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Nano- and microparticles including crystals, synthetic biomaterials, misfolded proteins 
or environmental particulates are involved in a wide range of biological processes 
and diseases. They may present as intrinsic or environmental toxins but may also 
be applied intentionally, e.g. as immune adjuvants, drug carriers or ion exchangers. 
The discovery that a wide range of nano- and microparticles share the capacity 
to induce IL-1ß secretion via activation of the NLRP3 inflammasome in dendritic 
cells and macrophages has led to the hypothesis that nano- and microparticles 
may contribute in a uniform mechanistic manner to different disease entities. Other 
molecular mechanisms triggered by a range nano- and microparticles have also 

Scanning electron micrograph displaying calcium carbonate crystals entrapped within 

NETs like structures in neutrophil-rich eye rheum.  
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recently been identified including (i) the induction of regulated necrosis; (ii) neutrophil 
extracellular trap (NET) formation and (iii) foreign body granuloma formation as a 
mechanism of persistent tissue inflammation and scarring.

Research on the biology of nano- and microparticle handling is currently under 
intense investigation. The cell type-specific responses of nano- and microparticle 
exposure deserves careful attention as well as the related secondary responses to 
these particles that lead to tissue remodeling. The immune system is at the center 
of these processes in terms of particle clearance, particle-induced cell death and 
inflammation, thereby limiting particle-related inflammation and orchestrating 
wound healing responses.

In this Research Topic, we welcomed the submission of Original Research, Review 
and Mini-Review articles that addressed the significance of the immune system 
in particle-induced cell death, inflammation and immune responses. These 
findings will help facilitate new approaches to the prevention and management of  
particle-related diseases.
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Editorial on the Research Topic

Nano- and Microparticle-Induced Cell Death, Inflammation and Immune Responses

INTRODUCTION

Crystals, fibers, and other microparticles form inside the body from nutrients or metabolites but
also enter the body from outside during environmental or occupational exposures. Altogether
crystal and microparticle-related diseases account for numerous medical disorders (1). In some
of these disorders, the crystal masses themselves cause the problem, e.g., when stones obstruct the
bile ducts or the urinary draining system. In other crystal-immune responses largely account for
clinical symptoms and tissue damage, e.g., in gout, silicosis, or asbestosis. This Research Topic
in Frontiers of Immunology selected a series of articles focusing on how immune and tissue cells
respond to crystals, microparticles, and nanoparticles. Our authors shed light on the recent and
ongoing research efforts to unravel the molecular mechanisms underlying particle-related tissue
injury, inflammation, and remodeling. We hope the readers of this Research Topic find the
content useful to further develop the field, to identify common and particle-specific mechanisms
of crystallopathies.

NANO- AND MICROPARTICLE-INDUCED CELL DEATH

Nano- and microparticles induce a broad range of cellular responses when exposed to immune
and non-immune cells. These crystalline particles could be either of environmental origin e.g.,
silica, asbestos, air pollutants, or biological origin e.g., cholesterol, calcium, and monosodium urate
(MSU) crystals.

In the current issue, Shu and Shi gave a systematic overview of the physical and chemical
properties of solid particles and their host responses. For example, phagocytosis of solid particles is
mainly governed by their size, which regulates the inflammatory and cell death responses. Crystals
with sharp and pointy edges induce direct injury as compared to spherical crystals and rod-shaped
crystals. Accordingly, Köppert et al. also found that primary calciprotein particles, which are
spherical, amorphous and soft, were rapidly cleared by liver sinusoidal endothelial cells, whereas

6

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2019.00844
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2019.00844&domain=pdf&date_stamp=2019-04-17
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:hjanders@med.uni-muenchen.de
https://doi.org/10.3389/fimmu.2019.00844
https://www.frontiersin.org/articles/10.3389/fimmu.2019.00844/full
http://loop.frontiersin.org/people/460446/overview
http://loop.frontiersin.org/people/29817/overview
http://loop.frontiersin.org/people/137624/overview
http://loop.frontiersin.org/people/32398/overview
http://loop.frontiersin.org/people/285145/overview
https://www.frontiersin.org/research-topics/6686/nano--and-microparticle-induced-cell-death-inflammation-and-immune-responses
https://doi.org/10.3389/fimmu.2018.01157
https://doi.org/10.3389/fimmu.2018.01991


Mulay et al. Crystals, Death, and Inflammation

secondary calciprotein particles, which are longer, more
crystalline, and less soluble, are cleared by Kupffer cells
and macrophages.

Cytotoxicity of crystals mainly involves lysosomal
rupture, activation of multiple cathepsins, mitochondrial
dysfunction leading to either apoptosis or regulated necrosis—
viz. mitochondria permeability transition-related necrosis,
necroptosis, and pyroptosis (Shu and Shi). In addition, MSU was
reported to activate Syk and Src pathways leading to cell death
and inflammation in phagocytosis-independent manner (Shu
and Shi). Similarly, Shu et al. demonstrated that microscopic
cholesterol crystals extract cholesterol from the cell surface
upon physical interactions with the plasma membrane, which
results in catastrophic plasma membrane rupture and necrosis
independent of any known cell death-inducing pathway.
Furthermore, in response to stress, a self-cannibalization process
termed autophagy is activated, which might be associated with
cell death. Frauscher et al. demonstrated that uremia-induced
autophagy in vascular smooth muscle cells protects from
vascular calcification. Interestingly, pharmacological activation
of autophagy protected mice from vascular calcification during
chronic kidney disease (CKD).

Ingestion of nano- and microparticles occurs as
environmental or occupational pollutants, as well as when
used as adjuvants or drug delivery systems. The first line
of immune defense—neutrophils regulate immune response
to these ingested foreign particles either by removing them
by phagocytosis or immobilizing them by trapping with
neutrophils extracellular traps (NETs). Silica nanoparticles when
ingested during pregnancy cause pregnancy complications.
Higashisaka et al. have highlighted the protective roles of
neutrophils during pregnancy complications in a murine
model of pregnancy. They observed that neutrophil depletion
exacerbated silica nanoparticles-induced impairment
of placental vessels and increased apoptotic cell death
during pregnancy.

NANO- AND MICROPARTICLE-INDUCED

INFLAMMATION

A wide range of solid particles is known to induce the formation
of NETs (2), which results in the release of intracellular
danger associatedmolecular patterns to initiate the inflammatory
response. Bilyy et al. demonstrated that agglomerations of non-
stabilized superparamagnetic iron oxide nanoparticles (SPIONs)
induce NET formation both in vivo and in vitro. Interestingly,
they observed that inert coating of SPIONs with biocompatible
albumin or dextran reduced agglomeration and NET formation
by neutrophils and prevented vascular occlusion in vivo. These
findings again confirm that the physical and chemical properties
of solid particles drive host response (Shu and Shi).

At their discovery NETs were considered effective weapons
aimed to capture, immobilize, and kill bacteria. Later the
list of targets was extended to fungi, viruses, and further
pathogens. Recent discoveries have clearly demonstrated that
nano-and microparticulate matter is also prone to stimulate

NETs formation. The minireview of Li et al. summarizes findings
related to NETs formation upon the contact of neutrophils
with crystals from MSU, calcium pyrophosphate dihydrate,
cholesterol, as well as calcium carbonate and silica. Hydrophobic
nanoparticles cause NET formation bymembrane disruption and
lysosomal leakage. However, for some micro- and nanoparticles
the mechanisms of action for the formation of NETs still
remains elusive.

Nanocrystals e.g., those from MSU or cholesterol are prone
to cluster cell surface receptors to trigger cellular responses. The
inhibitory receptors for MSU-induced inflammation CLEC12A
and SIRL-1, are thoroughly discussed in the minireview of
Fernandes and Naccache. The data suggest that interaction
with receptor not only induces mechanical grouping of these
cell surface molecules but initiate more complex regulatory
processes with distinct effects on leukocyte activation. Targeting
inhibitory receptors is a potential therapeutic option to evaluate
existing drugs and future drug candidates. However, the list of
nanoparticles triggering NET formation can be quite exotic, and
very selective.

Cristobalite, contained in volcanic ashes (but not other
ash components), was identified as a trigger in macrophages
of NLRP3 inflammasome activation with subsequent release
of IL-1β (Damby et al.). Inflammasome activation through
inhalation of volcanic ash again links air-born microparticles
with neutrophil activation and pulmonary diseases. Interestingly,
cellular uptake of ash results in lysosomal destabilization, as was
reported earlier size dependently for 10 nm diamonds (3), and is
followed by activation of mitochondrial responses provoking an
oxidative burst.

Calcium oxalate crystals are the naturally occurring particles
that reportedly trigger the formation of NETs. Unfortunately,
many natural inhibitors of crystal formation like nephrocalcin,
osteopontin, uropontin often fail to stop pathological crystal
deposition during CKD. The disease is accompanied by fibrosis
largely mediated by Transforming Growth Factor beta (TGFβ),
and thus anti-TGFβ antibodies are widely used in treatment.
Steiger et al. proposed that antibodies can also bind some calcium
compounds and thus slow down the process of crystallization
in the affected organ. They demonstrated that anti-TGFβ IgG
ameliorates CKD not only directly via its influence on the target
but also by the prevention of the formation of calcium oxalate
crystals in the affected kidneys.

Calcium oxalate nanoparticles were also found to activate
human monocyte and enhance local tissue inflammatory
responses governed by the production of TNF-a, IL-1b, IL-8,
and IL-10. Contact with calcium oxalate crystals but not with
zinc oxide nanoparticles stimulated macrophage differentiation
into the inflammatory M1-type (Dominguez-Gutierrez et al.). In
addition, the properties of a putative calcium oxalate receptor are
discussed in the paper.

Another natural defense mechanism against nanoparticles
was reported in the work (Marschner et al.), where long pong
pentraxin 3 (PTX3), an opsonin known to interact with dead
cells and other extracellular microparticles, was identified as
an endogenous factor inhibiting growth of calcium oxalate
crystals. By limited CaOx crystal aggregation and adhesion to
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tubular cell membranes it serves as one of several endogenous
inhibitors of stone formation in nephrocalcinosis and potentially
other crystallopathies.

NANO- AND MICROPARTICLE-INDUCED

IMMUNE RESPONSES

When it comes to immune response the first task of the
immune system is to recognize the invader, and micro-
and nanoparticles are hard to be recognized, since usually
they are the same compounds the body encounters daily in
smaller concentrations or in a different soluble form (e.g.,
MSU). The review of Nakayama summarizes recent advances
in our understanding how macrophages recognize crystals
particles: some crystal particles are negatively charged and
are recognized by scavenger receptor family members in a
charge-dependent manner. Alternatively, a model for receptor-
independent phagocytosis of crystals has also been proposed to
explain their clearance by macrophages (Mahon and Dunnet).
Effect of the nanoparticle engulfment can be quite different. Silver
and gold nanoparticles when covered with tannic were able to
induce maturation of dendritic cells and stimulate the uptake of
viral particles (HCV-2) (Orlowski et al.).

Unfortunately, there are much more of them causing harmful
effects. The minireview by Mahon and Dunne summarize the
role of particles associated with gout, calcium pyrophosphate
deposition (CPPD) disease, and osteoarthritis (OA). As well as
wear-debris particles generated from prosthetic implants and
contributing to joint destruction through the production of
cartilage-degrading enzymes and pro-inflammatory cytokines,
driving periprosthetic osteolysis which impacts on the longevity
of total joint replacements. Understanding the danger of
implantedmaterial will allow us to better definemolecular targets
to inhibiting side effects of implantation-associated dangerous
micro and nanoparticles (Chulpanova et al.; Orlowski et al.).

Some nanoparticles like silica are known for decades to cause
disease and autoimmune disorder, but it is not that easy to
study the conditions in experimental setup due to the fact that
most established animal (mice) cell line are prone to develop
only a part of the whole repertoire of interactions attributable
to autoimmune conditions in human. In the work of Mayeux et
al. this limitation was overcome by in-depth analysis of diversity
outbred mice, revealing not only association of silicosis with
lung autoimmunemarkers, bronchoalveolar lavage fluid cells, IL-
6 and anti-ENA5, but also stronger silica-induced inflammation
between mal mice. We should remember that cellular remnants
and “apoptotic blebs” are also of nano- and microscale, and
usually engulfment is silent and anti-inflammatory process
(Tucher et al.). Apoptotic cells were known to produce different
type of micro and nano extracellular vesicles (EV) they were
known to be differently glycosylated and distinctly processed
by macrophages (4). However, the formation of nanoparticles,
like exosomes and others extracellular vesicles not related to
apoptosis make their discrimination complicated. Group of
Schiller have demonstrated that protein composition of apoptotic
EV is quite unique and thus can serve as reliable discrimination

factor; some danger signals like HMGB1 protein could be found
only in apoptotic-related microvesicles (Tucher et al.). Another
important finding suggests that release of large extracellular
vesicles, 200 to 1,000 nm in diameter, involve proteasome action
(Tucher et al.).

But when it comes to cancer, it looks that EV are becoming
powerful communicating and instructing tools. In minireview
“Role of macrovesicles produced by cancer cells,” immune
cells and mesenchymal stem cells are discussed in details,
demonstrating how modification of the extracellular vesicle
cargo can target specific tumor mechanisms responsible for
tumor formation and progression to develop new therapeutic
strategies and to increase the efficacy of antitumor therapies
(Chulpanova et al.).

Immunosuppression is a key factor in silent clearance of
dying cell microdebris, thus it’s role in dealing with disease
associated nano- and micro particles is crucial. The review
by Huaux details the contribution of immunosuppressive
cells and their derived immunoregulatory mediators and
discusses the role of inflammatory vs. immunosuppressive
mechanisms connecting micro- and nano-particles with
pathogenesis of chronic diseases. The review summarizes role of
immunosuppressive cytokines, involvement of regulatory T- and
B lymphocytes, immunosuppressive myeloid cells and discusses
how particle-related diseases can develop independently of
chronic inflammation, enriches current bioassays predicting
particle toxicity and suggests new clinical strategies for
treating patients affected by particle-associated diseases
(Marschner et al.).

PERSPECTIVES

The studies of this issue illustrate that crystals and microparticles
induce diverse biological responses beyond triggering the NLRP3
inflammasome and the secretion of IL-1β from myeloid cells
(5). Crystal biology just started as an interdisciplinary field
and certainly holds bright promises for major discoveries also
in the future. We still do not understand the full spectrum
of molecular mechanisms shared across particles of different
natures as well as different sizes and shapes. Often molecular
machinery prone to recognize cellular debris can also react with
inorganic crystals and vice versa. We lack an understanding
of the particle-specific immune responses. Another unsolved
issue is the functional differences between microparticle-induced
neutrophil necroptosis and NET formation, a regulated form
of chromatin release different from regulated neutrophil
necrosis (6, 7). Only an interdisciplinary approach can
address these important questions and eventually lead to
new treatment modalities for patients with crystal- and
microparticle-related disorders.
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Crystalline/particulate substances trigger a plethora of signaling events in host cells. 
The most prominent consequence is the inflammatory reactions that underlie crystal 
arthropathies, such as gout and pseudogout. However, their impact on our health was 
underestimated. Recent work on the role of cholesterol crystal in the development of 
atherosclerosis and the harm of environmental particulates has set up new frontiers in 
our defense against their detrimental effects. On the other hand, in the last 100 years, 
crystalline/particulate substances have been used with increasing frequencies in our 
daily lives as a part of new industrial manufacturing and engineering. Importantly, they 
have become a tool in modern medicine, used as vaccine adjuvants and drug delivery 
vehicles. Their biological effects are also being dissected in great detail, particularly with 
regard to their inflammatory signaling pathways. Solid structure interaction with host 
cells is far from being uniform, with outcomes dependent on cell types and chemical/
physical properties of the particles involved. In this review, we offer a systematic and 
broad outlook of this landscape and a sage analysis of the complex nature of this topic.

Keywords: solid particle, host response, biological crystal, adjuvant, cell death

iNtRODUctiON

Solid amorphous/crystalline/fibrous particles are common in our environment. Looking outward, 
all life forms are exposed to particles varying in size, chemistry, and the state of agglomeration in the 
surroundings. With the technological advancements, human populations are facing new variations 
related to the exposure to environmental and/or occupational pollutants/hazards/toxins. In recent 
times, nanotechnologies bring ultrafine particles into our lives (1). Therefore, we are in an ever-
changing world of particulate substances. Looking inward, several essential biological components 
are in delicate balance near the point of precipitation, including nucleic acid metabolites, lipids, and 
ions. Some forms of solidification, such as cholesterol crystal (CC) formation and calcification of 
joints, are a part of aging physiology. Other precipitations, such as monosodium urate (MSU) (2), can 

Abbreviations: Alum, trivalent aluminum salts, including ALOH and AlPO4; BCP, basic calcium phosphate; CASR, calcium-
sensing receptor; CC, cholesterol crystal; CPPD, calcium pyrophosphate dihydrate; CVD, cardiovascular disease; DC, dendritic 
cell; LDH, layered double hydroxides; LDL, low density lipoprotein; HDL, high density lipoprotein; LLOMe, L-leucyl-L-leucine 
methyl ester; MLKL, mixed lineage kinase domain-like; MSU, monosodium uric acid crystal; NADPH, nicotinamide adenine 
dinucleotide phosphate oxidase; NET, neutrophil extracellular traps; NLRP3, NACHT, LRR, PYD domains-containing protein 
3; RIPK1/RIPK3, receptor-interacting serine/threonine-protein kinase 1/3; ROS, reactive oxygen species; SERCA, sarcoplas-
mic/ER Ca2+-ATPase; TXNIP, thioredoxin-interacting protein; TLR, toll-like receptor; VLPs, virus-like particles.
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lead to acute inflammation and tissue damage. In addition, with 
advancements in modern medicine, pharma-biotech companies/
institutes introduce particles in formulation development for vac-
cination, drug delivery and cancer therapy. Compared with other 
areas of biomedical research, so far there has not been a discipline 
dedicated to studying how hosts respond to solid structures.  
As such, our understanding and theories are mostly fragmented, 
creating a hidden deficit in our effort to control and utilize this 
class of materials.

Host responses to solid/crystalline particles have been studied 
by scientists and clinicians for decades for health concerns. 
Historical lessons are vivid. One of the most memorable is the 
chrysotile and amphibole asbestos-induced respiratory deficien-
cies and mesothelioma (3, 4). The impact was that guidelines were 
imposed by regulatory bodies to strictly ban its consumer use and 
minimize it human exposure of occupational operators (https://
www.epa.gov/asbestos). In recent years, cellular signaling events 
associated with crystal-triggered inflammation have become 
an intensely investigated topic (5). Some areas are covered with 
extreme depths, including inflammasome activation (6), cell 
death (7–9), reactive oxygen species (ROS) production (10, 11), 
and adjuvanticity (12, 13). However, crystals vary greatly in their 
geometry and chemistry. Host cells with whom they interact are 
also diverse. Therefore, the speedy accumulation of newly gained 
knowledge has not led to a sufficient number of consensuses.  
In addition, a solid structure/host cell response cannot be com-
prehended at any given cross section. It is a chain of events from 
crystal formation/entry, cell membrane binding, intracellular 
signaling cascades, cytokine release, cell death, secondary host 
responses, etc. In this review, we aim to integrate several less 
illuminated areas of cell responses to solid particles, including 
physiochemical properties, nanoparticles, particulate adjuvants, 
and ongoing debates regarding their activation mechanisms.  
In other words, we offer a panoramic view of this interesting topic.

PHySicaL aND cHemicaL PROPeRtieS

While research on signaling events in host response to solid 
particles is currently very active, the study of their chemical 
and physical properties remains a widely pursued subject.  
As particles under analysis and experimental readouts vary, it is 
hard to draw a set of conclusions with any precision. The over-
arching observations are: (1) Size of any given solid structure has 
a great impact on its biological effects. (2) A given volume of a 
particulate substance can have different effects depending on their 
geometric parameters. (3) Surface chemistry, including coating, 
can change outcomes. (4) Different host cell types can manifest 
different host responses. However, if the nature and types of 
experimental outcomes can hypothetically be set aside, and only 
activation intensity (i.e., cytokine production, adjuvanticity, and 
cellular morphology changes) is used as the readout, some internal 
consistencies can be extracted from the existing literature.

Size
Generally, solid structures of size 1–100  nm are considered as 
nanoparticles. For these particles, the general entry into the 
cells is mediated by endocytosis or simple diffusion without 

any defined receptors. Sizes beyond 100  nm and up to 10  µm 
are regarded as microcrystals. Within the latter, for particles 
with a diameter larger than 0.5  µm, phagocytosis is the domi-
nant form of entry (14). There have been some isolated studies 
(15–17) whereby the size of polylactide-co-glycolide (110 vs 
800–900 nm) did not show any significant changes in the ability 
to induce antibody responses to protein antigens from Neisseria 
meningitidis and HIV in mice (18). However, most papers appear 
to offer different results (1). Early work using simple stimulation 
and cell proliferation index measurement suggested that larger 
surface area (smaller diameter) of polystyrene and TiO2 particles 
seemed to block macrophage cell line proliferation in vitro (taken 
as an indicator of cell loss) (19). This finding was confirmed by 
another group where carbon black as well as TiO2 particles were 
used in vivo. In that study, both particles of 250 nm in diameter 
and those roughly one log smaller were instilled intratracheally. 
In rats, the smaller ultrafine particles induced drastically higher 
neutrophil infiltration in the lung and greater epithelial damage 
(20). Using epithelial cells as an example, amounts (total volume) 
required for small (below 20 nm) vs large (above 100 nm) silica 
crystals tended to create a log difference in the efficiency of induc-
ing cell death. In addition, smaller particles achieved the same 
effect much faster than the larger ones in human endothelial cells 
in  vitro (21). Similar observations were made by other groups 
studying human endothelial cells and macrophage in vitro (22). 
One reason for this difference is that small particles enter cells 
more readily. Using silver nanoparticles (SNP) SNP-5, SNP-20, 
and SNP-50 (numbers indicate diameter in nanometer) as an 
example, in  vitro cellular toxicity of smaller particles was cor-
related with their rapid presence inside the human epithelial 
cells (23). In one report that compared nano vs micro silica 
particles, smaller (30–1000 nm) crystals entered mouse BMDM 
easily and caused significant lysosomal marker loss, indicating 
lysosome destabilization, in comparison with the larger ones 
(1,000–10,000  nm) (24). An interesting contrast was another 
paper suggesting that silica particles 1,000 nm across were more 
toxic than small (30 nm) to THP-1 cells (25), a phenomenon asso-
ciated with the efficient uptake of the larger particles. This study, 
as well as several others, suggested that phagocytes, such as J774.2 
and RAW264.7 cells, were more prone to particle-induced cell 
damage than nonphagocytic cells (L929) (26). These results imply 
that efficient entry may ultimately explain the ability to trigger 
cellular responses. Whether additional signaling mechanisms 
related to particle size also account for the stimulation intensity 
have not been independently investigated.

morphology and Geometry
Shape of solid structures has been implicated in some studies to 
be a critical factor in triggering host cell responses. The differ-
ences in crystalline symmetry, i.e., anatase vs rutile TiO2, could 
result in significantly different outcomes in mouse keratinocytes 
in vitro (27). The sharp and pointy edges of many crystals, i.e., 
asbestos and MSU, are believed to at least partially contribute 
to their pathology via direct injury to mouse mesothelial cell 
membrane in  vitro and in  vivo (28, 29). Using non-opsonized 
hydroxyapatite (HA) as an example, a study was conducted to 
compare four types of geometries: needle, plate, sphere, and rod 
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and tested their ability to induce TNFα/IL-6 and ROS production 
as well as cytotoxicity. It was found that needle and plate shapes 
induced the highest rate of cell death in human bronchial epi-
thelial cells accompanied by high IL-6 production. Interestingly, 
rod-shaped HA induced more ROS production. RAW264.7 cells, 
on the other hand, showed much less selectivity to the shape in 
all the parameters measured (30). A study on carbon nanotubes 
(CNTs) also suggested that long and needle-shaped CNTs and 
asbestos triggered human macrophage IL-1β secretion in  vitro 
while only the former triggered IL-1α production. Carbon black 
and short CNTs failed to induce either (31). Interestingly, in this 
report, it was found that long CNTs induced a typical NACHT, 
LRR, PYD domains-containing protein 3 (NLRP3) inflamma-
some activation event that relied on ROS production, P2X7 
receptor, and lysosomal destabilization. Long silver nanowires 
were also more inflammatory toward human epithelial and liver 
cells in vitro than the short ones (23), and spherical TiO2 was less 
stimulatory than the same material in the shape of nano belts 
in vivo (32). The observations may be associated with higher area/
volume ratio, although a systematic analysis is not yet available. 
In a study comparing crystalline nanocellulose with fibrillary cel-
lulose, it was found in A549 cells fibrillary cellulose was more 
toxic than the crystalline counterpart. This was mainly due to the 
former’s strong ability to induce oxidative stress. On the other 
hand, crystalline cellulose was able to induce a broad range of 
cytokine production including IL-6, IL-8, MCP-1, IL-12p70, and 
G-CSF (33). Therefore, distinct shapes with similar chemistry can 
lead to different profiles of cellular responses. Many crystalline 
structures may also exist in an amorphous state by contrast to 
the better known larger crystals. In a pulmonary inflammation 
mouse model, amorphous/colloidal silica induced only transient 
inflammation while the response triggered by crystals was more 
persistent (34). Indeed, for non-crystalline structures such as SiO2 
from nano to micro μm sizes (mono-disperse and poly-disperse), 
the stimulation for NLRP3 inflammasome activation in mouse 
macrophages was lower than the crystalline. On the other hand, 
the comparison between amorphous and colloidal forms did not 
reveal any difference in stimulation capacity (35).

chemical composition
Chemical properties of solid structures have been directly linked 
to their stimulatory ability. Under this umbrella, one consideration 
is the degree of solubility. It is generally considered that solubility 
is proportionally related to cytotoxicity (36). In several reports, 
slightly soluble zinc and iron oxides were more potent in inducing 
target cell DNA release than almost insoluble CeO2, ZrO2, TiO2, 
and Ca3(PO4)2. In one study, ionic metal was critical to IL-6 and 
IL-8 production by human airway epithelial cells which were 
blocked by metal chelation (37). However, mechanistic insights 
of the observations of this nature are not available (38, 39). In the 
absence of detectable solubility, chemical composition can also 
make a difference in cellular responses. By comparing various 
metal oxides, copper oxide had the highest toxicity toward air-
way epithelial cells (40). In that study, several metal oxides were 
equally potent to induce ROS in the treated cells, however, CuO 
had the ability to suppress the cellular antixidation effects, i.e., the 
activities of catalase and glutathione reductase. It should be noted 

that depending on cell types studied and experimental settings, 
results have not been consistent regarding chemical compositions 
of particles. In some studies, Y2O3 (yttrium oxide) and ZnO were 
found to trigger inflammatory responses (ICAM-1, MCP-1, and 
IL-8 expression) better than Fe2O3 in endothelial cells (41), by 
contrast with the report by Brunner et al. where iron oxides were 
more stimulatory in human mesothelioma and rodent fibroblast 
(36). Surface charge and hydrophobicity may also affect cellular 
responses in  vivo (42–44). This notion was echoed by a study 
where unmodified silica crystals induced strong IL-1β, ROS, 
and NLRP3 inflammasome activation in THP-1 cells. However, 
surface functionalization with –COOH, –NH2, –SO3H, and 
–CHO groups significantly reduced all aspects of inflammatory 
responses (45). In fact, the simple presence of cell culture serum 
can result in significant reduction of toxicity toward fibroblast, 
which presumably was driven by the alteration of particle surface 
chemistry (46). Interestingly, the different surface chemistry can 
also alter their anatomic distributions. For instance, i.p. injected 
polymethyl methacrylate beads tended to deposit in the spleen 
resulting in its enlargement. Polystyrene beads of similar sizes, on 
the other hand, were accumulated in adipose tissues (47). Likely 
the different surface chemistries triggered different migration 
patterns in the phagocytosing macrophages.

It should be noted that the forth mentioned experimental 
results are small samples of the vast literature on chemical/
geometric properties of host-interacting particles. Depending on 
cell types, readouts, and experimental settings, different and even 
contradictory reports are common. Ideally, the desired approach 
is to isolate one particular variable for extensive analysis while 
other parameters are meticulously controlled. Thus far, the bold-
est attempt to extract a set of principles underneath the surface 
chemistry and immune recognition was made by Williams 
et al. (48). In that study, they used “layered double hydroxides” 
(LDH) for analysis, prompted by the effect of alum in immune 
stimulation. The exact chemical compositions are technically 
challenging to understand. We can picture their setup as follows. 
A sheet of metal (M+M2+ and M3+) hydroxides is laid against pair-
ing anions to form a stack. Each stack is laid on top of another 
for a multilayered structure. Because the metal ions can be 
chosen, M+M2+ vs M3+ ratios and anion species can be selected, 
the resulting structures can be tested for their immune regula-
tion solely as a function of various ions used in the experiment. 
Dendritic cell (DC) activation was measured by a set of cytokine 
production. LiAl2-CO3, Mg2Al-NO3, Mg2Fe-Cl, Imject alum, and 
alhydrogel were compared. Surprisingly, this study revealed that 
all in vitro human DC responses were highly correlated with a 
linear combination of three LDH properties: the radius of the 
spherical M+ or M2+ metal cations; the distance between the 
LDH layers (interlayer spacing); and zeta potential that defines 
the magnitude of the electrical charge at the interfacial double 
layer around the LDH particle. Newly synthesized LDHs were 
highly predictable by these variables in their DC stimulatory 
capacity. These properties were directly verified in in vivo mouse 
antibody production. These efforts were aimed to produce a set 
of “chemical–immunology rules”. Clearly, to understand the com-
plex nature of host responses to solid structures, undertakings 
like this point to a possible angle to tackle the vast unknowns of 
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physics and chemistry of particulate substances involved in host 
cell activation.

