells which contribute to various

types of inflammatory diseases and cancer. The mechanisms that regulate neutrophil

recruitment to inflamed tissues and neutrophil cytotoxic activities against host tissues

and pathogens require more attention. The reactive oxygen species (ROS) are a popular

source of cellular stress and organ injury, and are critically expressed by neutrophils. By

combating pathogens using molecular combat factors such as neutrophil extracellular

traps (NETs), these are immobilized and killed i.e., by ROS. NETs and ROS are essential

for the immune defense, but upon excessive activation, may also harm healthy tissue.

Thus, exploring new routes for modulating their migration and activation is highly

desired for creating novel anti-inflammatory treatment options. Leukocyte transmigration

represents a key process for inflammatory cell infiltration to injury sites. In this review,

we briefly summarize the differentiation and roles of neutrophils, with a spotlight on

intravital imaging. We further discuss the potential of nanomedicines, i.e., selectin

mimetics to target cell migration and influence liver disease outcome in animal models.

Novel perspectives further arise from formulations of the wide array of options of small

non-coding RNA such as small interfering RNA (siRNA) and micro-RNA (miR) which

exhibit enzymatic functions: while siRNA binds and degrades a single mRNA based

on full complementarity of binding, miR can up and down-regulate multiple targets

in gene transcription and translation, mediated by partial complementarity of binding.

Notably, miR is known to regulate at least 60% of the protein-coding genes and thus

includes a potent strategy for a large number of targets in neutrophils. Nanomedicines

can combine properties of different drugs in a single formulation, i.e., combining surface

functionalization with ligands and drug delivery. Inevitably, nanomedicines accumulate in

other phagocytes, a fact that should be controlled for every novel formulation to restrain

activation of macrophages or modifications of the immunological synapse. Controlled

drug release enabled by nanotechnological delivery systems may advance the options

of modulating neutrophil activation and migration.

Keywords: neutrophil granulocytes, macrophages, small non-coding RNA, micro-RNA, small interfering RNA,

inflammatory liver disease, two-photon microscopy, intravital imaging
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INTRODUCTION

Origin, Roles, and Differentiation of
Neutrophil Granulocytes
Neutrophil granulocytes are the most numerous innate
immune cell type of and represent 50–70% of the circulating
leukocytes. Under homeostatic conditions, neutrophils are
generated in the bone marrow at a rate of 109 cells per kilogram
of body weight per day (1). A plethora of factors controls
the differentiation of hematopoietic cells into myeloblasts,
metamyelocytes, band cells, and finally, granulocytes (2).
Neutrophils play an important role in the defense of the
body, as well as in resolution and healing of inflammation (3).
Neutrophils phagocytose and digest pathogens, and further kill
microbes based on a repertoire of antimicrobial molecules, some
of which they store in their repository granules and which they
can release toward microbes upon activation (4). The granules,
which are a major trait of these cells, contain among others
different types of proteins which can be classified as azurophilic,
specific, and gelatinase granules. Azurophilic granules mainly
include myeloperoxidase (MPO), the enzyme which mediates
the oxidative burst (5, 6). Specific granules contain lactoferrin
and get generated after the generation of azurophilic granules.
The gelatinase granules are loaded with antimicrobial agents
and function as a deposit for diverse metalloproteases, such as
gelatinase, and leukolysin. The granules thus cover a collection
of toxic substances which are required for the diverse activities of
neutrophils during inflammation and which impact innate and
adaptive immunity (7).

Neutrophils are normally terminally differentiated when
entering the bloodstream, and they exhibit a short life span of
only 6–8 h in circulation (8). Neutrophils are distinguished as
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either being circulating or belonging to the marginated pool. The
cells of the marginated pool are those cells which reside in liver,
spleen, and bone marrow and which can be re-mobilized into
the circulation by specific signals, for instance, adrenaline (9, 10).
The life of neutrophils is strongly controlled by inflammatory
signals which “keep them alive.” In case these signals are lacking,
neutrophils die by spontaneous apoptosis. The clearance of
dead neutrophils takes place in the liver, spleen, and bone
marrow (10). The life span is thus tightly regulated during
inflammatory responses, and the turnover rate of these cells can
be delayed or accelerated (11, 12). The diversity of neutrophil
subtypes can in parts be explained by their level of maturation:
“fresh” neutrophils upregulate surface markers such as the CXC
chemokine receptor 2 (CXCR2), Gr1 (Ly6C/G), and L-selectin
(CD62L) (13). Earlier studies have outlined the importance of
CXCR2 upon thermal injury and emphasized the role of the
CXCL2/CXCL1-CXCR2 axis in murine neutrophil intravascular
chemotaxis toward injury sites (14).

The retention and release of neutrophils from the bone
marrow is regulated by CXCR4 and CXCR2. Aged neutrophils,
after 6–8 h, among others express CXCR4, intercellular adhesion
molecule 1 (ICAM1), and CD49d (13). The integrin α4β1
(VLA4) and the CXC chemokine receptor 4 (CXCR4) are
downregulated, while CXCR2 and Toll-like receptor 4 (TLR4)
are upregulated on immature neutrophils (15). The CXCR4
is of critical importance for neutrophil maintenance in the
bone marrow. It has been shown that deficiency in CXCR4
causes changes in the populations of mature neutrophils in
circulation. The stromal cell-derived factor 1 (SDF-1, CXCL12)
is strongly expressed by bone marrow endothelial cells as well as
osteoblasts and binds to CXCR4, and the CXCR4/SDF-1 signal
axis is required to sustain the neutrophils in the bone marrow.
Appropriate signals can rapidly recruit neutrophils if required
(16, 17). Upon blocking CXCR4, neutrophilia is induced as a
consequence of bone marrow egress. In addition, neutrophil
pools from other organs such as the lung can also be mobilized
into circulation (18). The mobilization of neutrophils can also
occur through the granulocyte colony stimulating factor (G-SCF,
CSF3), which is known to switch the balance between CXCR2
and CXCR4 toward CXCR2. It is assumed that this is based
on downregulating CXCL12 expression and by the induction
of CXCL1 and CXCL2 expression in the endothelial cells of
the bone marrow (19). The toll-like receptor 4 (TLR4) triggers
the release of neutrophil extracellular traps (NET) (see below,
more details in section Recruitment and Functions of Neutrophil
Granulocytes in Acute Liver Disease) (20). Neutrophils were
shown to express CD11c, which is normally a marker for
dendritic cells, in systemic inflammatory response syndrome
(SIRS) patients (21). In addition to the surface receptors,
the cellular nucleus undergoes characteristic during neutrophil
maturation. It changes from a round into a banded shape with
lobulated morphology. These changes in the core are also used
to assess immature and mature neutrophils in blood sample
tests for inflammation where an increased number of round
or rod-like core shape reflects a “left switch” with increased
numbers of immature neutrophils. Importantly, the expression
of the surface markers by neutrophils are dynamic and should
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FIGURE 1 | Role of neutrophil activation in inflammatory liver disease. Neutrophils originate from hematopoietic stem cells in the bone marrow. (A) Fresh neutrophils

exhibit a more rod-like morphology of the nucleus and express CXCR2, L-Selectin, and Ly6G on the surface (left cell). Mature neutrophils express markers such as

(Continued)
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FIGURE 1 | CXCR4, ICAM1, CD11c, and others and exhibit a segmented nucleus. Please note that the expression of surface markers is highly dynamic. The markers

displayed in the figure rather indicate shifts toward higher or lower expression of the markers. (B) Upon inflammation, their numbers in circulation largely increase and

they infiltrate inflamed tissue sites through guidance by endothelial signal molecules such as selectins or hyaluronic acid. Upon activation, reactive oxygen species

(ROS) and neutrophil extracellular traps (NET) get formed which are intended to combat pathogens. The ROS and NETs may also harm healthy tissue or amplify

inflammation. MMP9 and also ROS were also shown to induce resolution of inflammation and to trigger alternative activation of macrophages.

be considered as either higher or lower, rather than positive or
negative (Figure 1A).

The concept of neutrophil heterogeneity in both basal
and inflammatory conditions has become an emerging focus.
Neutrophil subsets were initially defined in 2004 outlining the
existence of three populations on the basis of their expression
of TLR, CD49d, or CD11b (22). The cell surface glycoprotein
CD177 is another marker for neutrophils which is expressed on
40–60% of peripheral neutrophils under normal conditions and
it is upregulated during bacterial infection or inflammation. The
CD177+ neutrophils were demonstrated to generate low levels
of inflammatory cytokines, but exhibit increased bactericidal
activity and to produce huge amounts of reactive oxygen species
(ROS), myeloperoxidase and NETs in a colitis model (23). The
so-called low-density granulocytes are proficient in generating
NETs andwere described as pro-inflammatory neutrophil subsets
(24, 25), which can easily be observed in flow cytometry without
the need of antibody staining. Olfactomedin 4 (OLFM4), a matrix
glycoprotein stored in specific granules is another marker which
expression can be induced by NETs. It is expressed by ∼10–30%
of the circulating neutrophils. Data indicating the subpopulations
are currently still vague, but the existence of two subpopulations
is suggested (26, 27).

However, as mentioned above, many neutrophil subsets that
are described in the literature might only represent neutrophils
in different activation, polarization, or maturation states instead
of truly subsets that have distinguished transcriptional programs
and functions. Nevertheless, an attractive therapeutic potential
has been proposed by specific targeting of neutrophil subsets
in pathological conditions. However, modulation of neutrophils
can exhibit side effects such as increased risk of infection.
Moreover, the exact roles of neutrophil subsets in the liver
are not clear. Liver is known as a marginated pool of
neutrophils, in which these cells adhere to the endothelium of
capillaries and postcapillary venules, resulting in a prolonged
transition time when passing through this organ. Thus, it is an
intriguing question whether neutrophils change their phenotype
in liver in response to local vs. systemic cues especially under
pathologic conditions.

Recruitment and Functions of Neutrophil
Granulocytes in Acute Liver Disease
Inflammatory reactions at tissue sites are frequently initiated
by macrophages which recognize pathogens by means of their
expression of pattern recognition receptors, in particular, TLR.
TLR4 probably is the most intensively studied receptor of
the family and is involved in the recognition of bacterial
products such as lipopolysaccharides (LPS) (28). One major
consequence of macrophage activation is their release of the
tumor necrosis factor (TNF) which plays a key role in many

types of inflammatory diseases. Other cytokines secreted by
macrophages and other cell types include neutrophil attractants
which bind to receptors on neutrophils. For instance, the stromal
derived factor 1 (SDF-1, CXCL12) for CXCR4, and CXCL1 (also
KC or Groβ), which binds to CXCR2, thus have an impact on
neutrophil activation and migration (13).

In general, neutrophil recruitment into different organs has
major similarities: it is a sequential event which includes steps
of tethering, rolling, adhesion, crawling, and transmigration
(29–31). In this process, the stimulation of endothelial cells
by inflammatory factors such as the TNF triggers them to
express P and E selectins, adhesion molecules which control
leukocyte transmigration (diapedesis). Neutrophils constitutively
express the corresponding glycosylated ligands such as the P-
selectin glycoprotein ligand 1 (PSGL-1). The anchoring of the
ligands to the selectins evokes the tethering of neutrophils to
the endothelium layer. Tethering is followed by rolling alongside
the direction of the blood flow. After leukocyte rolling, integrins
get activated in response to tissue-derived chemokines which get
sequestered in the endothelial glycocalyx (32). The formation of
tethers with the endothelium further fixes their adhesion to the
blood flow (33). The binding of the ligands to PSGL-1 activates
a variety of kinases, i.e., of the p38 mitogen-activated protein
kinase, which is a major prerequisite for integrin activation
and adhesion (34, 35). During the rolling process, β2-integrins
of neutrophils undergo a conformational change, making them
more adhesive to their ligand intracellular adhesion molecule
1 (ICAM-1), which is expressed by activated endothelium (36).
Rolling enables a firm adhesion to the endothelium and is
followed by flattening of the cells. Subsequently, leukocytes
crawl on top of the endothelial apical surface to locate a
site for extravasation (37). The adhesion to the endothelium
is followed by an either transcellular migration through or
between interendothelial junctions (38). During transmigration,
molecules such as junctional adhesion molecules A, B and C
(JAM-A, JAM-B, and JAM-C), which are of major importance
due to their interactions with the integrin Macrophage-1 antigen
(integrin αMβ2/macrophage integrin/Mac-1) (39). Subsequently,
neutrophils have to migrate through pericytes which reside on
top of the endothelial cell layer.

In most organs, a basement membrane is the next barrier
to cross and it is a mesh composed of laminins and collagens.
The venular pericytes support the crawling of neutrophils during
their egress from the vessel lumen (40). However, unlike other
types of fenestrated endothelium, i.e., that of the kidney, hepatic
fenestrations exhibit no diaphragm and also no basal lamina.
The endothelial cells are organized into sieve plates, what
leads to a comparatively high level of permeability of LSEC
(41). but liver fibrosis is known to lead to an accumulation
with extracellular matrix (ECM) in the space of Disse (42).
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The fenestrations of LSEC were demonstrated to exhibit a
filter function that determines which type of macromolecules
can reach the parenchymal cells (43). In many other organs,
neutrophils are exposed to a high level of shear stress which they
can adapt by changing toward a flat morphology. However, in
liver, where the infiltration occurs within the narrow sinusoidal
channels (44), which in some areas only exhibit the size of a
flowing leukocyte, the shear stress is rather low (41). This fact
reduces the necessity of the rolling step, and also relates to the
low expression of selectins (44). The transmigration into liver
has more organ-specific properties: for instance, recruitment into
the hepatic sinusoids does not require the rolling step; instead,
neutrophils adhere directly to the hepatic endothelium (45). In
addition, selectin dependency of the recruitment of neutrophils
into the liver is controversial. It was reported as early as 1997
that, under inflammatory conditions, the sinusoids are the major
entry site for neutrophils (80%), whereas a smaller portion of cells
adheres to the post-sinusoidal venules (44). Particularly, adhesion
to the sinusoids is almost unaffected by selectins as demonstrated
by using selectin deficient mice and selectin inhibitors (44).
Furthermore, also other adhesion molecules were reported to
play minor roles for the liver entry, including α2 integrin and
ICAM-1 (44).