BiOLOGicaL cRyStaLS

Unlike particles that come with modern manufacturing/process-
ing or exist in our environment, crystalline deposition has long 
been a part of human biology/pathology. Best known among them 
are uric acid, cholesterol, heme, and a list of calcium-containing 
crystals [calcium pyrophosphate dihydrate (CPPD), HA, calcium 
oxalate, and calcium phosphate family in general]. Slightly less 
prevalent diseases can be caused by additional crystals, such as 
xanthine leading to xanthinuria and arthropathy (49) and cystine 
(oxidized cysteine dimer) in kidney stones (50). A rare genetic 
disease, adenine phosphoribosyltransferase deficiency, results in 
the inability to produce adenosine monophosphate from adenine, 
2,8-dihydroxyadenine crystal formation, and kidney failure in 
human and mice (51–54). In this section, we aim to illustrate the 
most common types and their related pathologies.

monosodium Urate crystals
Gout, the deposition of MSU crystals, has been recognized for 
over 4,000 years and extensively described in the ancient literature 
(55). Historically, its occurrence has been associated with exces-
sive dietary and alcohol consumption (56). In the 18th century, 
crystals from a tophaceous joint were isolated and their chemical 
nature was reported (55). It is generally believed that high purine 
metabolism leads to hyperuricemia (>6.8 mg/dl), a precondition 
for gout and tophus. Gout is often induced by metabolic and 
environmental factors, such as increased Ca2+, low pH, and cold 
weather, and occurs only in the distal extremities, never near 
the core of body where the temperature is more consistent (57). 
Interestingly, till date, we still cannot duplicate the in vivo crystal 
formation event in the lab, as at this concentration uric acid does 
not precipitate in standard buffers (58). Additional factors, for 
instance natural MSU antibodies, may be critical for this process 
(58, 59). Mechanistically, in  vivo the initial nucleation of uric 
acid crystals is reversed due to rapid dissolution. The antibodies 
(IgG in human gout patients and IgM in mouse) help stabilize 
the nucleation core whereby the crystal growth is permitted. This 
notion is supported by clinical observations that MSU crystals 
isolated from patients are often coated with a layer of antibodies 
(60), with Fab pointing to the crystalline surface (61). Regarding 
the signaling events leading to the painful inflammatory episode 
of gouty arthritis, many models have been proposed. MSU typi-
cally activates NLRP3 inflammasome and IL-1β production, and 
the proposed signaling events pertinent to NLRP3 regulation, 
such as ROS, K+ efflux, and lysosomal rupture, are all implicated 
in its inflammatory properties (discussion later). Specific to 
MSU, it has been suggested that CD11b and CD16 may directly 
recognize MSU crystals because antibodies for these two surface 
molecules reduced MSU-mediated neutrophil activation (62, 63).  
Interestingly, the antibody blockage also reduced neutrophil 
responses to CPPD, a chemically distinct structure, suggesting 
that these surface molecules may merely participate in the signal-
ing rather than the specificity determinant for these crystalline 
surfaces. Liu-Bryan and Terkeltaub’s group reported that toll-like 

receptor (TLR)2/TLR4 and CD14 were the functional receptors 
of MSU (64–66). The conclusion was mostly drawn from the 
reduced inflammatory responses in mice deficient in these genes. 
Using similar TLR-deficient mouse models as well as in vitro cell 
transfection, Chen et al. failed to see any involvement of TLR2 
or TLR4 (67). While the suggestion of protein-based positive 
signaling receptor for MSU has not been further investigated, one 
paper suggested that Clec12a is an inhibitory receptor for this 
crystal. Binding analysis showed that Clec12a had specific affin-
ity for MSU and mice deficient in this gene mounted increased 
inflammatory responses against MSU challenge (68). Our lab’s 
results have suggested another model. The surface of MSU crystal 
showed substantial binding to cholesterol, a component of lipid 
rafts. The binding event caused the plasma membrane lipid sorting 
and an accumulation of ITAM-containing membrane proteins. 
This accumulation, in turn, recruited Syk to the inner leaflet and 
induced a chain reaction similar to Syk/PI3K-dependent phago-
cytic activation (69). This model describes a lipid-based signaling 
event independent of protein receptors. Whether this signaling 
modality is central to the general sensing of solid structures and 
is being actively investigated.

calcium crystals
While calcium salt crystals mediate inflammatory responses 
similar to MSU (70), the prerequisites for their formation are 
different. First, calcium-containing crystal generation does not 
require elevated levels of Ca2+. Second, these crystals almost 
always develop on matrix surfaces, mostly cartilages (71). 
Inorganic pyrophosphate, produced via ATP metabolism, is 
found to induce CPPD formation. On cartilages, inorganic 
pyrophosphate level is regulated by several enzymatic activities 
including ectonucleotide pyrophosphatase (72, 73). Unlike MSU, 
calcium crystal deposition in joints is common and remains 
asymptomatic in most adults, and it is, therefore, difficult to 
directly link CPPD formation to the symptoms of pseudogout 
(74). In model systems with synthetic crystals, CPPD does 
stimulate strong inflammatory activation. Therefore, the prevail-
ing proposal is that CPPD formation is an essential first step for 
the eventual development of the acute “gout” like symptoms (75). 
Signaling-wise, CPPD and basic calcium phosphate can stimulate 
nitric oxide and collagenase production in chondrocytes in vitro 
(76, 77). Martinon et al. found that CPPD is a strong inducer of 
NLRP3 inflammasome activation in vitro (6). In addition, CPPD 
crystals can inhibit neutrophil apoptosis via Bcl-2 (78). It is very 
likely that all these factors work in sync to generate the inflamma-
tory responses to calcium salt crystals.

cholesterol crystals
Cholesterol clustering in vivo is primarily in two forms. Gallstones 
(cholelithiasis) are large solid structures mostly made of cho-
lesterol in biliary duct and gallbladder. They are results of liver 
cholesterol accumulation, often with a genetic disposition (79). 
The presence of CC in atherosclerotic lesions reflects the imbal-
ance of cholesterol homeostasis and has by far the highest impact 
in human health, being one of the root causes of cardiovascular 
disease (CVD, a third of mortality in the developed countries). 
Via the mevalonate pathway, all mammalian cells are capable of 

13

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


Shu and Shi Solid Particles and Their Host Responses

Frontiers in Immunology | www.frontiersin.org May 2018 | Volume 9 | Article 1157

cholesterol synthesis (80). Its metabolism is mainly in the liver in 
the form of biliary secretion of surplus cholesterol and bile acid. 
Therefore, the cholesterol transport becomes the critical regulation 
of its level. For the cardiovascular system, low density lipoprotein 
via its receptor transports esterified cholesterol to artery walls 
while high density lipoprotein mediates the reverse transport 
back to the liver (81). In the periphery, deposited esterified cho-
lesterol can be converted by ester hydrolases into free cholesterol, 
leading to CC formation (82). In advanced CVD, accumulated 
CC in the plaques expand in volume and cause the rupture of the 
fibrous cap, leading to acute thrombosis, embolism, and clinical 
CVD symptoms (83, 84). More in depth analyses indicate that 
CC may be the culprit of the initial atherosclerotic change at the 
very beginning. It was found by some that cholesterol-lowering 
treatment was only beneficial when used early in mouse life (85). 
Because of their small sizes, optical imaging in tissues has not 
been easy. The limitation is being gradually overcome with new 
preparation protocols (86, 87) and imaging tools such as Raman 
scattering microscopy (88). A recent paper reported that endothe-
lial cells produce CC rather quickly under cholesterol overload. 
The crystal deposition under endothelial cells was found as early 
as 1 week after feeding Ldlr−/− mice with high fat diet (89). Those 
improved detections strongly suggest their involvement in much 
of the initial atherosclerotic development. Local accumulation of 
CC has been recognized as an inflammatory event (90). CC can 
activate the complement system in vitro (91, 92) as well as IL-1α 
production in vivo and in vitro (93, 94). The central interest is 
undoubtedly focused on the involvement of NLRP3 inflamma-
some. Some reports suggested that NLRP3 inflammasome and 
its components were essential for the plaque formation (86, 95) 
while others failed to make this observation (93, 96).

Hemozoin
Malaria is a major cause of mortality in developing countries. 
In its life cycle, Plasmodium invades red blood cells and uses 
hemoglobin as its energy source. The product of this diges-
tion, heme, forms hemozoin crystals (97). While Plasmodium 
itself can directly modulate endothelial permeability and cause 
circulation blockage (98, 99), hemozoin is a major activator of 
innate immunity (100), both leading to various degrees of mouse 
hepatocyte dysfunction in vivo (101). The surface of hemozoin 
crystals has been found to be highly active in mediating oxidative 
responses (102). Another property of hemozoin is its extensive 
phagocytosis by phagocytes in the circulation and in vital organs 
(liver, brain, etc.), particularly after RBC rupture (103). This 
phagocytic event is believed to be immune regulatory and the 
intensity of phagocytosis is an indicator of the disease severity 
(104). Macrophages and monocytes stimulated with hemozoin 
produce large amounts of cytokines in  vitro, including TNFα, 
MIP1α, and β (105), chemotactic factors (106), ROS and nitric 
oxide (100, 107). A large panel of signaling molecules, includ-
ing ERK1/2, JAK2/STAT-1, NFkb, and Syk kinases were all 
reportedly involved (108). The exact recognition mechanism is 
not clear, although in one report TLR9 was involved (109). This 
finding is controversial as others have suggested the contamina-
tion of Plasmodium DNA in the isolated hemozoin (110–112).  
By contrast, the activation mediated by NLRP3 is well characterized 

and has been supported by multiple research groups. Shio 
et  al. found that hemozoin-induced NLRP3 inflammation and 
IL-1β production were downstream of Syk kinase. Importantly, 
deficiencies in NLRP3 components protected the host from one 
strain of malaria, Plasmodium chabaudi adami (113). Another 
paper around the same time suggested that hemozoin mediated 
inflammatory responses in vitro and in vivo, particularly NLRP3 
activation, was via induction of uric acid release (110).

PaRticULate aDJUvaNtS

Adjuvants are used to increase host responses to otherwise low 
immunogenic antigens. They can be roughly divided into delivery 
tools and immune potentiators (12, 114). Serving both purposes, 
particulate adjuvants are a subcategory of immune enhancers and 
are the first preparation used in human vaccine. Glenny’s work 
has been sufficiently discussed in vaccine reviews (115). However, 
one particular point worth noting is that while the early workers 
Glenny and Maschmann et  al. used alum in various chemical 
composition to precipitate and stabilize diphtheria toxin, they did 
not recognize the immune stimulatory effects of this crystalline 
structure (116–118). In the last two decades, our understanding 
of particulate adjuvants has seen some dramatic revisions.

Alum usually refers to trivalent inorganic aluminum salts, 
including Al(OH)3 and AlPO4 (119, 120). For decades, it was 
thought that alum served as an in vivo depot for the associated 
antigens, prolonging antigen availability. This notion was proven 
incorrect by several experiments (121–123). In 2004, it was 
reported that injection of alum resulted in the accumulation of 
IL-4-producing monocytic Gr1+ cells in the spleen (124). Till 
date, it is still not clear how this population mediates immune 
response, although it is involved in TH1/TH2 bias (125).  
In 2008, Eisenbarth et al. reported a deficiency in multiple anti-
body subtype production in response to alum in NLRP3−/− mice 
(126) suggesting that alum’s immunogenicity may be related to its 
ability to activate NLRP3 inflammasome. A follow-up paper using 
similar mouse models by Tschopp’s group, however, reported a 
reduction in IgE production only (127). In other reports, includ-
ing from our own group, NLRP3/Caspase-1 axis was not found to 
be essential for alum-mediated antibody production (128–130). 
Later on, two groups reported that DNA release triggered by 
local alum injection might be responsible for its adjuvanticity  
(131, 132). Ishii’s group further suggested that in the process, 
alum triggered activation of TBK1/IRF3, leading to IgE isotype 
switching (132). Whether this signaling event requires STING, 
a sensor for intracellular DNA is still a topic of discussion (131). 
In addition, a recent paper suggested that commercially available 
DNase may have proteolytic activities, which at least partially 
explained the reduced adjuvanticity following DNA removal 
in alum-treated mice (133). Therefore, the role of DNA release 
in alum’s adjuvant effect still requires more carefully controlled 
analyses. Our group proposed an alternative mechanism. Using 
atomic force microscopy, we found that alum crystals bound to 
DC plasma membrane lipids and triggered an abortive phago-
cytic response. DCs thus activated showed enhanced binding to 
CD4+ T cells via ICAM-1 and LFA-1 (128), leading to better T cell 
priming by DCs.
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The notion that uric acid being a particulate immune adjuvant 
was not derived from its ability to trigger gouty inflammation.  
It was found that dead cells had strong adjuvant effect when deliv-
ered with protein antigens; the active fraction was molecularly 
identified by chromatography and mass spec analysis (134). It was 
found that soluble uric acid did not have any adjuvant effect, yet 
it turned stimulatory upon crystallization. It has been difficult 
to visualize MSU deposition in  vivo following immunization 
because the microcrystals were not compatible with imaging 
preparation protocols. Although the ability of uric acid to serve 
as an adjuvant is confirmed (135) in recent years, MSU has 
been gradually recognized as a “cryptic” adjuvant, in that many 
immune responses appear to require background uric acid. We 
have reported that MSU crystallization requires endogenous 
antibodies that stabilized the initial crystal formation. In the 
absence of antibody as in the IgH mice, uric acid did not serve 
as an endogenous adjuvant (58). Several reports have found that 
removal of uric acid in vivo significantly reduced airway inflam-
mation (136) and immune responses to antigens released from 
dead cells (2, 137). In addition, other groups have found that uric 
acid may be the conduit for the immune stimulatory effect of 
hemozoin and alum adjuvant (110, 138).

Virus-like particles (VLPs) are a relatively new technology and 
originated from the vaccine preparation with killed pathogens. 
They are assembled viral proteins with a resulting morphology 
similar to original viruses. These particles are highly stimulatory 
in comparison with their soluble proteins and at the same time 
free from the safety concerns associated with attenuated virions. 
With recombinant technologies, bacterial, viral, mammalian, and 
other expression systems have been used to successfully produce 
VLPs. Although VLPs can be considered adjuvants in compari-
son with free proteins, their efficacy can be further enhanced by 
other adjuvants (139). The mechanistic basis for the enhanced 
immunity is a concept termed geometric pathogen-associated 
structural pattern (140). In general, all VLPs form unique 
repetitive surface structures (140, 141). As these patterns bare 
the signature of invading pathogens, they are potent in activat-
ing antigen presenting cells and mediate efficient migration of 
these cells to draining lymph nodes. They are also able to bind to 
naturally existing antibodies and fix complement (142), further 
enhancing their immune stimulation.

Nanoparticle adjuvants were a product of time that started two 
decades ago. The term defines the size but posits no limitation 
on its chemical/structural details. One of the most frequently 
tested is polylactic-co-glycolic acid and polylactic acid, for their 
biodegradability and easy incorporation of antigens and drugs 
(143). They are known to induce antibody titers similar to those 
adjuvanted regimens. Other popular selections are liposome and 
micelle-based preparations. Overall, nanoparticles can easily enter 
solid tumors (144). This is likely the result of extensive pathways 
used for the uptake of these particles, including pinocytosis, and 
clathrin and caveolin-dependent endocytosis (145). These parti-
cles have been used as an efficient tool for delivery mainly due to 
their protection (146) and controlled release (147, 148) of associ-
ated antigens. Similar to other particulate antigens, nanoparticles 
can trigger cross-presentation and CD8+ T cell responses (149), a 
feature sought in viral vaccine and tumor immune therapy.

SOLiD PaRticLe-iNDUceD HOSt  
ceLL ReSPONSeS

inflammasome
Solid/amorphous/crystalline/fibrous structure-mediated cellular 
responses are a major part of inflammasome research, particu-
larly signaling associated with NLRP3 inflammasome. In 2006, 
Tschopp’s group reported that MSU and CPPD-induced IL-1β 
production was dependent on NLRP3 inflammasome compo-
nents, NLRP3, ASC, and caspase-1 (6). This landmark experi-
ment started the intense pursuit of inflammatory mechanisms 
associated with solid particles. Subsequently, a series of papers 
described the requirement for NLRP3 in IL-1β production in 
response to silica, asbestos, and metal oxides. With limited excep-
tions, it is reasonable to assume that the bulk of inflammation 
associated with solid structures is dependent on NLRP3 inflam-
masome. However, the molecular events that lead to NLRP3 acti-
vation are still being debated. Several intermediate conduits have 
been proposed including ROS production, lysosome rupture, K+ 
efflux, and Ca2+ influx (150, 151).

Reactive Oxygen Species
In the process of ATP production in mitochondria, oxygen 
is ideally reduced to water. However, when this process is not 
complete, O2

− escaped from this pathway becomes the source of 
a series of oxidizing chemicals, including hydrogen peroxide 
and hydroxyl radicals (152), collectively termed as ROS. These 
products become a part of cellular signaling network–redox 
biology. ROS signaling is also essential for both innate and adap-
tive immunity (153, 154). The excess of this production leads to 
oxidative stress, which is at the core of cellular aging and degen-
erative diseases such as sclerosis and neoplasm. ROS production 
can be readily induced by solid structures of various sizes and 
shapes, and to some extent of distinct chemical compositions. 
Many nanoparticles, copper, iron, cerium, zinc, nickel, titanium, 
aluminum oxides, gold, silver (155), silica (156), MSU (157), 
asbestos (158), and alum were found to induce ROS. ROS block-
ade with ROS scavenger or inhibition of nicotinamide adenine 
dinucleotide phosphate oxidase (NADPH) oxidase suppressed 
NLRP3 activation induced by MSU, asbestos (159), silica (158), 
and hemozoin (160). In the process, the conduit was proposed to 
be thioredoxin-interacting protein (TXNIP). TXNIP dissociates 
from thioredoxin in a ROS-sensitive manner and then binds to 
NLRP3 leading to its activation (157) (Figure 1). This proposal 
has not been completely satisfactory. First, a lot of stimuli induce 
ROS production but NLRP3 activation is not common to all 
of them, i.e., cytochrome P-450 oxidase uncoupling, xanthine 
oxidase activation, mitochondrial respiration, and various per-
oxisome oxidase activations (161). Inflammasome activation was 
not increased but suppressed in enhanced production of ROS 
in superoxide dismutase-1-deficient macrophages (162) while 
NADPH oxidase deficiency boosted the activation (163). Second, 
the source of ROS responsible for NLRP3 inflammasome activa-
tion remains unclear. The inhibition of mitochondrial complex I 
and II did not reduce asbestos-induced NLRP3 activation in vitro 
(159), arguing against mitochondria as the origin of ROS.
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Lysosomal Rupture
Another leading proposal for crystal-mediated NLRP3 inflam-
masome activation is via lysosome rupture. In this model, phago-
cytosis of solid particles triggers lysosome destabilization and 
release of cathepsin B, which activates NLRP3. Lysosome rupture 
blockage and cathepsin B inhibitor reduced NLRP3 activation in 
mouse macrophages in  vitro induced by alum (164) and silica 
(165). Artificial induction of lysosome rupture with L-leucyl-
L-leucine methyl ester (LLOMe) also led to NLRP3 activation 
that was blocked by cathepsin B inhibitor (166). However, this 
notion is controversial. In some reports, cathepsin B deficiency 
failed to reduce IL-1β production in  vitro stimulated by MSU 
and silica (151, 167) or hemozoin (160). A possible explana-
tion for this contradiction is the off-target effect of cathepsin B 
inhibitor as it was found to block NLRP1b inflammasome (168). 
Another explanation is that multiple cathepsins are involved in 
NLRP3 activation as the cathepsin family is highly conserved 
and cathepsin B inhibitor, Ca074Me, was found active toward 
other members (169). Furthermore, the authors found that not 
only NLRP3 activation but also particle-induced cell death was 
dependent on multiple redundant cathepsins (169, 170).

K+ efflux
In recent years, the role of K+ efflux in NLRP3 activation has 
become the center of attention. High extracellular K+ was reported 
to inhibit almost all known NLRP3 agonists in vitro, including 
hemozoin (160), silica and asbestos (159), MSU, Nigericin, and 
ATP (171), and bacterial pore-forming toxin, alum, CPPD, and 
LLOMe (151). Glyburide, a K+ channel blocker, also inhibited 
NLRP3 inflammasome in vitro (172), which appears to confirm 
the role of K+ efflux. The intracellular sensor for the reduced 
K+ and how it is linked to NLRP3 activation are not clear. The 
idea of K+ efflux as the upstream signal of NLRP3 came from 
the understanding that extracellular K+ blocks intracellular K+ 
outward motion during a typical cycle of eukaryotic membrane 
depolarization/repolarization (171) and assumed that particulate 
substances triggered a sustained drop of intracellular K+. However, 

experimental high K+ depolarizes the membrane and reduces the 
membrane potential (typical −40 to −80 mV) to near neutrality, 
and the membrane potential is a critical parameter for much of 
the eukaryotic biology (173–177). We recently found that both 
membrane depolarization and hyperpolarization were sufficient 
to block NLRP3 inflammasome activation without involving 
large amounts of K+ moving across the plasma membrane (our 
own observations). Therefore, molecular details of K+ efflux and 
NLRP3 inflammasome activation need to be further scrutinized. 
In addition to K+, Ca2+ influx is induced by numerous NLRP3 
activators (178). Ca2+ influx was suggested to be important for 
NLRP3 activation since thapsigargin, an inhibitor of the sarco-
plasmic/ER Ca2+-ATPase, incubation in Ca2+ free media (179), 
or BAPTA-AM (intracellular Ca2+ chelator) (180) significantly 
suppressed NLRP3 inflammasome activation in ATP-stimulated 
BMDM. Another piece of evidence was the calcium-sensing 
receptor activation stimulated NLRP3 inflammasome and knock-
down of the receptor had the opposite effect (180). However, 
there are reports arguing against the Ca2+ influx model. One 
group found that extracellular Ca2+ activated NLRP3 through K+ 
efflux (151). Another group, on the other hand, suggested that 
Ca2+ influx was neither necessary nor sufficient for NLRP3 activa-
tion during ATP, Nigericin, and LLOMe stimulation (181). In a 
report aiming to bridge the two ion-dependent models, K+ and 
Ca2+ visualization sensors were used and the results suggested 
that K+ efflux was necessary for sustained Ca2+ influx while K+ 
efflux was independent of Ca2+ influx (182).

cell Death
Many particles with different chemical composition, morphology, 
size, hydrophobicity, and ionic charge were proved to be cyto-
toxic. Thus a lot of efforts were made to found a common path-
way. Generally, solid particle-induced cell death relies on cellular 
uptake, indicating that phagosome or lysosome may be important 
in this type of cell death (165, 183, 184). Downstream of particle 
phagocytosis is the lysosome rupture and ROS production, which 
gives rise to oxidative stress (185–187). Following oxidative stress 
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FiGURe 2 | Overview of three major hypotheses of solid particle-induced cell death. In addition to cell death related to reactive oxygen species production,  
there are three major proposals on solid particle-induced cell death. The first is through receptor-interacting serine/threonine-protein kinase 1/3 (RIPK1/RIPK3)-
mixed lineage kinase domain-like (MLKL)-driven necroptosis, which was found in calcium oxalate, monosodium urate (MSU), calcium pyrophosphate dihydrate 
(CPPD), cystine, TiO2, and calcium phosphate-treated epithelial cells and neutrophils. The second is through K+ efflux-activated NACHT, LRR, PYD domains-
containing protein 3 (NLRP3)-dependent pyroptosis, which was found in silica, asbestos, carbon nanoparticles-treated macrophages and dendritic cells (DCs).  
The third is through lysosome rupture-released multiple redundant cathepsins after Syk-dependent phagocytosis, which was found in silica, alum, MSU, and 
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are mitochondrial dysfunction, DNA damage, and protein/lipid 
oxidation (185, 188). These factors work together to induce the 
eventual cytotoxicity (155). Several additional pathways have 
been proposed in the literature (Figure 2).

Silica-containing particles are ubiquitous, found in volcanic 
ashes (189), materials made from quartz and kaolin (190), and 
dusts (34). Silica dust (nano and crystalline particles) is an envi-
ronmental and occupational hazard, as observed in construction, 
mining, ceramics, and foundries industry. This topic has been 
discussed in several reviews and very well documented clinically 
(191, 192). Silica has been found to be cytotoxic for a long time and 
believed to be responsible for silicosis (158, 159), and contribute 
to several types of cancer, infection (such as TB and Salmonella) 
(193–195) and autoimmune diseases (196). As we discussed 
earlier, crystalline silica is more potent in inducing alveolar mac-
rophage death than colloidal and amorphous counterparts (34). 
Signaling-wise silica induced NLRP3 activation in LPS-primed 
macrophages in vitro (159). Some reports supported the notion 
that silica induced NLRP3-dependent pyroptosis, which relied on 
K+ efflux and caspase-1 activation. However, others argued against 
the dependence on NLRP3 (151, 158, 170). A report found the 
reliance on receptor-interacting serine/threonine-protein kinase 
3 (RIPK3)-mixed lineage kinase domain-like (MLKL)-driven 
necroptosis (9) while another group suggested the importance 

of redundant cathepsins (170). Furthermore, some groups 
reported that silica promoted cell death via apoptosis through 
mitochondria damage pathway initiated by oxidative stress  
(156, 197). A slight variation was the proposal suggesting that 
silica induced both apoptosis and necrosis that depended on 
the transmembrane potential change of mitochondria. Hyper-
polarization induced caspase-3 and 9-mediated apoptosis while 
depolarization induced no caspase activation during necrosis 
(198). In addition, using ATP synthesis inhibitors, oligomycin 
and 2-deoxyglucose, it was observed that decreased ATP level 
induced NLRP3 activation and necrosis while increased ATP led 
to apoptosis (199, 200). Therefore, crystal-induced cell death may 
be also under the control of ATP levels. The extreme redundancy 
in the types of cell death is difficult to comprehend, likely result-
ing from the different system setups.

Similar to silica, alum has been reported to induce lysosome 
rupture thus activating NLRP3 inflammasome (126, 127, 165, 
201, 202). Cell death, however, was not determined in the major-
ity of those papers except two reported that NLRP3 and caspase-1 
deficiencies did not affect alum-induced macrophage cell death 
(126, 151). On the other hand, aluminum oxide nanoparticles 
were reported to depolarize cell membrane and lead to significant 
cell death in epithelial cells (203). Lima et al. reported that alum-
induced macrophage cell death in vitro was a direct consequence of 
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lysosomal membrane rupture without involving NLRP3 signaling 
cascade (166). Although MSU has been used as a model system 
for NLRP3 inflammation activation, much less is known about 
its ability to induce cell death although there is one group found 
that RIPK1-RIPK3-MLKL signaling pathway may be critical for 
MSU and other crystals-induced neutrophil extracellular DNA 
release and cell death (7). MSU was found to induce neutrophil 
PI3K activation, downstream of Syk and Src family kinases. PI3K 
is a critical element regulating the degranulation of neutrophils, 
a mechanism contributing to the pathogenesis of gout (204).  
As direct membrane binding was believed to be important for 
MSU-induced Syk activation (69) and NLRP3 inflammasome 
(167), we made a Syk conditional knock out mouse model and 
found that Syk deficiency indeed reduced MSU-induced cell death 
(our own observations). The exact mechanism of how MSU acti-
vates Syk and Src pathways thus induces cell death remains unclear.

A lot of metal oxide nanoparticles exhibited cytotoxicity  
(40, 205, 206), as did other common nanoparticles, including CNT, 
Fullerene (207), dental calculus (208), asbestos (36), carbon black 
nanoparticles (209), and quantum dots (210). The mechanisms 
of cytotoxicity, however, can be quite different. Most of them 
were found to induce ROS production that was associated with 
mitochondrial dysfunction (155). Unlike other particles, quantum 
dot treatment increased FAS expression and membrane lipid per-
oxidation that led to the impairment of mitochondria in human 
neuroblastoma cells (210). In addition, RIPK1-RIPK3-MLKL axis 
was proven important in human and murine renal tubular cell 
death induced by TiO2 and calcium oxalate (8). Anders’s group 
reported that MSU, calcium oxalate, CPPD, and cystine crystals 
mediated cell death of kidney epithelial cells (9) that were blocked 
by necrostatin-1 (inhibitor of necroptosis). This type of cell death 
was independent of caspase activation, suggesting that NLRP3 
inflammasome activation associated with those crystals was 
not responsible for their cell death (211). As the most abundant 
innate immune cells, neutrophils phagocytose large amounts of 
crystals (212). In doing so, they process a special type of cell death 
by releasing their own DNA to trap those particles, a program 
called neutrophil extracellular traps (NET), including MSU, Silica, 
calcium oxalate, calcium phosphate, and asbestos (7). RIPK1-
RIPK3-MLKL signaling pathway was found to be critical for this 
programmed cell death (NETosis) (7, 213). NETosis was also 
observed in eosinophils and basophils upon particle contact (212).

cONcLUDiNG RemaRKS

Solid particle-mediated cellular responses are an old topic of 
medicine and becoming more diverse in modern life style. 
Particulate matters impact us in multiple ways. They represent 
the latest technologies in vaccine design and cancer therapy. 

However, the limitations and disadvantages of using these par-
ticles and salt crystals in the development of pharmaceuticals, 
drugs, bio-therapeutics have not been systematically studied. 
In environmental exposure studies and some bacterial and viral 
material-based therapeutic regimens, solid particles are seldom 
pure, with frequent contamination of endotoxins and microbial 
nucleic acids. These factors must be carefully investigated. At the 
other end, crystalline arthropathies remain as much as a health 
threat as they have throughout the time. While the research 
on this subject has been multifaceted and increasingly intense, 
particularly with regard to their signaling pathways, we are far 
from establishing a framework of understanding how these solid 
structures are perceived by our cells and whether there are a 
set of critical events governing their cellular activation. As the 
variations in the types of particles and host cells involved can be 
extremely diverse, much work is still ahead. Several issues should 
be considered with higher priority. One is the signaling events in 
particulate adjuvants that lead to enhanced immune activation. 
This is critical because these adjuvants are used in population-
based vaccination and new varieties are coming into clinical tests. 
New mechanistic insights will certainly benefit the better designs 
of vaccines. Another important topic is to develop a systematic 
approach to study the host responses toward nano- and micro-
particles. The chemical and geometrical properties of those 
substances have been studied for decades and their signaling 
events have been one of the leading topics in immunology for 
20 years. Thus far, we are in possession of very few consensuses 
and are often puzzled by conflicting data. One possible approach 
is to establish a model system with definable variables, such as 
the work on LDH by Williams et al. (48). This type of work will 
gradually lead to more mechanistic insights that enable us to bet-
ter harness the particles that are in contact with our cells.
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Background: The liver-derived plasma protein fetuin-A is a systemic inhibitor of

ectopic calcification. Fetuin-A stabilizes saturated mineral solutions by forming colloidal

protein-mineral complexes called calciprotein particles (CPP). CPP are initially spherical,

amorphous and soft, and are referred to as primary CPP. These particles spontaneously

convert into secondary CPP, which are larger, oblongate, more crystalline, and less

soluble. CPP mediate excess mineral transport and clearance from circulation.

Methods: We studied by intravital two-photon microscopy the clearance of primary

vs. secondary CPP by injecting i.v. synthetic fluorescent CPP in mice. We analyzed CPP

organ distribution and identified CPP endocytosing cells by immunofluorescence. Cellular

clearance was studied using bone marrow-derived mouse wildtype and scavenger

receptor A (SRA)-deficient macrophages, as well as human umbilical cord endothelial

cells (HUVEC), monocyte-derived macrophages (hMDM), and human aortic endothelial

cells (haEC). We employed mouse wildtype and mutant immortalized macrophages to

analyze CPP-induced inflammasome activation and cytokine secretion.

Results: In live mice, only primary CPP were rapidly cleared by liver sinusoidal

endothelial cells (LSEC), whereas primary and secondary CPP were cleared by Kupffer

cells. Scavenger receptor A (SRA)-deficient bone marrow macrophages endocytosed

secondary CPP less well than did wildtype macrophages. In contrast, primary CPP

endocytosis did not depend on the presence of SRA, suggesting involvement of

an alternative clearance pathway. CPP triggered TLR4 dependent TNFα and IL-1β

secretion in cultured macrophages. Calcium content-matched primary CPP caused

twice more IL-1β secretion than did secondary CPP, which was associated with

increased calcium-dependent inflammasome activation, suggesting that intracellular

CPP dissolution and calcium overload may cause this inflammation.

Conclusions: Secondary CPP are endocytosed by macrophages in liver and spleen

via SRA. In contrast, our results suggest that primary CPP are cleared by LSEC via
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an alternative pathway. CPP induced TLR4-dependent TNFα and

inflammasome-dependent IL-1β secretion in macrophages suggesting that inflammation

and calcification may be considered consequences of prolonged CPP presence and

clearance.

Keywords: calciprotein particle, calcification, inflammation, phosphate, fetuin-A, plasma protein

INTRODUCTION

Patients suffering from chronic kidney disease (CKD), especially
patients on dialysis have exceedingly high cardiovascular
morbidity and mortality (1). Apart from classical risk factors
of cardiovascular disease (CVD) like smoking, hypertension,
diabetes and dyslipidemia, elevated serum phosphate, and
inflammation have been identified as major risk factors in
these patients (2–4). These findings suggest that elevated
circulating phosphate triggers CKD-associated CVD, and chronic
inflammation and calcification amplify the detrimental effects of
high serum phosphate, which cannot be properly regulated for
lack of kidney function. Calcium and phosphate are required
in millimolar concentrations for metabolism, signaling and
hard tissue formation across many branches of the tree of
life. In water, millimolar calcium and phosphate however,
readily form insoluble salts unless the metastable state is
stabilized by complex-forming compounds collectively referred
to as mineralization inhibitors or mineral chaperones (5). This
fundamental fact has been aptly named Lot’s wife’s problem
(6). Vertebrates with bone made of calcium phosphate have
evolved active inhibition mechanisms to prevent unwanted
calcium phosphate deposition, calcification, outside the skeleton.
The liver derived plasma protein fetuin-A is a systemic
inhibitor of ectopic calcification. Fetuin-A deficient mice on
a DBA/2 genetic background exhibit extensive extraosseous
calcification, especially in brown adipose tissue, skin, heart,
lung, and kidney (7, 8). Plasma fetuin-A is associated with
and plays a critical role in the stabilization of protein-
mineral complexes, named calciprotein particles (CPP) (9, 10).
To prevent these calcifications, CPP first form as colloidal
nanoparticles, containing fetuin-A, additional plasma proteins,
and calcium and phosphate. Particles in this maturation state
are called primary CPP. Primary CPP undergo Ostwald ripening
with associated structural and compositional rearrangements
(11). The resulting crystalloid secondary CPP are ellipsoid-
shaped with a crystalline core surrounded by a protein layer
(9). The protein layer is complex and shows marked differences
in enrichment for certain proteins with particle ripening
(12). Nonetheless, fetuin-A, albumin, and the plasma proteins
apolipoprotein A1, prothrombin, and complement C3 have been
consistently identified across multiple studies (13). Primary CPP
reach a hydrodynamic diameter of roughly 50–100 nm, and
secondary CPP measure 100–300 nm (11). Secondary CPP are
cleared by macrophages via scavenger receptor A and thereby
prevent pathological calcium and phosphate deposition. Liver
Kupffer cells and marginal zone macrophages in the spleen were

shown to be the main cell types involved in the clearance of

secondary CPP (14). A mechanism for primary CPP clearance
was never reported for lack of stable primary CPP preparations
for use in animal and in cell-based studies.