The group of Paul Kubes demonstrated that neutrophils
express CD44 on their surface to bind hyaluronan expressed
by the LSEC to enter inflamed liver microvasculature (46).
McDonald and colleagues have demonstrated that the activation
of TLR4 on LSEC triggered the deposition of serum-associated
hyaluronan-associated protein. Neutrophils also express CD44,
a cellular membrane glycoprotein which is involved in cell–cell
interactions, cell adhesion, and migration. It is a receptor for
hyaluronic acid (HA) expressed by liver sinusoidal cells (LSEC),
and further interacts with osteopontin, collagens, and matrix
metalloproteinases (MMP), thereby facilitates interactions with
the extracellular matrix (ECM). The CD44-HA interaction
mediates neutrophil adhesion to liver sinusoidal cells (LSEC)
and thus represents a mechanism for transmigration (47). In
sterile rodent injury models such as thermal injury, neutrophil
recruitment is less dependent on HA-CD44, but the cells use
αMβ2 (Mac-1) in order to bind to ICAM1 (48). Importantly,
this binding mechanism is not important in sepsis models in
which IL10 is found in serum at high concentration, where IL10
strongly reduces the expression of αMβ2 (49). During septic
injury, infiltrating neutrophils readily arrest upon entry, whereas
in sterile injury, the cells migrate toward the focus of damage and
may adapt the so-called swarming behavior which is amplified
by leukotriene B4 (LTB4) as described by Tim Lämmermann
and coworkers (50). During sterile injury, neutrophil recruitment
can be enhanced by adenosine triphosphate (ATP) which is
released from necrotic hepatocytes (48). Similarly, dying and
dead hepatocytes release N-formyl peptides which are detected
by the formylated receptor 1 on neutrophils, and which thereby
guide the cells to the specific location of injury (48). These
complementing mechanisms allow neutrophils to adapt to
different stages and modes of inflammation. For instance, they
are thus able to prioritize their response toward necrotic areas,
whereas the chemokine-directed migration has a lower priority

(51). A mode of rapid migration of neutrophils was reported
to be triggered by myosin heavy chain 9 (Myh9) which is
located at lamellopodes and in the uropod. In laser-induced
skin injury and in acute peritonitis, reduced Myh9 expression
in the hematopoietic system resulted in significantly diminished
neutrophil extravasation (52). The accumulation of neutrophils
in the microvasculature of the liver is a key pathological
feature of the systemic inflammatory response to sepsis or
endotoxemia. In this disease, neutrophils cause tissue damage
and vascular dysfunction. In addition to the TLR4 activation of
the endothelium, Kupffer cells impact neutrophil recruitment
based on a specific mechanism which is independent of CD44,
HA, and (serum-derived hyaluronan-associated protein) SHAP
(53). It was reported that a signaling network of TLR2, S100A9,
and CXCL2 is required to recruit neutrophils in acute (and
chronic) liver injury based on carbon tetrachloride (CCl4)-
mediated toxic liver injury (54).

In addition to their comparatively well-studied interactions
with the endothelium, neutrophils also perform important
interactions with platelets. Neutrophils and platelets similarly
are equipped with readily available functional molecules and
combine their activities to shapen the early inflammatory
response, as reviewed in great detail before (55). Following their
activation, platelets release damage-associatedmolecular patterns
(DAMP) such as High-Mobility-Group-Protein B1 (HMGB1).
Notably, HMGB1 can form heterocomplexes with CXCL12 and
is thus capable to engage CXCR4 in order to initiate neutrophil
recruitment to sites of inflammation (56). Platelets function
as pathfinders for neutrophils in the microvasculature. The
initiation of inflammation is followed by the adherence of
circulating platelets to distinct sites in venular microvessels,
thereby capturing neutrophils. Subsequently, inflammatory
monocytes get recruited via CD40-CD40L interactions (57).

Thus, in summary, the mechanisms for neutrophil
recruitment are strictly context-dependent and highly dynamic,
thus they depend on the specific type of disease (model) and
of associated cell types. For example, Mac-1 is required for
neutrophil adhesion and crawling during local inflammatory
stimuli in sinusoids as mediated by thermal injury, whereas in
systemic inflammatory disease conditions, the exposure to IL10
evokes a CD44-dependent, integrin-independent adhesion (49).
The infiltration of the liver or other organs with neutrophils leads
to a potential accumulation also with the different compounds
secreted by neutrophils, and these may affect disease outcome,
i.e., by harming healthy tissue. These cells are known to produce
reactive oxygen species (ROS), and degranulate many other
compounds such as the sticky web-like structures composed
of decondensed chromatin filaments and proteins termed
neutrophil extracellular traps (NETs) (58). Neutrophil elastase
(NE) is involved in chromatin decondensation occurring in
NETs. ROS and NETs function mainly in combating pathogens,
yet an excessive production may lead to an amplification of
the inflammatory response which, if unresolved, can lead to
unspecific tissue damage (59). Pro-inflammatory properties
and contributions to host cell injury have been reported for
NETs and were proposed to contribute to many types of disease.
NETs were demonstrated to contribute to inflammation and
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tissue damage in mice with severe acute pancreatitis (60). In
diabetes, neutrophils are primed to undergo NETosis, which
in turn impairs wound healing. Consequently, wound healing
is accelerated in peptidylarginine deiminase 4 (Pad4) deficient
mice (which have a deficiency in NET formation) compared to
WT mice. NETs enriched in oxidized mitochondrial DNA are
further interferogenic and contribute to lupus-like disease. A
recent report revealed that the nuclear protein histone H4 that
is released with NETs binds to and lyses smooth muscle cells
(SMC) thus contributing to arterial tissue damage (61).

Neutrophils also secrete proteins which can systemically
amplify inflammatory reactions. For instance, the soluble
urokinase plasminogen activator receptor (suPAR) received
increasing attention, since it is closely associated with the severity
of systemic inflammation and has been linked to immune
activation in critically ill patients. Similar to its prognostic
properties in patients with sepsis or cirrhosis, intrahepatic
uPAR activation and serum suPAR concentrations serve as an
interesting biomarker for acute liver failure patients (62). The
suPAR was originally identified to be generated by bone-marrow
derived immature myeloid cells and to contribute to proteinuric
kidney disease (63). Recently, our own studies on blood cells
and serum from critically ill patients have revealed low uPAR
expression on neutrophil surface and high serum suPAR levels.
This inverse correlation supports the notion that neutrophils are
a main source of shed suPAR proteins in systemic inflammation.
Furthermore, high suPAR levels and low neutrophilic uPAR
expression predictmortality in ICUpatients (64). Open questions
remain from studies in which the role of monocytic and resident
macrophages has been studied in acetaminophen (Paracetamol,
abbreviated as APAP)-induced liver injury. In this type of acute
liver injury, neutrophils appear at high numbers of about 20–30%
of leukocytes, prior to the monocytic cells (14).

However, neutrophil effectors do not necessarily damage
tissue, neutrophils can also contribute to the resolution
of inflammation. It has for instance been reported that
myeloperoxidase (MPO) can also protect the host from
lipopolysaccharide (LPS)-induced tissue injury (65). In thermal
injury, neutrophils penetrate the site of injury site and perform
the important task of dismantling injured vessels and creating
channels for vascular renewal. Subsequently, neutrophils reenter
the vasculature and perform a trip that covers a sojourn in
the lungs which leads to CXCR4 upregulation. The next step
is to enter the bone marrow and to undergo apoptosis (66). In
carbon tetrachloride (CCl4)-based liver injury, cell therapy with
bone marrow-derived macrophages (BMM) resulted in hepatic
recruitment of endogenous macrophages and neutrophils. These
cells were found to express matrix metalloproteinases-13 and
-9, respectively, as noted in scar regions. The cell infiltrate also
expressed increased levels of the antiinflammatory IL10 (67).
Elevating the neutrophil count using i.e., the drug Filgastim
[Non-glycosylated granulocyte-colony stimulating factor (G-
CSF)] also improves the survival of patients with severe alcoholic
hepatitis: and acute liver failure (68).

The release of ROS by neutrophils has been reported
to mediate macrophage phenotype in mice switching
from pro-inflammatory Ly6ChiCX3CR1

lo to pro-resolving

Ly6CloCX3CR1
hi macrophages, thus contributing to tissue

repair in APAP liver injury model (69). NETs are released under
high neutrophil densities aggregate and degrade cytokines and
chemokines via serine proteases, thus promoting the resolution
of neutrophilic inflammation in a mouse gout model (70). The
beneficial effects of neutrophils in clearance of cellular debris
during sterile inflammation were outlined clearly before (66).
The effects of neutrophil fate on macrophage activation is
summarized below in section Impact of Neutrophil Fate and
Activities on Macrophage Polarization and deserves special
attention, due to the important role of macrophages.

These studies suggest that neutrophils can play opposing
roles for the outcome of inflammation. While they can amplify
the inflammatory cascade i.e., by ROS or NETs, they are
also able to support the resolution of inflammation, i.e., by
MMP9. The contribution of neutrophils depends on the type or
model and the specific interactions with other hepatic cell types
(Figure 1B) (71).

Neutrophils in Chronic Liver Disease
Fibrosis can develop in the liver as a consequence of continuous
liver injury and occurs in most types of chronic liver diseases. A
prominent feature in chronic liver diseases is the accumulation
of neutrophils. Compared to acute liver diseases, contributions
of neutrophils in chronic liver injury are less clear. An in vitro
study suggested that neutrophil-derived ROS stimulates collagen
synthesis by human hepatic stellate cells whereas neutrophil-
derived nitric oxide may exert a protective antioxidant effect
by operating as a scavenger of superoxide anion (72). It is
therefore intriguing to investigate how neutrophils orchestrate
the release of these two products in vivo during liver fibrosis.
Neutrophils from patients with chronic liver disease showed
abnormal adherence to nylon fibers in vitro irrespective of
the underlying etiology (73), whereas other functions such as
phagocytosis and killing were rather normal (74). However, a
more recent report revealed that stable cirrhosis is characterized
by a malfunction of neutrophil phagocytosis, and their secretion
of increased amounts of inflammatory mediators (75). The anti-
neutrophil cytoplasmic antibodies (ANCA) are another hallmark
of advanced fibrosis; it is a class of antibodies which binds
to several different targets in neutrophils. Enhanced ANCA
immunoglobulin is a feature of cirrhosis regardless of its etiology,
and is significantly increased in patients with cirrhosis (in
alcoholics and non-alcoholics), but not in healthy controls or
HCV patients. Thus, levels of ANCA immunoglobulin A (IgA)
increase with disease progression (76).

There is a huge proportion of people with fatty liver disease in
the industrialized countries. Liang et al. (77) have systematically
compared the role of inflammatory and metabolic triggers on the
development of non-alcoholic steatohepatitis (NASH), a disease
which often precedes liver fibrosis. Mice treated with metabolic
dietary triggers (carbohydrate, cholesterol) developed NASH,
characterized by enhanced steatosis, hepatocellular hypertrophy,
and formation of mixed-type inflammatory foci containing also
myeloperoxidase-positive granulocytes (neutrophils), in addition
to mononuclear cells, essentially as observed in human NASH.
In contrast, non-metabolic triggers such as lipopolysaccharides
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(LPS) and interleukin-1β (IL-1β) did not induce a NASH-like
phenotype. MPO aggravates the development of NASH and
increase adipose tissue inflammation in response to a high fat
diet and thereby plays an important role for neutrophils in the
pathogenesis of metabolic disease. (78). Interestingly, the ROS
production by monocytes was similar in NASH patients and
healthy controls, while the neutrophils exhibited a particularly
higher phorbol myristate acetate-induced production of ROS
(79). Data from a mouse model of high fat diet (HFD) with binge
ethanol feeding have shown that obesity and binge drinking are
synergistic in promoting liver fibrosis, and this process is partially
mediated through interactions between neutrophils and hepatic
stellate cells (HSC). The authors have shown that neutrophils
activateHSC. Vice versa, HSCs produce granulocyte-macrophage
colony-stimulating factor and interleukin 15 which support the
survival of neutrophils (Figure 1B) (80).

Neutrophils in Hepatocellular Carcinoma
Hepatocellular carcinoma (HCC) is one of the most common
malignant tumor types in the world. Recently, it was shown
that in non-alcoholic steatohepatitis, elevated free fatty acids
stimulate NET formation and promote the development of
HCC, suggesting a role of neutrophils in the progression of
liver cancer in NASH (81). The number of neutrophils in
peripheral blood strongly associates with prognostic outcome,
indicating a potentially distinctive role for neutrophils as
facilitators of tumor progression and deteriorating performance
(82).Mechanistically, it was shown that neutrophils may promote
angiogenesis in the tumor milieu as a major source of MMP-9.
(83). Another study showed that tumor associated neutrophils
(TAN) mediated the intratumoral infiltration of macrophages
and Treg cells by secreting CCL2 and CCL17, which stimulated
neovascularization, enhanced HCC growth and metastasis in a
mouse model, as well as in HCC patients (84). In particular,
the ability of neutrophils to suppress T cell proliferation has
increased recognition of neutrophils and brought a new name
for these cells as granulocytic myeloid-derived suppressor cells
(gMDSC). Updated nomenclature has re-defined these cells as
myeloid regulatory cells (MRC) (85).

The granulocytic MRC have received increasing attention
from scientists. Many patients with advanced cancer suffer from
neutrophilia, and TAN are associated with poor prognosis.
Recently, the neutrophil-to-lymphocyte ratio has been proposed
as a novel prognostic factor inmany types of cancer. However, the
actual role of neutrophils for tumor development is controversial,
and there are example for pro as well as anti-tumoral functions, as
reviewed by Shaul and Fridlender (86) the transforming growth
factor β (TGFβ) triggers neutrophils to be pro-tumoral. In turn,
TGFβ blockade results in the recruitment and activation of TANs
with an antitumor phenotype, described as “N1” vs. “N2” TAN by
Zvi Fridlender (87). The N1 and N2 neutrophils both are capable
of producing NETs, but their individual roles remain enigmatic.
Christoffersson et al. have demonstrated that inflammatory
neutrophils (CD11b+ Gr1+CXCR4low) get recruited to sites of
injury by CXCL2 whereas angiogenesis promoting (MMP9hi

CXCR4hi) are recruited by the presence of vascular endothelial
growth factor A (Vegfa). Their important role in vascularization

strongly suggests that these pro-angiogenic neutrophils exhibit
the N2 subtype (88).

Recently, a close interrelation of neutrophils andmacrophages
has been demonstrated in different cancer models. In particular,
depletion of macrophages using antibodies which target colony
stimulating factor 1 (CSF1) leads to a compensatory activation
of neutrophils, which is induced by cancer-associated fibroblasts.
Thus, an additional inhibition of neutrophils, in parallel to that
of macrophages has demonstrated increased treatment efficiency
(89). Furthermore, the specific properties of dendritic cells have
to be taken into account for advanced treatment targeting
neutrophils (90).