Numerous studies showed that particle-induced inflammation
causes cell damage both of the clearing macrophages and
surrounding tissue cells alike by starting a vicious cycle of
attempted clearance and chronic inflammation. Chronic
inflammation is a salient part of e.g., ox-LDL clearance
by atherosclerotic lesional macrophages, asbestos-induced
inflammation in lung macrophages and indeed macrophage
activation caused by a plethora of engineered nanoparticles.
Crystalline particles like calcium-phosphate crystals induce an
inflammatory response in cells, resulting in expression of TNF-α
(15) and necrosis of the cells (16). Conflicting but not necessarily
contradictory, data were reported on the inflammatory activity
of calcium and phosphate, hydroxyapatite crystals, primary
and secondary CPP. A side-by-side comparison in relevant
cell types involved in clearance is missing. Multiple pathways
have been implicated in the particle-induced secretion of
inflammatory cytokines by e.g., clearing macrophages, which can
be triggered by activation of the TLR4 (15), protein kinase C-
α/activated protein kinase (17), or via the NLRP3 inflammasome
(18, 19). Particles smaller than 1µm and needle-shaped particles
most potently induce an inflammatory response (20). The
crystal-induced inflammatory response of macrophages can be
markedly reduced by serum, which was partly attributed to the
presence of fetuin-A in serum (21). Along these lines, fetuin-A
containing secondary CPP had less inflammatory potential
toward macrophages than had microcrystalline hydroxyapatite
with respect to TNFα secretion (22). Thus, the formation of
CPP from plasma proteins and calcium phosphate mineral both
stabilizes the fluid phase in a metastable state, and dampens
the inflammatory potential of mineral crystals, which might
otherwise cause crystallopathies. It is however debatable, which
form of CPP is more physiologically relevant. Primary CPP
spontaneously form in biological fluids supersaturated with
mineral ions, but the transformation into secondary CPP under
biomimetic laboratory conditions can take many hours to
days (23). The instability of primary CPP, which has greatly
restricted previous studies, may also portend to spontaneous
transformation ex vivo, thus at least a proportion of secondary
CPP detected in some biological samples may represent a
non-physiologically generated artifact. Indeed, we reported
finding only copious amounts of secondary CPP in post-mortem
ascites of a peritoneal dialysis patient who had died of sclerosing
peritonitis (24). Other studies indicate that secondary CPP, while
occasionally observed in serum and peritoneal effluent of dialysis
patients, are present in much lower amounts than primary CPP

Frontiers in Immunology | www.frontiersin.org September 2018 | Volume 9 | Article 199126

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Köppert et al. CPP Clearance and Biological Activity

(25). Thus, it remained of critical importance to understand the
handling and effects of primary CPP in comparison with their
more stable crystalline counterparts.

To this end we studied the clearance trajectories of primary
and secondary CPP in live mice and in cultured cells. We report
differential clearance of primary CPP and secondary CPP by
liver sinusoidal endothelial cells (LSEC) and liver Kupffer cell
macrophages, respectively. Furthermore, primary and secondary
CPP differentially induced inflammatory responses in cultured
macrophages. This finding is important for targeting the correct
first responder cells, which may suffer phosphate or CPP-
associated inflammatory damage in vivo.

MATERIALS AND METHODS

Animal Experimentation
All animal experiments were conducted in agreement with
the recommendation of the Federation for Laboratory Animal
Science Associations (FELASA), and were approved by the
animal welfare committee of the Landesamt für Natur-,
Umwelt- und Verbraucherschutz (LANUV, 84-02.04.2013.A113
and 84.02.04.2015.A294). At least three mice each were injected
in the clearance experiments and three mice of the genotypes
were used to isolate bone marrow-derived macrophages. All mice
were maintained in a temperature-controlled room on a 12-h
day/night cycle. Food and water were given ad libitum.

Protein Purification and CPP Preparation
Bovine fetuin-A (Sigma F2379) was purified by gel-filtration
and labeled with Alexa-488 or Alexa-546 NHS ester (Thermo
Scientific). Purified fetuin-A was routinely analyzed for LPS
activity using the Endosafe ultrasensitive cartridge assay (Charles
River). LPS content was <0.1 EU/ml, and did not induce
cytokine secretion in macrophages. Labeled fetuin-A monomer
was used to prepare primary and secondary CPP (14) or CPP
were prepared in medium as described (26). Briefly, fetuin-A
based CPP were produced in a solution containing 400 µl 2.5
mg/ml fetuin-A in 140mM sodium chloride mixed with 100 µl
140mM sodium chloride and 250 µl 24mM phosphate buffer
(pH 7.4). After thorough mixing, 250 µl of 40mM calcium
chloride solution (pH 7.4) was added. CPP formation proceeded
at 37◦C with all components pre-warmed. Primary CPP were
harvested after 15min incubation time and secondary CPP after
12 h. The DMEM/FCS-based CPP were prepared in pre-warmed
solutions of DMEM containing 10% FCS. Phosphate and calcium
were added as stock solutions of sodium phosphate (0.5M, pH
7.4) and calcium chloride (0.5M, pH 7.4) to final concentrations
of 3.5mM phosphate and 1.0mM calcium, respectively. Primary
CPP were collected after 1 day of incubation at 37◦C and
secondary CPP after 7 days. Particles were spun down at 20,000×
g for 20min and afterwards resuspended in saline for further
analysis.

Particle Analysis
Particle size distribution was analyzed using a NanoSight NS
300 particle analyzer (Malvern Instruments) equipped with a
488 nm laser module. Samples were diluted 1:100 in filtered

sodium chloride solution (140mM, passed through a 0.1µm
syringe filter). Depicted results are the average mode of
5 sequences of 30 s recording time each. For transmission
electron microscopy, samples were diluted 1:10 in MilliQ
water and 1 µl sample was applied onto Formvar-coated
nickel grids (Plano, Wetzlar, Germany). The grids were dried
at room temperature, and the CPP were visualized without
staining. T50 assays of fetuin-A containing solutions for CPP
preparations were performed as described (27) with minor
modifications. Stock solution 1 was NaCl solution: 140mMNaCl.
Stock solution 2 was calcium solution: 40mM CaCl2+100mM
Hepes+140mM NaCl pH-adjusted with 10M NaOH to 7.40
at 37◦C. Stock solution 3 was phosphate solution: 19.44mM
Na2HPO4+4.56mM NaH2PO4+100mMHepes+140mM NaCl
pH-adjusted with 10M NaOH to 7.40 at 37◦C. Before dispensing
into 96-well plates, all solutions were prewarmed to 34.5◦C.
Liquid dispensing was done with a Liquidator96 R© bench-top
pipetting system (Steinbrenner Laborsysteme GmbH) using fresh
pipetting tips for every pipetting step. The components were
mixed in the following order: (1) NaCl solution, 20 µl/well,
(2) fetuin-A/BSA solution (1 mg/ml fetuin-A and 50 g/L BSA
in 140mM NaCl) or DMEM with 10% FCS, 80 µl/well, (3)
phosphate solution, 50 µl/well, (4) mix 1min, and (5) calcium
solution, 50 µl/well, mix 1min. The 96 wells were covered with
ThinSeal adhesive sealing film. The assay was performed for
200 cycles with 1.5-s measurements per well and a position
delay of 0.1 s in horizontal plate reading mode. Continuous
measurements were recorded for hours or days as indicated in
the figure legends.

CPP Clearance and Intravital Imaging
Functional intravital imaging of mouse livers and image
analysis was performed as described (28) using a customized
inverted microscope LSM MP7 (Zeiss, Jena, Germany) with
an LD C-Apochromat 40x 1.1 water immersion objective.
Briefly, the mice were anesthetized by an intraperitoneal
injection of ketamine (100mg/kg b.w), xylazine (10mg/kg b.w.),
acepromazin (1.7mg/kg b.w.), and buprenorphine (0.08mg/kg
b.w.). Anesthesia was maintained throughout the observation
period using an isoflurane inhaler. Mice were wiped with
ethanol and their abdomen was shaved. The abdominal
wall was opened with a transverse section of 1 cm length.
The liver was carefully extraventralized by gravitational force
without touching. The mouse with the liver protruding
downward was mounted on a thermostated microscope stage
using a large coverslip and pre-warmed Ringer saline. The
mice received bolus intravenous injections of Hoechst 33258
and tetramethylrhodamine ethylester to allow visualization
of nuclei and liver morphology, respectively (Table 1). At
time zero, primary or secondary CPP were injected i.v.
using a catheter inserted into the tail vein. Mice were
injected with an equivalent of 160 µg (protein content) in
a maximum volume of 200 µl of either monomeric fetuin-
A, primary CPP, or secondary CPP, and intravital two-
photon microscopy (2PM) videos were continuously recorded.
All intravital imaging experiments were done in at least
3 mice.
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TABLE 1 | Fluorescent marker dyes and imaging conditions.

Fluorescent marker

dye

Marker for Dose

[mg/kg

b.w.]/vehicle

Excitation

range

[nm]

Source

Hoechst 33258 Nuclei 5

in PBS

720–800 Thermo

scientific

Tetramethylrhodamine

ethylester (TMRE)

Mitochondrial

membrane

potential

0.96

in methanol:

PBS (1:1)

780–820 Thermo

scientific

Alexa-488-labeled

fetuin-A

Primary/

Secondary

CPP

160 µg

(protein) in 0.9%

NaCl

740–800 Thermo

scientific /

Sigma

Organ Preparation and
Immunofluorescence
In a separate set of injection experiments mice were anesthesized
and injected as above, and sacrificed at times indicated in
the figure legends by isofluorane overdosing and organs were
collected for histology. Tissues were embedded in Tissue-Tek
O.C.T. compound to prepare 5µm cryosections for subsequent
CPP distribution analysis and immunofluorescent staining.
Sections were fixed for 5min with Bouin’s fixative, rinsed with
0.1M Tris pH 8.5, washed with distilled water and blocked
with 10% goat serum in PBS. Primary antibodies against F4/80
(ab6640, Abcam) and LYVE-1 (DP3513P, Acris) were used
to stain macrophages and liver sinusoidal endothelial cells,
respectively. Secondary antibodies were Alexa-488 or Alexa-546
labeled goat anti-rat antibodies (A11006, A11081, Thermo Fisher
Scientific). After antibody staining, sections were counterstained
with DAPI and mounted in Immu-Mount (Thermo Fisher
Scientific). Micrographs were recorded using a Leica DM-IRB
6000 inverted microscope, appropriate illumination and filter
sets and a high sensitivity digital Leica black and white camera.
Fluorescence micrographs were color-coded and compound
fluorescence pictures were composed and enhanced using Adobe
Photoshop software. Photos in each figure plate were processed
identically.

Cell Culture Experiments
Murine immortalized wildtype and TLR4 knockout macrophages
(29) were cultured in RPMI supplemented with 10% fetal calf
serum (FCS). Primary bone marrow-derived macrophages were
isolated from C57BL/6 wildtype or SRA-deficient mice (14).
The cells were differentiated for 10 days using L929-fibroblast
conditioned medium. HUVEC were cultured in EGM-2 (Lonza).
For endocytosis assays, primary wildtype and SRA-knockout
bone marrow-derived macrophages prepared from at least three
mice each (14) or human umbilical cord venous endothelial cells
HUVEC were seeded in 0.5ml medium at 500,000 cells/ml in 24-
well plates. After overnight culture the cells were incubated for
1 h at 37◦C with 100 µg (protein content) in 500 µl medium
Alexa488-labeled or Alexa546-labeled fetuin-A monomer. The
same amount of labeled fetuin-A was contained in primary or
secondary CPP as indicated in the figure legends. Cells were
washed twice with PBS, and observed under a microscope, or

fixed with 4% paraformaldehyde and fluorescent CPP uptake
was measured by flow cytometry. To assess inflammatory
cytokine release, immortalized wildtype and TLR4 knockout
(ko) macrophages were seeded at 250,000 cells/ml in 24-well
plates and kept overnight. For TNFα measurement, cells were
starved for 2 h in serum-free RPMI, and then treated with
200µg/ml (calcium content) primary or secondary CPP, or with
10 ng/ml LPS. After 6 h incubation the culture supernatants were
harvested and TNFα levels were measured by ELISA (DY410-
05, R&D systems). For IL-1β measurement, cells were primed
with 10 ng/ml LPS for 2 h, and subsequently treated with primary
or secondary CPP, or with 10 ng/ml LPS for 16 h. Cell culture
supernatant was harvested and secreted IL-1β was determined by
ELISA (DY401-05, R&D systems).

To test the clearance of primary and secondary CPP in
human cells, human monocyte-derived macrophages (hMDM)
and primary human aortic endothelial cells (haEC) were also
studied. Alexa488-labeled bovine fetuin-A was spiked into
10% FCS/DMEM culture medium to synthesize primary and
secondary CPP as described previously (26). Particle synthesis
was confirmed by cryoTEM. Monomeric labeled-fetuin-A
(1mg/ml) was also run alongside as a comparator. hMDM were
cultured as described (30) with minor modifications. In brief,
peripheral blood mononuclear cells were isolated from the buffy
coats (diluted 1:1 in PBS containing 2mM EDTA; PBS-EDTA)
of freshly drawn blood of healthy volunteers by Ficoll-paque (GE
Healthcare) density centrifugation (350 g for 30min at 4◦C). The
mononuclear cell layer was recovered and washed twice in PBS-
EDTA and then enriched for monocytes by positive selection
with anti-CD14 magnetic beads (Miltenyi Biotec). Macrophages
were obtained from these isolates after 7 days of culture in
macrophage serum-free medium (Invitrogen, Carlsbad, CA,
USA) supplemented with 10% (vol/vol) human serum (Sigma,
St. Louis, MS, USA), which was cleared from cryoprecipitates
and other particulates/exosomes by centrifugation (18 h at
350,000 × g and 4◦C). The medium also contained human
macrophage colony-stimulating factor (50 ng/ml; eBioscience,
San Diego, CA, USA), penicillin (100 U/ml; Sigma), and
streptomycin (0.1mg/ml; Sigma). Cells were cultured at 37◦C
and an atmosphere of 5% CO2. haEC were purchased from
Lonza (#CC-2535; Walkersville, USA), cultured in EGM-2
BulletKit (#CC-3162; Lonza) to 70–80% confluence and used at
passage 3–7.

For endocytosis assays, cells were seeded in 24-well plates
(250,000 cells per well) and rested overnight in fresh culture
media prior to experimentation the next day. Cultures were
treated in serum-freemedia supplemented with Alexa488-labeled
primary CPP or secondary CPP adjusted to equivalent levels of
calcium (100µg/ml), or monomeric labeled-fetuin-A (1mg/ml)
for 10, 20, 60, or 120min, after which monolayers were gently
washed and fixed with BD Phosflow Fix buffer I (containing 4.2%
formaldehyde). Cell-associated fluorescence was measured by
flow cytometry using the 488 nm laser for excitation and the FITC
filter (527/32) for detection. Non-linear functions were used to fit
averaged data for each treatment. In some experiments cells were
co-treated with both primary and secondary CPP to investigate
competitive uptake. While in others, cells were pre-treated for
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30min with one of several chemical inhibitors at previously
defined concentrations as detailed in Supplementary Table 1

(all from Sigma): cytochalasin D (10µM), chlorpromazine
(10µg/ml), filipin (2µg/ml), genestein (200µM), 5-(N,N-
dimethyl)amiloride hydrochloride (10µM; 5-DMA), MβCD
(2mM), Ly294002 (100µM), monodansylcadaverine (100µM;
MDC) polyinosinic acid (10µg/ml) or vehicle (DMSO/media);
then washed and switched to media containing AF488-CPP
(100µg/ml) and incubated for 60min at 37◦C; or were pre-
treated with blocking antibodies (60min at 4◦C) directed against
SRA (AbD Serotec, 10µg/ml;), TLR2/4/6 (10µg/ml; Invivogen),
CD36 (clone FA6-152; 10µg/ml; Hycult Biotech), or annexin-2
(20µg/ml; BD Biosciences) or relevant isotype IgG control (all
10µg/ml; eBioscience) before incubation with CPP-containing
media for 60min at 37◦C.

Statistics
All statistical analyses were carried out using GraphPad Prism
version 5.0c and are given as mean values± standard deviations.
One-way ANOVA with Tukey’s multiple comparison test was
used to test for differences in non-sized matched experimental
groups.

RESULTS

Particle Morphology Is Independent of
Synthesis Route
We analyzed by electron microscopy the supernatant of a
buffered solution supersaturated in calcium and phosphate.
The solution also contained purified fetuin-A protein or FCS,
which is rich in fetuin-A protein. Both solutions mediate the
formation of protein-mineral complexes known as calciprotein
particles (CPP). Figures 1A–D show primary and secondary
CPP formed in the presence of FCS (Figures 1A,B) or in the
presence of purified fetuin-A protein (Figures 1C,D). Primary
CPP appeared as spherical particles with a size 50–100 nm in
diameter (Figures 1A,C). Secondary CPP had overall elliptic
shape of up to 100 nm wide and up to 250 nm long. Crystalline
spicules were observed in secondary CPP, but not in primary
CPP. Nanoparticle tracking analysis measurements shown in
Figures 1E,F indicated particles with hydrodynamic diameters of
100–125 nm in all preparations, indicating a strong bias of this
method toward the shorter particle axis. Importantly, primary
and secondary CPP each were morphologically indistinguishable
regardless of their route of synthesis. Overall our findings
thus confirm numerous studies by our and other laboratories
indicating that spherical, poorly crystalline primary CPP
spontaneously formed immediately after mixing supersaturated
solutions of calcium and phosphate in the presence of purified
fetuin-A or in the presence of serum containing fetuin-A; and
that the primary CPP spontaneously transformed into elongated
secondary CPP of about twice the length. Figures 1G,H illustrate
that the characteristic Ostwald transformation of primary
CPP into secondary CPP occurred irrespective of the mineral
supersaturation of the mineral solutions, or the protein content,
albeit at widely varying times. We derived computationally from
continuous light scattermeasurements the crystal transformation

time (T50), which indicates the half-maximum transformation of
primary into secondary CPP. T50 was 2.5 days if CPP formed in
DMEM supplemented with 1mM Ca (total Ca 3.8mM), 3.5mM
phosphate (total Pi 4.4mM), and 10% fetal calf serum FCS
(Figure 1G). T50 dropped to 350min in the presence of 10% FCS
(not shown), and further to 75min in the presence of 1 mg/ml
purified fetuin-A (Figure 1H), both dissolved in HEPES/NaCl
buffer supplemented with 10mM calcium, 6mM phosphate at
neutral pH. Thus, protein concentration was positively associated
with T50, while mineral ion supersaturation was negatively
associated with T50. We employed primary and secondary CPP
formedwith or without fluorescence labeled fetuin-A as indicated
in the figure legends, to study their clearance from circulation
in live mice, and to study CPP biological activity in cultured
macrophages.

Fast Clearance of Primary and Secondary
CPP in the Liver
Mice received intravenous bolus injections of 160 µg (fetuin-
A content, equals 160 µg calcium content) of fluorescent
primary or secondary CPP, an amount which should rapidly
be diluted to 10µg/ml CPP (calcium content) or below in the
circulation, a concentration of circulating CPP recently observed
in CKD patients (25). We studied CPP liver clearance by
intravital 2-photon microscopy. Figure 2A shows that primary
CPP clearance from sinusoids into liver sinusoidal endothelial
cells (LSEC) occurred in<1min. Since the sinusoidal endothelial
cells are typically thin, the CPP associated signal is difficult to
see on the stills of Figure 2A and can more easily be studied
in the videos (Supplementary Movie 1). Kupffer cells showed
a strong CPP associated fluorescence as early as 2min after
injection. Thereafter, primary CPP in Kupffer cells were rapidly
degraded, shown by a fast decline in signal after about 15min.
Figure 3 illustrates secondary CPP clearance from sinusoids, first
into Kupffer cells within 2min, and only later ∼25min after
injection into LSEC as illustrated by the cartoons above the
micrographs. Unlike in primary CPP, no decline in Kupffer cell-
associated fluorescence was observed with secondary CPP during
the observation period. Kupffer cell-associated fluorescence
following secondary CPP clearance was three- to four-fold
higher than sinusoidal endothelial cell-associated fluorescence
following primary CPP suggesting preferential clearance of
crystalloid particles like secondary CPP over soft colloidal
particles like primary CPP. Supplementary Movies 1, 2 provided
in the supplement illustrate complete clearance sequences
of primary and secondary CPP in the liver underscoring
differential clearance by LSEC and Kupffer cell macrophages,
respectively.

Liver Sinusoidal Endothelial Cells
Predominantly Clear Primary CPP, Liver
Kupffer Cells Predominantly Clear
Secondary CPP
In a separate series of experiments we injected mice with a
mixture of Alexa546-labeled primary (red) and Alexa488-labeled
(green) secondary CPP, harvested organs as indicated in the
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FIGURE 1 | Calciprotein particle CPP formation in protein solutions supersaturated with calcium and phosphate. (A,B,E,G) CPP were prepared in DMEM

supplemented with 1.0mM calcium (total Ca 3.8mM), 3.5mM phosphate (total Pi 4.4mM), and 10% fetal calf serum FCS. (C, D,F,H) Alternatively, CPP were

prepared in HEPES/NaCl buffer supplemented with 10mM calcium, 6mM phosphate, and 1.0 mg/ml purified fetuin-A protein. (A–D) CPP were harvested by

centrifugation and analyzed by electron microscopy or by nanoparticle tracking analysis (E,F). (A–D) Depict representative CPP in their primary (A,C) and secondary

(B,D) state. DMEM/FCS-derived and HEPES/fetuin-A-derived primary CPP were similar, but DMEM/FCS-derived secondary CPP appeared denser, yet less crystalline

because of higher protein content. Electron microscopy shows that primary and secondary CPP are distinct in shape and size, while nanoparticle tracking analysis

(E,F) indicated similar particle sizes of around 100–125 nm for all preparations. Continuous nephelometer measurements (G,H) indicated a sharp transformation of

primary into secondary CPP around 2.5 days and 75min in the presence of DMEM/FCS and HEPES/fetuin-A protein, respectively.

figure legends, and analyzed CPP distribution in two major
clearance organs of the reticulo-endothelial system, liver and
spleen. Like in the intravital clearance experiments shown in
Figures 2, 3, we observed little overlap in the cell types involved
in the clearance of primary CPP (arrows in Figures 4A,B)
and secondary CPP (arrow heads in Figures 4A,B), both in
liver (Figure 4A), and spleen (Figure 4B). Unlike liver and
spleen, pancreas, kidney, lung, myocard, and brown adipose
fat tissue (BAT) cleared neither primary nor secondary CPP
(Supplementary Figure 3). We focused on CPP clearance in the
liver, because this organ has much higher mass than spleen
and will clear most CPP despite similar density of clearing
cells (Figures 4A,B, Supplementary Figure 3). We positively
identified the clearing cell types employing immunostaining
for the Kupffer cell macrophage marker F4/80 (Figures 4C,E).
Alternatively, we stained for the liver sinusoidal endothelial
cell (LSEC) marker LYVE-1 (Figures 4D,F). Figures 4C,D

illustrate that primary CPP clearance was predominantly
mediated by LYVE-1-positive LSEC, implicating for the first
time the involvement of a non-myeloid cell type in the
clearance of circulating protein-mineral complexes. In contrast,
secondary CPP were predominantly cleared by F4/80-positive
Kupffer cells (Figures 4E,F) corroborating our previous report

(14). The finding that primary CPP were cleared by LSEC,

while secondary CPP were cleared by liver Kupffer cells
is important, because recent research has indicated that

early stage protein mineral complexes like primary CPP
are likely involved in the pathology of chronic kidney

disease-associated calcification, while secondary CPP may

indicate prolonged non-physiological ripening of protein-
mineral complexes (4).

Scavenger Receptor A-Mediated
Endocytosis and Differential Clearance of
CPP in Macrophages and Endothelial Cells
Previously we showed that macrophage clearance of secondary
CPP was predominantly mediated by scavenger receptor A
(SRA) (14). Here we asked if primary CPP clearance likewise
required SRA. To this end we treated primary bone marrow
macrophages derived from wildtype and scavenger receptor
A-deficient mice (SRA ko) for 1 h with fluorescence-labeled
fetuin-A monomer, fluorescent primary or secondary CPP,
and analyzed endocytosis by flow cytometry. To discriminate
fetuin-A and CPP binding from endocytosis we incubated
bone marrow-derived macrophages with 100 µg (protein
content) in 500 µl medium of fetuin-A monomer, primary
and secondary CPP at 4◦C to assess binding, or at 37◦C to
assess endocytosis. Following 1 h of incubation we analyzed
cell-associated fluorescence by flow cytometry. Incubation at
4◦C yielded much lower cell-associated fluorescence than
incubation at 37◦C, especially for primary and secondary
CPP (Supplementary Figure 4). These results indicate that the
cells readily endocytosed secondary CPP, and less well also
primary CPP. A small amount of fetuin-A monomer was
also endocytosed. Figure 5A shows that wildtype and SRA
ko macrophages endocytosed small amounts of primary CPP
equally well. Figure 5B shows that the macrophages endocytosed
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FIGURE 2 | Functional imaging of primary CPP clearance using 2-photon intravital microscopy. Mice received intravenous injections of primary CPP prepared with

fluorescent fetuin-A, and the major clearance organ liver was continuously recorded for up to 1 h. Fluorescent intensity was quantified in regions of interest (ROI) and

clearance kinetics were calculated. Representative still micrographs with typical views of primary CPP clearing cells are shown. (A) Primary CPP clearance from

sinusoids into liver sinusoidal endothelial cells (LSEC) occurred within 1min, and into Kupffer cells within 2min. Thereafter, primary CPP in Kupffer cells were rapidly

degraded, shown by a fast decline of the signal after about 15min. (B) Overview showing a sector of a liver lobule. (C) Calculation of mean fluorescence intensity in

the sinusoids, LSEC, and Kupffer cells determined by ROI quantification.

five-fold larger amounts of secondary CPP confirming the
results shown in Supplementary Figures 3, 4, and mirroring
the Kupffer cell discrimination of secondary CPP illustrated in
Figure 3C. However, SRA-deficient macrophages endocytosed
secondary CPP roughly 40% less efficient than did wildtype
macrophages corroborating SRA is a major endocytosis receptor
for secondary CPP as reported (14), but not for primary
CPP. Figures 5D–G illustrate the strong discrimination of
CPP endocytosis in macrophages, which endocytosed no
detectable fetuin-A monomer (Figure 5D), small amounts of
primary CPP (Figures 5E,G, green fluorescence), but large
amounts of secondary CPP (Figures 5F,G red fluorescence).
This strong differential endocytosis of primary vs. secondary
CPP was maintained when the macrophages were treated
simultaneously with primary and secondary CPP, indicating
that the endocytic pathways are separate and non-competitive
(Figure 5G). Primary vs. secondary CPP discrimination was
reversed in HUVEC. Like macrophages, HUVEC endocytosed
no detectable fetuin-A monomer (Figure 5H), yet unlike
macrophages endocytosed large amounts of primary CPP
(Figures 5I,K, green fluorescence), but small amounts secondary

CPP (Figures 5J,K red fluorescence). Like in macrophages,
HUVEC discrimination of primary vs. secondary CPP was
maintained when the cells were treated simultaneously with
primary and secondary CPP (Figure 5K).

To test the clearance of CPP in primary human cells cultures,
human monocyte-derived macrophages (hMDM) and human
aortic endothelial cells (haEC) were also studied. Figures 6A,B
show that hMDM—like mouse macrophages—predominantly
cleared secondary CPP, while haEC—like mouse LSEC and
HUVEC—predominantly cleared primary CPP. Figures 6C,D
show that the endocytosis inhibitors cytochalasin D (cyto
D), chlorpromazine (CPMZ), and polyinosinic acid (polyI)
partially inhibited CPP endocytosis suggesting vesicle-mediated
endocytosis of both kinds of CPP, and the involvement of
scavenger receptor A (blocked by polyI) exclusively in the
endocytosis of secondary CPP, confirming the results shown in
Figure 5 using SRA ko mouse macrophages. Antibody blockade
of various receptors confirmed this finding in that anti-SRA
antibodies inhibited secondary CPP endocytosis, but not primary
CPP endocytosis in hMDM. Figures 6E,F show that neither
primary nor secondary CPP uptake by hMDM was competitive,
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FIGURE 3 | Functional imaging of secondary CPP clearance using 2-photon intravital microscopy. Mice received intravenous injections of secondary CPP prepared

with fluorescent fetuin-A, and the major clearance organ liver was continuously recorded for up to 1 h. Fluorescent intensity was quantified in regions of interest (ROI)

and clearance kinetics were calculated. Representative still micrographs with typical views of secondary CPP clearing cells are shown. (A) Secondary CPP clearance

from sinusoids, first into Kupffer cells occurred within 2min and further into liver sinusoidal endothelial cells (LSEC) within 25min as illustrated by the cartoons above

the micrographs. No decline in Kupffer cell associated fluorescence was determined during the observation period. (B) Overview showing a sector of a liver lobule.

(C) Calculation of mean fluorescence intensity in the sinusoids, LSEC, and Kupffer cells determined by ROI quantification.

again suggesting involvement of distinct cell surface receptors.
The fact that both primary and secondary CPP uptake was
strongly reduced upon cytoD treatment and partially reduced
upon chlorpromazine treatment, albeit more so for primary than
secondary CPP, suggested similar endocytic trajectories once the
particles had bound their cell surface receptors and endocytosis
had begun.

CPP Induced Inflammatory Cytokine
Secretion Requires Inflammasome
Activation and TLR4-Interaction
Next we asked if calcification media components and CPP
endocytosis in particular, triggered an inflammatory response in
macrophages and if so, which molecular pathways were involved.
We reasoned that the particle nature of CPP might trigger
inflammasome activation. To this end we performed speck
formation assays using immortalized macrophages expressing
the inflammasome adaptor protein apoptosis-associated speck
like protein containing a caspase recruitment domain fused to
green fluorescent protein (ASC-GFP). These macrophages are

endogenously primed for inflammasome activation (31). We
treated the ASC-GFP macrophages with either buffer control,
LPS, nigericin, or with calcification media containing elevated
calcium or phosphate, or both, as well as with primary or
secondary CPP. All calcification media contained identical
total calcium as indicated in the figure legends. Figure 7

shows micrographs of ASC-GFP macrophages with fluorescent
specks signifying the recruitment of cytoplasmic ASC into the
inflammasome. Of all treatments, nigericin caused the most
rapid inflammasome activation, which was accompanied by loss
of cellular integrity and cell detachment. In decreasing order
of inflammasome activation and deteriorating cell integrity,
Ca, Ca + phosphate, primary CPP, secondary CPP, and LPS all
caused inflammasome recruitment of ASC and the ensuing cell
loss. The late activation by LPS alone was expected, because
LPS is known to merely prime macrophages for a “second hit”
that will trigger definitive inflammasome activation. The lack
of inflammasome activation by elevated phosphate suggests
that the phosphate-triggered inflammatory cell activation and
ultimately also calcification reported in many studies is either
independent of inflammasome activation or is in fact caused
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FIGURE 4 | Differential clearance of primary and secondary CPP. Mice were

injected with a mixture of fluorescence labeled primary (red) and secondary

CPP (green) and the major clearance organs liver (A,C–F) and spleen (B) were

harvested 10min after injection, sectioned and analyzed for the presence of

CPP. Primary CPP (prim CPP, arrows in A,B) and secondary CPP (sec CPP,

arrow heads in A,B) showed distinct non-overlapping distribution in liver (A),

and spleen (B). (C–F) Co-localization with the macrophage-specific marker

F4/80 and the liver sinusoidal endothelial LSEC-specific marker LYVE-1

suggested that primary CPP were predominantly cleared by LYVE-1-positive

LSEC, and secondary CPP were predominantly cleared by F4/80-positive liver

Kupffer cell macrophages. Scale bar: 25µm.

by spontaneous calcium phosphate precipitation in the cell
culture medium that went unnoticed. Figure 7 strongly suggests
that all Ca-containing preparations triggered inflammasome
activation in the order of solubility and thus in the order of
availability of ionized Ca to stimulate the macrophages by
cellular calcium overload. Nigericin caused immediate influx of
cytoplasmic Ca and hence the fastest and strongest cytoplasmic
Ca stimulation. Elevated extracellular Ca added to the culture
medium alone or in combination with elevated phosphate
caused similar intermediate inflammasome activation and cell
damage. Primary CPP and secondary CPP caused intermediate
to mild inflammasome activation, respectively, accompanied
by corresponding reduced cell damage. Collectively, the results
presented in Figure 7 suggest that cytoplasmic calcium is

the strongest trigger of speck formation and that calcium
phosphates with or without stabilizing protein component will
mediate progressively stronger speck formation depending on
the solubility of the calcium component. Thus, the addition
of calcium and phosphate in established cell culture media
will result in varying degrees of cellular calcium overload
and biological effects depending on the overall composition,
especially the protein content and thus the CPP forming
propensity of cell culture media. Supplementary Figures 1, 2
corroborate this finding in that the effects of all calcification
media were strictly dose-dependent over a range of 5µg/ml
calcium content (Supplementary Figure 1), 50µg/ml
(Supplementary Figure 2), and 100µg/ml (Figure 7). Our
systematic comparison of dose-dependent action of calcification
media on real-time ASC inflammasome reporter macrophages
underscores that seemingly minor changes in cell-based
inflammation and calcification assays will result in different
outcomes, which may help explain why individual published
studies are almost impossible to compare.