Impact of Neutrophil Fate and Activities on
Macrophage Polarization
Upon their arrival in tissues, neutrophils become apoptotic
and get removed by macrophages and dendritic cells though
phagocytosis. Senescent neutrophils in blood are known to
upregulate CXCR4 which instructs them to return into the
bone marrow for clearance (91). This clearance further is
of importance for controlling neutrophil generation in the
bone marrow (92). The uptake of apoptotic neutrophils
by macrophages triggers an anti-inflammatory response and
polarization of the macrophages, i.e., a reduction in IL23. The
reduction in IL23 leads to reduced IL17 levels and thus, also
reduced G-CSF. The final consequence of this cascade leads to
diminished granulopoiesis (92).

However, if neutrophils receive a survival signal from
inflammatory mediators, they can activate macrophages which
can amplify inflammation. In contrast to neutrophils, the
maturation of macrophages from monocytes begins only after
they have entered the tissues. M8 play crucial roles in controlling
inflammation in different organs. The tumor necrosis factor
(TNF) is a key factor generated by M8 and covers a broad
line of biological functions, and in many cases, is involved
into cell and organ injury. During inflammatory diseases, TNF
can lead to necroptotic parenchymal cell death. Many types of
parenchymal cells of different organs are sensitive toM8-derived
TNF, thus fueling the disease, for instance, in liver inflammation
(42), rheumatoid arthritis (93), autoimmune disease (94), and
psoriasis (95).

Targeted depletion of M8 can be done by using particulate
carriers such as micron-sized clodronate liposomes which M8

scavenge actively. The clodronate of these micro-sized lipid
carriers is, upon uptake, released intracellularly and induces
apoptosis of M8. However, blocking of tumor-associated
macrophages (TAM) infiltration into tumors by inhibiting
CSF1R signaling has a limited level of success, which is
very likely explained by a mechanism that CSF1R inhibition
unleashed the expression of granulocyte-specific chemokine in
carcinoma associated fibroblasts, thus resulting in infiltration
with tumor-associated neutrophils (TAN) (89), also referred
to as polymorphonuclear myeloid-derived suppressor cells
(PMN-MDSC). Upon inhibition of CSF1R in cancer, an
increased amount of TAN is recruited into the tumors which
compensate a lack of TAM or monocytic MDSC. The solution
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FIGURE 2 | Effects of neutrophil activation and viability on macrophage activation. During the course of inflammation, neutrophils can response in different fashion to

their activation i.e., by pathogens or sterile stimuli such as DAMPs. It is known that apoptotic neutrophils induce alternative activation of macrophages which leads to

an anti-inflammatory subtype which produces substances which down-regulation inflammation and support healing of tissue such as the Transforming growth factor β

and Interleukin 10 (left). Upon excessive inflammation, NETs can amplify tissue injury by means of their secreted molecular factors such as the tumor necrosis factor

or Interleukin 1 β (right).

to overcome this myeloid cancer immune escape might be
to combine inhibitors for TAM (CSF1R-inhibitors) and TAN
(CXCR2-inhibitors) (89). Targeting of toll-like receptor (TLR)
signaling is approved for melanoma treatment. Importantly,
TLR are differentially expressed by subsets of TAM as recently
discovered in own investigations in liver cancer, and the
cellular effects on myeloid cells remain to be understood in
more detail (96, 97). In summary, the fate of neutrophils
has a major impact on macrophage activation and may lead
to a polarization into either rather inflammatory or anti-
inflammatory macrophages (Figure 2).

Identification of Novel Mechanisms
Controlling Migration and Activation of
Neutrophils
The last decade has brought increasing attention by scientists for
neutrophil granulocytes. Novel tools have evolved from knockout
mice strains which allow to study different neutrophil subsets
in parallel. For many years, it was difficult to label neutrophils
specifically, while they are present in interstitial tissue. The
common fluorescent tags and the frequently employed LysM
reporter strain have problems in differentiating neutrophils
from monocytes/macrophages. In particular, difficulties come
up in inflamed tissue sites, which are characterized by a strong
presence of all phagocytes. A novel mouse strain which uses the
more specific promoter Ly6G, which is exclusively expressed in
neutrophils, has been developed (98). The novel strategy thus
enables to specifically and unequivocally study neutrophils in
organs of living organisms (66).

Importantly, in the mouse, neutrophils only account for 10–
25% of peripheral blood cells. Additional differences consider
several important aspects such as the genomic response (99).
Primary neutrophils are prone to pre-activation, but there is
no ideal alternative to studying primary cells since neutrophil-
like cell lines do not reflect the functionality and diversity of
these cells (100). Thus, systematic studies on neutrophil therapies
should include both human cells in in vitro settings and mouse
or other rodent in in vivo models to gain a maximum level of
translation. However, due to the rapid activation of neutrophils
in vitro, such data have to be carefully interpreted.

Two photon microscopy (2PM) enables to quantify and
readily visualize live cell behavior in vivo. This cutting-edge
technology allows to study cell behavior in specific tissues,
interaction with one another, as well as how cells respond
individually and collectively to therapeutic intervention (101).
Liver is not only the most important metabolic organ but
also a central axis in the immune system. In the last decade,
many intravital imaging studies in both basal and pathological
conditions have revealed the complexity and tissue specificity of
immune responses within the liver (102). It was observed that
in ischemia and reperfusion (I/R) injury, neutrophil infiltration
and platelet adhesion in presinusoidal arterioles and post-
sinusoidal venules contributes to liver damage. Intravital imaging
has also been used to visualize and quantify liver necrosis
in APAP induced acute liver injury, the same study revealed
that neutrophils accumulate in great numbers in the liver and
subsequently migrate specifically to the interior of necrotic
zones at the peak of APAP toxicity. In Concanavalin-A (Con-A)
induced liver injury, neutrophils are directly activated by Con-A
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and neutrophil recruitment precedes T cell arrival. Advanced
intravital imaging has been also applied to facilitates dynamic
monitoring of cellular and molecular activity upon therapeutic
intervention. Such imaging approaches have also been used
to study in vivo pharmacology at the single-cell level (103).
Traditionally, drug pharmacokinetics (PK) have been analyzed
by methods such as mass spectrometry, which only reflect PK
properties in bulk tissues and fluids, whereas intravital imaging
allows dissection into cellular and molecular levels, as well as
heterogeneity across individual cells. So far, the majorities of
such studies have been focusing on cancer and provide important
information on how drugs work and fail in vivo.

Routes for Targeting Neutrophil
Recruitment, Migration, and Activation
Therapeutic Induction of Bone Marrow Egress of

Neutrophils
Neutrophils are motile leukocytes which are mobilized from the
bone marrow and migrate into inflamed tissue sites based on
different stimuli, i.e., chemokine gradients. On their way to their
target, their functionality can be modulated with appropriate
drugs acting on key mediators for these different fields. Thus,
the therapeutic strategies which exist today mainly to focus
on either neutrophil recruitment, migration or activation. In
fact, all processes are functionally linked closely and certain
drugs might act on different areas in parallel. The continuous
influx of neutrophils at huge numbers during acute inflammatory
settings exhibits a huge, yet mostly unexplored potential for
interventions. Nowadays, the most important therapy which
aims at neutrophils makes use of the immunostimulatory
properties of the recombinant granulocyte colony stimulating
factor (G-CSF, CSF-3) Filgastrim (104). Increasing the numbers
of neutrophils was shown to be beneficial for different kinds
of disease, for instance, these cells have impaired bactericidal
functions (sub-)acute liver failure, similar to that seen in
severe sepsis (105). Therapeutic administration of filgrastim
can assist in reversing defective neutrophil functions and can
prevent liver failure. The small molecule AMD3100 (Plerixafor,
molecular weight of 503 Da) is an antagonist of CXCR4 which
prevents the accumulation of lymphoid leukemic cells in the
protective bone marrow and mobilizes them into blood for
improved accessibility by chemotherapy. Thereby, AMD3100
promotes the efficacy of chemotherapeutic agents (106). A
similar and potentially alternative strategy for neutrophil (and
lymphocyte/monocyte) translocation from bone marrow into
blood might be given by NOX-A12. It is an RNA oligonucleotide
which binds and neutralizes CXCL12. It thereby removes chronic
lymphoid leukemia cells from the protective microenvironment
of the bone marrow. It also acts on mature neutrophils
which express CXCR4 (Figures 1A, 3). The compound has
been studied in chronic lymphocytic leukemia (CLL) where
it was reported to interfere with cell chemotaxis and stroma-
mediated drug-resistance. The corresponding treatment is
also immunostimulatory since it mobilizes white blood cells,
in particular lymphocytes, neutrophils, and monocytes, into
circulation (107).

Targeting Endothelial Transmigration of Neutrophils
The transmigration of neutrophils to sites of inflammation is
guided by adhesionmolecules which function as molecular traffic
signs (108). These molecules are represented most prominently
by selectins and integrins. Despite the minor role of selectins
and other adhesionmolecules for liver recruitment of neutrophils
(44), targeting selectins has been proposed for a wide variety of
inflammatory disorders of other organs. These diseases include
post-ischemic injury, brain, lung, heart, and skin inflammation,
atherosclerosis, and cancer (109). For instance, selectin-blocking
agents are already in clinical trials to treat chronic obstructive
pulmonary disease (COPD) (110) and sickle cell disease (111).
Using miniaturized selectin-directed nanomedicines (NM), we
demonstrated binding of different variants of sulphated selectin-
binding groups based on structural similarity with selectins (112,
113). The process of neutrophil attachment and transmigration
through the endothelium requires an interaction of CD11b
and/or CD18 integrin expressed by neutrophils, with ICAM-
1 which is located at the endothelium (114) correspondingly,
the inhibition of the C-X-C chemokine ligand 1 (CXCL1) or of
the intercellular adhesion molecule-1 (ICAM1) reduced hepatic
neutrophil infiltration and ameliorated liver injury and fibrosis
(80). Blocking of neutrophil infiltration by anti-granulocyte
receptor 1 (Gr-1) depletion or combined CXCR2–formyl peptide
receptor 1 antagonism was demonstrated to significantly reduce
hepatocyte injury in mice (115). Despite the minor role of
selectins for neutrophilic liver recruitment, we have revealed that
blocking selectins with specific nano-sized inhibitors significantly
affects the outcome of liver injury (112).

The activation of neutrophils in inflammatory diseases should
be reduced by therapeutics and potential treatment options
may result from an induction of wound healing properties
of neutrophils. It might also be useful to simply trigger
neutrophil apoptosis to induce wound healing activities of
macrophages (71). Wound healing is often associated with
alternative activation of macrophages, as recently demonstrated
in a human skin model in own studies (116). The inhibition
of TNF might additionally or alternatively help to induce
a wound healing phenotype of neutrophils and macrophages
(93). Recently marketed small molecule-based drugs still block
the mechanism of action of certain inflammatory cytokines.
In particular, tyrosine kinase inhibitors have made it into
the collection of anti-inflammatories. The Janus kinase (JAK)
inhibitors, for instance, intend to block cytokine signaling
including that of TNF. For instance, Tofacitinib, a small
molecule-based pan-JAK inhibitor (312 Da) received approval
for diverse inflammation-related diseases such as inflammatory
bowel disease (117), psoriasis (118), and arthritis (119). However,
neither TNF inhibitors such as infliximab nor JAK inhibitors
improve the outcome of liver diseases.

Nanomedicines for Modulating Neutrophil Functions
Small molecules have the major advantage of high body
and tissue penetration. However, their drawback is their
systemic distribution which can affect off-target sites. Generally,
Nanomedicines (NM) are nano-sized drug carriers which can
be used clinically. NM offer many possibilities to improve drug
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FIGURE 3 | Routes to modulate hepatic neutrophil recruitment, activation, and migration. The presence of neutrophils has been shown to be beneficial i.e., in sepsis

where they are mobilized by recombinant CSF3 (Filgrastim). Similar effects are exerted by CXCR4/CXCL12 inhibitors such as AMD3100 and NOX-A12. Nanomedicines

have been employed to deliver artificial micro-RNA inhibitor targeting miR223. Key molecules which regulate the activation of neutrophils include those pathways

which lead to NET and ROS generation. The migration of neutrophils into inflamed tissue sites can be inhibited by targeting their adherence to the endothelium, i.e., by

selectins such as L-selectin or integrins, i.e., ICAM1. The induction of a compound or mediator is indicated by a green triangle, and inhibition by a red cross.

delivery. Organic nanomaterials are most appropriate for clinical
applications since most of them are biodegradable. The most
popular base material for organic NM are liposomes. Liposomes
are empty artificial vesicles composed mainly of phospholipids
that also are a main constituent of natural cell membranes
(120). Upon loading with a drug, loaded liposomes should be
referred to as lipid-based nanocarrier. Inorganic nanomaterials
such as gold nanoparticles (AuNP) have also been evaluated for
clinical applications, but particularly AuNP have the drawback
that they accumulate in the body, especially in the liver (121).
Iron oxide nanoparticles (ferum oxytol) are clinically approved
for treatment of anemia and are popular as contract agent
(122). We have conjugated AuNP to small molecule-based drug
stavudine and thereby have increased the uptake of stavudine
by macrophages (123). In practical terms, a biologically active
molecule, i.e., a small molecule can be encapsulated, for example,
by a lipid membrane, or conjugated with albumin to render
drug pharmacokinetics in a desired fashion. Referring to the
market volume, Doxil is themost successful nanomedicine. It was
approved in 1995 and contains doxorubicin, a chemotherapeutic
drug, which is encapsulated in a lipid carrier (124). It protects
the body from systemic exposure to the toxic chemotherapeutic
drug which can also harm healthy tissue in the body. Thus, NM

can protect the body from the drug and the drug from the body.
NM also enable to combine several features in a single carrier. For
instance, the NM surface can be equipped with a ligand for cell
receptors which serves as a targeting vector whereas the core can
be loaded with a drug, allowing for selective delivery of tailored
drugs (108). This specific drug targeting, i.e., by using a ligand
specific for a certain receptor, is referred to as “active targeting.”
Albumin and lipid-based NM belong, in terms of market value,
to the most successful types of NM formulation.