Next we measured inflammatory cytokine secretion following
stimulation of wildtype and TLR4-deficient macrophages
stimulated with LPS, primary or secondary CPP. Unlike
the ASC-GFP reporter macrophages presented in Figure 7,
Supplementary Figures 1, 2, these macrophages require
priming for inflammasome activation and for IL-1β processing.
Figures 8A,C show as expected LPS-triggered fast release of
TNFα, but not of IL-1β a cytokine known to require a “second
hit” for inflammasome activation, processing and secretion
(32). Figures 8B,D show that TLR4-deficient macrophages
secreted control levels of both TNFα and IL-1β confirming that
TLR4 is the major signaling receptor for LPS. Primary CPP
treatment of macrophages caused low level TNFα secretion, yet
strong IL-1β secretion confirming that primary CPP triggered
inflammasome activation (see Figure 8), which is critically
required for IL-1β synthesis and secretion. In comparison to
primary CPP, secondary CPP caused five-fold increased TNFα
secretion indicating preferential stimulation of preformed
cytokine secretion. On the other hand, primary CPP caused
roughly two-fold higher IL-1β secretion compared to secondary
CPP, indicating slower, yet longer lasting macrophage activation.
Again these results mirror the inflammasome activation kinetics
shown in Figure 7. We propose that the softer colloidal primary
CPP due to their chemical instability, upon endocytosis and
endosomal degradation cause cytoplasmic calcium increase,
which triggers a robust and long-lasting inflammatory burst
resulting in increased IL-1β secretion. In contrast the more rigid
and crystalloid secondary CPP seem to predominantly trigger
secretion of preformed TNFα.

DISCUSSION

With recent advances in analytical methods, the existence
of calciprotein particles (CPP) that were long proposed on
theoretical grounds and had been extensively studied in vitro
have now been detected and characterized in vivo. In chronic
kidney disease (CKD), CPP have emerged as potential nanoscale
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FIGURE 5 | Differential endocytosis of primary and secondary CPP in mouse macrophages and endothelial cells. (A–C) Primary bone marrow macrophages derived

from wildtype and scavenger receptor A-deficient mice (SRA ko) were treated with fluorescence labeled fetuin-A monomer (not shown) or (A), primary or (B),

secondary CPP for 1 h, and endocytosis was analyzed by flow cytometry. (C) Quantitation of endocytosis shows negligible fetuin-A monomer endocytosis, low

primary CPP endocytosis but strong secondary CPP endocytosis, which was reduced in SRA-deficient macrophages vs. wildtype. (D–G) Fluorescence micrographs

of wildtype macrophages and (H–K), HUVEC cells treated for 1 h with (D,H) labeled fetuin-A monomer (E,I) labeled primary CPP (green fluorescence), (F,J) secondary

CPP (red fluorescence), or (G,K) a mixture of primary and secondary CPP. Macrophages endocytosed predominantly secondary CPP (E–G), but HUVEC

endocytosed predominantly primary CPP (I–K), regardless of whether CPP were incubated individually (E,F,I,J) or in combination (G,K). Neither cell type endocytosed

detectable amounts of fetuin-A monomer (D,H). Scale bar in (D) 75µm. **p < 0.01, ***p < 0.001.

mediators of phosphate-induced toxicity (4, 12, 33). Similar
to the situation in lipoprotein research several decades ago,
ongoing research currently unravels CPP metabolism and the
relevance of distinct forms of CPP in physiology and disease.
We have previously demonstrated rapid blood clearance and
contribution to cellular calcification of secondary CPP (14). We
reasoned that in vivo however, the predominant form of CPP
should be primary CPP. Recent work suggests that primary
CPP and even earlier forms termed low density CPP—possibly
as calciprotein monomers CPM (34)—are associated with CKD
in patients who have a much increased risk of calcification
(4). Here we demonstrate that primary and secondary CPP are
predominantly cleared by endothelial cells and macrophages,
respectively. Further the results of our study suggest that CPP-
induced inflammation may be associated with cellular calcium
overload triggering inflammasome activation and sustained
inflammatory cytokine secretion. Thus, phosphate seems to be

the driving force of CPP formation (1, 35–38), but calcium
overload seems to be causing the inflammation-associated tissue
damage and calcification associated with phosphate-induced
damage. CPP mobilize excess calcium and phosphate as colloids
also containing plasma-derived “mineral chaperone proteins”
(5), thus indeed seem to be the “culprit of phosphorous woes”
(38), especially if they are continuously formed, yet insufficiently
cleared. This scenario is reminiscent of chronic dyslipidemia and
the associated high levels of atherogenic lipoprotein complexes,
which serve vital carrier function in normal physiology, but turn
into disease promoting entities when abundant and modified by
e.g., oxidation.

We demonstrated in vivo that both LSEC and Kupffer
cells clear primary CPP within minutes from the sinusoidal
circulation. LSEC play an important role in rapid clearance
of primary CPP, in contrast to secondary CPP that are not
rapidly taken up by these cells. This confirms the results of
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FIGURE 6 | Differential endocytosis of primary and secondary CPP in human monocyte-derived macrophages and aortic endothelial cells. Human monocyte-derived

macrophages (hMDM) or human aortic endothelial cells (haEC) were treated with Alexa488-labeled primary or secondary CPP, both 100µg/mL calcium content,

synthesized from FCS/DMEM supplemented with phosphate (final conc. 3.5mM). Monomeric labeled-fetuin-A was included as a comparator (1 mg/ml).

Cell-associated fluorescence was measured by flow cytometry in fixed cells at the stated timepoints. (A) Endocyosis observed in hMDM and (B) haEC, respectively.

(C,D) hMDM were pre-treated for 30–60min with one of several inhibitors (vs. vehicle) or receptor blocking antibodies (vs. isotype control). (C) Pre-treatment with

cytochalasin (D), an inhibitor of actin polymerization, markedly attenuated uptake of both primary and secondary CPP and (<50% untreated signal; p < 0.01)

indicating the requirement for active actin-mediated cytoskeletal rearrangement for CPP internalization. Inhibition of protein tyrosine kinase/caveolin-dependent

endocytosis (filipin and genestein), lipid-raft synthesis (methyl cyclodextrin-β-cyclodextrin; MβCD), macropinocytosis [5-(N,N-dimethyl)amiloride; 5-DMA], and

phosphoinositol-3-kinase-dependent Fcγ receptor-mediated endocytosis (Ly294002) all had no significant effect on CPP uptake. Likewise, pre-treatment with

monodansylcadaverine (MDC), an inhibitor of clathrin-mediated endocytosis had no effect on particle uptake. Inhibition of clathrin-dependent endocytosis with

chlorpromazine significantly reduced primary CPP internalization (<50%; p < 0.05) but not secondary CPP, but may potentially reflect off-target effects due to the

non-specificity of the inhibitor. (D) Specific immunochemical blockade of TLR2, TLR4, and TLR6, independently of one another, or in combination failed to significantly

inhibit uptake of primary or secondary CPP. Neither blockade of CD36, a class B scavenger receptor involved in the uptake of modified LDL particles, or annexin 2, a

putative receptor for fetuin-A cellular attachment, had a significant effect on CPP internalization. Consistent with data in the murine macrophage, competitive chemical

inhibition of the SR-A with polyinosinic acid (polyI) or immunochemical blockade, markedly decreased endocytosis of secondary CPP (>50%, p < 0.001), but not

primary CPP. (E,F) labeled primary or secondary CPP (CPP*) were added to hMDM with a four-fold excess of unlabeled secondary or primary CPP, respectively to

assess whether uptake was competitive. Data are expressed as the mean ±SD, from 6 (A,B,E,F) or 4 (C,D) independent experiments.

experiments with HUVEC and haEC that likewise preferentially
cleared primary over secondary CPP corroborating a role of
endothelial cells in the clearance of primary CPP. We speculated
that CPP metabolism in healthy subjects is most likely limited
to the bone remodeling compartment (6, 39), and to transport
epithelia involved in bulk fluid and electrolyte transport like

kidney, pancreas, lung, milk glands, placenta, and choroid
plexus to name a few. Incidentally these tissues are prone
to calcification, especially during inflammatory episodes. We
propose that in CKD, the profound disturbance of mineral
homeostasis will trigger formation of supraphysiological levels
of circulating CPP (4, 25) driving clearing cells into a vicious
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FIGURE 7 | Calcification media induce differential cellular calcium overload and inflammasome activation. Immortalized macrophages expressing the inflammasome

adaptor protein labeled apoptosis-associated speck like protein containing a caspase recruitment domain ASC fused to green fluorescent protein, were exposed to

buffer control, LPS, nigericin, or to calcification media with elevated calcium or phosphate, individually and in combination, as well as with primary or secondary CPP.

Notably, all calcification media contained an identical total calcium dose of 100 µg, yet differed in the stability of the calcium containing mineral component.
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FIGURE 8 | CPP-induced inflammatory cytokine secretion by macrophages is TLR4 dependent. Serum-starved wildtype and TLR4-deficient macrophages (TLR ko)

where treated with LPS, primary or secondary CPP. (A,B) After 6 h stimulation, inflammatory cytokine TNFα secretion was determined in culture supernatants by

ELISA. Secondary CPP caused stronger TNFα secretion than primary CPP. TLR4 ko macrophages showed 10-fold reduced TNFα secretion compared to wildtype

macrophages suggesting a major contribution of TLR4 signaling in CPP-triggered TNFα secretion. Nevertheless, CPP-stimulated TLR4 ko still secreted higher

amounts of TNFα compared to untreated control (prim CPP p < 0.01, sec CPP p < 0.001) suggesting a minor contribution to overall TNFα secretion of a

TLR4-independent pathway. (C,D) After 16 h stimulation, supernatant IL-1β secreted by LPS-primed wildtype macrophages treated with primary CPP was twice as

high as treated with secondary CPP. Both values were significantly higher than in wildtype macrophages treated with buffer control or with LPS. TLR4-deficient

macrophages show a slight increase in IL-1β processing after the treatment with both types of particles. Overall, inflammatory cytokine secretion was strongly reduced

in TLR4 ko. *p < 0.05, **p < 0.01, ***p < 0.001.

cycle of CPP clearance and inflammation, a situation further
compounded by hallmark pro-inflammatory stimuli associated
with dialysis, namely uremic toxins and endotoxin. Thus,
endothelial cells should be especially vulnerable to phosphate-
associated toxicity in CKD; indeed endothelial dysfunction is
possibly one of the earliest manifestations of vascular disease in
CKD and other vasculopathies. Strong experimental evidence in
fact vindicates phosphate-induced endothelial damage in vitro
and in vivo (40–42). An interventional study reported reduced
endothelial damage following dietary phosphate restriction
(43), and the use of non-calcium-based phosphate binder
use sevelamer has been associated with improvement in
endothelial function (FMD) in hyperphosphataemic CKD stage 4
patients (44).

A major finding of this study was that only primary CPP are
rapidly cleared by endothelial cells, while primary and secondary
CPP are taken up by macrophages. We did not identify an
endothelial cell receptor for primary CPP in this work, but
positive identification of the clearance trajectory of early CPP
forms may allow therapeutic intervention in CPP clearance.
Differential clearance could be due to differences in physical
properties of primary vs. secondary CPP, the latter being larger
and more crystalline triggering phagocytosis on top of receptor
mediated endocytosis. Macrophage recognition of crystals
and nanoparticles is known to trigger NLPR3 inflammasome
activation as described here (45). We hypothesize that distinct
surface receptors will bind the respective protein corona of
primary and secondary CPP, engaging differentially expressed
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clearance receptors in endothelial cells and macrophages.
Recent proteomic analyses have revealed that secondary CPP,
in particular, show a marked enrichment for the soluble
apolipoproteins (e.g., ApoA1) and complement factors that
may potentially serve as ligands for particle uptake (12). In
addition, primary and secondary CPP may also be discriminated
by their size and crystallinity. Both parameters are crucial in
macrophage recognition of crystals and nanoparticles, as well
as the respective cellular trajectories and signaling pathways
engaged (45), and may even drive receptor-independent
internalization.

We showed that primary CPP triggered inflammasome
speck formation four-fold stronger than secondary CPP.
Given their chemical instability and greater solubility under
the conditions of endosomal degradation, we suggest that
endolysosomal CPP degradation will cause cytoplasmic calcium
release, thus triggering inflammasome activation. The relative
contributions to NLRP3 activation of increased cytosolic
[Ca2+] vs. decreased cytosolic [K+] remain disputed and
incompletely defined (46). However, the dose-dependence of
CPP action, and control experiments with matched extracellular
calcium, which mimicked at high dose the strong NLRP3
inflammasome induction attained with microbial potassium
ionophore nigericin, support the notion that CPP stability may
determine their inflammatory potential. Cell-specific differential
sensitivity may also apply. Bone researchers and tissue engineers
routinely employ “osteogenic,” mineral-enriched cell culture
media to coax mesenchymal precursor cells into an osteoblastic
phenotype producing bone-like mineralized matrix. These
“professional” mineralizing cells usually formmineralized matrix
resembling dystrophic calcification more than mineralized bone,
nevertheless without overt signs of inflammation. Calcification
researchers on the other hand employ similar or even identical
cell culture media to drive cells, e.g., smooth muscle cells,
which do not normally mineralize, into pathological calcification.
This latter process is usually associated with inflammation.
It is presently unclear, what drives this inflammation. Our
study suggests that excess mineral uptake and degradation
of primary CPP by non-professional mineralizing cells may
cause intracellular calcium-triggered inflammasome activation
and thus inflammation. Side-by-side comparative studies of
professional mineralizing osteoblastic cells and non-professional
mineralizing cells including endothelial cells, epithelial cells
and smooth muscle cells, which are all known to calcify
in CKD, should clarify, if differential sensitivity to cellular
calcium load indeed exists. Analyzing gene regulatory networks
in these cells should tell if the differential sensitivity is
reduced by osteochondrogenic conversion, which is a hallmark
of e.g., calcifying smooth muscle cells. We strongly suggest
to analyze, apart from cell viability and gene expression,
inflammasome activation, a corollary of CPP clearance observed
for the first time in this study. Several previous studies have
evaluated the effect of calcium phosphate nanoparticles on
inflammatory pathways and cell viability. However, relatively
few have assessed the effects of biologically native protein-
mineral complexes. Of these reports, both FCS and human
serum-derived synthetic nanoparticles have been shown to

stimulate IL-1β secretion from LPS-primed human monocytes
and differentiated macrophage, depending on the length of
exposure and on particle size (20, 23, 47). Calcium phosphate
or apatite particles present a particularly adsorptive matrix,
whichmay accrue and concentrate biologically active compounds
from dilute solutions. Endotoxin even in low amounts is
particularly notorious in confounding inflammatory cell assays
with nanoparticles (47) and endotoxin contained in uremic
plasma could certainly exacerbate the pro-inflammatory capacity
of CPP. The plasma protein fetuin-A a major component
of CPP, has been described per se as an endogenous TLR4
ligand triggering inflammation (48). A recent study on bone
marrow lympho-myeloid malfunction in obesity questioned
the role of fetuin-A as a physical adapter between TLR4 and
dietary saturated fats (49) and earlier studies showed that LPS-
free fetuin-A is anti-inflammatory (21) and protects against
vascular smooth muscle calcification (50). Commercial fetuin-
A preparations are however, impure and usually contain a
range of biologically active compounds (51), which may include
endotoxin. During this study we routinely tested for the presence
of LPS in protein preparations using a high sensitivity endotoxin
assay and discarded all preparations containing more than 0.1
EU/ml, a level considered safe for parenteral application in
humans. Thus, we detected control level cytokine production and
inflammasome activation when cells were treated with fetuin-A
protein alone, with a dose identical to the one contained in the
respective CPP preparations, effectively ruling out TLR4 binding
and pro-inflammatory cell activation by fetuin-A protein under
our experimental conditions. Nevertheless, it will be interesting
to determine what is the ligand in vivo priming TLR4, which
is necessary for full induction of the canonical inflammasome.
Macrophages studied here were either intrinsically primed for
inflammasome induction (Figure 7, Supplementary Figures 1,
2) or were LPS-primed for the study of IL-1β secretion. Virtually
all particulate inflammasome agonists (silica, urate crystals,
cholesterol crystals, alum etc.) only provide the activation signal
and require priming by an additional independent stimulus—
usually achieved with microbial TLR agonists like LPS in
vitro (29, 52, 53). Oxidized LDL has been described as one
of the few examples of a particle to provide both signals
(54), but this was considered controversial due to the ever-
present possibility of very low-level endotoxin contamination
in reagents (55, 56). Indeed, we recently showed that CPP
can bind and effectively concentrate endotoxin from uraemic
serum (12) and thus at least in CKD, CPP may combine
phosphate, calcium and endotoxin to effectively execute what
is well-known as phosphate/inflammation associated endothelial
damage ultimately resulting in dramatically increased CVD in
CKD patients.

Dietary phosphate reduction and gut phosphate binding
is best practice clinical routine in the treatment of CKD
patients. Despite these measures CKD patients still have
dramatically increased risk of inflammation and vascular
calcification. Blood tests performed in several independent
laboratories including our laboratories show that cardiovascular
risk and calcification propensity are associated with CPP
formation (4, 12, 25, 27, 57–61). Clinical CPP monitoring
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is not routinely done, because blood testing for calcification
propensity is currently not universally available. Monitoring
and reducing CPP levels and regulating their cellular uptake
in the dialysis-free interval may however, further improve
outcome in dialysis patients in addition to phosphate
control.
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Supplementary Table 1 | Chemical and pharmacological inhibitors used to study

CPP endocytosis.

Supplementary Movie 1 | Functional imaging of primary CPP clearance using

2-photon intravital microscopy.

Supplementary Movie 2 | Functional imaging of secondary CPP clearance using

2-photon intravital microscopy.

Supplementary Figure 1 | Calcification media induce differential cellular calcium

overload and inflammasome activation. Immortalized macrophages expressing the

inflammasome adaptor protein labeled apoptosis-associated speck like protein

containing a caspase recruitment domain ASC fused to green fluorescent protein,

were exposed to buffer control, LPS, nigericin, or to calcification media with

elevated calcium or phosphate, individually and in combination, as well as with

primary or secondary CPP. Notably, all calcification media contained an identical

total calcium dose of 5 µg, yet differed in the stability of the calcium containing

mineral component. Scale bar 25µm.

Supplementary Figure 2 | Calcification media induce differential cellular calcium

overload and inflammasome activation. Immortalized macrophages expressing the

inflammasome adaptor protein labeled apoptosis-associated speck like protein

containing a caspase recruitment domain ASC fused to green fluorescent protein,

were exposed to buffer control, LPS, nigericin, or to calcification media with

elevated calcium or phosphate, individually and in combination, as well as with

primary or secondary CPP. Notably, all calcification media contained an identical

total calcium dose of 50 µg, yet differed in the stability of the calcium containing

mineral component. Scale bar 25µm.

Supplementary Figure 3 | Differential clearance of primary and secondary CPP.

Mice were injected with fluorescence labeled fetuin-A monomer (red), primary CPP

(red), secondary CPP (green), or a mixture of primary (red), and secondary CPP

(green) and liver, spleen, pancreas, kidney, lung, heart, and brown adipose fat

tissue (BAT) were harvested 10min after injection, sectioned, and analyzed for the

presence of CPP by fluorescence microscopy. Liver and spleen stained positive

for primary and secondary CPP, while all other organs stained negative. All organs

stained negative for fetuin-A monomer. Considering the relative tissue mass of liver

vs. spleen, therefore the liver can be considered the major clearance organ for

CPP.

Supplementary Figure 4 | Differential endocytosis of fetuin-A monomer, primary

and secondary CPP by bone marrow-derived macrophages. To discriminate

fetuin-A and CPP binding from endocytosis we incubated bone marrow-derived

macrophages with fetuin-A monomer, primary and secondary CPP at 4◦C to

assess binding, or at 37◦C to assess endocytosis. Following 1 h of incubation we

analyzed cell-associated fluorescence by flow cytometry. Incubation at 4◦C

yielded much lower cell-associated fluorescence than incubation at 37◦C,

especially for primary and secondary CPP. These results indicate that the cells

readily endocytosed secondary CPP, and less well also primary CPP. A small

amount of fetuin-A monomer was also endocytosed.
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Atherosclerosis is driven by an inflammatory milieu in the walls of artery vessels. Initiated 
early in life, it progresses to plaque formation and form cell accumulation. A culprit in 
this cascade is the deposition of cholesterol crystals (CC). The involvement of smaller 
crystals in the early stage of atherosclerotic changes may be critical to the long-term 
pathological development. How these small crystals initiate the pro-inflammatory events 
is under study. We report here an unexpected mechanism that microscopic CC interact 
with cellular membrane in a phagocytosis-independent manner. The binding of these 
crystals extracts cholesterol from the cell surface. This process causes a sudden cat-
astrophic rupture of plasma membrane and necrosis of the bound cells independent 
of any known cell death-inducing pathways, releasing inflammatory agents associated 
with the necrotic cell death. Our results, therefore, reveal a biophysical aspect of CC in 
potentially mediating the inflammatory progress in atherosclerosis.

Keywords: cholesterol crystals, cell death, inflammation, membrane rupture, signal free

inTrODUcTiOn

The accumulation of cholesterol crystals (CC) in atherosclerotic lesions reflects the imbalance of 
cholesterol homeostasis. LDL transports esterified cholesterol from the liver to artery walls via LDL 
receptor. The esterified cholesterol is then deposited in the subintima and becomes readily accessible 
to macrophages and muscle cells. Ester hydrolases in these cells convert the esterified cholesterol into 
its free form, leading to the crystal formation (1). This is countered by the reverse transport mediated 
by HDL (2). At late stages of development, large amounts of clinical data suggest that the volume 
expansion associated with cholesterol solidification creates a rupture force exerted on the fibrous cap 
of the plaques (3, 4). Thromboembolism may thus result.

The accumulation of CC starts early in young animals. Due to their minuscule sizes and limita-
tions of standard microscopy techniques, direct visualization has not been easy. With refinements 
of preparation protocols (5, 6) and development of label-free Raman scattering imaging technology 
(7), the presence of the small crystals became detectable. Those improved detections strongly suggest 
their involvement in much of the initial atherosclerotic development. In fact, cholesterol-lowering 
treatment used early is protective but is ineffective in the later stages (8). Mechanistically, the presence 
of CC in the early pathogenesis is considered to be a significant contributor to local inflammation (9). 
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It has been suggested that NLRP3 inflammasome was critically 
involved in the plaque formation (5, 10). However, other reports 
failed to recapture this association (11, 12). On the other hand, 
several groups have found that IL-1α (12) and the complement 
system (13) are activated by CC. Therefore, how CC-mediated 
inflammation contributes to the early vascular damage is still 
not well understood. One suspected but ill-defined aspect of 
CC-mediated cytotoxicity is their ability to damage the plasma 
membrane (14).

In studying phagocytosis of particulate structures, we made 
a surprising finding that unlike phagocytosis of most solid 
structures, the adhesion force between macrophages and CC 
does not rely on Syk kinase, a common signaling intermedi-
ate in phagocytosis. The attachment strength between CC and 
plasma membrane is a function of the cholesterol in the latter. 
Furthermore, the binding of CC causes the transfer of membrane 
cholesterol to the crystal, leading to necrosis in macrophages. 
This physical damage-induced cell death is pro-inflammatory yet 
independent of common cell death induction pathways, includ-
ing NLRP3 inflammasome, mixed lineage kinase domain-like 
kinase (MLKL) (15), gasdermin D (GSDMD) (16), Caspase 1/8, 
Ca2+ signaling (17), and calpain-mediated cellular damage (18). 
In fact, this membrane destabilization can be recaptured by giant 
plasma-membrane vesicle (GPMV) upon CC contact, further 
confirming its biophysical nature independent of intracellular 
signaling cascades. Our results, therefore, suggest a potential 
biophysical interaction between the CC and the plasma mem-
brane, leading to an inflammatory milieu via sudden collapse of 
the latter as a consequence of cholesterol extraction.

MaTerials anD MeThODs

Mice
Mice, all C57BL/6, were housed at Laboratory Animal Research 
Center of Tsinghua University. The wild type and Il1r1−/−, Apoe−/−, 
Casp1−/−, Nfkb1−/−mice were from Jackson Laboratory. Casp11−/−, 
Casp11tg were gifts from Dr. V. M. Dixit (Genetech, Inc.). Nlrp3−/− 
was a gift from Dr. Z. F. Jiang (Peking University). Lyz2cre was a 
gift from Dr. L. Wu (Tsinghua University). Ripk3−/−Casp8−/− was 
a gift from Dr. X. Lin (Tsinghua University). GFP transgenic was 
a gift from Dr. H. Qi (Tsinghua University). Syk fl/fl was gener-
ated by a commercial vender (Biocytogen). The gene-deficient 
mice were genotyped with the following primers: for Casp1 were 
GAGACATATAAGGGAGAAGGG and ATGGCACACCACA 
GATATCGG and TGCTAAAGCGCATGCTCCAGACTG; for  
Casp11 were TGAAATGCATGTACTGAGAGCAAGG and 
CAATTGACTTGGGGATTCTGG and GTCAGAGATGAAAG 
ACTTTGCTGC; for Nlrp3 were GCTATTCGGCTATGACT 
GGG and ACTTTCTCGGCAGGAGCAAG and TTGCCA 
CTGCTTATGTCCC and GCACACACACCTCCCTAACA; for  
Nfκb were GCAAACCTGGGAATACTTCATGTGACTAAG and  
ATAGGCAAGGTCAGAATGCACCAGAAGTCC and AAATG 
TGTCAGTTTCATAGCCTGAAGAACG; for Il1r were CTCGT 
GCTTTACGGTATCGC and GGTGCAACTTCATAGAGAGA 
TGA and TTCTGTGCATGCTGGAAAAC. All experiments 
performed were approved by the animal research committee of 
Tsinghua University.

cells
BMDM was produced as previously described (19). iBMDM 
(immortalized) cell line was a gift from Dr. X. Lin (Tsinghua 
University). CD4+ T  cell was isolated with mouse CD4+ T  cell 
isolation kit from Stemcell (19852A). 3T3 cell line was a gift from 
Dr. H. Qi (Tsinghua University). Mouse endothelial cells were 
isolated as described elsewhere (20). MDCK, RAW264.7, THP-1 
cell line were from ATCC. BMDC and I.P. Mac was produced fol-
lowing the protocols in Current protocols in Immunology (2011). 
DC1940 cell line was a gift from Dr. L. Wu (Tsinghua University).

reagents
All reagents were purchased from Sigma-Aldrich unless otherwise 
indicated. Annexin V-FITC/PI Apoptosis Detection Kit was pur-
chased from 4A Biotech (FXP018). LDH Cytotoxicity Assay Kit and 
propidium iodide were purchased from Beyotime (C0016, C1002 and  
ST512). DNA transfection reagent was purchased from Neofect 
(TF20121201). LPS transfer reagent was purchased from Promega 
(Fugene E231A). APC-Ly-6G ab was purchased from Sungene 
Biotech (M100L7-11A). FITC-Ly-6B.2 ab was purchased from 
GeneTex (GTX43417). Pronase was from Roche (18572720). 
CSFE and mouse TNFα were purchased from BioLegend (79898, 
575202). Cycloheximide was purchased from Santa Cruz (sc-
3508B). TRIzol reagent was purchased from Thermo (Ambion 
15596018). Reverse transcribe kit and DNase I were purchased 
from TaKaRa (RR047A, 2212). RT-PCR super mix was purchased 
from Transgen biotech (AQ401). z-VAD-FMK, z-IETD-FMK, 
and z-LEHD-FMK were purchased from R&D system (FMK001, 
FMK007, and FMK008). Calpeptin was purchased from Enzo 
Life Sciences (BML-PI101). Cholesteryl BODIPY was purchased 
from Avanti Polar Lipid (810255P). Mouse IL-1β ELISA kit was 
purchased from eBioscience (88-7013). Membrane filter 0.22 µm 
SSWP was purchased from Millipore (SSWP02500). [1,2-3H(N)]-
cholesterol was purchased from PerkinElmer (NET139250UC). 
Sulfo-NHS-LC-Biotin was purchased from APExBIO (A8003). 
Streptavidin was purchased from NEB (N7021S). MLKL and 
GSDMD shRNA were purchased from Sigma-Aldrich TRC 
shRNA libraries and TRC IDs are TRCN0000360818 (MLKL), 
TRCN0000219620 (GSDMD1), TRCN0000198776 (GSDMD2). 
SHC002 (non-target shRNA) was used as negative control.

crystals
MSU was made as previously described (21). Cholesterol crystal 
was made by cholesterol re-precipitation followed by ultra-
sonication. Briefly, cholesterol powder was dissolved in warm 
acetone and then cooled down to precipitate cholesterol. The 
precipitated solids were washed with ddH2O three times, then 
dried off. PBS was added into the cholesterol crystal to reach a 
concentration for 25  mg/ml. The suspension was then treated 
with needle ultra-sonication to break large crystals into smaller 
ones (power: 30%, time: 60 min) to reach an average size around 
1 µm. The sonication time was reduced to harvest larger crystal 
(10–20 μm: 5 min, 5–10 µm: 10 min, 2–5 µm: 30 min).

neutrophil infiltration assay
Supernatants from crystal-treated BMDM were collected by 
centrifugation followed with filtration through a 0.22-µm pore 

43

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive


Shu et al. Cholesterol Crystal-Mediated Membrane Destabilization

Frontiers in Immunology | www.frontiersin.org May 2018 | Volume 9 | Article 1163

membrane. Crystals in saline or the supernatants were injected 
i.p. The peritoneal lavage fluid was collected 16  h after the 
injection. Briefly, mice were euthanized and its peritoneum was 
exposed. The peritoneum was lavaged with 10 ml ice-cold PBS 
containing 5 mM EDTA. Cells were stained with APC-Ly6G and 
FITC- Ly6B.2 following manufacturer’s instructions. Total cells 
number was counted with a hemocytometer then the samples 
were read with C6 Flow Cytometer. FACS data were analyzed 
with FlowJo V10.

lDh release assay
Cell culture medium was replaced with Opti-MEM 2  h before 
stimulus treatment. Supernatants from the treated cells were col-
lected and centrifuged (10,000 g 5 min) to remove solid particles. 
20  µl each of lactate, INT, and diaphorase were combined to 
produce the reaction mixture. 120 µl of the supernatant from each 
sample was transferred to a new 96-well plate and mixed with 
60 µl reaction mixture for 30 min at RT. Serum-free medium was 
used as the 0% control and lysate of the untreated cell was used 
as the 100% maximal release. Samples’ absorbance was read at 
490 nm. LDH release from treated cells was determined based on 
a standard curve.

cell Death
Cells were collected after the indicated treatments and resus-
pended with Annexin V binding buffer which contains suggested 
concentration of Annexin V-FITC. 15 min later, supernatant was 
discarded by centrifugation. The cells were resuspended in the 
binding buffer with PI. Samples were read with C6 flow cytometer 
immediately. FACS data were analyzed with FlowJo V10.

For PI staining assay, cells were harvested and washed with 
PBS twice. CSFE were diluted in PBS and mix with cell suspen-
sion with a final concentration of 10 nM CFSE and 107 cells/ml 
and then incubated for 15 min at RT. An equal volume of culture 
medium was added into the cells and wait for 5 min. Cells were 
washed and resuspended with culture media and plated in 24-well 
plates. After the treatment, supernatants were removed and PI 
(500 nM in PBS) was added into the well followed by a 2-min 
incubation. Fluorescent images were captured at 488 and 561 nm 
with fluorescent microscope. CFSE and PI-positive cell numbers 
were analyzed with CellProfiler 2.1.1 and project module MOD.
cpproj. The proportion of PI-positive cells in total CSFE-positive 
cells was regarded as the cell death ratio.

atherosclerosis Model
Apoe−/− mice were crossed with Casp1−/−, Casp11−/−, Nlrp3−/−, 
Il1r1−/−, and Nfkb1−/−. Mice were fed with high-fat diet (21% fat, 
0.15% cholesterol, MD12015, Medicience, Ltd.) or the control 
diet starting 3 weeks of age for 12 weeks. Each group has almost 
equal male and female mice. Mice were then sacrificed and the 
aorta was isolated. Heart perfusion was performed to prevent 
clotting. The connective tissue and fat around the aorta were 
removed with tweezers under dissecting microscope carefully. 
3% (w/v) of Oil Red O in 2-protanol was used as the stock stain-
ing solution (22). Oil Red O working solution was diluted from 
the stock with ddH2O at 6:4 ratio. Stained samples were rinsed 
with 70% 2-propanal quickly then moved to Oil Red O working 

solution and stain for 30 min on a slow shaker. The samples were 
rinsed again in 70% 2-propanal for 10 s and returned to ddH2O. 
The aortas were opened en face by tweezers and ophthalmic 
scissors with acupuncture needles fixing the aorta. The aortas 
were imaged with microscope and the area of red plaques was 
determined with microscope (Olympus) image program which 
based on the pixel size.

shrna Knock Down assay
Plasmids including shRNA and the package construct (Δ8.9 and 
VSVG) were purified from transformed E. coli with EndoFree 
Plasmid Midi Kit (CWBIO, CW2105S). 293FT cells were cultured 
in a 25 cm2 flask with 60–80% confluency. Culture media were 
replaced 2 h before DNA transfer. 2 µg shRNA plasmid, 1 µg Δ8.9, 
and 1 µg VSVG were mixed in 50 µl of OptiMem medium. 4 µl 
DNA transfection reagent was added to the mixture OptiMem 
medium and incubated at RT for 20  min. The mixture was 
added into 293FT medium carefully. 6  h later, the media were 
replaced with DMEM containing 20% serum. Virus-containing 
supernatants were harvested 60  h after the DNA transfection 
and then centrifuged at 1,000 g for 10 min to discard the debris. 
iBMDM cells were cultured in 24-well plates with 20–30% of the 
area covered by cells. Polybrene (final concentration 8 µg/ml)  
was mixed with the virus-containing supernatant and the 
mixture was transferred into the cell culture. The plates were 
centrifuged at 500 g at 30°C for 90 min and then exchanged into 
regular culture medium. 48 h after the virus infection, 2 µg/ml 
puromycin was added to the medium. Puromycin-resistant cells 
were harvested several days later and their RNA was extracted 
with TRIzol Reagent following manufacturer’s instructions. RNA 
concentration was determined by Nanodrop 2000 (Thermo). 
1 µg RNA was reverse transcribed to cDNA immediately with a 
reverse transcription kit (Takara, RR047A). Gene expression was 
determined by real time PCR.

rT-Pcr
All procedures were performed per manufacturer’s instructions of 
the SYBR Green qPCR SuperMix (Transgen Biotch, AQ101). Primers 
for mouse MLKL were AATTGTACTCTGGGAAATTGCCA and 
TCTCCAAGATTCCGTCCACAG. Primers for mouse GSDMD 
were TACTGCCTTCTGAACAGGAA and GTCACCACAA 
ACAGGTCATC. β-actin expression was used as internal control 
and primer sequences were TTGCTGACAGGATGCAGAAG 
and ACATCTGCTGGAAGGTGGAC.

lPs intracellular Delivery
For LPS delivery, cells were cultured on 24-well plate, and the 
media were replaced with 300 µl Opti-MEM. LPS (2 µg/ml final) 
and transfect reagent Fugene (0.25% v/v final) were mixed in 
50 µl Opti-MEM and incubated at RT for 15 min before being 
slowly added into the cell culture.

atomic Force Microscopy
All crystals were glued to cantilever (Arrow TL- 1, Nanoworld) 
with epoxy (21) at least 12  h before use. All attraction forces 
between cell and crystal were measured with JPK CellHesion 
(JPK) (23). Briefly, the measurement was carried in the relative 
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force feedback contact/tapping mode (IP gain: 50 Hz; IG gain: 
0.001 Hz; correct baseline: 1; relative set point: 0.5 nN; z length: 
50 µm; extend delay: 0 s; constant height). Data were analyzed 
with JPK Data Processing. Maximum binding forces were calcu-
lated and plotted. Each dot presents a single measurement.