Importantly, the most relevant mechanism for tumor
targeting is “passive targeting” based on the enhanced
permeability and retention (EPR) effect (124). Active targeting
of neutrophils might be achieved by aiming at neutrophil-
specific receptors such as CD15 or by engaging L-selectin (112).
The outstanding mobility of leukocytes can also be used for
another strategy in which immune cells are used to transport
nanoparticles to the desired site of action—as Trojan horses. A
promising study shown by Choi et al. illustrated that monocytes
might be used to destroy hypoxic tumor regions by their delivery
of cytotoxic compounds (125). Similar strategies might also make
use of the high numbers of neutrophils to deliver drugs into
tumors or inflammatory sites. It might for instance be thinkable
to trigger neutrophils to release a drug which is coupled to a
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neutrophil receptor. For instance, Doxil, a chemotherapeutic
drug might be coupled to the general neutrophil receptor
CD15, or to one of the other neutrophil receptors, i.e., CXCR2,
CXCR4, ICAM1, or L-selectin. Virtually, the delivery through
all receptors shown in Figure 1A is possible in theory. The
release of a drug might be enabled by a cleavable linker, which
can for instance be loosened from the cells by pH-dependent
cleavage. The drug would accordingly be transported into the
tumor. In an analog fashion, neutrophils might also be used
to transport anti-inflammatory drugs toward inflammatory
lesion. However, this is a speculative concept which has not been
studied experimentally.

The therapeutically most important molecular pathways of
neutrophils are most likely those that lead to the formation of
ROS and NETs, both of which are linked through a positive
feedback loop via Pad4, a nuclear enzyme which mediates
NET formation by histone hypercitrullination and thereby
contributes to chromatin decondensation (Figure 3) (126). There
have been few attempts to use nanomedicines for modulating
neutrophils. One example, has been targeting ROS generation
by aiming at nicotinamide adenine dinucleotide phosphate
hydrogen (NADPH) oxidase in macrophages using an siRNA
against Nox2, a catalytic subunit of NADPH oxidase. However,
the cellular effects have only been studied in macrophages
(127). However, there were also reports that targeting of
NADPH oxidase exacerbates rheumatoid arthritis in mouse
models (128). The NE which is found in NETs has also been
targeted, and was found to solubilize sputum. NE is inhibited
in the course of palliative treatment of cystic fibrosis patients
(129). Neutrophils have been targeted using Piceatannol-loaded
Albumin-based NM to detach them from vasculature, which
prevented vascular inflammation (130). Our own recent studies
have analyzed the potential of modulating neutrophil migration
through interference with selectin-binding ligands, a concept that
even avoids the attachment of neutrophils to the endothelium
during the earliest stage of transmigration. We have recently
studied the effects of selectin-directed glycopolymers on the
migration and activation of neutrophils and other immune cells
on liver injury. In vitro migration and in vivo migration were
selectively affected by specific selectin-binding groups and were
linked the outcome of inflammatory liver injury (112, 113). Using
nanoparticles to target immune cells might also target LSEC
since they express scavenging receptors such as the mannose
receptor (131). Interestingly, the scavenging function of LSEC
appears to not account for nanoparticles as we did not locate gold
nanoparticles in LSEC using transmission electron microscopy,
but exclusively in macrophages (121).

Liposomal dexamethasone (Lipodex) serves as an interesting
example for improving the pharmacokinetics of a drug
by nanotechnology: while free dexamethasone distributes
systemically to virtually all accessible parts of the body,
encapsulation protects many cells from its cytotoxicity. Lipodex
further increases targeting of the corticosteroid to liver cells,
thus Lipodex mostly translocates to the liver. The encapsulation
has a strong impact on toxicity, for example, human fibroblasts
and M8 are protected from the cytotoxic effects of free
dexamethasone in vitro studies (120). In vivo, Lipodex efficiently

targets immune cells resulting in therapeutic effects: at a
concentration of 1 mg/kg body weight, autoimmune-mediated
liver disease triggered by Concanavalin A was significantly
reduced by Lipodex, but not by free dexamethasone at the
same dose (132). The benefits of drug encapsulation are
similarly improved for the chemotherapeutic drug doxorubicin
which half-life is extremely short (few minutes) and which
can be extended by liposomal formulation for up to several
days (133).

Assumingly, all drugs and NM have certain
immunomodulatory effects. There is a huge number of
NM available which being of either organic, inorganic, or hybrid
nature. Many of the different properties, such as material type,
size, and functionalization have an impact on the distribution in
the body and accumulation in different cells. The distribution
to different organs is known to strongly depend on the size of
the particles. For instance, particles sizing from 10 to 250 nm
mostly distribute to liver and spleen. Smaller sizes allow for a
localization to also other organs than liver. Specifically, those
below 10 nm increasingly translocate to kidney, testis, and brain
(134). The most intensively studied inorganic NM probably are
gold nanoparticles (AuNP), which can be easily modified in
size, shape, and functional endgroups. This ease of use allows
for example for peptide-decoration at the surface (135). Earlier
studies have demonstrated that nanoparticle surface chemistry
can affect the amount of particles trapped in NET (136). It
has to be taken into consideration that inorganic nanoparticles
accumulate for certain periods in the body since they are
not biodegradable. This has been shown for the first time in
own studies by non-invasive imaging based on computerized
tomography. In this study, gold nanorods retained at similar
levels in the liver 1 week after injection (121). There were few
clinical trials facilitating gold nanoparticles, one was on CYT-
6091, a gold nanocarrier for TNF with level I clinical completed
in cancer therapy (137).

Modulation of neutrophils with nanomedicines should
take opportunities and risks into account. In addition to
using surface immobilized ligands for active targeting, such
as those targeting selectins (112). NM in parallel allow
for a modulation of neutrophil activation by delivering
appropriate drugs targeting corresponding neutrophil pathways.
Importantly, while lymphocytes, monocytes, and macrophages
respond well to liposomal and free Dexamethasone with reduced
cell numbers in vivo, neutrophils were unaffected by the
corticosteroids (102, 113). Therefore, there is a high need to
modulate neutrophils in an improved fashion by aiming at their
specific pathways such as ROS or NETs (Figure 3). It also has
to be taken into account that a modulation of chemokines
and their receptors generally exhibits a limited level of cell
type specificity because also many other cell types express
chemokines and their receptors, i.e., also hepatic stellate cells
express CXCR4. Nevertheless, chemokine modulation mostly
affects the motile immune cells. One advantage of chemokine-
directed therapy is the option to target them by using small
molecules, such as Cenicriviroc, which blocks the CC-chemokine
receptors CCR2/CCR5 and which is now in phase three clinical
trials on liver fibrosis (138).
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A more selective and specific modulation of immune cells
by a cell type specific cargo, i.e., by nanomedicines delivered
via phagocytic uptake might increase efficiency of therapeutics.
NM offer the opportunity to be delivered spatially; i.e., magnetic
nanocarriers can be concentrated in specific areas of the body
using magnetic fields (139). Thermodox, which enables a heat-
sensitive release of doxorubincin, is another example for a
localized drug delivery for patients with liver cancer (140). Heat-
induced drug release might also be adapted to the field of anti-
inflammatory therapies to enable a localized release of anti-
inflammatory drugs in selected organs.

Furthermore, it is important to be aware of the risks
of neutrophil modulation, particularly in multimorbidity. For
instance, it might be useful to inhibit the inflammation
amplifying functions of neutrophils in inflammatory disease,
but this at the same time might promote tumor growth (87).
The margination of the neutrophil pool further has to be
considered for advanced therapies (10). Neutrophils might also
be mobilized from the marginated sites, what thus bears an
additional therapeutic potential. However, a disturbed balance
of the neutrophil pool might lead to problems in some of
the organs where the marginated cells are found, such as liver
and bone marrow, particularly, under inflammatory conditions.
A lack of these cells might lead to problems in combating
infections, whereas increased numbers might also lead to
unspecific tissue injury.

Nevertheless, it has to be considered that inflammatory
conditions might affect the phagocytic capabilities of neutrophils:
aged neutrophils were discovered to exhibit an increased
phagocytic uptake compared to non-aged neutrophils (141).
Therefore, the capabilities of targeting the different subsets of
neutrophils with nanomedicines has to be analyzed in great
detail, meaning that for flow cytometry, nanocarriers should be
labeled with fluorescent tags and be combined with fluorescently
labeled antibodies, as reported before in own studies (132). It
might also be conclusive to study the interactions of platelets and
monocytes with neutrophils (57).

Microfluidic Production of RNA-Based Drugs
Small non-coding RNA (sncRNA) such as small interfering RNA
(siRNA) and micro-RNA (miR) offer an enormous spectrum
of molecular tools for advanced reprogramming of neutrophils.
SncRNA exhibit enzymatic functions: while siRNA is able to
inhibit a single mRNA, miR modulators such as the single-
strand inhibitory antagomirs can up and down-regulate multiple
targets in gene transcription and translation (142). The so-
called pro-miR can induce the abundance of an endogenous
miR by stimulating its production. Notably, miR is known
to regulate at least 60% of all protein-coding genes (143).
Certain miR(s) regulate complex gene regulatory networks by
acting on different target sites in parallel. Despite of their
short lifespan, modulating neutrophil activation by a sncRNA
was demonstrated to be efficient (144). The miR223 was
demonstrated to be an important regulator of neutrophil activity
and the skin model was used to study therapeutic usability of an
antagomir for miR223. Upon its inhibition, skin wounds healed
faster, and chronic inflammatory processes were prevented.

Interestingly, neutrophils from miR223 deficient mice further
showed increased expression of MPO and ROS (144). MiR
was shown to play an important role in the regulation of
inflammatory liver disease, as demonstrated by Roy et al. (145).
Thus, the modulation of sncRNA such as miR expression is
a useful tool for novel and efficient NM and can be used to
either inhibit or induce the expression and/or translation of target
mRNA/proteins. The conceptional design of sncRNA using drugs
should settle on top of the knowledge databases of the “omics”
sciences, i.e., genomics, transcriptomics, and proteomics, hereby
just mentioning a few key disciplines of molecular biology.

The stability of free sncRNA is a major pitfall in designing
corresponding drugs. The stability of sncRNA in vivo is limited
and therefore, therapeutic applications of sncRNA require
sequence modifications for achieving efficient delivery of siRNA
or miR. In detail, nucleotide analogs with constrained furanose
ring conformations such as locked nucleic acids (LNA) lead
to increased binding to the RNA target and improve stability
toward nucleases. The LNA monomer contains an O2’–C4’
linkage which keeps the furanose ring in N-type. In contrast to
LNA, unlocked nucleic acid (UNA) is an acyclic analog of RNA
with the only difference of cleavage between the C2’ and C3’
bonds (146). The UNA decreases binding to a complementary
DNA strand (119). Oligonucleotides which contain cyclic inter-
residues such as UNA are reported to amplify RNase H-derived
cleavage of complementary RNA if it is applied with so-called

gapmers (147). A third example is 4
′

-C-hydroxymethyl-DNA
which overcomes degradation by RNase H (147). In addition
to sequence polishing, target cell specificity might be increased
by liposomal (nano)carriers or alternative vehicles. This protects
the sequence from degradation and reduced effects on non-
target cells. Neutrophils belong to the phagocytic cells and the
phagocytic activity therefore can be used to deliver sncRNA to
them (Figure 3).

In addition to the requirements in sncRNA stabilization
methodology, the delivery remains a key issue in RNAmedicines.
The use of positively charged lipids (or polymers) is the most
widely used concept for RNA delivery. However, these so-
called lipoplexes or polyplexes are known to exhibit certain
degree of cytotoxicity by their positive charge (148). The
problem of lipoplexes is the fact that RNA and positive
charges can be recognized by immune cells, i.e., by their TLR.
Thus, encapsulating RNA might help to reduce cytotoxicity by
making the content unrecognizable to the cells. Importantly,
these nanocarriers exhibit a neutral surface charge. Lipid-
based nanocarriers generated using microfluidics technology
were reported to exhibit efficient in vivo delivery of RNA to
hepatocytes (liver parenchymal cells) (149). The first siRNA-
based drug which is used in the clinics, Patisiran, is generated
by microfluidic mixing (150). Microfluidic-based production of
RNA medicines many advantages compared to conventional
methods for generating lipid-based nanocarriers, i.e., the film
method, which requires heating (120), which can impact the
integrity of drugs to be encapsulated. Microfluidic mixing is
based on mixing lipids in a solvent such as ethanol, and RNA
in a buffer system with acidic pH such as acetate buffer with pH
4. The size of the nanocarriers can simply be tuned by altering
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the flow rate of mixing, or the lipid mixtures used (149). In
conventional method, extrusion filtration is required to reduce
the size of liposomes (120). Studies have outlined that CXCL12
also regulates the differentiation of monocytes and macrophages
in liver cancer (151). Liu et al. have used CXCR4-directed
nanocarriers loaded with siRNA against the vascular endothelial
growth factor (Vegf) as an alternative antiangiogenic therapy and
received a potent antitumor response by their carriers, by acting
on monocytes, but probably also on neutrophils (Figure 3) (152).

Off-Target Effects of Neutrophil-Directed

Nanomedicines
Notably, it is difficult to overcome the uptake of neutrophil-
directed nanocarriers which i.e., target ROS or NET also by other
immune cells such as macrophages or dendritic cells. The most
important caveat in this regard is to select a carrier, and also a
drug, which has no or only minor effects on the other phagocytic
cell types. In the ideal case, also owed to the similarity to the
other myeloid-derived phagocytes, the neutrophil-directed drugs
may also dampen inflammation by targeting similar function
in these other myeloid cells, which to a minor extent, such as
monocytes, can also release NETs (136), or express Cathepsin
G and elastase 2, as shown for macrophages under specific
conditions. Inhibition of Nox2, which is a reliable target in
neutrophils, also in macrophages led to beneficial effects in
heart failure treatment in the mouse model (127). Particularly,
a drug aiming at neutrophils should not lead to tremendous
macrophage activation and it should also not influence antigen
processing by dendritic cells. We have for instance shown before
that peptide-modified gold nanoparticles impact the expression
of costimulatory molecules by human dendritic cells (120).
In the context of treating inflammatory disease amplified by
neutrophils, it should be considered that the modulation of
inflammation critical factors such as the TGF-β may also impair
the antitumor functions of these cells (87). Therefore, the broad
spectrum of cytokines, but also lipid-based mediators which
might be modulated by novel neutrophil-directed drugs should
be analyzed to identify potential sources for side effects.