Attraction forces between crystal and lipid monolayer were 
measured with JPK NanoWizard II (JPK). All set up was the same 
as the JPK CellHesion except z length was 10 µm. AFM scanning 
mode was used to confirm domain formation.

cholesterol Transfer assay
10 µg of BODIPY-cholesterol in DMSO (20 mg/ml) was mixed 
with 2 mg of MβCD in PBS (100 mg/ml). Bath sonication at 37°C 
was used to solubilize the cholesterol. BODIPY-cholesterol and 
MβCD mix solution was added to cells in serum-free culture 
medium (10% v/v) and incubated at 37°C for 20 min. Cells were 
washed with PBS three times and replaced with fresh culture 
medium. They were imaged with fluorescent microscope to 
confirm the labeling efficiency. The cells were returned to culture 
to allow cells to settle on the bottom. 200  µg/ml CC, MSU, or 
Silica crystals were added to the cells and incubated for different 
durations, and eventually lysed with 1% NP40. The lysates were 
centrifuged at 500 g for 5 min. The supernatants were discarded 
and the residual crystals were washed with 1% NP40 two more 
times. The washed crystals were resuspended with ddH2O and 
the fluorescence associated with the crystals was analyzed with 
C6 flow cytometer or fluorescent microscope.

Cells were labbeled with NHS-LC-biotin (Thermo, 21327) first 
following manufacturer’s instruction. Then Labeling cell surface 
with [1,2-3H(N)]-cholesterol followed the same procedure 
described above except cholesterol-[3H] was diluted in choles-
terol and MβCD mixture (1:100 molar ratio in PBS). Cholesterol-
[3H] labeled cells were treated with crystals for 24  h and then 
lysed with 10% NP40 for 1  min. Cell lysates and crystals were 
centrifuged at 500 g for 5 min. The crystals were washed with 1% 
NP40 then resuspended with PBS. The crystals in the suspension 
were mixed with streptavidin conjugated agarose beads (Thermo, 
20347) for 15 min to remove cell membrane debris. Collect the 
crystal with spin column (Thermo, 69725) then mix the crystals 
with ULTIMA GOLD (PerkinElmer, 6013327) and read with the 
liquid scintillation counter.

gPMV Membrane integrity assay
BMDM of GFPtg mice was cultured as previously described (24). 
The cells were washed with ice-cold PBS (pH 8.0) three times and 
cell numbers were counted. They were resuspended at a concen-
tration of 3 × 107 cells/ml in PBS (pH 8.0). 1 mg of Sulfo-NHS-LC-
Biotin was added into the suspension for 1 ml of the preparation 
and then incubated at RT for 30 min. Biotin was quenched by 
washing the cell with PBS +  100 mM glycine three times. The 
cells were plated in the 6-well plate with 3 × 106 cells per well and 
the GPMV was produced following a published protocol (25): 
The GPMV-containing supernatant was collected and moved to 
a round glass slide which had been coated with Streptavidin for 
2 h at 37°C. 2 h later, the supernatant was discarded and GPMV 
attached to the glass slide was washed with GPMV buffer twice. 
GPMV attachment was confirmed by microscope. A cantilever 

which had been glued with a crystal on the top was first moved 
to settle on the GPMV using the relative force feedback contact/
tapping mode (IP gain: 50 Hz; IG gain: 0.001 Hz; correct baseline: 
1; relative set point: 1 nN; z length: 5 µm; extended delay: 10,000 s; 
retract delay: 0 s; constant height). The fluorescence of GFP inside 
GPMV was imaged every 20 or 30 s for 2 h. The image data were 
analyzed in ImageJ. Briefly, mean fluorescence intensity of GPMV 
was measured and the value of Intensity GPMV/Intensity Background 
was calculated. This IG/IB was normalized to its initial value to 
eliminate fluorescent intensity difference between individual 
GPMV. In order to digitalize the fluorescence change of GPMV, 
we subtracted IG/IB value of any given point by the same IG/IB of 
the same vesicle after 5 min. The maximal differential from each 
GPMV was used to plot Max MFI reduction (K5min = normalized  
IG/IB 5min before − normalized IG/IB after).

lipid Bilayer Preparation
Lipid bilayers were prepared according to a published protocol 
(26). Briefly, DOPC, sphingomyelin, and cholesterol were mixed 
and dissolved in chloroform solution with 1 mg total lipid/50 μl 
at the indicated ratios. Chloroform was dried off in vacuum for 
2 h. The remaining lipids were resuspended with 100 µl PBS. 10 µl 
of the lipid suspension was added to 150 µl of supported lipid 
bilayer buffer (SLB, 150 mM NaCl, 10 mM HEPES, pH 7.4) and 
sonicated in a bath sonicator to yield small unilamellar vesicles. 
A clean mica surface was obtained by peeling off the outer layer 
with adhesive tape. The lipid mixture was placed on the mica and 
CaCl2 (final concentration 3 mM) was added to the mixture. The 
preparation was incubated at 37°C for 2  min then at 65°C for 
15  min. The bilayer was washed with 65°C SLB 15 times then 
cooled slowly.

statistics
All plot graphs show means with SEM. Statistical analysis for each 
independent experiment was performed with an unpaired, Student’s 
t-test. A p value of less than 0.05 was considered significant. 
*<0.05; **<0.01; ***<0.001; N.S., not significant. All experiments 
were repeated at least three times independently except Figures 2E,F 
where pooled data from several experiments were used.

resUlTs

We first studied the activation parameters of macrophages stimu-
lated by CC. Figure 1A shows i.p. injection of CC induced the 
infiltration of neutrophils after 16 h, similar to silica crystals (24). 
To understand the factors promoting such an in vivo response, 
macrophages were treated with CC and the culture supernatants 
were similarly injected i.p. Figure 1B shows that the supernatants 
from both silica and CC-treated cells also induced this inflam-
matory response. As cytokine production and necrosis can both 
release pro-inflammatory agents (27), IL-1β, IL-1α, IL-6, and 
TNFα production and cell death were analyzed. IL-1β was readily 
detected in the supernatant of BMDM/CC coculture, suggesting 
that NLRP3 inflammasome was activated as reported previously 
(Figure 1C) (5). CC also induced other pro-inflammatory agents 
(Figure S1A in Supplementary Material) indicating a broad 
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FigUre 1 | Cholesterol crystals (CC) induce both NLRP3 inflammasome activation and a rapid necrotic cell death in the phagocytic cells. (a) C57BL/6 mice were 
i.p. injected with 500 µg of Silica or CC in 1 ml saline and rested for 16 h. Intraperitoneal cells were harvested and stained with Ly6G-APC and 7/4-FITC. The right 
panel is the bar graph of FACS plots on the left. n = 4 (n indicates the number of repeats of each group), N = 3 (N indicates the number of biological repeats of the 
experiment). Two-tailed Student’s t analysis results for all figures are indicated as follows: p < 0.001: ***; p < 0.01: **; p < 0.05: *; p at 0.05 or larger was considered 
non-significant: ns. (B) Supernatants of treated BMDM (CC: 1 mg/ml, Silica:500 μg/ml for 8 h) in 12-well plates (about 4 × 105 cells) were collected and injected i.p. 
16 h later intraperitoneal cells were harvested and stained as in (a). n = 4. N = 3. (c) BMDM were primed with Pam3csk4 (100 ng/ml) for 12 h and then treated with 
indicated stimulus for 12 h (CC:500 μg/ml, Silica: 100 µg/ml, ATP:5 mM, LPS: 2 µg/ml, tLPS: LPS was packed into liposome with final concentration 2 µg/ml as 
described in the Section Materials and Methods). IL-1β concentration was determined by ELISA. n = 6. N = 3. (D) BMDM were primed then treated as in (c) for 
12 h and the cell death was determined by LDH assay. TNFα + CHX:100 ng/ml TNFα plus 50 µg/ml Cycloheximide. n = 4. N = 3. (e) BMDM were primed then 
treated as in (D) except treatment duration (CC: 2 h, Silica: 1 h, ATP: 2 h, TNFα + CHX: 6 h) then were collected and stained with Annexin V-FITC and PI. The right 
panel is the bar graphs of FACS plots on the left. n = 4. N = 4. (F) TEM picture of BMDM primed then treated as in (e). (g) BMDM were primed then treated as in 
(e) except stained with PI. This is to indicate that using PI + staining alone faithfully recaptures nearly cell death events as in (e). n = 6. N = 3. (h) BMDM were 
primed then treated with CC (500 µg/ml) for different durations then stained with PI. PI + percentages are shown. n = 6. N = 3.
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spectrum of inflammatory response to this crystal. Simultaneously, 
CC triggered substantial cell death, as determined by LDH release 
and Annexin V PI staining (Figures 1D,E). In contrast to TNFα, 
CC-treated cells displayed typical necrotic plasma-membrane 
rupture (Figure 1F) and did not show an intermediate stage of 
Annexin V+ PI− that is associated with apoptosis (Figure  1E). 
Therefore, CC-mediated cell death was nearly captured in full 
by PI-positive staining alone (Figures 1E,G). This cell death was 
detectable within 1 h (Figure 1H), again suggesting an apoptosis-
independent cell death programing. Considering the high spon-
taneous LDH release (NT in Figure 1D) and LDH release requires 
larger pore on cell membrane, which may miss the initial loss of 
membrane integrity, than Pi staining. We decided to use Pi stain-
ing assay as the main readout for cell death. As atherosclerosis 
progresses, macrophages, DCs, smooth muscle cells, and T cells 

are found inside the lesion intima (1). We tested CC cytotoxic-
ity on those cells (Figures S1B,C in Supplementary Material). 
CD4+ T cells, fibroblast (3T3), and endothelial cells (MuEC and 
MDCK) showed little necrotic cell death in CC treatment while 
DCs and macrophages exhibited Annexin V+ PI+ staining. We 
also tested cytotoxicity mediated by CC of different sizes. Figure 
S1D in Supplementary Material shows that cell death was more 
prominent with CC less than 5  µm. Therefore, CC can induce 
both NLRP3 inflammasome activation and a rapid necrotic cell 
death in the phagocytic cells.

As Caspase 1/11 activation leads to pyroptosis, a form of cell 
death resulting from plasma-membrane permeability change  
(16, 28), the role of NLRP3 inflammasome in CC-mediated cell 
death was analyzed. Primed, gene-deficient BMDM were treated 
with CC, silica, ATP and liposome-delivered LPS (confirmation of 
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FigUre 2 | Cholesterol crystals (CC)-mediated cell death and its pro-inflammatory property is unrelated to NLRP3 inflammasome. (a) BMDM with indicated 
genotypes were primed with Pam3csk4 then treated with indicated stimuli for 6 h as in Figure 1c. IL-1β was determined by ELISA. n = 4. N = 4. (B) BMDM  
were primed and then treated as in Figure 1c except treatment duration (CC: 2 h, Silica: 1 h, ATP: 2 h, tLPS: 6 h). Cell death was determined by PI staining. n = 6. 
N = 5. (c) BMDM were primed then pretreated with Caspase inhibitor (z-VAD-FMK: 10 µM, z-LEHD-FMK: 2 µM) 0.5 h before the stimulus treatments as in (B). Cell 
death was determined as in (B). n = 6. N = 5. (D) BMDM from WT or gene-deficient mice were cultured. Supernatants were collected and injected identical to 
Figure 1B. 16 h later, intraperitoneal cells were harvested and stained as in Figure 1B. n = 3. N = 3. (e) Inflammasome component-deficient mice were crossed  
to Apoe−/−. Homozygous mice were fed with high-fat diet for 12 weeks and then the aorta from these mice were stained with Oil Red O. (F) The aortas in E were 
opened en face (Figure S2 in Supplementary Material) and imaged with microscope. The area of red plaques was determined with Olympus microscope image 
program based on pixel size.
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gene deletion is shown in Figure S2A in Supplementary Material). 
NLRP3-deficient BMDM failed to produce IL-1β as expected 
(Figure 2A). NFκb and Caspase 1 were both critically involved in 
IL-1β production, which are known to regulate the priming and 
the production phases of IL-1β, respectively (29) (Figure  2A). 
Interestingly, Caspase1 deficiency did not impact CC-mediated 
cell death. The killing efficiency was not altered in Casp1&11−/− 
or the Caspase 11 transgene version of Casp1&11−/− BMDM 

(Figure  2B) (30). LDH released to the medium confirmed 
the result in Pi staining assay (Figure S2D in Supplementary 
Material). In line with this finding, Nlrp3−/− macrophages showed 
a degree of necrotic cell death similar to WT cells (Figure 2B).  
As well-known activators of NLRP3 inflammasome, it seems to 
be surprising that ATP and silica-induced cell death does not 
rely on NLRP3 inflammasome, However, there have been reports 
suggesting that ATP, Al(OH)3, Silica, CPPD, LLOMe-induced 
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macrophage cell death proceeded unimpeded under Nlrp3 or 
Casp1 deficient background (31–34). This is likely that those 
triggers may mediate some form of membrane damage or cellular 
stress independent of NLPR3/Caspase 1 pathway. Pan caspase 
inhibitor zVAD and Caspase 9 inhibitor LEHD again did not alter 
the rate of cell death (Figure 2C). Therefore, CC-mediated cell 
death is different from pyroptosis, and is unrelated to the roles of 
Caspase 1 and NLRP3 in IL-1β production.

As CC promote a pro-inflammatory milieu in Figures 1A,B, 
we compared necrotic death-associated inflammation to that 
mediated by simultaneous IL-1β production. While the CC- 
treated BMDM released stimulatory factors in supernatants 
that promoted peritoneal neutrophil recruitment, this effect was 
mini mally altered in Casp1&11−/−, Nlrp3−/−, or Nfkb1−/− BMDM 
(Figure 2D), suggesting that the inflammatory IL-1β production 
was not the sole factor promoting inflammatory responses in our 
setting, at least in the light of the necrotic death-mediated releases 
of intracellular contents. Apoe−/− (a component of LDL transport 
system) mice have increased cholesterol levels and heightened 
plaque formation when fed with a high-fat diet (35). In these 
mice, deficiencies in Caspase1 and 11, NLRP3, IL-1 receptor, 
and NFκb did not alter the arteriosclerotic plaque formation 
(Figures  2E,F; Figure S2B in Supplementary Material). This 
result disagrees with a previous report that NLRP3 activation 
was involved in atherosclerosis development (5), instead in line 
with later reports suggesting the lack of influence by this inflam-
masome complex (11, 12). While these discrepancies could be 
results of experimental settings, our data suggest the possibility 
that necrotic cell death may function as a pro-inflammatory 
signaling in atherosclerotic progression independent of the 
NLRP3 inflammasome activation. Furthermore, we tested 
which kind of cytosolic contents is inflammatory. CC-treated cell 
supernatant was treated with DNAase, pronase (Figure S2C in 
Supplementary Material). The result shows that both proteolytic 
and DNA digestions reduced neutrophil infiltration, suggesting 
that necrotic releases of nucleic acids and proteins are indeed 
inflammatory (36, 37).

We wondered if CC-mediated cell death was regulated by 
any known cell death pathways independent of Caspase 1&11 
and NLRP3 (38). In recent years, two membrane-targeting, 
pyroptosis-inducing mechanisms have been proposed. MLKL, 
a component of necroptosome, mediates necroptosis typically 
involving a death receptor (i.e., TNFR1), RIPK1 and RIPK3. 
MLKL is phosphorylated by RIPK3 and mediates the plasma-
membrane disruption. This pathway is particularly active in the 
absence of Caspase activation (39, 40). Caspases 1 and 11 on 
the other hand process GSDMD, promoting its N-terminal frag-
ment to translocate to the plasma membrane to form a pore-like 
structure, leading to pyroptosis (16). We tested the involvement 
of MLKL and GSDMD by gene knockdown. MLKL knockdown 
macrophages (Figure  3A) showed cell death similar to the 
control-treated cells, a result collaborated by the lack of cell 
death inhibition by necrostatin-1 (data not shown), an inhibitor 
of RIPK1. In comparison, TNFα + ZVAD-induced cell death was 
reduced (Figure  3A) (41). GSDMD knockdown also failed to 
reduce CC-induced, although blocked tLPS-induced cell death 
(Figure 3B). We tested potential involvement of TNFR1-Caspase 

8 axis as it is known to regulate apoptosis and alternative Caspase 
1 activation (42). Rip3−/−Casp8−/− did not show any change of 
CC-mediated cell death (Figure 3C). The uptake of solid struc-
tures induces Ca2+ signaling; Ca2+ influx can lead to mitochondria 
ROS production that triggers executioner caspases. In addition, 
massive Ca2+ increase can activate the calpain system that results 
in endo-reticulum structural damage (17, 43). Figures  3D,E 
show that while IL-1β production was sensitive to 2APB 
(IP3 receptor blocker) and Thapsigargin (Sarco/endoplasmic 
reticulum Ca2+ ATPase inhibitor), neither treatment resulted in 
reduced cell death. A general calpain inhibitor, calpeptin (44), 
and high extracellular K+ also failed to inhibit the cell death 
(Figure 3F; Figure S2E in Supplementary Material). Therefore, 
our results suggest that CC appeared to mediate a necrotic cell 
death without involving the common pathways such as apopto-
sis, pyroptosis, ROS production, and calpain-based self-internal  
digestion.

To study the nature of CC-mediated cell death, atomic force 
microscopy (45) -based single cell force spectroscopy (SCFS) 
was used to measure its binding affinity to the cellular mem-
brane (23). Similar to silica crystal, CC induced a substantial 
binding force to macrophage cell surface and the affinity 
increased over time under a set contact force of 0.5 nN (data 
not shown). A typical Fc receptor-mediated phagocytosis of a 
solid particle is a complex process that requires an early phase 
cortical cytoskeleton remodeling regulated by GTPases such 
as CDC42, Rac1, and Rho (46) followed by signaling chains 
involving src family kinase, Syk as well as PI3Ks (46). Upon a 
particle binding, local actomyosin system generates the initial 
membrane contour that fully engages the solid target. This 
creates the initial binding affinity. Simultaneously, src family 
kinases phosphorylate ITAM motifs contained in phagocytic 
receptor complexes, which attracts Syk to the membrane. 
Syk then activates PI3K/PLC and other downstream signals 
for a full spectrum phagocytic activation (46). From a bio-
physical angle, the second stage, critically dependent on Syk, 
is characterized by irreversible strong binding forces (21, 23).  
In addition, Syk signaling also contributes to the restriction of 
receptor lateral diffusion, optimizing the signaling feedback 
loop during phagocytosis (47). The CC contact force was sensi-
tive to actin polymerization inhibitor cytochalasin B, similar to 
Silica (Figure 3G). To our surprise, this force was completely 
intact in the presence of Syk inhibitor piceatannol (Figure 3G). 
In contrast to cytochalasin B, piceatannol had minimal impact 
on CC-mediated cell death (Figure 3H).

In our lab, solid particle phagocytosis (including MSU, basic 
calcium phosphate, calcium pyrophosphate dihydrate, allopu-
rinol, silica, prefabricated latex beads, and several preparations 
of alum salt) has always shown a complete dependence on Syk, 
exhibiting a strong binding force as determined by AFM (data not 
shown). CC has been the only exception. This result suggested 
that strong affinity measured by SCFS was not mediated by typical 
phagocytosis signaling. Considering the off target/unintended 
effects of inhibitors and the lethality of the full Syk deficiency 
(vascular development defects) (48), we generated a conditional 
inducible deletion strain (Figure 3I). In brief, a Frt-framed box 
was inserted in between exons 2 and 3, which contained an 
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FigUre 3 | Cholesterol crystals (CC)-mediated cell death is unrelated to mixed lineage kinase domain-like kinase (MLKL), gasdermin D (GSDMD), CASP8, Ca2+ 
influx, K+ efflux and SYK. (a) Left: MLKL was knocked down in iBMDM by shRNA. Gene expression was determined by Q-PCR. Right: iBMDM were treated with 
CC for 2 h or zVAD (10 µM) plus TNFα (50 ng/ml) and CHX (50 µg/ml) for 12 h and then the cell death was determined with PI staining. n = 6. N = 5. (B) Left: 
GSDMD was knocked down in iBMDM by shRNA as in (a). Right: iBMDM were primed then treated identical to Figure 1c except for the treatment duration (CC: 
2 h, Silica: 1 h, ATP: 2 h, tLPS: 6 h). Cell death was determined with PI staining. n = 6. N = 4. (c) BMDM with Caspase 8 deficiency were treated and stained as in 
Figure 1g. n = 6. N = 3. (D) BMDM were primed then pretreated with 50 µM 2APB or 1 µM Thapsigargin for 0.5 h before stimulus treatment as in Figure 1c. 6 h 
later, IL1β production was determined by ELISA. n = 4. N = 3. (e) Identical to (D) except for the treatment duration (CC: 2 h, Silica: 1 h, ATP: 2 h). Cell death was 
determined with PI staining. n = 5. N = 6. (F) BMDM were primed and the media were exchanged into HBSS, 70 mM K+ HBSS, or HBSS containing 100 µM 
Calpeptin 15 min before stimulus treatment as in Figure 1c except for the treatment duration (CC: 2 h, Silica: 1 h, ATP: 2 h). Cell death was determined with PI 
staining. n = 6. N = 5. (g) The left panel shows the schematic of how attraction force between crystals and cells was measured by AFM. Right panel: BMDM were 
primed and pretreated with piceatannol (50 µM) or Cytochalasin B (1 µg/ml) for 20 min. The attraction force after 5 s contact time was measured by AFM. N = 3.  
(h) BMDM were pretreated as in (g) before being treated with stimuli as in Figure 1c except for the treatment duration (CC: 2 h, Silica: 1 h, ATP: 2 h). Cell death 
was determined by PI staining. n = 6. N = 3. (i) The design of Syk CKO. (J) Syk expression in Syk CKO BMDM was examined by western blot. N = 3. (K) Syk CKO 
and WT BMDM were primed and treated with stimuli as in Figure 1c except for the treatment duration (CC: 2 h, Silica: 1 h, ATP: 2 h). Cell death was determined by 
PI staining. n = 6. N = 7. (l) The attraction forces after 5 s contact time between Syk CKO BMDM and crystals were measured by AFM. N = 3.
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En2-SA-IRES-mCherry-PA fragment and a neomycin cassette, 
with a loxP site in between. The exon 3 was additionally framed 
by a loxP pair. The original design led to a Syk-null genotype.  
A crossing to a full body Frt converted the original deficient strain 
into a conditional knockout allele. A further crossing to Lyz2cre 

deleted exon 3 to produce a strain with a restricted myeloid 
Syk deficiency. In comparison with the systemic deletion, these 
mice show no visible abnormality yet macrophages in this strain 
were largely devoid of Syk (Figure 3J). The cell death mediated 
by CC was unaffected by the Syk deletion, in sharp contrast to 
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silica crystals (Figure 3K). The SCFS using Syk-deficient mac-
rophages confirmed that the absence of Syk did not impact the 
binding, while the affinity of silica crystal to the macrophage was 
significantly reduced (Figure 3L). Therefore, the strong binding 
of CC to the plasma membrane does not rely on Syk-dependent 
phagocytosis.

Our previous work on MSU crystal revealed that in the 
receptor-independent phagocytosis, MSU crystals preferentially 
engage membrane cholesterol. This binding sorts cell-surface 
lipids, particularly lipid rafts, and a spontaneous Syk activation 
(21). We wondered if cell membrane cholesterol was similarly 
involved in the CC binding. Upon depletion of membrane 
cholesterol by MβCD, the CC-mediated binding was sig-
nificantly reduced (Figure  4A). We created a synthetic bilayer 
membrane with base DOPC, or in mixture with sphingomyelin/
cholesterol (21). The quality of the membrane on a mica surface 
was confirmed with the scanning mode AFM (Figure  4B) 
which revealed well-defined lipid domains (49). The contact of 
cholesterol-containing bilayer generated higher binding force 
than DOPC alone (Figure 4C). Similar to other crystal growth, 
CC can expand in the presence of free cholesterol in the environ-
ment (50). We wondered if cell-surface cholesterol content was 
disturbed upon CC contact. BMDM were loaded with Bodipy-
cholesterol and incubated with label-free CC. Interestingly, CC 
became Bodipy-positive after the co-incubation (Figure  4D).  
To verify that this transfer was contact-dependent, the cells and 
CC were separated in a transwell setup, and no Bodipy transfer was 
detected (Figures S3A,B in Supplementary Material). A detailed 
time course comparison showed that over time the labeled cho-
lesterol from BMDM was gradually transferred to a percentage of 
CC, while this transfer was minimal for MSU and silica crystals 
(Figures 4E,F). MFI of CC as a whole was also higher than MSU 
and silica controls (Figure S3C in Supplementary Material).  
To exclude the possibility that this transfer was a result of Bodipy-
cholesterol falling off the cell membrane, as Bodipy may change 
cholesterol hydrophobic property, tritium (3H)-replaced choles-
terol was used to label BMDM and the cells were incubated with 
silica and CC. The crystals were then harvested and read with 
a scintillation counter. Figure 4G shows that CC preferentially 
attracted cholesterol while the radioactivity on silica was much 
less. These results demonstrate that CC can attract cell-surface 
cholesterol for their own growth, reminiscent of typical crystal 
growth that absorbs its precursor from the environment.

The scenario presented above implicates a possibility that 
depletion of membrane cholesterol mediates necrotic membrane 
rupture. To capture this event, we treated cells with MβCD. This 
treatment led to a necrotic cell death in contrast with the apoptosis 
induced by TNFα (Figure 4H). A CC was delivered by SCFS to 
be in contact with a GFP-expressing BMDM, and the setup was 
monitored by a microscope over time. Initially, the GFP signal 
remained steady under CC contact. However, the signal was sud-
denly lost. The cell in contact exhibited an “explosive” perfusion 
of GFP label (Figure 4I; Movie S1 in Supplementary Material). 
To confirm that such a death event was independent of cellular 
signaling, we generated GPMV, a “ghost” bubble exocytosed 
by phagocytes treated with PFA (25). GFP-expressing BMDM 
were pre-labeled with biotin, and the cells were treated with PFA 

to obtain GPMV. These GPMV were attached to glass surface 
coated with streptavidin for anchoring against free motion.  
CC glued to AFM cantilever was used to contact with these vesi-
cles and the fluorescence intensity was again recorded by time-
lapse videos (Figure 4I; Movie S2 in Supplementary Material). 
In comparison with silica crystals and latex beads, CC-contacted 
GPMV also displayed a higher frequency of “explosive” sud-
den loss of label, suggesting a catastrophic membrane rupture 
event (Figure  4J; Movies S2–S5 in Supplementary Material). 
In comparison, while GFP signal might wane with latex beads 
and silica, the loss was not significantly over the spontaneous 
loss in the untreated GPMV (Figure 4J). The frequency of this 
occurrence under CC contact was statistically higher than silica 
and latex bead control (Figure  4K). Therefore, CC-mediated 
depletion of the membrane cholesterol is associated with a high 
probability of sudden rupture of vesicles in both live cells and 
GPMV, suggesting a signaling-independent, biophysical assault 
to the plasma membrane that result in a quick induction of 
necrotic cell death.

DiscUssiOn

Besides apoptosis (Type I, caspase dependent) and autosis 
(Type II, ion channel dependent), cell death characterized by 
the rupture of plasma membrane (Type III) was believed to 
be a passive event, occurring in pathological states such as 
hypoxia (27, 51). The rapid release of cytosolic content was 
believed to dump intracellular “DAMPs” to the environment, 
causing inflammation. This notion of passive death has taken 
a dramatic turn in recent years. It has been found that under 
inhibition of caspase cascade, a typical apoptotic signal (such 
as TNFR ligation) can drive a different type of cell death, akin 
to necrosis (52). Mechanistically, TNFR1 signaling activates 
RIPK1 which subsequently activates RIPK3. RIPK3 phospho-
rylates MLKL, promoting the latter’s translocation to the plasma 
membrane (53). The helical structure of MLKL switches into a 
new conformation which forms uncontrolled cation channels 
on the membrane (54). This type of cell death differs from 
conventional necrosis in its sensitivity to RIPK1 inhibition (by 
necrostatin-1). Feng’s group found that Caspase1 activation by 
inflammasomes or direct LPS binding to Caspase 4/5/11 leads to 
GSDMD cleavage, sending its N-terminal fragment to be buried 
into the plasma membrane, creating a similar pore-forming 
structure (16). This type of cell death is termed pyroptosis 
due to the involvement of caspase activities. As these seminal 
findings delineate the precise mechanism of cell death upon 
membrane permeability changes, whether necrotic cell death 
can take place independent of these two pathways is not known. 
Except for physical damage associated with detergent treatment, 
ice crystal formation during freezing, and membrane piercing 
by sharp objects such as crystals, a physiological/pathologic 
situation whereby membrane rupture-mediated cell death is 
no longer a major concern to the mainstream immunologists. 
In this report, we propose that membrane lipid disruption, 
in this case, cholesterol depletion may be sufficient to induce 
membrane rupture “biophysically.” This finding, in turn, raises 
the possibility that small CC formed in the initiation stage of 
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FigUre 4 | Cholesterol crystals (CC) extract cholesterol from membrane thus induce signaling free membrane rupture. (a) BMDM membrane cholesterol was 
depleted by MβCD (4 mg/ml) incubation in serum-free medium for 0.5 h. The attraction force between CC and cells after different contact times was measured by 
AFM. N = 3. (B) Lipid bilayers with or without cholesterol/SM were produced. The surface of the bilayer was scanned by JPK NanoWizard. The shade of color 
indicates the height of the surface. (c) The attraction forces between crystal and lipid bilayers were measured by AFM with a contact time of 30 s. N = 3. (D) BMDM 
were labeled with Bodipy-cholesterol delivered by MβCD and treated with CC (100 µg/ml), MSU (100 µg/ml), or silica (80 µg/ml). After different lengths of incubation 
at 37°C, cells were lysed and the fluorescence on collected crystals were observed with fluorescence microscope. (e) The collected crystals in (D) were analyzed 
with FACS. (F) The bar graphs of Bodipy-positive crystals in (e). n = 3. N = 6. (g) BMDM was labeled with cholesterol-[H3] and treated with CC (100 µg/ml), silica 
(100 µg/ml). 24 h later, cells were lysed and the radioactivity of the collected crystals was detected. n = 4. N = 3. (h) BMDM were treated with MβCD (8 mg/ml) for 2 
or 6 h or with TNFα plus CHX for 3 h. Cells were collected and stained with Annexin V and PI. Samples were analyzed by FACS. n = 4. N = 4. (i) Upper: A 
GFP-expressing BMDM was contacted by a CC constantly. GFP fluorescence of the cell was imaged every 20 s with a 488-nm laser in FITC channel. The pictures 
show the cell fluorescence around the moment of “explosion.” Numbers below the pictures indicate the time since crystal contact. Lower: a GFP-containing giant 
plasma-membrane vesicle (GPMV) was contacted by a CC constantly. The rest was identical to the upper panel. The white arrow indicates the crystal-contacted cell 
or GPMV. (J) Mean fluorescence intensity of GPMV and background was measured with ImageJ. Fold change (compared with initial value) curve of MFIGPMV/
MFIBackground during CC and other crystal contact was calculated. Each curve represents a crystal-contacted vesicle. (K) Maximum reduction of normalized MFIGPMV/
MFIBackground within 5 min during the contact was manually identified and plotted.
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atherosclerosis may induce pro-inflammatory reactions simply 
via membrane destabilization in the absence of any known 
death pathway signaling.