Immune cell-directed nanomedicines might also act on other
cell types such as hepatocytes, hepatic stellate cells, as well
as on endothelial cells (153). It is known from implantology
that unintended interactions of materials with innate immune
cells can trigger chronic inflammatory disease, lead to tissue
damage, and implant rejection (154). Similarly, other materials
that are considered as body-foreign and as a threat to the
body might be attacked by immune cells and hence induce
adverse reactions. There have been different attempts to reduce
unspecific interactions with phagocytes and endothelial cells,
the most frequently performed strategy probably is to reduce
unspecific binding to proteins and cells by functionalization
with polyethylene glycol (PEG), referred to as PEGylation (155).
However, many researchers are not taking into account that
PEG periodically accumulates in parts in the body and that
the immune system produces antibodies against PEG. These
anti-PEG antibodies are responsible for the so-called accelerated
blood clearance (ABC) effect where liposomes are cleared by
phagocytes upon repeated administration (156). There are also

potentially upcoming alternative polymers which might replace
PEG in future, such as poly-sarcosine which shows a similar
behavior like PEG. Polymer chemists have demonstrated that
the binding potential of poly-sarcosine to albumin, the most
frequent human serum protein, is very similar to that of PEG.
In addition, the adsorption kinetics and polymer conformation
changes showed only minimal differences between PEG and
poly-sarcosine (157).

Alternative strategies to inhibit undesired reactions with
the RES are optimizing the immune response using coatings
that reduce the acute immune reaction. Researchers have
demonstrated that s poly(N-isopropylacrylamide) hydrogel
particles crosslinked with poly(ethylene glycol) diacrylateridges
have such effects (158). Others have suggested using ultrasmall
nanogels sizing only two nanometers, which is below the size
of phagocytic clearance of these particles (159). Studies of our
group have underlined the important of myeloid phagocytes
compared to endothelial cells, which internalize large amounts
of nanoparticles in vitro when cultured as a monolayer (160).
Notably, in vivo, endothelial cells were not found to contribute
to the uptake of gold nanoparticles inside the liver at all, but
nanoparticles were found in hepatic M8 only (121).

CONCLUSIONS

Neutrophils have for many years been underappreciated as
bystander cells which mostly function through killing. However,
the last decade has shed light on their plasticity and role in
different diseases, such as inflammatory disorders and cancer.
Currently, neutrophils are not yet in the focus of advanced
immunotherapies, and additional novel basic research may help
to unravel new concepts for neutrophil-based treatment. Few
nanomedicines have been tailored for neutrophils, but existing
studies have demonstrated feasibility of miR modulation in these
cells. Using novel tools for sncRNA delivery and exploitation
of the “omics” sciences such as genomics, transcriptomics,
proteomics, and metabolomics using novel biomarkers may
advance the field. Nanomedicines may further be multifunctional
and theranostics allow for combined therapeutic and diagnostic
purpose. Nanomedicines have already improved drug delivery,
reduced side effects of chemotherapeutics. Nevertheless, tailored
targeting groups and smart features have to be reproducible,
simple and cost-efficient to have the chance of being successful
in the clinics (161).

AUTHOR CONTRIBUTIONS

MB and JW wrote the article.

FUNDING

MB gratefully acknowledges financial support from the German
Research Foundation (DFG), BA 6226/2-1, the Wilhelm Sander
Foundation (2018.129.1), and of the COST Action BM1404
Mye-EUNITER (http://www.mye-euniter.eu). JW acknowledges
funding supports from the National Natural Science Foundation
of China (31872737/81822020).

Frontiers in Immunology | www.frontiersin.org 13 September 2019 | Volume 10 | Article 2257

http://www.mye-euniter.eu
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Bartneck and Wang Neutrophils in Liver Disease

REFERENCES

1. Mary JY. Normal human granulopoiesis revisited. II. Bone marrow data.

Biomed Pharmacother. (1985) 39:66–77.

2. Borregaard N. Neutrophils, from marrow to microbes. Immunity. (2010)

33:657–70. doi: 10.1016/j.immuni.2010.11.011

3. Nathan C. Neutrophils and immunity: challenges and opportunities. Nat Rev

Immunol. (2006) 6:173–82. doi: 10.1038/nri1785

4. Segal AW. How neutrophils kill microbes. Annu Rev Immunol. (2005)

23:197–223. doi: 10.1146/annurev.immunol.23.021704.115653

5. Faurschou M, Borregaard N. Neutrophil granules and secretory

vesicles in inflammation. Microbes Infect. (2003) 5:1317–

27. doi: 10.1016/j.micinf.2003.09.008

6. Nusse O, LindauM. The dynamics of exocytosis in human neutrophils. J Cell

Biol. (1988) 107:2117–23. doi: 10.1083/jcb.107.6.2117

7. Borregaard N, Sorensen OE, Theilgaard-Monch K. Neutrophil granules:

a library of innate immunity proteins. Trends Immunol. (2007) 28:340–

5. doi: 10.1016/j.it.2007.06.002

8. Galli SJ, Borregaard N, Wynn TA. Phenotypic and functional plasticity of

cells of innate immunity: macrophages, mast cells and neutrophils. Nat

Immunol. (2011) 12:1035–44. doi: 10.1038/ni.2109

9. Athens JW, Raab SO, Haab OP,Mauer AM, Ashenbrucker H, Cartwright GE,

et al. Leukokinetic studies. III. The distribution of granulocytes in the blood

of normal subjects. J Clin Invest. (1961) 40:159–64. doi: 10.1172/JCI104230

10. Summers C, Rankin SM, Condliffe AM, Singh N, Peters AM, Chilvers

ER. Neutrophil kinetics in health and disease. Trends Immunol. (2010)

31:318–24. doi: 10.1016/j.it.2010.05.006

11. Kim MH, Granick JL, Kwok C, Walker NJ, Borjesson DL, Curry FR, et al.

Neutrophil survival and c-kit(+)-progenitor proliferation in Staphylococcus

aureus-infected skin wounds promote resolution. Blood. (2011) 117:3343–

52. doi: 10.1182/blood-2010-07-296970

12. Colotta F, Re F, Polentarutti N, Sozzani S, Mantovani A. Modulation of

granulocyte survival and programmed cell death by cytokines and bacterial

products. Blood. (1992) 80:2012–20.

13. Eash KJ, Greenbaum AM, Gopalan PK, Link DC. CXCR2 and CXCR4

antagonistically regulate neutrophil trafficking from murine bone marrow.

J Clin Invest. (2010) 120:2423–31. doi: 10.1172/JCI41649

14. Mossanen JC, Krenkel O, Ergen C, Govaere O, Liepelt A, Puengel T,

et al. Chemokine (C-C motif) receptor 2-positive monocytes aggravate the

early phase of acetaminophen-induced acute liver injury. Hepatology. (2016)

64:1667–82. doi: 10.1002/hep.28682

15. Honda M, Kubes P. Neutrophils and neutrophil extracellular traps in the

liver and gastrointestinal system. Nat Rev Gastroenterol Hepatol. (2018)

15:206–21. doi: 10.1038/nrgastro.2017.183

16. Eash KJ, Means JM, White DW, Link DC. CXCR4 is a key

regulator of neutrophil release from the bone marrow under

basal and stress granulopoiesis conditions. Blood. (2009)

113:4711–9. doi: 10.1182/blood-2008-09-177287

17. Hernandez PA, Gorlin RJ, Lukens JN, Taniuchi S, Bohinjec J, Francois F,

et al. Mutations in the chemokine receptor gene CXCR4 are associated with

WHIM syndrome, a combined immunodeficiency disease. Nat Genet. (2003)

34:70–4. doi: 10.1038/ng1149

18. Devi S, Wang Y, ChewWK, Lima R, Mattar CN, Chong SZ, et al. Neutrophil

mobilization via plerixafor-mediated CXCR4 inhibition arises from lung

demargination and blockade of neutrophil homing to the bone marrow. J

Exp Med. (2013) 210:2321–36. doi: 10.1084/jem.20130056

19. Christopher MJ, Liu F, Hilton MJ, Long F, Link DC. Suppression of

CXCL12 production by bone marrow osteoblasts is a common and

critical pathway for cytokine-induced mobilization. Blood. (2009) 114:1331–

9. doi: 10.1182/blood-2008-10-184754

20. Yousefi S, Mihalache C, Kozlowski E, Schmid I, Simon HU. Viable

neutrophils release mitochondrial DNA to form neutrophil extracellular

traps. Cell Death Differ. (2009) 16:1438–44. doi: 10.1038/cdd.2009.96

21. Lewis SM, Treacher DF, Edgeworth J, Mahalingam G, Brown CS, Mare TA,

et al. Expression of CD11c and EMR2 on neutrophils: potential diagnostic

biomarkers for sepsis and systemic inflammation. Clin Exp Immunol. (2015)

182:184–94. doi: 10.1111/cei.12679

22. Tsuda Y, Takahashi H, Kobayashi M, Hanafusa T, Herndon DN, Suzuki

F. Three different neutrophil subsets exhibited in mice with different

susceptibilities to infection by methicillin-resistant Staphylococcus aureus.

Immunity. (2004) 21:215–26. doi: 10.1016/j.immuni.2004.07.006

23. Zhou G, Yu L, Fang L, Yang W, Yu T, Miao Y, et al. CD177(+) neutrophils

as functionally activated neutrophils negatively regulate IBD. Gut. (2018)

67:1052–63. doi: 10.1136/gutjnl-2016-313535

24. Denny MF, Yalavarthi S, ZhaoW, Thacker SG, Anderson M, Sandy AR, et al.

A distinct subset of proinflammatory neutrophils isolated from patients with

systemic lupus erythematosus induces vascular damage and synthesizes type

I IFNs. J Immunol. (2010) 184:3284–97. doi: 10.4049/jimmunol.0902199

25. Lood C, Blanco LP, Purmalek MM, Carmona-Rivera C, De Ravin SS, Smith

CK, et al. Neutrophil extracellular traps enriched in oxidized mitochondrial

DNA are interferogenic and contribute to lupus-like disease. NatMed. (2016)

22:146–53. doi: 10.1038/nm.4027

26. Clemmensen SN, Bohr CT, Rorvig S, Glenthoj A, Mora-Jensen H, Cramer

EP, et al. Olfactomedin 4 defines a subset of human neutrophils. J Leukoc

Biol. (2012) 91:495–500. doi: 10.1189/jlb.0811417

27. Welin A, Amirbeagi F, Christenson K, Bjorkman L, Bjornsdottir H, Forsman

H, et al. The human neutrophil subsets defined by the presence or absence of

OLFM4 both transmigrate into tissue in vivo and give rise to distinct NETs

in vitro. PLoS ONE. (2013) 8:e69575. doi: 10.1371/journal.pone.0069575

28. Hume DA, Underhill DM, Sweet MJ, Ozinsky AO, Liew FY, Aderem A.

Macrophages exposed continuously to lipopolysaccharide and other agonists

that act via toll-like receptors exhibit a sustained and additive activation state.

BMC Immunol. (2001) 2:11. doi: 10.1186/1471-2172-2-11

29. MullerWA. Getting leukocytes to the site of inflammation. Vet Pathol. (2013)

50:7–22. doi: 10.1177/0300985812469883

30. Schmidt S, Moser M, Sperandio M. The molecular basis of

leukocyte recruitment and its deficiencies. Mol Immunol. (2013)

55:49–58. doi: 10.1016/j.molimm.2012.11.006

31. Ley K, Laudanna C, Cybulsky MI, Nourshargh S. Getting to the site of

inflammation: the leukocyte adhesion cascade updated. Nat Rev Immunol.

(2007) 7:678–89. doi: 10.1038/nri2156

32. Tanaka Y, Adams DH, Hubscher S, Hirano H, Siebenlist U, Shaw S. T-

cell adhesion induced by proteoglycan-immobilized cytokine MIP-1 beta.

Nature. (1993) 361:79–82. doi: 10.1038/361079a0

33. Sundd P, Gutierrez E, Koltsova EK, Kuwano Y, Fukuda S, Pospieszalska

MK, et al. “Slings” enable neutrophil rolling at high shear. Nature. (2012)

488:399–403. doi: 10.1038/nature11248

34. Yago T, Shao B, Miner JJ, Yao L, Klopocki AG, Maeda K, et al. E-

selectin engages PSGL-1 and CD44 through a common signaling pathway to

induce integrin alphaLbeta2-mediated slow leukocyte rolling. Blood. (2010)

116:485–94. doi: 10.1182/blood-2009-12-259556

35. Mueller H, Stadtmann A, Van Aken H, Hirsch E, Wang D, Ley

K, et al. Tyrosine kinase Btk regulates E-selectin-mediated integrin

activation and neutrophil recruitment by controlling phospholipase C

(PLC) gamma2 and PI3Kgamma pathways. Blood. (2010) 115:3118–

27. doi: 10.1182/blood-2009-11-254185

36. Yang L, Froio RM, Sciuto TE, Dvorak AM, Alon R, Luscinskas FW.

ICAM-1 regulates neutrophil adhesion and transcellular migration of TNF-

alpha-activated vascular endothelium under flow. Blood. (2005) 106:584–

92. doi: 10.1182/blood-2004-12-4942

37. Phillipson M, Heit B, Colarusso P, Liu L, Ballantyne CM, Kubes P.

Intraluminal crawling of neutrophils to emigration sites: a molecularly

distinct process from adhesion in the recruitment cascade. J Exp Med. (2006)

203:2569–75. doi: 10.1084/jem.20060925

38. Carman CV, Springer TA. Trans-cellular migration: cell-cell

contacts get intimate. Curr Opin Cell Biol. (2008) 20:533–

40. doi: 10.1016/j.ceb.2008.05.007

39. Burns AR, Bowden RA, MacDonell SD, Walker DC, Odebunmi TO,

Donnachie EM, et al. Analysis of tight junctions during neutrophil

transendothelial migration. J Cell Sci. (2000) 113(Pt 1):45–57.

40. Proebstl D, Voisin MB, Woodfin A, Whiteford J, D’Acquisto F, Jones

GE, et al. Pericytes support neutrophil subendothelial cell crawling

and breaching of venular walls in vivo. J Exp Med. (2012) 209:1219–

34. doi: 10.1084/jem.20111622

Frontiers in Immunology | www.frontiersin.org 14 September 2019 | Volume 10 | Article 2257

https://doi.org/10.1016/j.immuni.2010.11.011
https://doi.org/10.1038/nri1785
https://doi.org/10.1146/annurev.immunol.23.021704.115653
https://doi.org/10.1016/j.micinf.2003.09.008
https://doi.org/10.1083/jcb.107.6.2117
https://doi.org/10.1016/j.it.2007.06.002
https://doi.org/10.1038/ni.2109
https://doi.org/10.1172/JCI104230
https://doi.org/10.1016/j.it.2010.05.006
https://doi.org/10.1182/blood-2010-07-296970
https://doi.org/10.1172/JCI41649
https://doi.org/10.1002/hep.28682
https://doi.org/10.1038/nrgastro.2017.183
https://doi.org/10.1182/blood-2008-09-177287
https://doi.org/10.1038/ng1149
https://doi.org/10.1084/jem.20130056
https://doi.org/10.1182/blood-2008-10-184754
https://doi.org/10.1038/cdd.2009.96
https://doi.org/10.1111/cei.12679
https://doi.org/10.1016/j.immuni.2004.07.006
https://doi.org/10.1136/gutjnl-2016-313535
https://doi.org/10.4049/jimmunol.0902199
https://doi.org/10.1038/nm.4027
https://doi.org/10.1189/jlb.0811417
https://doi.org/10.1371/journal.pone.0069575
https://doi.org/10.1186/1471-2172-2-11
https://doi.org/10.1177/0300985812469883
https://doi.org/10.1016/j.molimm.2012.11.006
https://doi.org/10.1038/nri2156
https://doi.org/10.1038/361079a0
https://doi.org/10.1038/nature11248
https://doi.org/10.1182/blood-2009-12-259556
https://doi.org/10.1182/blood-2009-11-254185
https://doi.org/10.1182/blood-2004-12-4942
https://doi.org/10.1084/jem.20060925
https://doi.org/10.1016/j.ceb.2008.05.007
https://doi.org/10.1084/jem.20111622
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Bartneck and Wang Neutrophils in Liver Disease

41. Shetty S, Lalor PF, Adams DH. Liver sinusoidal endothelial cells—

gatekeepers of hepatic immunity. Nat Rev Gastroenterol Hepatol. (2018)

15:555–67. doi: 10.1038/s41575-018-0020-y

42. Bartneck M, Fech V, Ehling J, Govaere O, Warzecha KT, Hittatiya

K, et al. Histidine-rich glycoprotein promotes macrophage activation

and inflammation in chronic liver disease. Hepatology. (2016) 63:1310–

24. doi: 10.1002/hep.28418

43. Svistounov D, Warren A, McNerney GP, Owen DM, Zencak D,

Zykova SN, et al. The Relationship between fenestrations, sieve plates

and rafts in liver sinusoidal endothelial cells. PLoS ONE. (2012)

7:e46134. doi: 10.1371/journal.pone.0046134

44. Wong J, Johnston B, Lee SS, Bullard DC, Smith CW, Beaudet AL,

Kubes P. A minimal role for selectins in the recruitment of leukocytes

into the inflamed liver microvasculature. J Clin Invest. (1997) 99:2782–

90. doi: 10.1172/JCI119468

45. McDonald B, Kubes P. Neutrophils and intravascular immunity in the liver

during infection and sterile inflammation. Toxicol Pathol. (2012) 40:157–

65. doi: 10.1177/0192623311427570

46. McDonald B, McAvoy EF, Lam F, Gill V, de la Motte C, Savani RC,

et al. Interaction of CD44 and hyaluronan is the dominant mechanism

for neutrophil sequestration in inflamed liver sinusoids. J Exp Med. (2008)

205:915–27. doi: 10.1084/jem.20071765

47. Khan AI, Kerfoot SM, Heit B, Liu L, Andonegui G, Ruffell B, et al. Role

of CD44 and hyaluronan in neutrophil recruitment. J Immunol. (2004)

173:7594–601. doi: 10.4049/jimmunol.173.12.7594

48. McDonald B, Pittman K, Menezes GB, Hirota SA, Slaba I, Waterhouse

CC, et al. Intravascular danger signals guide neutrophils to sites of sterile

inflammation. Science. (2010) 330:362–6. doi: 10.1126/science.1195491

49. Menezes GB, Lee WY, Zhou H, Waterhouse CC, Cara DC,

Kubes P. Selective down-regulation of neutrophil Mac-1 in

endotoxemic hepatic microcirculation via IL-10. J Immunol. (2009)

183:7557–68. doi: 10.4049/jimmunol.0901786

50. Lämmermann T, Afonso PV, Angermann BR, Wang JM, Kastenmüller W,

Parent CA, et al. Neutrophil swarms require LTB4 and integrins at sites of

cell death in vivo. Nature. (2013) 498:371. doi: 10.1038/nature12175

51. Heit B, Robbins SM, Downey CM, Guan Z, Colarusso P, Miller BJ, et al.

PTEN functions to “prioritize” chemotactic cues and prevent “distraction”

in migrating neutrophils. Nat Immunol. (2008) 9:743. doi: 10.1038/ni.1623

52. Zehrer A, Pick R, Salvermoser M, Boda A, Miller M, Stark K, et al. A

fundamental role of Myh9 for neutrophil migration in innate immunity. J

Immunol. (2018) 201:1748–64. doi: 10.4049/jimmunol.1701400

53. McDonald B, Jenne CN, Zhuo L, Kimata K, Kubes P. Kupffer cells and

activation of endothelial TLR4 coordinate neutrophil adhesion within

liver sinusoids during endotoxemia. Am J Physiol. (2013) 305:G797–

806. doi: 10.1152/ajpgi.00058.2013

54. Moles A, Murphy L, Wilson CL, Chakraborty JB, Fox C, Park EJ, et al.

A TLR2/S100A9/CXCL-2 signaling network is necessary for neutrophil

recruitment in acute and chronic liver injury in the mouse. J Hepatol. (2014)

60:782–91. doi: 10.1016/j.jhep.2013.12.005

55. Soehnlein O. Decision shaping neutrophil-platelet interplay in

inflammation: from physiology to intervention. Eur J Clin Invest. (2018)

48:439–46. doi: 10.1111/eci.12871

56. Schiraldi M, Raucci A, Munoz LM, Livoti E, Celona B, Venereau E, et al.

HMGB1 promotes recruitment of inflammatory cells to damaged tissues

by forming a complex with CXCL12 and signaling via CXCR4. J Exp Med.

(2012) 209:551–63. doi: 10.1084/jem.20111739

57. Zuchtriegel G, Uhl B, Puhr-Westerheide D, Pornbacher M, Lauber

K, Krombach F, et al. Platelets guide leukocytes to their sites of

extravasation. PLoS Biol. (2016) 14:e1002459. doi: 10.1371/journal.pbio.

1002459

58. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS,

et al. Neutrophil extracellular traps kill bacteria. Science. (2004) 303:1532–

5. doi: 10.1126/science.1092385

59. Wilgus TA, Roy S, McDaniel JC. Neutrophils and wound repair:

positive actions and negative reactions. Adv Wound Care. (2013) 2:379–

88. doi: 10.1089/wound.2012.0383

60. Merza M, Hartman H, Rahman M, Hwaiz R, Zhang E, et al. Neutrophil

extracellular traps induce trypsin activation, inflammation, and tissue

damage in mice with severe acute pancreatitis. Gastroenterology. (2015)

149:1920–31 e8. doi: 10.1053/j.gastro.2015.08.026

61. Silvestre-Roig C, Braster Q, Wichapong K, Lee EY, Teulon JM, Berrebeh N,

et al. Externalized histone H4 orchestrates chronic inflammation by inducing

lytic cell death. Nature. (2019) 569:236–40. doi: 10.1038/s41586-019-1167-6

62. Koch A, ZimmermannHW,Gassler N, JochumC,Weiskirchen R, Bruensing

J, et al. Clinical relevance and cellular source of elevated soluble urokinase

plasminogen activator receptor (suPAR) in acute liver failure. Liver Int.

(2014) 34:1330–9. doi: 10.1111/liv.12512

63. Hahm E, Wei C, Fernandez I, Li J, Tardi NJ, Tracy M, et al. Bone

marrow-derived immature myeloid cells are a main source of circulating

suPAR contributing to proteinuric kidney disease. Nat Med. (2017) 23:100–

6. doi: 10.1038/nm.4242

64. Gussen H, Hohlstein P, Bartneck M, Warzecha KT, Buendgens

L, Luedde T, et al. Neutrophils are a main source of circulating

suPAR predicting outcome in critical illness. J Intensive Care. (2019)

7:26. doi: 10.1186/s40560-019-0381-5

65. Reber LL, Gillis CM, Starkl P, Jonsson F, Sibilano R, Marichal T,

et al. Neutrophil myeloperoxidase diminishes the toxic effects and

mortality induced by lipopolysaccharide. J Exp Med. (2017) 214:1249–

58. doi: 10.1084/jem.20161238

66. Wang J, Hossain M, Thanabalasuriar A, Gunzer M, Meininger C, Kubes P.

Visualizing the function and fate of neutrophils in sterile injury and repair.

Science. (2017) 358:111–6. doi: 10.1126/science.aam9690

67. Thomas JA, Pope C, Wojtacha D, Robson AJ, Gordon-Walker TT, Hartland

S, et al. Macrophage therapy for murine liver fibrosis recruits host effector

cells improving fibrosis, regeneration, and function. Hepatology. (2011)

53:2003–15. doi: 10.1002/hep.24315

68. Singh V, Sharma AK, Narasimhan RL, Bhalla A, Sharma N,

Sharma R. Granulocyte colony-stimulating factor in severe alcoholic

hepatitis: a randomized pilot study. Am J Gastroenterol. (2014)

109:1417–23. doi: 10.1038/ajg.2014.154

69. Yang W, Tao Y, Wu Y, Zhao X, Ye W, Zhao D, et al. Neutrophils promote

the development of reparative macrophages mediated by ROS to orchestrate

liver repair. Nat Commun. (2019) 10:1076. doi: 10.1038/s41467-019-09046-8

70. Schauer C, Janko C, Munoz LE, Zhao Y, Kienhofer D, Frey B, et al.

Aggregated neutrophil extracellular traps limit inflammation by degrading

cytokines and chemokines. Nat Med. (2014) 20:511–7. doi: 10.1038/nm.3547

71. Wang J. Neutrophils in tissue injury and repair. Cell Tissue Res. (2018)

371:531–9. doi: 10.1007/s00441-017-2785-7

72. Casini A, Ceni E, Salzano R, Biondi P, Parola M, Galli A, et al. Neutrophil-

derived superoxide anion induces lipid peroxidation and stimulates collagen

synthesis in human hepatic stellate cells: role of nitric oxide. Hepatology.

(1997) 25:361–7. doi: 10.1002/hep.510250218

73. Altin M, Rajkovic IA, Hughes RD, Williams R. Neutrophil adherence in

chronic liver disease and fulminant hepatic failure. Gut. (1983) 24:746–

50. doi: 10.1136/gut.24.8.746

74. Campbell AC, Dronfield MW, Toghill PJ, Reeves WG. Neutrophil function

in chronic liver disease. Clin Exp Immunol. (1981) 45:81–9.

75. Tritto G, Bechlis Z, Stadlbauer V, Davies N, Frances R, ShahN, et al. Evidence

of neutrophil functional defect despite inflammation in stable cirrhosis. J

Hepatol. (2011) 55:574–81. doi: 10.1016/j.jhep.2010.11.034

76. Gungor G, Ataseven H, Demir A, Solak Y, Gaipov A, Biyik M, et al.

Neutrophil gelatinase-associated lipocalin in prediction of mortality in

patients with hepatorenal syndrome: a prospective observational study. Liver

Int. (2014) 34:49–57. doi: 10.1111/liv.12232

77. Liang W, Lindeman JH, Menke AL, Koonen DP, Morrison M, Havekes

LM, et al. Metabolically induced liver inflammation leads to NASH and

differs from LPS- or IL-1β-induced chronic inflammation. Lab Invest. (2014)

94:491–502. doi: 10.1038/labinvest.2014.11

78. Rensen SS, Bieghs V, Xanthoulea S, Arfianti E, Bakker JA, Shiri-Sverdlov

R, et al. Neutrophil-derived myeloperoxidase aggravates non-alcoholic

steatohepatitis in low-density lipoprotein receptor-deficient mice. PLoS

ONE. (2012) 7:e52411. doi: 10.1371/journal.pone.0052411

79. Inzaugarat ME, Ferreyra Solari NE, Billordo LA, Abecasis R, Gadano AC,

Chernavsky AC. Altered phenotype and functionality of circulating immune

cells characterize adult patients with non-alcoholic steatohepatitis. J Clin

Immunol. (2011) 31:1120–30. doi: 10.1007/s10875-011-9571-1

Frontiers in Immunology | www.frontiersin.org 15 September 2019 | Volume 10 | Article 2257

https://doi.org/10.1038/s41575-018-0020-y
https://doi.org/10.1002/hep.28418
https://doi.org/10.1371/journal.pone.0046134
https://doi.org/10.1172/JCI119468
https://doi.org/10.1177/0192623311427570
https://doi.org/10.1084/jem.20071765
https://doi.org/10.4049/jimmunol.173.12.7594
https://doi.org/10.1126/science.1195491
https://doi.org/10.4049/jimmunol.0901786
https://doi.org/10.1038/nature12175
https://doi.org/10.1038/ni.1623
https://doi.org/10.4049/jimmunol.1701400
https://doi.org/10.1152/ajpgi.00058.2013
https://doi.org/10.1016/j.jhep.2013.12.005
https://doi.org/10.1111/eci.12871
https://doi.org/10.1084/jem.20111739
https://doi.org/10.1371/journal.pbio.1002459
https://doi.org/10.1126/science.1092385
https://doi.org/10.1089/wound.2012.0383
https://doi.org/10.1053/j.gastro.2015.08.026
https://doi.org/10.1038/s41586-019-1167-6
https://doi.org/10.1111/liv.12512
https://doi.org/10.1038/nm.4242
https://doi.org/10.1186/s40560-019-0381-5
https://doi.org/10.1084/jem.20161238
https://doi.org/10.1126/science.aam9690
https://doi.org/10.1002/hep.24315
https://doi.org/10.1038/ajg.2014.154
https://doi.org/10.1038/s41467-019-09046-8
https://doi.org/10.1038/nm.3547
https://doi.org/10.1007/s00441-017-2785-7
https://doi.org/10.1002/hep.510250218
https://doi.org/10.1136/gut.24.8.746
https://doi.org/10.1016/j.jhep.2010.11.034
https://doi.org/10.1111/liv.12232
https://doi.org/10.1038/labinvest.2014.11
https://doi.org/10.1371/journal.pone.0052411
https://doi.org/10.1007/s10875-011-9571-1
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Bartneck and Wang Neutrophils in Liver Disease

80. Zhou Z, Xu MJ, Cai Y, Wang W, Jiang JX, Varga ZV, et al.

Neutrophil-hepatic stellate cell interactions promote fibrosis in

experimental steatohepatitis. Cell Mol Gastroenterol Hepatol. (2018)

5:399–413. doi: 10.1016/j.jcmgh.2018.01.003

81. van der Windt DJ, Sud V, Zhang H, Varley PR, Goswami J, Yazdani HO,

et al. Neutrophil extracellular traps promote inflammation and development

of hepatocellular carcinoma in non-alcoholic steatohepatitis. Hepatology.