The role of CC in atherosclerotic development is widely 
recognized (55). However, exactly how the smaller amounts of 
CC contribute to the initiation of the early pathology is a subject 
of study. While there is no doubt that CC can mediate NLRP3 

activation that leads to IL-1β production (5), whether this 
pathway contributes to the disease development, however, is still 
debated (11). In our setting, the IL-1β production by phagocytes 
is irrelevant to the neutrophil infiltration, suggesting it is a 
relatively minor player. Our early paper provides a likely explana-
tion (56). In an experimental gout model, the IL-1β produced 
by phagocytes signals through IL-1R on the parenchymal cells, 
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opening a systematic feedback loop of IL-1β production (56).  
In other words, in the absence of involvement of non-hemat-
opoietic cells, NLRP3 inflammasome activation by macrophages 
alone is insufficient for systemic inflammation. It is possible that 
for the formation of small CC in the artery walls, the signaling is 
not strong enough to reach a sustained inflammation, which may 
account for the lack of involvement of NLRP3 in atherosclerosis.

Previously, we proposed that in the absence of any receptor 
function, the ligation of plasma membrane lipids was sufficient to 
trigger lipid domain sorting and Syk-dependent phagocytic signal-
ing (21). As the binding of CC to the plasma membrane exerts a 
force in the range of phagocytic events, it was unexpected that Syk 
was not required for such a strong force. The exact nature of this 
high binding affinity is unknown, although the exceedingly high 
binding force revealed in our AFM analysis of CC interaction 
with cholesterol-containing lipid domain may offer some clue. 
The extraction of cholesterol from the membrane may mimic the 
precursor condensation onto the crystalline surface in the typical 
growth of organic crystals (57), which may be translated into a 
force exerted on the plasma membrane. This notion, however, 
requires vigorous experimental verification, as alternative expla-
nation may exist. Several recent papers took on the issue of solid 
particle-induced necrotic cell death, particularly with regard 
to neutrophil extracellular trap (NET) formation. It was found 
that nano particles, such as those of 10 nm diameter, triggered 
significant release of chromatin DNA that trapped those solid 
structures. Apparently, this NETosis may rely on cellular necrotic 
factors such as MLKL and RIPK1 (58), and may also require ROS 
production from NADPH oxidase complex (59). The question 
remains how those particles initiate their contact with the plasma 
membrane which can be regarded as the initial step for down-
stream cellular consequences (60). One proposal suggests that 
particle surface hydrophobicity may be critical for the membrane 
interactions. Simple decoration via surface PEGylation reduced 
the NETosis and DNA release, suggesting a loss of the ability of 
these particles to interact with phagocytes (60). Therefore, it is 
likely that a surface interaction, such as hydrophobicity-based 
attachment may be critical for CC to engage the membrane and 
contributes in some way to the cell death seen in our setting. 
CC-based cholesterol extraction then further weakens the plasma 
membrane. Whether hydrophobicity of particles plays a part in 
our system is, therefore, worthy of further analysis.

We do not understand why cholesterol depletion mediates the 
rapid “explosive” necrosis. The literature suggests the lipid home-
ostasis is critical for the plasma-membrane integrity and impacts 
various forms of programmed cell death (61). On the other hand, 
lipid disturbance can in general alter plasma-membrane perme-
ability. In one proposal, with the increased amount of cholesterol, 
membrane orders increase, which prevents the pore formation 
particularly when the membrane is in an oxidative environment 
(62). Another possibility is that cholesterol in the membrane 
has a strong tendency to reduce the activities of several classes 
of ion channels, including inward-rectifying, voltage-gated and 
Ca2+ sensitive K+ channels, as well as voltage-gated Na+ and Ca2+ 
channels (63). The reduction of the cholesterol in the membrane 
may thus disrupt several ion and osmotic gradients that lead to 
membrane collapse. These, however, remain to be speculations 

until more refined experimental analyses. The implication of 
cholesterol depletion as a regulator for cardiovascular necrosis 
is at the moment difficult to prove experimentally, as such as 
“physical” depletion cannot be studied with a genetic model. 
Nevertheless, our work strongly suggests that clinical interven-
tions via targeting IL-1β may be of limited value; the cholesterol 
control at the very early stage of atherosclerotic changes should 
be a more viable method for the prevention of cardiovascular 
diseases.
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MOVie s1 | CELL + CC: GFPtg BMDM were cultured on a glass slide. An AFM 
tip with cholesterol crystal was moved to touch the cell under constant height. 
GFP fluorescence of the cell was imaged every 20 s with a 488-nm laser in FITC 
channel. The time segment around the “explosion” was shown.

MOVie s2 | Giant plasma-membrane vesicle (GPMV) + CC: GFP-containing 
GPMV were harvested and “glued” to the bottom of glass disk with biotin and 
streptavidin. The rest was identical to Movie S1 in Supplementary Material except 
that the recording interval was 30 s.

MOVie s3 | Giant plasma-membrane vesicle + Empty tip: all procedures were 
identical to Movie S2 in Supplementary Material except AFM tip was replaced 
with an empty tip and all the recording frames were shown.
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MOVie s4 | Giant plasma-membrane vesicle + Latex bead: all procedures 
were identical to Movie S3 in Supplementary Material except AFM tip was 
functionalized with a latex bead.

MOVie s5 | Giant plasma-membrane vesicle + Silica: all procedures 
were identical to Movie S3 in Supplementary Material except AFM tip was 
functionalized with a silica crystal.

reFerences

1. Moore KJ, Tabas I. Macrophages in the pathogenesis of atherosclerosis.  
Cell (2011) 145(3):341–55. doi:10.1016/j.cell.2011.04.005 

2. Simons K, Ikonen E. How cells handle cholesterol. Science (2000) 
290(5497):1721–6. doi:10.1126/science.290.5497.1721 

3. Abela GS. Cholesterol crystals piercing the arterial plaque and intima 
trigger local and systemic inflammation. J Clin Lipidol (2010) 4(3):156–64. 
doi:10.1016/j.jacl.2010.03.003 

4. Abela GS, Aziz K. Cholesterol crystals cause mechanical damage to biological 
membranes: a proposed mechanism of plaque rupture and erosion leading 
to arterial thrombosis. Clin Cardiol (2005) 28(9):413–20. doi:10.1002/
clc.4960280906 

5. Duewell P, Kono H, Rayner KJ, Sirois CM, Vladimer G, Bauernfeind FG, 
et  al. NLRP3 inflammasomes are required for atherogenesis and activated 
by cholesterol crystals. Nature (2010) 464(7293):1357–61. doi:10.1038/ 
nature08938 

6. Liu  L, Gardecki  JA, Nadkarni  SK, Toussaint  JD, Yagi  Y, Bouma  BE, 
et  al. Imaging the subcellular structure of human coronary atherosclerosis 
using micro-optical coherence tomography. Nat Med (2011) 17(8):1010–4. 
doi:10.1038/nm.2409 

7. Lim RS, Suhalim JL, Miyazaki-Anzai S, Miyazaki M, Levi M, Potma EO, et al. 
Identification of cholesterol crystals in plaques of atherosclerotic mice using 
hyperspectral CARS imaging. J Lipid Res (2011) 52(12):2177–86. doi:10.1194/
jlr.M018077 

8. Björkegren JL, Hägg S, Talukdar HA, Foroughi Asl H, Jain RK, Cedergren C,  
et  al. Plasma cholesterol-induced lesion networks activated before regres-
sion of early, mature, and advanced atherosclerosis. PLoS Genet (2014) 
10(2):e1004201. doi:10.1371/journal.pgen.1004201 

9. Hansson GK, Hermansson A. The immune system in atherosclerosis. Nat 
Immunol (2011) 12(3):204–12. doi:10.1038/ni.2001 

10. Rajamäki K, Lappalainen J, Oörni K, Välimäki E, Matikainen S, Kovanen PT,  
et  al. Cholesterol crystals activate the NLRP3 inflammasome in human 
macrophages: a novel link between cholesterol metabolism and inflammation.  
PLoS One (2010) 5(7):e11765. doi:10.1371/journal.pone.0011765 

11. Menu P, Pellegrin M, Aubert JF, Bouzourene K, Tardivel A, Mazzolai L, 
et  al. Atherosclerosis in ApoE-deficient mice progresses independently of 
the NLRP3 inflammasome. Cell Death Dis (2011) 2(3):e137. doi:10.1038/
cddis.2011.18 

12. Freigang S, Ampenberger F, Weiss A, Kanneganti TD, Iwakura Y, Hersberger M,  
et  al. Fatty acid-induced mitochondrial uncoupling elicits inflammasome- 
independent IL-1alpha and sterile vascular inflammation in atherosclerosis. 
Nat Immunol (2013) 14(10):1045–53. doi:10.1038/ni.2704 

13. Samstad EO, Niyonzima N, Nymo S, Aune MH, Ryan L, Bakke SS, et  al. 
Cholesterol crystals induce complement-dependent inflammasome activa-
tion and cytokine release. J Immunol (2014) 192(6):2837–45. doi:10.4049/
jimmunol.1302484 

14. Tabas I. Consequences of cellular cholesterol accumulation: basic concepts and 
physiological implications. J Clin Invest (2002) 110(7):905–11. doi:10.1172/
JCI0216452 

15. Mulay SR, Desai J, Kumar SV, Eberhard JN, Thomasova D, Romoli S, et al. 
Cytotoxicity of crystals involves RIPK3-MLKL-mediated necroptosis. Nat 
Commun (2016) 7:10274. doi:10.1038/ncomms10274 

16. Shi J, Zhao Y, Wang K, Shi X, Wang Y, Huang H, et al. Cleavage of GSDMD 
by inflammatory caspases determines pyroptotic cell death. Nature (2015) 
526(7575):660–5. doi:10.1038/nature15514 

17. Zhivotovsky B, Orrenius S. Calcium and cell death mechanisms: a per-
spective from the cell death community. Cell Calcium (2011) 50(3):211–21. 
doi:10.1016/j.ceca.2011.03.003 

18. Liu X, Van Vleet T, Schnellmann RG. The role of calpain in oncotic cell 
death. Annu Rev Pharmacol Toxicol (2004) 44:349–70. doi:10.1146/annurev.
pharmtox.44.101802.121804 

19. Desrosiers MD, Cembrola KM, Fakir MJ, Stephens LA, Jama FM, Shameli A,  
et  al. Adenosine deamination sustains dendritic cell activation in inflam-
mation. J Immunol (2007) 179(3):1884–92. doi:10.4049/jimmunol.179.3.1884 

20. Kobayashi M, Inoue K, Warabi E, Minami T, Kodama T. A simple method of 
isolating mouse aortic endothelial cells. J Atheroscler Thromb (2005) 12(3): 
138–42. doi:10.5551/jat.12.138 

21. Ng G, Sharma K, Ward SM, Desrosiers MD, Stephens LA, Schoel WM, 
et al. Receptor-independent, direct membrane binding leads to cell-surface 
lipid sorting and Syk kinase activation in dendritic cells. Immunity (2008) 
29(5):807–18. doi:10.1016/j.immuni.2008.09.013 

22. Beattie JH, Duthie SJ, Kwun IS, Ha TY, Gordon MJ. Rapid quantification of 
aortic lesions in apoE(-/-) mice. J Vasc Res (2009) 46(4):347–52. doi:10.1159/ 
000189795 

23. Flach TL, Ng G, Hari A, Desrosiers MD, Zhang P, Ward SM, et al. Alum inter-
action with dendritic cell membrane lipids is essential for its adjuvanticity.  
Nat Med (2011) 17(4):479–87. doi:10.1038/nm.2306 

24. Hari A, Zhang Y, Tu Z, Detampel P, Stenner M, Ganguly A, et al. Activation 
of NLRP3 inflammasome by crystalline structures via cell surface contact.  
Sci Rep (2014) 4:7281. doi:10.1038/srep07281 

25. Sezgin E, Kaiser HJ, Baumgart T, Schwille P, Simons K, Levental I. Elucidating 
membrane structure and protein behavior using giant plasma membrane 
vesicles. Nat Protoc (2012) 7(6):1042–51. doi:10.1038/nprot.2012.059 

26. Unsay JD, Cosentino K, Garcia-Saez AJ. Atomic force microscopy imaging and 
force spectroscopy of supported lipid bilayers. J Vis Exp (2015) 101:e52867. 
doi:10.3791/52867 

27. Golstein P, Kroemer G. Cell death by necrosis: towards a molecular definition. 
Trends Biochem Sci (2007) 32(1):37–43. doi:10.1016/j.tibs.2006.11.001 

28. Hagar JA, Powell DA, Aachoui Y, Ernst RK, Miao EA. Cytoplasmic LPS acti-
vates caspase-11: implications in TLR4-independent endotoxic shock. Science 
(2013) 341(6151):1250–3. doi:10.1126/science.1240988 

29. Franchi L, Eigenbrod T, Muñoz-Planillo R, Nuñez G. The inflammasome:  
a caspase-1-activation platform that regulates immune responses and disease 
pathogenesis. Nat Immunol (2009) 10(3):241–7. doi:10.1038/ni.1703 

30. Kayagaki N, Warming S, Lamkanfi M, Vande Walle L, Louie S, Dong J, et al. 
Non-canonical inflammasome activation targets caspase-11. Nature (2011) 
479(7371):117–21. doi:10.1038/nature10558 

31. Muñoz-Planillo R, Kuffa P, Martínez-Colón G, Smith BL, Rajendiran TM, 
Núñez G. K+ efflux is the common trigger of NLRP3 inflammasome activation 
by bacterial toxins and particulate matter. Immunity (2013) 38(6):1142–53. 
doi:10.1016/j.immuni.2013.05.016 

32. Cassel SL, Eisenbarth SC, Iyer SS, Sadler JJ, Colegio OR, Tephly LA, et al. 
The Nalp3 inflammasome is essential for the development of silicosis. 
Proc Natl Acad Sci U S A (2008) 105(26):9035–40. doi:10.1073/pnas. 
0803933105 

33. Eisenbarth SC, Colegio OR, O’Connor W, Sutterwala FS, Flavell RA. Crucial 
role for the Nalp3 inflammasome in the immunostimulatory properties of alu-
minium adjuvants. Nature (2008) 453(7198):1122–6. doi:10.1038/nature06939 

34. Mariathasan S, Weiss DS, Newton K, McBride J, O’Rourke K, Roose-Girma M,  
et al. Cryopyrin activates the inflammasome in response to toxins and ATP. 
Nature (2006) 440(7081):228–32. doi:10.1038/nature04515 

35. Zhang SH, Reddick RL, Piedrahita JA, Maeda N. Spontaneous hypercholes-
terolemia and arterial lesions in mice lacking apolipoprotein E. Science (1992) 
258(5081):468–71. doi:10.1126/science.1411543 

36. Rock KL, Kono H. The inflammatory response to cell death. Annu Rev Pathol 
(2008) 3:99–126. doi:10.1146/annurev.pathmechdis.3.121806.151456 

37. Marichal T, Ohata K, Bedoret D, Mesnil C, Sabatel C, Kobiyama K, et al. DNA 
released from dying host cells mediates aluminum adjuvant activity. Nat Med 
(2011) 17(8):996–1002. doi:10.1038/nm.2403 

38. Galluzzi L, Vitale I, Abrams JM, Alnemri ES, Baehrecke EH, Blagosklonny MV,  
et  al. Molecular definitions of cell death subroutines: recommendations of 
the nomenclature committee on cell death 2012. Cell Death Differ (2012) 
19(1):107–20. doi:10.1038/cdd.2011.96 

53

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.cell.2011.04.005
https://doi.org/10.1126/science.290.5497.1721
https://doi.org/10.1016/j.jacl.2010.03.003
https://doi.org/10.1002/clc.4960280906
https://doi.org/10.1002/clc.4960280906
https://doi.org/10.1038/
nature08938
https://doi.org/10.1038/
nature08938
https://doi.org/10.1038/
nm.2409
https://doi.org/10.1194/jlr.M018077
https://doi.org/10.1194/jlr.M018077
https://doi.org/10.1371/journal.pgen.1004201
https://doi.org/10.1038/ni.2001
https://doi.org/10.1371/journal.pone.0011765
https://doi.org/10.1038/cddis.2011.18
https://doi.org/10.1038/cddis.2011.18
https://doi.org/10.1038/ni.2704
https://doi.org/10.4049/jimmunol.1302484
https://doi.org/10.4049/jimmunol.1302484
https://doi.org/10.1172/JCI0216452
https://doi.org/10.1172/JCI0216452
https://doi.org/10.1038/ncomms10274
https://doi.org/10.1038/nature15514
https://doi.org/10.1016/j.ceca.2011.03.003
https://doi.org/10.1146/annurev.pharmtox.44.101802.121804
https://doi.org/10.1146/annurev.pharmtox.44.101802.121804
https://doi.org/10.4049/jimmunol.179.3.1884
https://doi.org/10.5551/jat.12.138
https://doi.org/10.1016/j.immuni.2008.09.013
https://doi.org/10.1159/
000189795
https://doi.org/10.1159/
000189795
https://doi.org/10.1038/nm.2306
https://doi.org/10.1038/srep07281
https://doi.org/10.1038/nprot.2012.059
https://doi.org/10.3791/52867
https://doi.org/10.1016/j.tibs.2006.11.001
https://doi.org/10.1126/science.1240988
https://doi.org/10.1038/ni.1703
https://doi.org/10.1038/nature10558
https://doi.org/10.1016/j.immuni.2013.05.016
https://doi.org/10.1073/pnas.
0803933105
https://doi.org/10.1073/pnas.
0803933105
https://doi.org/10.1038/nature06939
https://doi.org/10.1038/nature04515
https://doi.org/10.1126/science.1411543
https://doi.org/10.1146/annurev.pathmechdis.3.121806.151456
https://doi.org/10.1038/nm.2403
https://doi.org/10.1038/cdd.2011.96


Shu et al. Cholesterol Crystal-Mediated Membrane Destabilization

Frontiers in Immunology | www.frontiersin.org May 2018 | Volume 9 | Article 1163

39. Han J, Zhong C-Q, Zhang D-W. Programmed necrosis: backup to and 
compe titor with apoptosis in the immune system. Nat Immunol (2011) 
12(12):1143–9. doi:10.1038/ni.2159 

40. Wu J, Huang Z, Ren J, Zhang Z, He P, Li Y, et  al. Mlkl knockout mice 
demonstrate the indispensable role of Mlkl in necroptosis. Cell Res (2013) 
23(8):994–1006. doi:10.1038/cr.2013.91 

41. Ofengeim D, Yuan JY. Regulation of RIP1 kinase signalling at the crossroads 
of inflammation and cell death. Nat Rev Mol Cell Biol (2013) 14(11):727–36. 
doi:10.1038/nrm3683 

42. Philip NH, Dillon CP, Snyder AG, Fitzgerald P, Wynosky-Dolfi MA, Zwack EE, 
et al. Caspase-8 mediates caspase-1 processing and innate immune defense in 
response to bacterial blockade of NF-κB and MAPK signaling. Proc Natl Acad 
Sci U S A (2014) 111(20):7385–90. doi:10.1073/pnas.1403252111 

43. Zhong Z, Zhai Y, Liang S, Mori Y, Han R, Sutterwala FS, et al. TRPM2 links 
oxidative stress to NLRP3 inflammasome activation. Nat Commun (2013) 
4:1611. doi:10.1038/ncomms2608 

44. Chen J, Ganguly A, Mucsi AD, Meng J, Yan J, Detampel P, et al. Strong adhe-
sion by regulatory T cells induces dendritic cell cytoskeletal polarization and 
contact-dependent lethargy. J Exp Med (2017) 214(2):327–38. doi:10.1084/
jem.20160620 

45. Rensen S, Doevendans P, Van Eys G. Regulation and characteristics of vascular 
smooth muscle cell phenotypic diversity. Neth Heart J (2007) 15(3):100–8. 
doi:10.1007/BF03085963 

46. Flannagan RS, Jaumouillé V, Grinstein S. The cell biology of phagocytosis. 
Annu Rev Pathol (2012) 7(1):61–98. doi:10.1146/annurev-pathol-011811- 
132445 

47. Jaumouillé V, Farkash Y, Jaqaman K, Das R, Lowell CA, Grinstein S. Actin 
cytoskeleton reorganization by syk regulates fcγ receptor responsiveness by 
increasing its lateral mobility and clustering. Dev Cell (2014) 29(5):534–46. 
doi:10.1016/j.devcel.2014.04.031 

48. Sebzda E, Hibbard C, Sweeney S, Abtahian F, Bezman N, Clemens G, et al. Syk 
and Slp-76 mutant mice reveal a cell-autonomous hematopoietic cell contri-
bution to vascular development. Dev Cell (2006) 11(3):349–61. doi:10.1016/j.
devcel.2006.07.007 

49. Connell SD, Heath G, Olmsted PD, Kisil A. Critical point fluctuations in 
supported lipid membranes. Faraday Discuss (2013) 161:91–111; discussion 
113–50. doi:10.1039/C2FD20119D 

50. Kellner-Weibel G, Yancey PG, Jerome WG, Walser T, Mason RP, Phillips MC,  
et  al. Crystallization of free cholesterol in model macrophage foam cells. 
Arterioscler Thromb Vasc Biol (1999) 19(8):1891–8. doi:10.1161/01.ATV. 
19.8.1891 

51. Zong WX, Thompson CB. Necrotic death as a cell fate. Genes Dev (2006) 
20(1):1–15. doi:10.1101/gad.1376506 

52. Degterev A, Huang Z, Boyce M, Li Y, Jagtap P, Mizushima N, et al. Chemical 
inhibitor of nonapoptotic cell death with therapeutic potential for ischemic 
brain injury. Nat Chem Biol (2005) 1(2):112–9. doi:10.1038/nchembio711 

53. Sun L, Wang H, Wang Z, He S, Chen S, Liao D, et al. Mixed lineage kinase 
domain-like protein mediates necrosis signaling downstream of RIP3 kinase. 
Cell (2012) 148(1–2):213–27. doi:10.1016/j.cell.2011.11.031 

54. Xia B, Fang S, Chen X, Hu H, Chen P, Wang H, et al. MLKL forms cation 
channels. Cell Res (2016) 26(5):517–28. doi:10.1038/cr.2016.26 

55. Grebe A, Latz E. Cholesterol crystals and inflammation. Curr Rheumatol Rep 
(2013) 15(3):313. doi:10.1007/s11926-012-0313-z 

56. Chen CJ, Shi Y, Hearn A, Fitzgerald K, Golenbock D, Reed G, et al. MyD88-
dependent IL-1 receptor signaling is essential for gouty inflammation stim-
ulated by monosodium urate crystals. J Clin Invest (2006) 116(8):2262–71. 
doi:10.1172/JCI28075 

57. Jiang Y, Kellermeier M, Gebaue D, Lu Z, Rosenberg R, Moise A, et al. Growth 
of organic crystals via attachment and transformation of nanoscopic precur-
sors. Nat Commun (2017) 8:15933. doi:10.1038/ncomms15933 

58. Desai J, Foresto-Neto O, Honarpisheh M, Steiger S, Nakazawa D, Popper B, 
et  al. Particles of different sizes and shapes induce neutrophil necroptosis 
followed by the release of neutrophil extracellular trap-like chromatin. Sci Rep 
(2017) 7(1):15003. doi:10.1038/s41598-017-15106-0 

59. Biermann MH, Podolska MJ, Knopf J, Reinwald C, Weidner D, Maueröder 
C, et al. Oxidative burst-dependent NETosis is implicated in the resolution 
of necrosis-associated sterile inflammation. Front Immunol (2016) 7:557. 
doi:10.3389/fimmu.2016.00557 

60. Muñoz LE, Bilyy R, Biermann MH, Kienhöfer D, Maueröder C, Hahn J, et al. 
Nanoparticles size-dependently initiate self-limiting NETosis-driven inflam-
mation. Proc Natl Acad Sci U S A (2016) 113(40):E5856–65. doi:10.1073/
pnas.1602230113 

61. Agmon E, Stockwell BR. Lipid homeostasis and regulated cell death. Curr 
Opin Chem Biol (2017) 39:83–9. doi:10.1016/j.cbpa.2017.06.002 

62. Van der Paal J, Neyts EC, Verlackt CCW, Bogaerts A. Effect of lipid perox-
idation on membrane permeability of cancer and normal cells subjected to 
oxidative stress. Chem Sci (2016) 7(1):489–98. doi:10.1039/c5sc02311d 

63. Levitan I, Fang Y, Rosenhouse-Dantsker A, Romanenko V. Cholesterol 
and ion channels. Subcell Biochem (2010) 51:509–49. doi:10.1007/978-90- 
481-8622-8_19 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2018 Shu, Chen, Ma, Fan, Yu, Zheng, Amrein, Xia and Shi. 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 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.

54

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/ni.2159
https://doi.org/10.1038/cr.2013.91
https://doi.org/10.1038/nrm3683
https://doi.org/10.1073/pnas.1403252111
https://doi.org/10.1038/ncomms2608
https://doi.org/10.1084/jem.20160620
https://doi.org/10.1084/jem.20160620
https://doi.org/10.1007/BF03085963
https://doi.org/10.1146/annurev-pathol-011811-
132445
https://doi.org/10.1146/annurev-pathol-011811-
132445
https://doi.org/10.1016/j.devcel.2014.04.031
https://doi.org/10.1016/j.devcel.2006.07.007
https://doi.org/10.1016/j.devcel.2006.07.007
https://doi.org/10.1039/C2FD20119D
https://doi.org/10.1161/01.ATV.
19.8.1891
https://doi.org/10.1161/01.ATV.
19.8.1891
https://doi.org/10.1101/gad.1376506
https://doi.org/10.1038/nchembio711
https://doi.org/10.1016/j.cell.2011.11.031
https://doi.org/10.1038/cr.2016.26
https://doi.org/10.1007/s11926-012-0313-z
https://doi.org/10.1172/JCI28075
https://doi.org/10.1038/ncomms15933
https://doi.org/10.1038/s41598-017-15106-0
https://doi.org/10.3389/fimmu.2016.00557
https://doi.org/10.1073/pnas.1602230113
https://doi.org/10.1073/pnas.1602230113
https://doi.org/10.1016/j.cbpa.2017.06.002
https://doi.org/10.1039/c5sc02311d
https://doi.org/10.1007/978-90-
481-8622-8_19
https://doi.org/10.1007/978-90-
481-8622-8_19
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


August 2018 | Volume 9 | Article 1866

Original research
published: 14 August 2018

doi: 10.3389/fimmu.2018.01866

Frontiers in Immunology | www.frontiersin.org

Edited by: 
Hans-Joachim Anders,  

Ludwig-Maximilians-Universität 
München, Germany

Reviewed by: 
Willi Jahnen-Dechent,  

RWTH Aachen Universität, Germany  
Stephen Zewinger,  

Universitätsklinikum des Saarlandes, 
Germany  

Alessandra Ghigo,  
Università degli Studi di Torino, Italy

*Correspondence:
Kathrin Eller  

kathrin.eller@medunigraz.at

Specialty section: 
This article was submitted to 

Inflammation,  
a section of the journal  

Frontiers in Immunology

Received: 20 April 2018
Accepted: 27 July 2018

Published: 14 August 2018

Citation: 
Frauscher B, Kirsch AH, 

Schabhüttl C, Schweighofer K, 
Kétszeri M, Pollheimer M, Dragun D, 
Schröder K, Rosenkranz AR, Eller K 

and Eller P (2018) Autophagy 
Protects From Uremic Vascular 

Media Calcification.  
Front. Immunol. 9:1866.  

doi: 10.3389/fimmu.2018.01866

autophagy Protects From Uremic 
Vascular Media calcification
Bianca Frauscher1, Alexander H. Kirsch1, Corinna Schabhüttl1, Kerstin Schweighofer1, 
Máté Kétszeri1, Marion Pollheimer2, Duska Dragun3,4, Katrin Schröder5,  
Alexander R. Rosenkranz1, Kathrin Eller1* and Philipp Eller6

1 Clinical Division of Nephrology, Department of Internal Medicine, Medical University of Graz, Graz, Austria,  
2 Institute of Pathology, Medical University of Graz, Graz, Austria, 3 Clinic for Nephrology and Critical Care Medicine,  
Charité - Universitätsmedizin Berlin, Freie Universitat Berlin, Humboldt-Universitat zu Berlin, Berlin, Germany,  
4 Institute of Health (BIH), Berlin, Germany, 5 Institute for Cardiovascular Physiology, Goethe-University, Frankfurt,  
Germany, 6 Intensive Care Unit, Department of Internal Medicine, Medical University of Graz, Graz, Austria

Chronic kidney disease and diabetes mellitus are associated with extensive media 
calcification, which leads to increased cardiovascular morbidity and mortality. Here, 
we investigated the role of autophagy in the pathogenesis of uremic vascular media 
calcification. DBA/2 mice were fed with high-phosphate diet (HPD) in order to cause 
vascular calcification. DBA/2 mice on standard chow diet were used as control. In paral-
lel, autophagy and its response to rapamycin, 3-methyladenine (3-MA), and bafilomycin 
were studied in an in vitro model using mouse vascular smooth muscle cells (MOVAS). 
DBA/2 mice on HPD developed severe vascular media calcification, which is mirrored 
in vitro by culturing MOVAS under calcifying conditions. Both, in vitro and in vivo, auto-
phagy significantly increased in MOVAS under calcifying conditions and in aortas of HPD 
mice, respectively. Histologically, autophagy was located to the aortic Tunica media, 
but also vascular endothelial cells, and was found to continuously increase during HPD 
treatment. 3-MA as well as bafilomycin blocked autophagy in MOVAS and increased 
calcification. Vice versa, rapamycin treatment further increased autophagy and resulted 
in a significant decrease of vascular calcification in vitro and in vivo. Rapamycin reduced 
Runx2 transcription levels in aortas and MOVAS to control levels, whereas it increased 
α-smooth muscle actin and Sm22α transcription in MOVAS to control levels. Furthermore, 
rapamycin-treated HPD mice survived significantly longer compared to HPD controls. 
These findings indicate that autophagy is an endogenous response of vascular smooth 
muscle cells (VSMC) to protect from calcification in uremia. Induction of autophagy by 
rapamycin protects cells and mice from uremic media calcification possibly by inhibiting 
osteogenic transdifferentiation of VSMC.

Keywords: vascular smooth muscle cells, rapamycin, hydroxyapatite crystals, inflammation, phosphate, chronic 
kidney disease

inTrODUcTiOn

Chronic kidney disease (CKD) and especially end stage renal disease (ESRD) are associated with 
an extensive increase in cardiovascular mortality and morbidity (1). Cardiovascular disease is the 
single greatest cause of mortality in CKD/ESRD, and it is to a large extent driven by abnormal 
mineral metabolism leading to extensive arterial calcifications, a reduced vascular compliance, 
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left ventricular hypertrophy, and sudden cardiac death (2). 
Contrary to non-uremic patients where arterial calcification 
typically affects intimal atherosclerotic plaques, patients with 
CKD predominantly develop calcification of the tunica media 
(3, 4). It is currently believed that increase in serum phosphate 
levels is the driving force leading to vascular media calcification 
(5). High-phosphate levels in combination with other media-
tors, which are dysregulated in uremia, induce vascular smooth 
muscle cells (VSMC) to transdifferentiate from a contractile to 
proliferative, osteoblastic, and/or inflammatory phenotypes (6, 
7). Interestingly, the adverse effects of high serum phosphate and/
or phosphate overload in human health do not seem to be limited 
to advanced stages of CKD, as it has been found in earlier stages 
of CKD and also in the general population (8–10).

Different murine models of CKD mimicking media calcifica-
tion exist (11). Recently, we established a new murine model 
with acute renal failure due to phosphate nephropathy which 
can be induced in DBA/2 mice subjected to high-phosphate diet 
(HPD) (12–14). DBA/2 mice have an alternative splice variant 
of the Abcc6 gene resulting in an increased susceptibility to 
develop tissue calcification (15). Within 5–14 days mice develop 
calcification within the Tunica media of the aorta, which is more 
pronounced in the abdominal part of the aorta mimicking the 
situation in ESRD patients (14). Whereas inflammation is of 
crucial importance in the development of renal calcification (13), 
vascular media calcification does not seem to be dependent on 
immune cells (14).