(2018) 68:1347–60. doi: 10.1002/hep.29914

82. Margetts J, Ogle LF, Chan SL, Chan WHA, Chan CAK, Jamieson D,

et al. Neutrophils: driving progression and poor prognosis in hepatocellular

carcinoma? Br J Cancer. (2018) 118:248–57. doi: 10.1038/bjc.2017.386

83. Ardi VC, Kupriyanova TA, Deryugina EI, Quigley JP. Human

neutrophils uniquely release TIMP-free MMP-9 to provide a potent

catalytic stimulator of angiogenesis. Proc Natl Acad Sci USA. (2007)

104:20262–7. doi: 10.1073/pnas.0706438104

84. Zhou SL, Zhou ZJ, Hu ZQ, Huang XW, Wang Z, Chen EB,

et al. Tumor-associated neutrophils recruit macrophages and T-

regulatory cells to promote progression of hepatocellular carcinoma

and resistance to sorafenib. Gastroenterology. (2016) 150:1646–58

e17. doi: 10.1053/j.gastro.2016.02.040

85. Bronte V, Brandau S, Chen SH, Colombo MP, Frey AB, Greten

TF, et al. Recommendations for myeloid-derived suppressor cell

nomenclature and characterization standards. Nat Commun. (2016)

7:12150. doi: 10.1038/ncomms12150

86. Shaul ME, Fridlender ZG. Cancer-related circulating and tumor-associated

neutrophils - subtypes, sources and function. FEBS J. (2018) 285:4316–

42. doi: 10.1111/febs.14524

87. Fridlender ZG, Sun J, Kim S, Kapoor V, Cheng G, Ling L, et al.

Polarization of tumor-associated neutrophil phenotype by TGF-beta: “N1”

versus “N2” TAN. Cancer Cell. (2009) 16:183–94. doi: 10.1016/j.ccr.2009.

06.017

88. Christoffersson G, Vagesjo E, Vandooren J, Liden M, Massena S, Reinert

RB, et al. VEGF-A recruits a proangiogenic MMP-9-delivering neutrophil

subset that induces angiogenesis in transplanted hypoxic tissue. Blood. (2012)

120:4653–62. doi: 10.1182/blood-2012-04-421040

89. Kumar V, Donthireddy L,Marvel D, Condamine T,Wang F, Lavilla-Alonso S,

et al. Cancer-associated fibroblasts neutralize the anti-tumor effect of CSF1

receptor blockade by inducing PMN-MDSC infiltration of tumors. Cancer

Cell. (2017) 32:654–68 e5. doi: 10.1016/j.ccell.2017.10.005

90. Umansky V, Adema GJ, Baran J, Brandau S, Van Ginderachter JA, Hu X,

et al. Interactions amongmyeloid regulatory cells in cancer. Cancer Immunol

Immunother. (2019) 68:645–60. doi: 10.1007/s00262-018-2200-6

91. Martin C, Burdon PC, Bridger G, Gutierrez-Ramos JC, Williams

TJ, Rankin SM. Chemokines acting via CXCR2 and CXCR4 control

the release of neutrophils from the bone marrow and their return

following senescence. Immunity. (2003) 19:583–93. doi: 10.1016/S10

74-7613(03)-2

92. Stark MA, Huo Y, Burcin TL, Morris MA, Olson TS, Ley K. Phagocytosis

of apoptotic neutrophils regulates granulopoiesis via IL-23 and IL-17.

Immunity. (2005) 22:285–94. doi: 10.1016/j.immuni.2005.01.011

93. Seymour HE, Worsley A, Smith JM, Thomas HLS. Anti-TNF

agents for rheumatoid arthritis. Br J Clin Pharmacol. (2001)

51:201–8. doi: 10.1046/j.1365-2125.2001.00321.x

94. Chatzantoni K, Mouzaki A. Anti-TNF-alpha antibody therapies

in autoimmune diseases. Curr Topics Med Chem. (2006)

6:1707–14. doi: 10.2174/156802606778194217

95. Kircik LH, Del Rosso JQ. Anti-TNF agents for the treatment of psoriasis. J

Drugs Dermatol. (2009) 8:546–59.

96. Dajon M, Iribarren K, Cremer I. Toll-like receptor stimulation in cancer:

a pro- and anti-tumor double-edged sword. Immunobiology. (2017) 222:89-

100. doi: 10.1016/j.imbio.2016.06.009

97. Deng S, Zhu S, Qiao Y, Liu YJ, ChenW, Zhao G, et al. Recent advances in the

role of toll-like receptors and TLR agonists in immunotherapy for human

glioma. Protein Cell. (2014) 5:899–911. doi: 10.1007/s13238-014-0112-6

98. Hasenberg A, Hasenberg M, Männ L, Neumann F, Borkenstein L,

Stecher M, et al. Catchup: a mouse model for imaging-based tracking

and modulation of neutrophil granulocytes. Nat Methods. (2015)

12:445. doi: 10.1038/nmeth.3322

99. Seok J, Warren HS, Cuenca AG, Mindrinos MN, Baker HV, Xu W,

et al. Genomic responses in mouse models poorly mimic human

inflammatory diseases. Proc Natl Acad Sci USA. (2013) 110:3507–

12. doi: 10.1073/pnas.1222878110

100. Amulic B, Cazalet C, Hayes GL, Metzler KD, Zychlinsky A. Neutrophil

function: from mechanisms to disease. Annu Rev Immunol. (2012) 30:459–

89. doi: 10.1146/annurev-immunol-020711-074942

101. Pittet MJ, Weissleder R. Intravital imaging. Cell. (2011) 147:983–

91. doi: 10.1016/j.cell.2011.11.004

102. Marques PE, Oliveira AG, Chang L, Paula-Neto HA, Menezes GB.

Understanding liver immunology using intravital microscopy. J Hepatol.

(2015) 63:733–42. doi: 10.1016/j.jhep.2015.05.027

103. Miller MA, Weissleder R. Imaging of anticancer drug action in single cells.

Nat Rev Cancer. (2017) 17:399–414. doi: 10.1038/nrc.2017.41

104. Gross-Weege W, Weiss M, Schneider M, Wenning M, Harms B, Dumon

K, et al. Safety of a low-dosage Filgrastim (rhG-CSF) treatment in non-

neutropenic surgical intensive care patients with an inflammatory process.

Intensive Care Med. (1997) 23:16–22. doi: 10.1007/s001340050285

105. Taylor NJ, Nishtala A, Manakkat Vijay GK, Abeles RD, Auzinger G, Bernal

W, et al. Circulating neutrophil dysfunction in acute liver failure. Hepatology.

(2013) 57:1142–52. doi: 10.1002/hep.26102

106. Hitchinson B, Eby JM, Gao X, Guite-Vinet F, Ziarek JJ, Abdelkarim H, et al.

Biased antagonism of CXCR4 avoids antagonist tolerance. Sci Signal. (2018)

11:eaat2214. doi: 10.1126/scisignal.aat2214

107. Marasca R, Maffei R. NOX-A12: mobilizing CLL away from home. Blood.

(2014) 123:952. doi: 10.1182/blood-2013-12-542480

108. Bartneck M. Immunomodulatory nanomedicine. Macromol Biosci. (2017)

17:1700021. doi: 10.1002/mabi.201700021

109. Impellizzeri D, Cuzzocrea S. Targeting selectins for the treatment

of inflammatory diseases. Expert Opin Ther Targets. (2014) 18:55–

67. doi: 10.1517/14728222.2013.841140

110. Watz H, Bock D, Meyer M, Schierhorn K, Vollhardt K, Woischwill

C, et al. Inhaled pan-selectin antagonist Bimosiamose attenuates

airway inflammation in COPD. Pulm Pharmacol Ther. (2013)

26:265–70. doi: 10.1016/j.pupt.2012.12.003

111. Bennewitz MF, Jimenez MA, Vats R, Tutuncuoglu E, Jonassaint J,

Kato GJ, et al. Lung vaso-occlusion in sickle cell disease mediated

by arteriolar neutrophil-platelet microemboli. JCI Insight. (2017)

2:e89761. doi: 10.1172/jci.insight.89761

112. Bartneck M, Schlosser CT, Barz M, Zentel R, Trautwein C,

Lammers T, et al. Immunomodulatory therapy of inflammatory

liver disease using selectin-binding glycopolymers. ACS Nano. (2017)

11:9689–700. doi: 10.1021/acsnano.7b04630

113. Moog KE, Barz M, Bartneck M, Beceren-Braun F, Mohr N, Wu Z, et al.

Polymeric selectin ligands mimicking complex carbohydrates: from selectin

binders to modifiers of macrophage migration. Angew Chem Int Ed Engl.

(2017) 56:1416–21. doi: 10.1002/anie.201610395

114. Woodfin A, Voisin MB, Nourshargh S. Recent developments and

complexities in neutrophil transmigration. Curr Opin Hematol. (2010) 17:9–

17. doi: 10.1097/MOH.0b013e3283333930

115. Marques PE, Amaral SS, Pires DA, Nogueira LL, Soriani FM, Lima BH, et al.

Chemokines and mitochondrial products activate neutrophils to amplify

organ injury during mouse acute liver failure. Hepatology. (2012) 56:1971–

82. doi: 10.1002/hep.25801

116. Kreimendahl F, Marquardt Y, Apel C, Bartneck M, Zwadlo-Klarwasser

G, Hepp J, et al. Macrophages significantly enhance wound healing

in a vascularized skin model. J Biomed Mater Res. (2019) 107:1340–

50. doi: 10.1002/jbm.a.36648

117. Danese S, Vuitton L, Peyrin-Biroulet L. Biologic agents for

IBD: practical insights. Nat Rev Gastroenterol Hepatol. (2015)

12:537–45. doi: 10.1038/nrgastro.2015.135

118. Kwatra SG, Dabade TS, Gustafson CJ, Feldman SR. JAK inhibitors

in psoriasis: a promising new treatment modality. J Drugs Dermatol.

(2012) 11:913–8.

119. Yamaoka K. Janus kinase inhibitors for rheumatoid arthritis. Curr Opin

Chem Biol. (2016) 32:29–33. doi: 10.1016/j.cbpa.2016.03.006

120. Bartneck M, Peters FM, Warzecha KT, Bienert M, van Bloois L,

Trautwein C, et al. Liposomal encapsulation of dexamethasone

Frontiers in Immunology | www.frontiersin.org 16 September 2019 | Volume 10 | Article 2257

https://doi.org/10.1016/j.jcmgh.2018.01.003
https://doi.org/10.1002/hep.29914
https://doi.org/10.1038/bjc.2017.386
https://doi.org/10.1073/pnas.0706438104
https://doi.org/10.1053/j.gastro.2016.02.040
https://doi.org/10.1038/ncomms12150
https://doi.org/10.1111/febs.14524
https://doi.org/10.1016/j.ccr.2009.06.017
https://doi.org/10.1182/blood-2012-04-421040
https://doi.org/10.1016/j.ccell.2017.10.005
https://doi.org/10.1007/s00262-018-2200-6
https://doi.org/10.1016/S1074-7613(03)00263-2
https://doi.org/10.1016/j.immuni.2005.01.011
https://doi.org/10.1046/j.1365-2125.2001.00321.x
https://doi.org/10.2174/156802606778194217
https://doi.org/10.1016/j.imbio.2016.06.009
https://doi.org/10.1007/s13238-014-0112-6
https://doi.org/10.1038/nmeth.3322
https://doi.org/10.1073/pnas.1222878110
https://doi.org/10.1146/annurev-immunol-020711-074942
https://doi.org/10.1016/j.cell.2011.11.004
https://doi.org/10.1016/j.jhep.2015.05.027
https://doi.org/10.1038/nrc.2017.41
https://doi.org/10.1007/s001340050285
https://doi.org/10.1002/hep.26102
https://doi.org/10.1126/scisignal.aat2214
https://doi.org/10.1182/blood-2013-12-542480
https://doi.org/10.1002/mabi.201700021
https://doi.org/10.1517/14728222.2013.841140
https://doi.org/10.1016/j.pupt.2012.12.003
https://doi.org/10.1172/jci.insight.89761
https://doi.org/10.1021/acsnano.7b04630
https://doi.org/10.1002/anie.201610395
https://doi.org/10.1097/MOH.0b013e3283333930
https://doi.org/10.1002/hep.25801
https://doi.org/10.1002/jbm.a.36648
https://doi.org/10.1038/nrgastro.2015.135
https://doi.org/10.1016/j.cbpa.2016.03.006
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Bartneck and Wang Neutrophils in Liver Disease

modulates cytotoxicity, inflammatory cytokine response, and migratory

properties of primary human macrophages. Nanomedicine. (2014)

10:1209–20. doi: 10.1016/j.nano.2014.02.011

121. Bartneck M, Ritz T, Keul HA, Wambach M, Bornemann J, Gbureck U, et al.

Peptide-functionalized gold nanorods increase liver injury in hepatitis. ACS

Nano. (2012) 6:8767–77. doi: 10.1021/nn302502u

122. Zanganeh S, Hutter G, Spitler R, Lenkov O,MahmoudiM, ShawA, et al. Iron

oxide nanoparticles inhibit tumour growth by inducing pro-inflammatory

macrophage polarization in tumour tissues. Nat Nanotechnol. (2016) 11:986–

94. doi: 10.1038/nnano.2016.168

123. Zazo H, Colino CI, Warzecha KT, Hoss M, Gbureck U, Trautwein

C, et al. Gold nanocarriers for macrophage-targeted therapy

of human immunodeficiency virus. Macromol Biosci. (2016)

17. doi: 10.1002/mabi.201600359

124. Barenholz Y. Doxil(R)–the first FDA-approved nano-drug: lessons

learned. J Control Release. (2012) 160:117–34. doi: 10.1016/j.jconrel.2012.