The three different types of autophagy, namely microautophagy, 
chaperone-mediated autophagy, and macroautophagy, have all been 
extensively reviewed in the past (16, 17). We focused in our studies 
on macroautophagy, which will be referred to as autophagy here-
after. Autophagy is a highly conserved cellular process responsible 
for removal or recycling of long-lived proteins and organelles. It is 
essential for cell survival, differentiation, and development, and the 
cellular response to stress (18). A widely used marker of autophagy 
is microtubule-associated protein light chain 3 (LC3). It exists as 
cytosolic LC3-I and converts to LC3-II, which mainly inserts into 
isolation membranes and autophagosomes. The amount of LC3-II 
closely correlates with the number of autophagosomes (19). The 
p62 protein, also called sequestosome 1, is a ubiquitin-binding 
scaffold protein, which is degraded by autophagy (20). Thereby 
low levels of p62 protein represent states of augmented autophagy.

Since autophagy takes place in every eukaryotic cell, it plays 
an important role in all organ systems and has been impli-
cated in an expanding list of disease processes (16). Growing 
evidence suggests that autophagy also plays a role in vascular 
pathophysiology including uremic media calcification (21). Dai 
and coworkers provided in vitro evidence that high-phosphate 
levels induced radical oxygen species (ROS) production results 
in increased autophagy in VSMC. This process protected cells 
from calcification thereby providing an endogenous protec-
tive mechanism counteracting phosphate-induced vascular 
calcification (22). So far, data on pharmacologic augmentation 
of autophagy to improve uremic vascular media calcification 
in  vivo are scarce. Recently, Peng and coworkers showed that 
autophagy plays a role in the calcification process of the aorta, 
but they were using a non-CKD calcification model (23).

We now aimed to characterize autophagy and its role in uremic 
media calcification induced by high-phosphate levels in vivo and 
in vitro. Furthermore, we influenced autophagy pharmacologi-
cally and studied the effects on uremic media calcification.

MaTerials anD MeThODs

In Vivo studies
Female 8-week-old dilute brown non-agouti 2 (DBA/2NCrl) 
mice were obtained from Charles River (Sulzfeld, Germany) and 
housed in a virus/antibody-free environment in the laboratory 
animal facility of the Medical University of Graz. These mice are 
susceptible to ectopic renal calcification and media calcification 
when exposed to increased oral phosphate loads (15).

To induce media calcification, they were placed on HPD 
(Altromin, Germany) containing 20.2 g/kg of phosphorus, 9.4 g/kg  
of calcium, 0.7 g/kg of magnesium, and 500 IU/kg of vitamin D3. 
The standard chow contained 7.0 g/kg of phosphorous, 10.0 g/kg 
of calcium, 2.2 g/kg of magnesium, and 1,000 IU/kg of vitamin D3. 
The mice were then followed for 5 and 12 days. For the interven-
tional studies a rapamycin (LC Labs, Woburn, MA, USA) stock 
solution was prepared by dissolving rapamycin in 100% ethanol, 
which was then dissolved in sterile saline for intraperitoneal 
injection at a dose of 0.5  mg/kg body wt. Daily intraperitoneal 
rapamycin or vehicle administration was started either on 3 days 
prior or 5 days after starting HPD.

All animal experiments were approved by the Committee 
of the Ethics of Animal Experiments of the Austrian Ministry 
(BMWFW-66.010/0061-WF/V/3b/2016). All experiments were 
conducted under strict adherence of the law of Austria.

In Vitro studies
Mouse vascular smooth muscle cells (MOVAS) were bought from 
the American Type Culture Collection (ATTC, Manassas, VA, 
USA). Cells were cultured in high glucose Dulbecco’s Modified 
Eagle’s Medium (ATTC) supplemented with 10% FCS (Gibco, 
Life Technology, Vienna, Austria) and an antibiotic mixture of 1% 
penicillin/streptomycin (Gibco) at 37°C in a humidified, 5% CO2 
atmosphere. Cells were seeded in six-well plates at a density of 
1.0 × 104 cells/cm2. At confluence, the medium was supplemented 
with either 1.25 mM β-glycerophosphate (βGP) (Sigma Aldrich, 
St. Louis, MO, USA) and 25  µg/mL ascorbic acid (AA) (Sigma 
Aldrich) or with 2.5 mM βGP and 50 µg/mL AA for 7, 14, and 
21 days to induce calcification (24).

To induce or inhibit autophagy, cells were exposed to 10 µM 
rapamycin (LC labs), to 5  mM 3-methyladenine (3-MA) 
(Sigma Aldrich) or to 20 nM bafilomycin A1 (Sigma Aldrich). 
The medium including rapamycin, 3-MA, or bafilomycin was 
changed every other day.

To measure the autophagic flux on day 21, cells were exposed 
to 50 nM bafilomycin A1 for 3 h before harvesting.

reverse Transcription real-Time 
Polymerase chain reaction
Murine tissue and cells were stored at −80°C and the AllPrep®DNA/
RNA/Protein Mini Kit (Qiagen, Venlo, Netherlands) was used to 
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isolate RNA, strictly following the manufacturer’s instructions. 
Complementary DNA transcripts from RNA was synthesized by 
using Superscript III Transcription Kit (Invitrogen, Carlsbad, CA, 
USA) and random primers (Invitrogen) for reverse transcription 
of 100 ng total RNA. Real-time PCR was performed in duplicates 
on a CFX96 Real-Time System (BioRad, Hercules, CA, USA).

For quantification of respective genes, TaqMan gene expres-
sion assays (Applied Biosystems, Foster City, DA, USA) for 
Trp53in (Mm00458142_g1), Igfbp3 (Mm01187817_m1), 
Hmox1 (Mm00516005-m1), Adrb2 (Mm02524224_s1), 
Atg16l1 (Mm00513085_m1), Il-1beta (Mm00434228_m1), 
Tnf-alpha (Mm00443258_m1), Tbx21 (Mm00450960_m1), Il-6 
(Mm00446190_m1), Foxp3 (Mm00475162_m1), and Sm22-α 
(Mm00441661_g1) were used. SYBR Green Mastermix (BioRad) 
was used for the detection of Hprt and Runx2 with the following 
primers: Hprt forward 5′GCT TCC TCC TCA GAC CGC TTT 
TTG C 3′ and reverse 5′ATC GCT AAT CAC GAC GCT GGG 
ACT G 3′. Runx2 forward 5′TCC TAT CTG AGC CAG ATG 
ACA TCC 3′ and reverse 5′CCG GTC TCC CCC GGG TAC C 
3′. Hprt gene served as the housekeeping reference. Results were 
calculated with the 2ΔΔCT method.

Western Blot analysis
Protein was isolated by sonicating murine tissue as well as cells 
in a homogenization buffer (0.25  mol/L sucrose, 10  mmol/L 
HEPES, pH 7.5, and 1  mmol/L EDTA, pH 8.0) containing 
HALTTM Protease Inhibitor Cocktail, EDTA-free (Thermo 
Fisher Scientific, Rockford, IL, USA) and quantified with 
PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific) 
according to the manufactures’ instruction. Aliquots of total 
protein were separated using 12% sodium dodecyl sulfate 
polyacrylamide gel electrophoresis for 1.5–2  h at 100  V. 
Subsequently, proteins were transferred to polyvinylidene 
fluoride membranes (Merck Millipore, Burlington, MA, USA) 
for 90  min 150  mA. Membranes were blocked in 5% nonfat 
dry milk/TBST for 3 h at room temperature and subsequently 
incubated with primary antibodies against GAPDH (Cell 
Signalling, Cambridge, UK), p62 (Abcam, Cambridge, UK), 
and LC3 (Novus Biologicals, Littleton, CO, USA) overnight at 
4°C, followed by the appropriate HRP-conjugated secondary 
antibody (Cell Signalling) for 1 h at room temperature. Protein 
signals were visualized using PierceTM ECL Western Blotting 
Substrate (Thermo Fisher Scientific) and a ChemiDoc System 
(BioRad). Densitometric analyses were performed using Image 
Lab software (BioRad).

Biochemical analyses and In Vitro 
Detection of calcification
Calcium content of the aortas and the kidneys was determined 
using the Calcium Detection Assay Kit (Abcam) following the 
manufacturer’s instructions and normalized to tissue weight. To 
quantify the calcium levels in MOVAS, cells were decalcified with 
HCl and the calcium content in supernatants was determined 
using the Calcium Detection Assay Kit (Abcam) according to the 
manufacturer’s instruction. Total protein was quantified using the 
PierceTM BCA Protein Assay Kit (Thermo Scientific) following 
the manufacturer’s instructions. The calcium content was normal-
ized to the protein content.

Blood urea nitrogen (BUN) levels were measured using a 
colorimetric detection kit (Thermo Fisher Scientific) following 
the manufacturer’s instructions.

Calcium deposition was evaluated by staining the cells with 
Alizarin Red (Sigma Aldrich). Cells were washed with PBS, fixed 
in 4% paraformaldehyde for 15 min, stained with 2% Alizarin Red 
for 10 min at room temperature, and rinsed with distilled water. 
The stained cells were extracted with 10% cetylpyridium chloride 
(Sigma Aldrich) for 10 min. The OD was measured at 570 nm.

histological evaluation
Aortas of DBA/2 mice were isolated and conserved for paraffin 
embedding. The extent of media calcification was determined 
histologically using Alizarin Red S staining. Alizarin Red staining 
was performed by incubating rehydrated paraffin sections in 2% 
Alizarin Red S solution (Sigma Aldrich) followed by rinsing in 
acetone and acetone xylene.

Light chain 3 was stained on paraffin sections using the three-
layer immunoperoxidase staining protocol. Briefly, deparaffinized 
tissue sections were treated with standardized heat-mediated 
antigen retrieval in an automated de-cloaking chamber (Aptum, 
Southampton, UK), quenched in 0.3% H2O2 in methanol, 
blocked with biotin/avidin blocking kit (Vector Laboratories Inc., 
Burlingame, CA, USA), and stained with rabbit-derived primary 
antibody for LC3 (Novus Biologicals). A biotin-conjugated goat 
anti-rabbit IgG (Jackson ImmunoResearch Laboratories, West 
Grove, PA, USA) was used as a secondary antibody.

For performing nitro blue tetrazolium (NBT) staining, paraf-
fin embedded sections were deparaffinized, washed in HBSS and 
incubated with NBT (1.6 mg/mL) in HBSS at 37°C for 20 min. 
Photographs were taken using a 20× objective.

Formalin-fixed renal tissue was embedded in paraffin and cut 
in 4 µm sections. The sections were stained with periodic acid 
Schiff ’s.

immunofluorescence
MOVAS were grown on glass chamber slides and fixed in 4% 
paraformaldehyde for 20 min. After permeabilization with 100% 
ice-cold methanol, the cells were rinsed with PBS and washing 
buffer (0.1% BSA/PBS) and incubated for 45 min with blocking 
buffer. Then the slides were incubated for 1 h with the primary 
antibody rabbit-anti-α-smooth muscle actin (SMA) (Sigma 
Aldrich). The slides were extensively washed and incubated 
with FITC conjugated secondary antibody for 1 h at room tem-
perature. Slides were mounted in ProLong Gold anti-fade with 
DAPI (Thermo Fisher Scientific) for imaging. Evaluation was 
performed on an LSM510 META (Zeiss, Oberkochen, Germany).

statistical analyses
All statistical analyses were performed using GraphPad Prism 
6.0 (GraphPad Software, La Jolla, CA, USA) and results are 
shown as mean ± SEM. Testing for normality was done using the 
Kolmogorov–Smirnov test with Dallal–Wilkinson–Lillifors cor-
rection. When comparing two groups, according to the distribu-
tion nonparametric Mann–Whitney U test or unpaired Student’s 
t-test was used. When comparing three or more groups, ANOVA 
or Kruskal–Wallis test was performed with subsequent Dunn’s 
test with adjustment for multiple comparisons. The survival 
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FigUre 1 | Autophagy is increased in uremic media calcification. DBA/2 mice were fed with high-phosphate diet (HPD; gray bars) or standard chow diet (SCD; 
black bars) for 5 or 12 days, respectively (SCD: n = 11; HPD 5d: n = 6, HPD 12d n = 4). (a) Calcium content in kidneys was measured quantitatively. (B) Blood urea 
nitrogen (BUN) levels were evaluated. (c) qPCR analysis of respective autophagy related genes and Il-1beta was performed from aortas. Western Blot analysis for 
(D) light chain 3 (LC3) and (e) p62 levels was performed. Three independent experiments have been performed. (F) A representative western blot is provided. (g) 
Aortas of SCD- and HPD-fed mice were stained with Alizarin Red, with an antibody detecting LC3 or nitro blue tetrazolium (NBT). Representative pictures from aorta 
sections are shown. All data are presented as mean ± SEM. *p < 0.05, **p < 0.01.
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comparison of rapamycin and vehicle-treated mice were plotted 
using the Kaplan–Meier method and log-rank (Mantel-Cox) test. 
A two-sided p < 0.05 was considered statistically significant.

resUlTs

induction of autophagy in aortic VsMc in 
an In Vivo Model of Uremic Media 
calcification
DBA/2 mice develop uremic media calcification when treated 
with HPD (13, 14). This was confirmed in our mice by 

measuring the calcium content in the kidney quantitatively 
(Figure 1A) and by evaluating BUN levels (Figure 1B) 5 and 
12  days after starting HPD as compared to standard chow 
diet (SCD)-treated mice. By performing gene chip arrays, we 
previously detected autophagy pathway-associated genes to be 
regulated in DBA/2 mice that were subjected to HPD (14). 
We already showed an increase of Trp53 and Igfbp3 mRNA 
in aortas of HPD mice after 5 and 14  days (14). Therefore, 
we further evaluated DBA/2 mice for calcification and induc-
tion of autophagy in the aorta. We confirmed the increase in 
the autophagy-associated genes Trp53in and Igfbp3 in aortas 
of 5  days HPD-treated mice as compared to SCD-treated 
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FigUre 2 | Calcification induces autophagy in MOVAS. MOVAS were cultured in the absence (black bars) or the presence (gray bars) of two different calcifying 
conditions for 7, 14, or 21 days (n = 4 per time point and group). (a) Calcium deposition in cells was analyzed by Alizarin staining and photometric quantification. (B) 
The cellular calcium content was evaluated quantitatively. (c–F) qPCR analysis for respective autophagy-associated genes was performed. Western Blot analysis for 
detection of (g) light chain 3 (LC3) and (h) p62 levels was performed. Three independent experiments were performed. (i) A representative western blot is shown. 
(J,K) After 21 days of culture, the autophagic flux was evaluated in MOVAS after short-term bafilomycin treatment (n = 3). (K) A representative LC3 Western blot is 
shown. All data are presented as mean ± SEM. *p < 0.05, **p < 0.01.
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controls, which was even more pronounced after 12 days of 
HPD treatment (Figure 1C). Also other autophagy-associated 
genes such as Hmox1, Adrb2, and Atg16l1 showed a compa-
rable pattern of regulation (Figure  1C). Of note, IL-1beta 
mRNA expression in aortas was not regulated at indicated 
time points (Figure  1C). Protein markers of autophagy, 
namely LC3-II and p62, were regulated accordingly to gene 
expression data implicating activation of autophagy in the 
aorta of HPD-treated mice (Figures  1D–F). By performing 
Alizarin Red S staining calcification of the aorta was located 
to the Tunica media and correlated with the length of HPD 
treatment (Figure  1G). In parallel, autophagy as detected 
by LC3-II immunohistochemistry was found to increase in 
vascular smooth cells of the Tunica media as well as in the 
vascular endothelial cell layer (Figure 1G). Furthermore, we 
performed NBT staining to detect ROS production in aortic 
specimen. An increased staining pattern in the Tunica media 
was detected in 12 days treated HPD mice as compared to SCD 
mice (Figure 1G).

induction of autophagy in Mouse Vascular 
smooth Muscle cells (MOVas) Under 
calcifying conditions
To mimic vascular calcification in smooth muscle cells in vitro, 
cells were subjected to calcifying conditions by supplement-
ing the medium with two different concentrations of AA 
and β-glycerolphosphate for up to 21  days. These conditions 
resulted in increased calcification of MOVAS both over time 
and with increasing phosphate and AA supplementation as 
shown by quantification of Alizarin Red S stains (Figure 2A) 
and of the cellular calcium content (Figure  2B). Starting 
from day 14, autophagy-associated genes Trp53in, Igfbp3, 
Hmox1, and Atg16l1 were increased in MOVAS treated with 
phosphate supplementation, reaching significance in the 
high-phosphate supplementation group (Figures  2C–F). The 
protein marker of autophagy, LC3-II, significantly increased 
in MOVAS treated for 21  days with high-phosphate supple-
mentation (Figures  2G,I). In line, p62 decreased under the 
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FigUre 3 | Autophagy is influenced in MOVAS by rapamycin and 3-methyladenine (3-MA). MOVAS were cultured in the presence (gray bars) or absence of 
calcifying conditions (black bars) and additionally exposed to 10 µM rapamycin (red bars) or to 5 mM 3-MA (green bars) for 7, 14, or 21 days. qPCR analysis [(a,B); 
n = 4] from cells as well as Western Blot analysis [(c–h); n = 3] were performed. Representative western blots for each treatment are shown (e,h). All data are 
presented as mean ± SEM. *p < 0.05, **p < 0.01.
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FigUre 4 | Induction and blockade of autophagy influences calcification of MOVAS. MOVAS were cultured in the presence (gray bars) or absence of calcifying 
conditions (black bars) and additionally exposed to 10 µM rapamycin (red bars) or to 5 mM 3-methyladenine (3-MA) (green bars) for 7, 14, or 21 days. Quantification 
of Alizarin Red S (n = 4) staining of cells treated either with rapamycin (a) or 3-MA (c) was done. Cells treated with rapamycin (B) or 3-MA (D) were analyzed for 
their calcium content. qPCR analysis [(e–h); n = 4] from cells were performed. All data are presented as mean ± SEM. *p < 0.05, **p < 0.01.
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same conditions (Figures  2H,I). To evaluate the autophagic 
flux in our cells, MOVAS were treated with calcifying and 
non-calcifying conditions. After 21 days, they were subjected 
to bafilomycin for 3  h and subsequently analyzed for their 
LC3-II content. LC3-II was increased in MOVAS treated 
with bafilomycin as compared to respective controls proving 
that the calcifying medium increased autophagy in MOVAS 
(Figures 2J,K).

induction of autophagy by rapamycin-
Treatment Decreased calcification in 
MOVas
To influence autophagy in MOVAS, cells subjected to calcifying 
conditions (50  µg/mL AA and 2.5  mM β-glycerolphosphate) 
were treated with 10 µM rapamycin or 3-MA in order to increase 
or block autophagy, respectively. Rapamycin treatment nearly 
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FigUre 5 | Induction and blockade of autophagy influences calcification and α-smooth muscle actin (SMA) expression of MOVAS. MOVAS were cultured in the 
presence or absence of calcifying conditions and additionally exposed to 10 µM rapamycin or to 5 mM 3-methyladenine (3-MA) for 7, 14, or 21 days. Representative 
pictures from (a) Alizarin Red S and (B) α-SMA stained cells are shown.
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doubled the mRNA expression of the autophagy-associated 
genes Trp53in and Igfbp3 after 14 and 21 days (Figures 3A,B). 
LC3-II protein was 1.5-fold increased in MOVAS under calcify-
ing conditions as compared to control cells. Adding rapamycin 
to the calcifying medium resulted in a threefold increase in 
LC3-II protein on day 21 (Figures 3C,E). The level of p62 pro-
tein expression were comparable between MOVAS under cal-
cifying conditions with or without rapamycin (Figures 3D,E). 
Nevertheless, a significant reduction of p62 protein in MOVAS 
was only detected under calcifying conditions with rapamycin 
as compared to MOVAS treated with control medium after 
21  days of culture (Figures  3D,E). Even though rapamycin 
only moderately induced autophagy in MOVAS, calcification 
as measured by Alizarin stain was decreased by rapamycin 
already after 7  days of treatment. Significance was reached 
after 21  days of treatment (Figures  4A and 5A). This was 
confirmed by measuring the calcium content quantitatively in 
the cells (Figure  4B). Runx2 mRNA expression, as a marker 
of osteoblastic VSMC differentiation, increased in MOVAS 
under calcifying conditions after 14 and 21 days (Figure 4E). 
This increase was blunted by rapamycin treatment (Figure 4E). 
Sm22α transcription as a marker for adult VSMCs was 
decreased in MOVAS under calcifying conditions after 21 days, 

which was abolished when cells were additionally treated with 
rapamycin (Figure 4F). Also α-SMA stainings as a marker for 
cellular contractility was found to be decreased in MOVAS after 
14 and 21 days of calcifying conditions, which was blunted by 
rapamycin treatment (Figure 5B).

Next, MOVAS under calcifying conditions were treated with 
3-MA, which blocks autophagy. After 21 days of treatment 3-MA 
reversed LC3-II and p62 protein levels to MOVAS incubated 
with standard medium (Figures 3F–H). Calcification of MOVAS 
increased by 3-MA treatment after 14 and 21 days (Figures 4C,D). 
3-MA treatment did not differentially regulate Runx2 and Sm22α 
transcription as compared to MOVAS under calcifying condi-
tions (Figures  4G,H). α-SMA protein expression was further 
decreased in MOVAS treated with 3-MA after 14 and 21 days as 
compared to MOVAS under calcifying conditions (Figure 5B). 
Of note, we saw a similar regulation pattern when using an 
alternative autophagy blocker, namely bafilomycin (Figure S1 in 
Supplementary Material).

As control MOVAS incubated with standard medium were 
treated with either rapamycin, 3-MA, or bafilomycin, but no dif-
ferences in the level of autophagy-associated genes and proteins 
was detected as compared to MOVAS incubated with standard 
medium (Figure S2 in Supplementary Material).
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FigUre 6 | Rapamycin does not influence the renal phenotype. DBA/2 mice were fed with high-phosphate diet (HPD) or standard chow diet (SCD) for 12 days and 
were additionally treated with rapamycin or vehicle starting from day −3 (SCD + vehicle: black bar, SCD + Rapa: gray bar; HPD + vehicle: light gray bar; 
HPD + Rapa: red bar). (a) Serum-blood urea nitrogen (BUN) levels and (B) calcium content of the kidneys was evaluated in mice 12 days after starting HPD (n = 5). 
(c) Representative pictures of periodic acid Schiff’s stained kidney sections are provided. Areas of early necrotic tubular epithelial cells are marked by black circles. 
(D–g) qPCR analysis (n = 5 per group) for expression of respective autophagy-associated genes was performed from kidney tissue. (h) Light chain 3 (LC3) and (i) 
p62 levels were evaluated by Western Blot analysis (n = 3). A representative Western blot is shown (J).
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rapamycin-Treatment improves Uremic 
Media calcification and survival In Vivo
To increase autophagy in  vivo, DBA/2 mice were treated with 
0.5 mg/kg body weight of rapamycin or vehicle once daily start-
ing 3 days before starting HPD. Controls were treated either with 
rapamycin or vehicle and were fed with SCD. First, mice were 
evaluated for the renal phenotype. DBA/2 mice fed with HPD dis-
played significantly increased BUN levels, which were not altered 
by rapamycin-treatment (Figure  6A). Also calcifications in the 
kidney did not significantly differ between HPD-fed mice treated 
with vehicle or rapamycin (Figure  6B). Kidney histology also 
remained unchanged in HPD mice treated either with vehicle or 
rapamycin (Figure 6C). HPD mice showed unaltered glomeruli, 
but signs of acute tubular injury mainly in the distal tubules. Distal 
tubular cells displayed vacuolization and loss of nuclear staining 
as markers for beginning cell necrosis (Figure 6C). Autophagy in 
the kidneys was not influenced by HPD or rapamycin treatment as 
shown by qPCR of autophagy-associated genes (Figures 6D–G) 
as well as LC3-II and p62 evaluations (Figures 6H–J).

Next, the vascular phenotype in aortas was evaluated. 
Autophagy was increased in HPD mice and rapamycin-treatment 
even augmented this increase as shown in autophagy-associated 
gene expression (Figure  7A) as well as increase in LC3-II and 
decrease in p62 protein levels (Figures 7C–E). Aortic calcifica-
tion as shown by calcium contents in the aorta was significantly 
reduced in rapamycin-treated as compared to vehicle HPD mice 
(Figure 7F). Rapamycin-treatment blunted the increase of pro-
inflammatory cytokine mRNA expression such as Tnf-alpha and 
Il-6 in aortas of HPD mice (Figure  7B). In line, tbx21 mRNA 
expression, which transcribes the master gene regulator of TH1 
cells Tbet, was decreased by rapamycin-treatment in aortas 
of HPD-fed mice (Figure  7B). The master gene regulator of 
regulatory T cells foxp3 was significantly increased in aortas of 
rapamycin-treated HPD mice (Figure 7B). Aortas of HPD mice 
showed a significant increase in the transcription of Runx2, which 
was reduced to the level found in aortas of SCD mice when HPD 
mice were treated with rapamycin (Figure  7G). Previously, we 
provided evidence that DBA/2 mice on HPD die because of 
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FigUre 7 | Rapamycin ameliorates uremic media calcification. DBA/2 mice were fed with high-phosphate diet (HPD) or standard chow diet (SCD) for 12 days and 
were additionally treated with rapamycin or vehicle starting from day −3 (SCD + vehicle: black bar, SCD + Rapa: gray bar; HPD + vehicle: light gray bar; 
HPD + Rapa: red bar). qPCR analysis (n = 5 per group) for expression of (a) respective autophagy and (B) inflammatory genes was performed from aortic tissue. 
(c) Light chain 3 (LC3) and (D) p62 levels were evaluated by Western Blot analysis (n = 3). A representative Western blot is shown (e). (F) The total calcium content 
of aortas was analyzed (SCD: n = 5; HPD: n = 9). (g) qPCR analysis (n = 5 per group) for expression of Runx2 in aortas was performed. (h) A Kaplan–Meier-plot of 
mice subjected to HPD and treated with either Rapamycin (red line) or vehicle (gray line) is provided (n = 14 per group). All data are presented as mean ± SEM. 
*p < 0.05, **p < 0.01.
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bradycardia and sudden cardiac death due to extensive cardiovas-
cular calcification (13). Thus, we evaluated whether rapamycin-
treatment improves survival in HPD-fed mice. HPD-mice treated 
with rapamycin survived significantly longer when treated with 
rapamycin (Figure 7H).

rapamycin-Treatment Delays Progression 
of established Uremic Media calcification
To test whether rapamycin has the capacity to improve uremic 
media calcification when started with established vascular 
calcification, rapamycin-treatment was started on day 5 of HPD 

treatment and followed until day 12. Here, rapamycin-treatment 
did not significantly influence LC3-II and p62 protein expression 
in aortas of HPD-fed mice (Figures 8A–C). Nevertheless, calcifi-
cation of aortas was still significantly decreased in rapamycin- as 
compared to vehicle-treated HPD-fed mice (Figure 8D).

DiscUssiOn

Here, we provide compelling evidence that uremic media calci-
fication increases autophagy in VSMC in vitro and in vivo. Since 
pharmacologically enhancing autophagy resulted in improved 
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FigUre 8 | Rapamycin improves uremic media calcification in mice with established vascular calcification. DBA/2 mice were fed with high-phosphate diet (HPD) or 
standard chow diet (SCD) for 12 days and were additionally treated with Rapamycin or vehicle starting from day 5 (SCD + vehicle: black bar, SCD + Rapa: gray bar; 
HPD + vehicle: light gray bar; HPD + Rapa: red bar). Western Blot analysis (n = 3) for detection of (a) light chain 3 (LC3) and (B) p62 levels were performed. 
(c) A representative Western blot is shown. (D) Total calcium content of aortas was evaluated (n = 5 per group). All data are presented as mean ± SEM. *p < 0.05.
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uremic media calcification and survival, autophagy provides an 
endogenous protective response.

There exist increasing data that autophagy is a protective 
response of the body to counteract atherosclerosis, but those 
models mainly used Apo E knockout mice thereby reflecting 
human atherosclerosis rather than uremic media calcification 
(21). The data on autophagy in uremic media calcification, which 
critically differs from atherosclerosis in terms of histological 
features and pathomechanisms (25), are scarce. Dai and cow-
orkers provided compelling in  vitro evidence that stimulation 
of VSMC by high-phosphate conditions increases autophagy in 
cells and protects from calcification (22). We on the one hand 
confirmed their in vitro findings and on the other hand extended 
their findings to the in vivo situation. We used an acute model 
of uremia induced by HPD, which is accompanied by vascular 
media calcification (14). Here, calcification of the Tunica media 
was paralleled by an increase of autophagy in VSMC. When 
increasing autophagy by using rapamycin in our high-phosphate 
fed DBA/2 mice, we were not only able to significantly decrease 
calcification of aortas but also to extend the life span of mice. 
In our hands, rapamycin was also able to decrease calcification 
of the aortas when started with already established vascular 

calcification. Importantly, the protective effects of rapamycin 
were not attributable to an improved kidney function since 
neither renal function nor calcification was altered by rapamycin 
treatment. So far, we can only speculate about the different sus-
ceptibility to protection of calcification by autophagy induction 
in aortas versus kidney. Probably the calcification process in 
the kidney is overwhelming in our model thereby resulting in 
necrosis rather than autophagy.

A major limitation of our in  vivo studies is the fact that the 
systemic anti-inflammatory effects of rapamycin may contribute 
to the improved outcome of rapamycin-treated mice. Rapamycin 
is a well-known inducer of regulatory T cells in vivo and in vitro 
(26, 27). In line, Foxp3 transcription was significantly increased 
in aortic samples of rapamycin-treated mice while macrophage 
and Th1 cell marker transcription were suppressed. Still, the role 
of inflammation in the development of uremic media calcifica-
tion is heavily discussed (14, 25, 28). Our group recently proved 
evidence that infiltration of immune cells in our model of acute 
uremic media calcification is rather a secondary phenomenon 
induced by calcification (14). Future in  vivo experiments using 
autophagy inducers, which are more specific and do not influence 
the immune system such as TAT-Beclin (29), are clearly needed 
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to show the impact of autophagy on calcification of the aorta and 
survival of mice.

The classical way to induce autophagy in cells is via nutrient/
amino acid deprivation as seen in fasting (21), which is also a 
plausible inducer in our model since food intake and body weight 
drop significantly on HPD (data not shown). Furthermore, the 
production of ROS induces autophagy. This activation pathway 
has been attributed to phosphate-induced autophagy in VSMC 
in the past (22) and we also found in vivo signs of increased ROS 
production in aortas induced by HPD, which were shown by NBT 
stains. Still, further experiments are needed to delineate the role 
of ROS in our in vivo setting. Recent evidence suggests that activa-
tion of the inflammasome increases autophagy as well. Obviously, 
there exists a two-way regulation since autophagy also leads to 
removal of intracellular DAMPs, inflammasome components, 
or cytokines resulting in decreased inflammasome activation 
(30). The autophagy related gene Atg16l1 has been linked to the 
inflammasome in the past since depletion of this gene resulted in 
an enhanced endotoxin-induced IL-1beta production (31). We 
found Atg16l1 mRNA transcripts to be significantly increased in 
aortic samples of HPD fed mice, but we did not detect changes in 
IL-1beta transcription levels in aortic samples of high-phosphate 
treated mice. Thus, this pathway might not be critically involved 
in the calcification process of the aorta. Most of the autophagy 
activation pathways have been proven to be mTOR-dependent, 
but also independent pathways have been described (21).

It is generally believed that autophagy releases amino acids 
and fatty acids to produce energy for survival. However, if cel-
lular damage becomes irreparable, cells can destroy themselves 
completely by autophagy (32). So far, it has been proposed that 
autophagy inhibits the formation of matrix vesicle release in 
VSMC, which is crucial for the calcification process of the cells 
(22). Nevertheless, whether this process also holds true in the 
in vivo situation needs further exploration. Contrary to Dai et al. 
(22), we detected Runx2 mRNA transcription—as a marker of 
osteogenic transdifferentiation of VSMC (33)—to be signifi-
cantly increased under calcifying conditions in vivo and in vitro. 
Interestingly, rapamycin-treatment blunted the Runx2 mRNA 
increase both in MOVAS and in the aorta of HPD-fed mice. In 
line with our hypothesis that autophagy inhibits osteogenic trans-
differentiation of VSMCs, α-SMA protein expression and SM22α 
transcription were found to be increased in rapamycin-treated 
MOVAS, whereas 3-MA-treated MOVAS showed decreased 
expression of both markers. Reduction of both α-SMA and 
SM22α has been attributed to osteogenic transdifferentiation of 
VSMCs (34, 35).

In summary, autophagy is an endogenous protective response 
of VSMC during uremia to prevent calcification possibly by 

inhibiting osteogenic transdifferentiation of VSMCs. Increasing 
autophagy may be an attractive strategy to improve vascular 
calcification in the CKD population.
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FigUre s1 | Autophagy and calcification is influenced in MOVAS by bafilomycin. 
MOVAS were cultured in the presence (gray bars) or absence of calcifying 
conditions (black bars) and additionally exposed to 20 nM bafilomycin (dashed 
green bars) for 7, 14, or 21 days (n = 4 per group). Quantification of (a) Alizarin 
Red S staining of cells and (B) calcium deposition in MOVAS was done. (c,D) 
qPCR as well as (e–g) Western Blot analysis from MOVAS were performed. 
Representative western blots are shown (g). All data are presented as 
mean ± SEM. *p < 0.05, **p < 0.01.