03.020

125. Choi JW, Dayananda K, Jung SJ, Lee SH, Kim D, Hu J, et al. Enhanced anti-

tumor efficacy and safety profile of tumor microenvironment-responsive

oncolytic adenovirus nanocomplex by systemic administration. Acta

Biomater. (2015) 28:86–98. doi: 10.1016/j.actbio.2015.09.014

126. Wang Y, Li M, Stadler S, Correll S, Li P, Wang D, et al.

Histone hypercitrullination mediates chromatin decondensation

and neutrophil extracellular trap formation. J Cell Biol. (2009)

184:205–13. doi: 10.1083/jcb.200806072

127. Somasuntharam I, Boopathy AV, Khan RS, Martinez MD,

Brown ME, Murthy N, et al. Delivery of Nox2-NADPH oxidase

siRNA with polyketal nanoparticles for improving cardiac

function following myocardial infarction. Biomaterials. (2013)

34:7790–8. doi: 10.1016/j.biomaterials.2013.06.051

128. Campbell AM, Kashgarian M, Shlomchik MJ. NADPH oxidase inhibits

the pathogenesis of systemic lupus erythematosus. Sci Transl Med. (2012)

4:157ra141. doi: 10.1126/scitranslmed.3004801

129. Papayannopoulos V, Staab D, Zychlinsky A. Neutrophil elastase enhances

sputum solubilization in cystic fibrosis patients receiving DNase therapy.

PLoS ONE. (2011) 6:e28526. doi: 10.1371/journal.pone.0028526

130. Wang Z, Li J, Cho J, Malik AB. Prevention of vascular inflammation by

nanoparticle targeting of adherent neutrophils. Nat Nanotechnol. (2014)

9:204–10. doi: 10.1038/nnano.2014.17

131. Elvevold K, Simon-Santamaria J, Hasvold H, McCourt P,

Smedsrod B, Sorensen KK. Liver sinusoidal endothelial cells

depend on mannose receptor-mediated recruitment of lysosomal

enzymes for normal degradation capacity. Hepatology. (2008)

48:2007–15. doi: 10.1002/hep.22527

132. Bartneck M, Scheyda KM, Warzecha KT, Rizzo LY, Hittatiya K, Luedde

T, et al. Fluorescent cell-traceable dexamethasone-loaded liposomes for

the treatment of inflammatory liver diseases. Biomaterials. (2015) 37:367–

82. doi: 10.1016/j.biomaterials.2014.10.030

133. Gabizon A, Goren D, Cohen R, Barenholz Y. Development of liposomal

anthracyclines: from basics to clinical applications. J Control Release. (1998)

53:275–9. doi: 10.1016/S0168-3659(97)00261-7

134. Muller RH, Maassen S, Weyhers H, Mehnert W. Phagocytic uptake

and cytotoxicity of solid lipid nanoparticles (SLN) sterically stabilized

with poloxamine 908 and poloxamer 407. J Drug Target. (1996) 4:161–

70. doi: 10.3109/10611869609015973

135. Nikoobakht B, Burda C, Braun M, Hun M, El-Sayed MA.

The quenching of CdSe quantum dots photoluminescence by

gold nanoparticles in solution. Photochem Photobiol. (2002)

75:591–7. doi: 10.1562/0031-8655(2002)075<0591:TQOCQD>2.0.CO;2

136. Bartneck M, Keul HA, Zwadlo-Klarwasser G, Groll J. Phagocytosis

independent extracellular nanoparticle clearance by human immune cells.

Nano Lett. (2010) 10:59–63. doi: 10.1021/nl902830x

137. Libutti SK, Paciotti GF, Byrnes AA, Alexander HR Jr, Gannon WE, Walker

M, et al. Phase I and pharmacokinetic studies of CYT-6091, a novel

PEGylated colloidal gold-rhTNF nanomedicine. Clin Cancer Res. (2010)

16:6139–49. doi: 10.1158/1078-0432.CCR-10-0978

138. Friedman S, Sanyal A, Goodman Z, Lefebvre E, Gottwald M, Fischer L, et al.

Efficacy and safety study of cenicriviroc for the treatment of non-alcoholic

steatohepatitis in adult subjects with liver fibrosis: CENTAUR Phase 2b study

design. Contemp Clin Trials. (2016) 47:356–65. doi: 10.1016/j.cct.2016.02.012

139. Rieck S, Heun Y, Heidsieck A, Mykhaylyk O, Pfeifer A, Gleich

B, et al. Local anti-angiogenic therapy by magnet-assisted

downregulation of SHP2 phosphatase. J Control Release. (2019)

305:155–64. doi: 10.1016/j.jconrel.2019.05.031

140. Lyon PC, Griffiths LF, Lee J, Chung D, Carlisle R, Wu F, et al. Clinical trial

protocol for TARDOX: a phase I study to investigate the feasibility of targeted

release of lyso-thermosensitive liposomal doxorubicin (ThermoDox(R))

using focused ultrasound in patients with liver tumours. J Ther Ultrasound.

(2017) 5:28. doi: 10.1186/s40349-017-0104-0

141. Uhl B, Vadlau Y, Zuchtriegel G, Nekolla K, Sharaf K, Gaertner F, et al. Aged

neutrophils contribute to the first line of defense in the acute inflammatory

response. Blood. (2016) 128:2327–37. doi: 10.1182/blood-2016-05-

718999

142. Lim LP, Lau NC, Garrett-Engele P, Grimson A, Schelter JM,

Castle J, et al. Microarray analysis shows that some microRNAs

downregulate large numbers of target mRNAs. Nature. (2005)

433:769–73. doi: 10.1038/nature03315

143. Friedman RC, Farh KK, Burge CB, Bartel DP. Most mammalian

mRNAs are conserved targets of microRNAs. Genome Res. (2009) 19:92–

105. doi: 10.1101/gr.082701.108

144. de Kerckhove M, Tanaka K, Umehara T, Okamoto M, Kanematsu S,

Hayashi H, et al. Targeting miR-223 in neutrophils enhances the clearance

of Staphylococcus aureus in infected wounds. EMBO Mol Med. (2018)

10:e9024. doi: 10.15252/emmm.201809024

145. Roy S, Benz F, Luedde T, Roderburg C. The role of miRNAs in the regulation

of inflammatory processes during hepatofibrogenesis. Hepatob Surg Nutr.

(2015) 4:24–33. doi: 10.3978/j.issn.2304-3881.2015.01.05

146. Fluiter K, Mook OR, Vreijling J, Langkjaer N, Hojland T, Wengel J, et al.

Filling the gap in LNA antisense oligo gapmers: the effects of unlocked

nucleic acid (UNA) and 4’-C-hydroxymethyl-DNA modifications on RNase

H recruitment and efficacy of an LNA gapmer. Mol Biosyst. (2009) 5:838–

43. doi: 10.1039/b903922h

147. Mangos MM, Min KL, Viazovkina E, Galarneau A, Elzagheid MI,

Parniak MA, et al. Efficient RNase H-directed cleavage of RNA

promoted by antisense DNA or 2’F-ANA constructs containing acyclic

nucleotide inserts. J Am Chem Soc. (2003) 125:654–61. doi: 10.1021/ja0

25557o

148. Lv H, Zhang S, Wang B, Cui S, Yan J. Toxicity of cationic lipids and

cationic polymers in gene delivery. J Control Release. (2006) 114:100–

9. doi: 10.1016/j.jconrel.2006.04.014

149. Belliveau NM, Huft J, Lin PJ, Chen S, Leung AK, Leaver TJ, et al. Microfluidic

synthesis of highly potent limit-size lipid nanoparticles for in vivo delivery of

siRNA. Mol Ther. (2012) 1:e37. doi: 10.1038/mtna.2012.28

150. Adams D, Suhr OB, Dyck PJ, Litchy WJ, Leahy RG, Chen J, et al. Trial design

and rationale for APOLLO, a Phase 3, placebo-controlled study of patisiran

in patients with hereditary ATTR amyloidosis with polyneuropathy. BMC

Neurol. (2017) 17:181. doi: 10.1186/s12883-017-0948-5

151. Sanchez-Martin L, Estecha A, Samaniego R, Sanchez-Ramon S, Vega

MA, Sanchez-Mateos P. The chemokine CXCL12 regulates monocyte-

macrophage differentiation and RUNX3 expression. Blood. (2011) 117:88–

97. doi: 10.1182/blood-2009-12-258186

152. Liu JY, Chiang T, Liu CH, Chern GG, Lin Ts T, Gao DY, et al.

Delivery of siRNA using CXCR4-targeted nanoparticles modulates tumor

microenvironment and achieves a potent antitumor response in liver cancer.

Mol Ther. (2015) 23:1772–82. doi: 10.1038/mt.2015.147

153. Almeida JP, Chen AL, Foster A, Drezek R. In vivo biodistribution of

nanoparticles. Nanomedicine. (2011) 6:815–35. doi: 10.2217/nnm.11.79

154. Griffiths MM, Langone JJ, Lightfoote MM. Biomaterials and granulomas.

Methods. (1996) 9:295–304. doi: 10.1006/meth.1996.0034

155. Bazile D, Prud’homme C, Bassoullet MT, Marlard M, Spenlehauer

G, Veillard M. Stealth Me.PEG-PLA nanoparticles avoid uptake by

the mononuclear phagocytes system. J Pharm Sci. (1995) 84:493–

8. doi: 10.1002/jps.2600840420

156. Abu Lila AS, Kiwada H, Ishida T. The accelerated blood clearance (ABC)

phenomenon: clinical challenge and approaches to manage. J Control

Release. (2013) 172:38–47. doi: 10.1016/j.jconrel.2013.07.026

Frontiers in Immunology | www.frontiersin.org 17 September 2019 | Volume 10 | Article 2257

https://doi.org/10.1016/j.nano.2014.02.011
https://doi.org/10.1021/nn302502u
https://doi.org/10.1038/nnano.2016.168
https://doi.org/10.1002/mabi.201600359
https://doi.org/10.1016/j.jconrel.2012.03.020
https://doi.org/10.1016/j.actbio.2015.09.014
https://doi.org/10.1083/jcb.200806072
https://doi.org/10.1016/j.biomaterials.2013.06.051
https://doi.org/10.1126/scitranslmed.3004801
https://doi.org/10.1371/journal.pone.0028526
https://doi.org/10.1038/nnano.2014.17
https://doi.org/10.1002/hep.22527
https://doi.org/10.1016/j.biomaterials.2014.10.030
https://doi.org/10.1016/S0168-3659(97)00261-7
https://doi.org/10.3109/10611869609015973
https://doi.org/10.1562/0031-8655(2002)075<0591:TQOCQD>2.0.CO;2
https://doi.org/10.1021/nl902830x
https://doi.org/10.1158/1078-0432.CCR-10-0978
https://doi.org/10.1016/j.cct.2016.02.012
https://doi.org/10.1016/j.jconrel.2019.05.031
https://doi.org/10.1186/s40349-017-0104-0
https://doi.org/10.1182/blood-2016-05-718999
https://doi.org/10.1038/nature03315
https://doi.org/10.1101/gr.082701.108
https://doi.org/10.15252/emmm.201809024
https://doi.org/10.3978/j.issn.2304-3881.2015.01.05
https://doi.org/10.1039/b903922h
https://doi.org/10.1021/ja025557o
https://doi.org/10.1016/j.jconrel.2006.04.014
https://doi.org/10.1038/mtna.2012.28
https://doi.org/10.1186/s12883-017-0948-5
https://doi.org/10.1182/blood-2009-12-258186
https://doi.org/10.1038/mt.2015.147
https://doi.org/10.2217/nnm.11.79
https://doi.org/10.1006/meth.1996.0034
https://doi.org/10.1002/jps.2600840420
https://doi.org/10.1016/j.jconrel.2013.07.026
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Bartneck and Wang Neutrophils in Liver Disease

157. Settanni G, Schafer T, Muhl C, Barz M, Schmid F. Poly-

sarcosine and Poly(Ethylene-Glycol) interactions with proteins

investigated using molecular dynamics simulations. Comp

Struct Biotechnol J. (2018) 16:543–50. doi: 10.1016/j.csbj.2018.

10.012

158. Bridges AW, Singh N, Burns KL, Babensee JE, Andrew Lyon L,

Garcia AJ. Reduced acute inflammatory responses to microgel conformal

coatings. Biomaterials. (2008) 29:4605–15. doi: 10.1016/j.biomaterials.2008.

08.015

159. Goh SL, Murthy N, Xu M, Frechet JM. Cross-linked microparticles

as carriers for the delivery of plasmid DNA for vaccine

development. Bioconjug Chem. (2004) 15:467–74. doi: 10.1021/bc0

34159n

160. Bartneck M, Keul HA, Wambach M, Bornemann J, Gbureck U, Chatain

N, et al. Effects of nanoparticle surface-coupled peptides, functional

endgroups, and charge on intracellular distribution and functionality of

human primary reticuloendothelial cells. Nanomedicine. (2012) 8:1282–

92. doi: 10.1016/j.nano.2012.02.012

161. Rosenblum D, Peer D. Omics-based nanomedicine: the

future of personalized oncology. Cancer Lett. (2014) 352:126–

36. doi: 10.1016/j.canlet.2013.07.029

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2019 Bartneck and Wang. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 18 September 2019 | Volume 10 | Article 2257

https://doi.org/10.1016/j.csbj.2018.10.012
https://doi.org/10.1016/j.biomaterials.2008.08.015
https://doi.org/10.1021/bc034159n
https://doi.org/10.1016/j.nano.2012.02.012
https://doi.org/10.1016/j.canlet.2013.07.029
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Therapeutic Targeting of Neutrophil Granulocytes in Inflammatory Liver Disease
	Introduction
	Origin, Roles, and Differentiation of Neutrophil Granulocytes
	Recruitment and Functions of Neutrophil Granulocytes in Acute Liver Disease
	Neutrophils in Chronic Liver Disease
	Neutrophils in Hepatocellular Carcinoma
	Impact of Neutrophil Fate and Activities on Macrophage Polarization
	Identification of Novel Mechanisms Controlling Migration and Activation of Neutrophils
	Routes for Targeting Neutrophil Recruitment, Migration, and Activation
	Therapeutic Induction of Bone Marrow Egress of Neutrophils
	Targeting Endothelial Transmigration of Neutrophils
	Nanomedicines for Modulating Neutrophil Functions
	Microfluidic Production of RNA-Based Drugs
	Off-Target Effects of Neutrophil-Directed Nanomedicines


	Conclusions
	Author Contributions
	Funding
	References