FigUre s2 | Calcification and autophagy remained unaltered in MOVAS 
under non-calcifying conditions by rapamycin, 3-methyladenine (3-MA), and 
bafilomycin. MOVAS were cultured in the absence of calcifying conditions 
(black bars) and additionally exposed to 10 µM rapamycin (red bars) or to 
5 mM 3-MA (green bars) or to 20 nM bafilomycin (dashed green bars)  
for 7, 14, or 21 days (n = 4 per group). Quantification of (a) Alizarin Red S 
staining of cells and (B) calcium deposition in MOVAS was done. (c–F)  
qPCR as well as (g–l) Western Blot analysis from MOVAS were performed.  
Representative western blots are shown (i,l). All data are presented as 
mean ± SEM.
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neutrophil Depletion exacerbates 
Pregnancy complications, including 
Placental Damage, induced by silica 
nanoparticles in Mice
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Creation Project, BIKEN Innovative Vaccine Research Alliance Laboratories, Research Institute for Microbial Diseases, Osaka 
University, Suita, Japan, 9 BIKEN Center for Innovative Vaccine Research and Development, The Research Foundation for 
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Recent advances in nanotechnology have led to the development of nanoparticles with 
innovative functions in various fields. However, the biological effects of nanoparticles—
particularly those on the fetus—need to be investigated in detail, because several previous 
studies have shown that various nanoparticles induce pregnancy complications in mice. 
In this regard, our previous findings in mice suggested that the increase in peripheral 
neutrophil count induced by treatment with silica nanoparticles with a diameter of 70 nm 
(nSP70) may play a role in the associated pregnancy complications. Therefore, here, we 
sought to define the role of neutrophils in nSP70-induced pregnancy complications. The 
peripheral neutrophil count in pregnant BALB/c mice at 24 h after treatment with nSP70 
was significantly higher than in saline-treated mice. In addition, maternal body weight, 
uterine weight, and the number of fetuses in nSP70-treated mice pretreated with anti-an-
tibodies, which deplete neutrophils, were significantly lower than those in nSP70-treated 
mice pretreated with phosphate-buffered saline or isotype-matched control antibodies. 
Histology revealed that neutrophil depletion increased nSP70-induced placental damage 
from the decidua through the spongiotrophoblast layer and narrowed spiral arteries in 
the placentae. In addition, depletion of neutrophils augmented nSP70-induced cytotox-
icity to fetal vessels, which were covered with endothelium. The rate of apoptotic cell 
death was significantly higher in the placentae of anti-nSP70-treated mice than in those 
from mice pretreated with isotype-matched control antibodies. Therefore, impairment of 
placental vessels and apoptotic cell death due to nSP70 exposure is exacerbated in the 
placentae of nSP70-treated mice pretreated with anti-antibodies. Depletion of neutro-
phils worsens nSP70-induced pregnancy complications in mice; this exacerbation was 
due to enhanced impairment of placental vessels and increased apoptotic cell death 
in maternal placentae. Our results provide basic information regarding the mechanism 
underlying silica-nanoparticle-induced pregnancy complications.

Keywords: apoptosis, nanotoxicology, placenta, placental vessels, pregnancy complications
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inTrODUcTiOn

Compared with conventional materials, nanoparticles offer 
unique physicochemical properties and innovative functions. 
Consequently, research into nanoparticles and their develop-
ment and commercialization in various industrial fields, such 
as food, cosmetics, and medicine, is rapidly progressing (1–3). 
However, one bottleneck in the development of nanoparticles 
is that their size-associated novel functions have the potential 
to exert unknown biological effects at unexpected sites in 
the body. Therefore, the expanding use of nanoparticles has 
increased the urgency of collecting relevant safety information. 
In particular, the reproductive toxicity of chemical substances 
is a public health concern. Because infants typically are more 
sensitive to environmental toxins than adults (4), infants and 
fetuses may experience unexpected effects even when they 
are exposed to amounts that are nontoxic to adults. Several 
recent studies have reported on the reproductive toxicity of 
nanoparticles (5–7). For example, we previously demonstrated 
that intravenous treatment with silica nanoparticles 70 nm in 
diameter (nSP70) induced greater intrauterine growth restric-
tion and placental damage in mice than did silica particles 
larger than 100  nm (5). We speculated that nSP70-induced 
pregnancy complications were due to placental damage, which 
did not occur in the mice treated with larger particles (5). 
However, details of the mechanism underlying this effect are 
minimally understood.

To address this insufficiency, we focused on the roles of 
neutrophils, which are the most abundant leukocytes in humans 
and important factors in placental dysfunction and direct 
damage to developing embryos (8, 9). For example, increased 
neutrophils counts promoted endothelial dysfunction after 
placental ischemia (10), and endothelial cell damage subsequent 
to neutrophil activation may contribute to preeclampsia and 
intrauterine growth restriction (11, 12). Moreover, neutrophils 
are associated with vascular dysfunction in preeclamptic women, 
and activated neutrophils may induce increased production of 
myeloperoxidase in the placental and endothelial cells of these 
patients (13, 14). In fact, we previously showed that intravenous 
treatment with nSP70 increased peripheral neutrophil counts in 
nonpregnant mice (15). Therefore, we consider that neutrophils 
might be components of the mechanism by which nSP70 induce 
pregnancy complications.

Here, we evaluated the role of neutrophils in nSP70-
associated pregnancy complications in mice. Our results 
demonstrate that neutrophils may protect against pregnancy 
complications—especially the nSP70-triggered breakdown of 
pregnancy maintenance. Our results provide important infor-
mation regarding the mechanism underlying nSP70-induced 
pregnancy complications.

MaTerials anD MeThODs

animals
Pregnant BALB/c mice [age, 8–10 weeks; gestational day (GD) 
13–14] were purchased from Nippon SLC (Shizuoka, Japan). 
The mice were housed in a ventilated animal room maintained 
at 20 ± 2°C with a12:12-h light:dark cycle and given unrestricted 
access to water and forage (FR-2, Funabashi Farm, Chiba, Japan). 
Dams were weighed daily.

silica nanoparticles
Silica nanoparticles were purchased from Micromod 
Partikeltechnologie (Rostock–Warnemünde, Germany). Before 
use, the particles were sonicated for 5 min and vortexed for 1 min. 
Preparations of silica nanoparticles were checked for contamina-
tion with lipopolysaccharide by using an LAL Endotoxin Assay 
Kit (GenScript, Piscataway, NJ, USA).

injection of silica nanoparticles
Pregnant BALB/c mice were injected intravenously with nSP70 
(0.8 mg/mouse) on GD 16 and then euthanized under anesthesia 
on GD 17. Blood samples collected at 24 h after treatment and 
before euthanasia were centrifuged at 3,000 g for 15 min to obtain 
plasma. Uteri, fetuses, and placentae were weighed, and the pla-
centae were prepared for histological examination.

In Vivo neutrophil Depletion
Neutrophil depletion was achieved by intraperitoneal injection 
of anti-Ly-6G antibodies (clone 1A8; BioLegend, San Diego, 
CA, USA), isotype-matched control antibodies (clone RTK2758; 
BioLegend), or phosphate-buffered saline (PBS) into pregnant 
BALB/c mice (n = 5 or 6 per group) at 24 h before nSP70 injection 
(that is, on GD 15).

Flow cytometry
Red blood cells in collected blood samples were lysed with ammo-
nium chloride. All staining procedures were performed in PBS 
containing 2% fetal calf serum. To minimize nonspecific binding, 
we preincubated single-cell suspensions with anti-CD16/CD32 
antibodies (clone 93; eBioscience, San Diego, CA, USA). Cells 
were labeled with combinations of phycoerythrin-conjugated 
Gr-1 antibodies (clone RB6-8C5; eBioscience), allophycocyanin-
conjugated CD11b antibodies (clone M1/70; BD Pharmingen, 
San Diego, CA, USA), fluorescein-isothiocyanate-conjugated 
F4/80 antibodies (clone CI:A3-1; AbD Serotec, Oxford, UK), and 
phycoerythrin-Cy7-conjugated CD11c antibodies (clone HL3; 
BD Pharmingen). The cells were resuspended in staining buffer 
containing 7-amino-actinomycin D (BD Pharmingen), and the 
stained cells were analyzed for surface phenotype by means of 
a FACS Canto flow cytometer (BD Biosciences, Franklin Lakes, 
NJ, USA). The cells were gated according to side-scattered light 
(SSC) area and forward-scattered light (FSC) area and then 
according to SSC height/SSC width, FSC height/FSC width, and 
7-amino-actinomycin D staining to eliminate doublet cells and 
dead cells (parent population). The proportion of neutrophils 
(that is, CD11b+ Gr-1+ F4/80−) was calculated as a percentage of 
the parent population.

Abbreviations: FSC, forward-scattered light; HE, hematoxylin and eosin; IL, 
interleukin; NET, neutrophil extracellular trap; nSP70, silica nanoparticles with 
a diameter of 70  nm; PBS, phosphate-buffered saline; SSC, side-scattered light; 
TUNEL, TdT-mediated dUTP nick-end labeling; VEGF, vascular endothelial 
growth factor.
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FigUre 1 | Effects of treatment with silica nanoparticles on neutrophil levels 
in pregnant mice. Pregnant BALB/c mice were intravenously injected with 
silica nanoparticles with a diameter of 70 nm (0.8 mg/mouse) or saline on 
gestational day 16. (a) The proportion (%) of neutrophils in the peripheral 
blood of each mouse was determined by flow cytometry at 24 h after 
treatment. (B) The neutrophil count in the peripheral blood of each mouse 
was calculated by multiplying the neutrophil proportion by the total white 
blood cell count. Data are presented as means ± SEM; n = 5 or 6; *P < 0.05 
and **P < 0.01.
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histology
At 24  h after the administration of nSP70, placentae were 
removed from mice and placed in fixative solution (10% neutral 
buffered formalin, Nacalai Tesque, Kyoto, Japan). Paraffin-
embedded sections were prepared and stained by the Applied 
Medical Research Laboratory (Osaka, Japan).

immunohistochemistry
At 24 h after the administration of nSP70, the placentae of mice 
were removed and placed in fixative solution (10% neutral buff-
ered formalin). Sections (thickness, 5 µm) were deparaffinized in 
xylene, rehydrated in a graded series of alcohol, and boiled in cit-
rate buffer at 121°C for 15 min in an autoclave for antigen retrieval. 
Endogenous peroxidase activity was quenched by incubating in 
3% hydrogen peroxide in methanol for 15 min, and the sections 
were then incubated in 5% normal goat serum to block nonspecific 
binding. After extensive washes with PBS, the sections were reacted 
with anti-CD31 (clone ab124432; Abcam, Cambridge, MA, USA) 
as a primary antibody and the detection was performed according 
to the manufacturer’s instructions provided with the Vectastain kit 
(Vector Laboratories, Burlingame, CA, USA).

Measurement of the areas of Fetal and 
Maternal Vessels
To precisely differentiate fetal vessels from maternal vessels in the 
labyrinth layer of placentae, we performed CD31 staining; fetal 
vessels and sporadic nucleated erythrocytes are CD31-positive, 
whereas maternal vessels are CD31-negative (16) (Figure S1 in 
Supplementary Material). Three random areas were selected per 
placenta, and the proportions of fetal and maternal vessel areas 
to total area were calculated by using ImageJ software (National 
Institutes of Health, Bethesda, MD, USA). At least five placentas 
in each group were evaluated.

evaluation of apoptosis in Placentae
Transferase-mediated dUTP nick-end labeling (TUNEL) stain-
ing (catalog no. G7130, DeadEnd Colorimetric TUNEL System, 
Promega, Fitchburg, WI, USA) was used to detect apoptotic 
cells. Placental tissue sections were prepared according to the 
manufacturer’s instructions (Vectastain Kit, Vector Laboratories). 
After being washed, sections were counterstained with Mayer’s 
hematoxylin, washed in water, and successively immersed in 
graded ethanol solutions and xylene before being cover slipped. 
In control sections, control nonimmune mouse IgG (Vector 
Laboratories) was used as the primary antibody. TUNEL-positive 
nuclei (apoptotic nuclei) in the placenta were counted, and the 
apoptotic index of each section was calculated as the number of 
nuclei that stained TUNEL-positive as a percentage of the total 
number of nuclei found within the section.

statistical analyses
Statistical analyses were performed by using Ekuseru–Toukei 
2012 software (Social Survey Research Information Co., Ltd., 
Tokyo, Japan). Results shown in Figures  1–3 are expressed as 
means ±  SEM, and Bonferroni’s method was used to compare 
differences. Data in the remaining figures are expressed as 

means ± SD, and Kruskal–Wallis and Mann–Whitney methods 
were used to compare differences. P-values lower than 0.05 were 
considered statistically significant.

resUlTs

induction of neutrophilia in nsP70-Treated 
Pregnant Mice
To assess the proportion of neutrophils after treatment with nSP70, 
pregnant BALB/c mice were intravenously treated with nSP70 
(0.8 mg/mouse) on GD 16; lipopolysaccharide contamination in 
the nSP70 solution was below the limit of detection (<0.01 EU/
mL). At 24 h after treatment, the proportion of neutrophils was 
significantly higher in mice treated with nSP70 than in saline-
treated mice, suggesting that nSP70 might also induce neutro-
philia in pregnant mice (Figure 1A). To reduce the neutrophil 
count, we then intraperitoneally injected pregnant BALB/c mice 
on GD 15 with anti-Ly-6G antibodies (or PBS or isotype-matched 
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FigUre 2 | Depletion of neutrophils exacerbates the decrease in maternal body weight in silica nanoparticles with a diameter of 70 nm (nSP70)-treated mice. 
Pregnant BALB/c mice were intraperitoneally treated with anti-Ly-6G antibodies or isotype control antibodies (150 μg/mouse) on gestational day 15; 24 h later, they 
received nSP70 (0.8 mg/mouse) or saline by intravenous injection. (a) Maternal body weights were assessed daily. (B) Representative uteri from mice. On gestation 
day 17, (c) the excised uteri were weighed and (D) the fetuses excised from each uterus were counted. Data are presented as means ± SEM; n = 9 or 10; 
*P < 0.05 and **P < 0.01.
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antibodies, as controls); 24 h later, we injected them with nSP70 
(0.8 mg/mouse). In nSP70-treated mice, the proportion of neutro-
phils was significantly lower in those pretreated with anti-Ly-6G 
antibodies than with PBS or isotype-matched control antibodies 
(Figure 1A). By multiplying the proportion of neutrophils by the 
total white blood cell count, we showed that pretreatment with 
anti-Ly-6G antibodies significantly curtailed the nSP70-induced 
increase in neutrophil count, thus supporting the results of the 
flow cytometric analysis (Figure 1B). Furthermore, we tested for 

the presence of different neutrophil subsets on the basis of CD16/
CD62L expression. During acute inflammation, three neutrophil 
subsets are found in the blood: CD16bright/CD62Ldim cells that are 
capable of suppressing T-cell proliferation (activated); CD16dim/
CD62Lbright cells with a banded nuclear morphology (immature); 
and phenotypically normal CD16bright/CD62Lbright neutrophils 
(mature) (17–19). We found that the mature neutrophil popu-
lation was greater in nSP70-injected mice pretreated with PBS 
than in saline-injected mice pretreated with PBS, but there was 
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FigUre 3 | Effects of neutrophil depletion on pregnancy complications in silica nanoparticles with a diameter of 70 nm (nSP70)-treated mice. Pregnant BALB/c 
mice were treated intraperitoneally with anti-Ly-6G or isotype-matched control antibodies (150 μg/mouse) on gestational day (GD) 15; 24 h later, mice received 
either nSP70 or saline by intravenous injection. The uteri were excised on GD 17. (a) Representative placentae and fetuses. (B) Placental weight and (c) fetal weight 
were assessed. Data are presented as means ± SEM; n = 9 or 10; **P < 0.01.
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no significant difference in the activated neutrophil population 
between these two groups (Figure S2 in Supplementary Material). 
This result suggests that nSP70 triggers an increase in neutrophil 
maturation only. In an analysis of the influence of nSP70 on other 
blood cell types, granulocyte counts were significantly increased 
in nSP70-treated mice compared with controls, and pretreatment 
with anti-Ly-6G antibodies significantly dampened the nSP70-
induced granulocyte increase, consistent with the results of flow 
cytometry (Figure S3A in Supplementary Material). In contrast, 
the numbers of total leukocytes (Figure S3B in Supplementary 
Material), monocytes (Figure S3C in Supplementary Material), 
lymphocytes (Figure S3D in Supplementary Material), platelets 
(Figure S3E in Supplementary Material), and erythrocytes 
(Figure S3F in Supplementary Material) did not differ between 
nSP70-treated and control mice, regardless of anti-Ly-6G treat-
ment. These findings suggest that the increased neutrophil count 
in nSP70-treated mice reflected an increase in the number of 
granulocytes after nSP70 injection. Moreover, the percentage 
of CD4+ T-cells in the peripheral blood was significantly lower 
in nSP70-injected mice pretreated with PBS than in saline-
injected mice pretreated with PBS (Figure S4A in Supplementary 
Material), although the percentage of CD4+ FOXP3+ regulatory 
T-cells did not differ between nSP70-treated mice pretreated 
with PBS and saline-treated mice pretreated with PBS (Figure 
S4B in Supplementary Material). These results suggest that the 
proportion of T-cells decreases as the proportion of neutrophils 
increases in the peripheral blood of mice treated with nSP70.

neutrophil Depletion exacerbates 
Pregnancy complications in nsP70-
Treated Mice
To evaluate the association between nSP70-induced pregnancy 
complications and the increased number of neutrophils after 
treatment with nSP70, we evaluated maternal body weight and 
placental weight after neutrophil depletion. Maternal body weight 
on GD 17 was lower in nSP70-treated mice than in saline-treated 
mice, as previously reported (Figure 2A) (5). Furthermore, body 
weight was significantly lower in nSP70-treated dams pretreated 
with anti-Ly-6G antibodies than in nSP70-treated mice pretreated 
with PBS or isotype-matched control antibodies (Figure  2A). 
Uteri were harvested at GD 17 (Figure  2B), and fetuses were 
counted. As seen with maternal body weight, pretreatment with 
anti-Ly-6G antibodies exacerbated the decrease in uterine weight 
in nSP70-treated mice compared with that after PBS (Figure 2C). 
Similarly, anti-Ly-6G–nSP70-treated mice had significantly fewer 
fetuses than PBS–nSP70-treated dams (Figure 2D). These results 
suggest that neutrophil depletion exacerbated nSP70-induced 
pregnancy complications.

We then weighed the harvested placentae and fetuses 
(Figure 3A). Whereas mice that had received nSP70 had smaller 
fetuses than those that had received saline (5), neither placental 
weight (Figure 3B) nor number of fetuses (Figure 3C) differed 
between nSP70-injected mice pretreated with anti-Ly-6G antibod-
ies and those given PBS or isotype-matched control antibodies. 
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FigUre 4 | Structural abnormalities of placenta. Pregnant BALB/c mice were intraperitoneally injected with anti-Ly-6G or isotype-matched control antibodies 
(150 μg/mouse) on gestational day (GD) 15; 24 h later, mice received silica nanoparticles with a diameter of 70 nm (0.8 mg/mouse) or saline by intravenous injection. 
The placentae were excised on GD 17. (a) Placental sections were stained with hematoxylin and eosin and examined histologically. (B) Magnified images of the 
areas within the solid boxes in panel (a). Magnified images of the areas within the (c) top and (D) bottom dashed boxes in panel (a).
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Next, to assess the viability of pups born to nSP70-treated mice 
after neutrophil depletion, pregnant BALB/c mice were intra-
peritoneally injected with anti-Ly-6G or isotype control-matched 
antibodies 24 h before intravenous injection of nSP70 (0.8 mg/
mouse). Whereas the number of neonates did not differ between 
nSP70-treated mice pretreated with PBS or saline (Figure S5A 
in Supplementary Material), nSP70-treated mice pretreated with 
anti-Ly-6G antibodies tended to birth fewer live pups than those 
pretreated with PBS or isotype-matched control antibodies. In 
comparison, the body weight (Figure S5B in Supplementary 
Material) and length (Figure S5C in Supplementary Material) of 
neonates did not differ between treatment groups. These results 
suggest that neutrophils played a protective role in pregnancy 
in nSP70-treated mice—particularly in the maintenance of 
pregnancy.

neutrophil Depletion leads to Placental 
Dysfunction in nsP70-Treated Mice
Normal placental development is required for embryonic growth, 
and placental dysfunction has been associated with miscarriage 
and fetal growth restriction (20, 21). Therefore, we considered 

that neutrophil depletion in nSP70-treated mice might alter 
placental function. To assess the relationship between neutrophil 
depletion and placental dysfunction, we histologically evaluated 
placental pathology by staining with hematoxylin and eosin 
(HE) (Figure 4A). The placentae of mice treated with nSP70 in 
the absence of neutrophil depletion showed tissue damage in the 
spongiotrophoblast layer, which segregates the maternal vascula-
ture from the fetal vasculature in the placenta. In addition, blood 
flow was poor overall, and scant blood was present in the ves-
sels around the decidua and chorionic plate. We obtained these 
same results in our previous study (5). In contrast, the placentae 
of nSP70-treated mice pretreated with anti-Ly-6G antibodies 
showed pronounced tissue damage from the decidua through 
the spongiotrophoblast layer, which now also contained areas 
of necrosis (Figure  4B). Furthermore, the placentae of nSP70-
treated mice pretreated with anti-Ly-6G antibodies showed 
marginal congestion (Figure  4C) and bleeding in the decidua 
(Figure 4D). Comparison of the placentae of nSP70-treated mice 
with and without anti-Ly-6G antibody pretreatment revealed 
a slight decline in neutrophil abundance in the placentae of 
nSP70-treated mice pretreated with anti-Ly-6G antibody (Figure 
S6 in Supplementary Material). These results suggest that the 
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FigUre 5 | Neutrophil depletion decreases vessel area in the placentae of silica nanoparticles with a diameter of 70 nm (nSP70)-treated mice. Pregnant BALB/c 
mice were treated intraperitoneally with anti-Ly-6G or isotype-matched control antibodies (150 μg/mouse) on gestational day (GD) 15; 24 h later, mice were injected 
intravenously with nSP70 (0.8 mg/mouse) or saline. Placentae were excised on GD 17. (a) Placental sections were stained with hematoxylin and eosin and 
examined histologically. The area in the yellow rectangle was enlarged and is shown at lower right. (B) Several random areas were selected per placenta, and total 
vessel areas in the labyrinth layer were calculated. Data are presented as means ± SD; n = 34–62. (c) Placental sections were stained with CD31. The area in the 
yellow rectangle was enlarged and is shown at lower right. Fetal vessels are traced with yellow lines in the enlarged insets. Three regions per placenta were 
randomly selected, and the proportions of (D) fetal and (e) maternal vessel area to total area were calculated. Data are presented as means ± SD; n = 12–16; 
**P < 0.01. Scale bar: 100 µm. Abbreviation: la: labyrinth layer.
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exacerbation of pregnancy complications induced by peripheral 
neutrophil depletion is related to the decline in neutrophil abun-
dance in the placental tissue.

Because narrowing of placental vessels impairs placental 
formation (22), we histologically evaluated the area of spiral arter-
ies, maternal vessels, and fetal vessels in the placentae. The spiral 

arteries, which delivery maternal blood to the labyrinth layer in the 
placenta (23, 24), were narrower in the placentae of anti-Ly-6G–
nSP70-treated mice than in mice pretreated with isotype-matched 
control antibodies (Figures  5A,B). In addition, the placental 
structure in mice is hemochorial, and fetal, but not maternal, vessels 
are lined with endothelium (16). We, therefore, performed CD31 
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staining to differentiate fetal vessels, the inner surfaces of which 
are covered with CD31-positive endothelium, from maternal 
vessels, which are CD31-negative. Scattered placental vessels were 
lined with CD31-positive cells in the absence of nSP70 treatment. 
In contrast, nSP70 treatment led to the presence of dense CD31-
positive, narrow fetal vessels in the placentae (Figure 5C), and fetal 
vessel area was significantly smaller in the placentae of mice treated 
with nSP70 in the absence of anti-Ly-6G antibodies than in mice 
treated with saline (Figure 5D). In addition, anti-Ly-6G antibodies 
augmented the narrowing of fetal vessels in the placentae of nSP70-
treated mice, but anti-Ly-6G–saline-treatment did not confer any 
effects on the fetal vessels (Figure  5D). Furthermore, neither 
nSP70 nor anti-Ly-6G antibodies impaired the maternal vessels 
in the labyrinth layer (Figure 5E). Taken together, these findings 
suggest that nSP70 impaired spiral arteries and fetal vessels, which 
were coated with endothelium appropriately, and these effects were 
augmented by neutrophil depletion.

Staining by using terminal TUNEL showed that apoptotic 
cells were more numerous in both the spongiotrophoblast layer 
(Figures 6A,B) and labyrinth layer (Figure 6C) of anti-Ly-6G–
nSP70-treated mice than in mice treated with isotype-matched 
control antibodies followed by nSP70. In addition, the percent-
age of TUNEL-stained nuclei was significantly higher within 
the spongiotrophoblast layer (Figure  6D) and labyrinth layer 
(Figure  6E) of anti-Ly-6G–nSP70-treated mice than in those 
from nSP70-treated mice pretreated with isotype-matched con-
trol antibodies. These findings suggest that neutrophil depletion 
increased nSP70-induced placental damage, with the induction 
of apoptosis and a potential reduction of the number of fetuses.

DiscUssiOn

Several epidemiological studies have demonstrated the associa-
tion between maternal exposure to fine particles during preg-
nancy and adverse pregnancy outcomes, such as low birth weight, 
preterm birth, and fetal death (25, 26). For example, a cohort 
study in Ohio reported that women exposed to higher than the 
standard exposure level of PM2.5 (airborne fine particulate matter 
measuring <2.5 μm in diameter) over the course of pregnancy 
were at 19% increased risk for preterm birth (27). Although 
these reports support the adverse effects of maternal exposure 
to particulate air pollution on birth outcome, the mechanisms 
for these effects have remained unclear. Moreover, several stud-
ies have shown that some nanoparticles can induce pregnancy 
complications in mice, but the details of the mechanism are not 
completely understood.

From this viewpoint, here we sought to assess nanoparticle-
induced reproductive toxicity in mice and to elucidate its mecha-
nism. We found that the maternal body weights of nSP70-treated 
mice were decreased and that their placentae demonstrated 
tissue destruction in the spongiotrophoblast layer on GD 17, 
unlike those of saline-treated mice, as previously reported (5). 
In addition, neutrophil depletion exacerbated nSP70-induced 
pregnancy complications and placental damage (Figures  2 
and 4), suggesting that neutrophils help to suppress pregnancy 
complications. Furthermore, our studies have demonstrated that, 
compared with controls, mice that received nSP70 had about 20% 

lower uterine weights and significantly higher fetal resorption 
rates. In contrast, although we confirmed the nSP70-induced 
decrease in maternal body weight, it was less pronounced than 
that seen previously, and fetal resorption rates here were lower 
than in those in our previous study. We consider that this dif-
ference might reflect the difference in the number of nSP70 
injections between the two studies.

In this regard, our previous study evaluated the effects of silica 
nanoparticles on fetuses after two injections (5), whereas here we 
assessed the effects after a single injection of silica nanoparticles. 
In the previous study, we administered silica nanoparticles to 
pregnant mice twice without neutrophil depletion and evaluated 
the subsequent pregnancy complications. The maternal body 
weights of these twice-injected mice were lower than those of 
nSP70-treated mice with neutrophil depletion. However, almost 
all of the fetuses of the dams that received two injections died 
in utero (data not shown), and we surmised that it might be dif-
ficult to assess the effects of neutrophils on fetuses or placenta 
by using our previous procedure. We, therefore, elected to use a 
single injection of silica nanoparticles in the current study, and 
this difference in methodology might have caused the differences 
between the previous and present data.

It is important to note the differences in timing of the experi-
mental treatments in the current study. Previously, we investigated 
the time course of the change in the proportion of neutrophils after 
treatment with nSP70 in nonpregnant mice. Although the pro-
portion in mice treated with nSP70 was significantly higher than 
that in saline-treated mice at 24 h, the proportions of neutrophils 
at both 2 and 72 h after nSP70 treatment were significantly lower 
than those in saline-treated mice at the same time points (15). We 
detected nSP70 in the livers of mice within 2 h of injection (28); 
therefore, prompt recruitment of neutrophils to the liver might 
have resulted in the transient decrease in the observed proportion 
of neutrophils in the peripheral blood 2 h after administration of 
nSP70. During the neutrophil’s lifespan of a few days, essential 
processes involved in restoring homeostasis after nSP70-induced 
neutrophilia may have resulted in the decrease in the proportion 
of neutrophils observed 72  h after nSP70 injection. Here, our 
treatments occurred relatively late in gestation, whereas some 
reports have studied similar effects earlier in pregnancy in the 
mouse. Girardi et al. (29) demonstrated that complement C5a-
mediated recruitment of neutrophils in the placenta at day 8 of 
pregnancy is critical to pregnancy loss and the development of 
fetal damage. Nadkarni et al. (30) showed that, at a time of active 
placental development in the mouse, neutrophil-induced T-cells 
might be essential for normal placentation, including placental 
vascular development, and for fetal growth. Thus, there is a need 
to assess the effects of neutrophil depletion and nSP70 treatment 
not only in late pregnancy but also in early pregnancy.

Recent reports indicate that neutrophils may contribute to 
the clearance of nanoparticles. For example, using flow cytom-
etry, Stephen et al. demonstrated that nanoparticles in both the 
peripheral blood and spleen were taken up at dramatically higher 
rates by granulocytes than by monocytes and that neutrophil 
depletion increased the numbers of particles in the blood (31). In 
addition, as shown in several recent studies (including our own), 
transportation of nanoparticles through the blood–placenta 
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FigUre 6 | Treatment with silica nanoparticles with a diameter of 70 nm (nSP70) after neutrophil depletion increases the number of apoptotic cells in the placenta. 
Pregnant BALB/c mice were treated intraperitoneally with anti-Ly-6G or isotype-matched control antibodies (150 μg/mouse) on gestational day (GD) 15; 24 h later, 
mice were injected intravenously with nSP70 (0.8 mg/mouse) or saline. Placentae were excised on GD 17. Placental sections were stained with transferase-
mediated dUTP nick-end labeling (TUNEL) to reveal apoptotic cells in the spongiotrophoblast and labyrinth layers. (a) The black dotted lines separate the 
spongiotrophoblast layer from the labyrinth layer. Scale bar: 200 µm. (B) The regions within the yellow rectangles in (a) are enlarged. (c) In the labyrinth layers, the 
regions within the black rectangles are enlarged and are shown at lower right. Scale bar: 100 µm. TUNEL-positive nuclei in the (D) spongiotrophoblast layer and  
(e) labyrinth layer of placentae was counted; the apoptotic index for each section was calculated as the number of TUNEL-positive nuclei divided by the total 
number of nuclei within the evaluated section and converted to a percentage. Data are presented as means ± SD; n = 8–16; **P < 0.01. Arrowheads: TUNEL-
positive cells. Abbreviations: la: labyrinth layer, sp: spongiotrophoblast layer.
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barrier is one of the causes of the induction of pregnancy 
complications by nanoparticles (32, 33). These combined results 
prompted our hypothesis that depletion of neutrophils, which 
take up nanoparticles, might increase the content of silica 

nanoparticles in the blood. Consequently, the distribution of 
silica nanoparticles to the placenta would increase as well, 
perhaps resulting in nSP70-induced structural abnormalities of 
the placenta. In this regard, the activated neutrophil population 
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(CD16bright/CD62Ldim) tended to be lower in nSP70-injected mice 
pretreated with anti-Ly-6G antibodies than in nSP70-injected 
mice pretreated with PBS or isotype-matched control antibodies 
(Figure S2 in Supplementary Material). Neutrophil activation 
may stimulate particle clearance; therefore, we consider that 
these results support our hypothesis that a decrease in the 
activated neutrophil population may lead to an increase in the 
translocation of silica nanoparticles from blood to placenta. 
Moreover, together with our histopathologic findings (Figure 4), 
the slight decline in neutrophil abundance in the placentae of 
nSP70-treated mice pretreated with anti-Ly-6G antibody (Figure 
S6 in Supplementary Material) suggests that the exacerbation of 
pregnancy complications by peripheral neutrophil depletion is 
related to a reduction in neutrophil abundance in the placental 
tissue and thus diminution of the protective effects on circulatory 
and placental tissues. Furthermore, to confirm our hypothesis, 
we sought to assess the silicon content of the placentae of mice 
after treatment with nSP70 with or without prior depletion of 
neutrophils. However, under both conditions the placental 
silicon concentration was below the limit of detection by induc-
tively coupled plasma–atomic emission spectrometry (data not 
shown). Therefore, additional studies are needed to assess the 
changes in silica nanoparticle content in the placentae and blood 
of mice in which neutrophil counts are normal or depleted.

Here, HE staining and immunohistochemistry analysis 
revealed that, when neutrophil counts were diminished, nSP70 
induced placental damage (Figure 4A), impaired placental ves-
sels (Figure  5B), and increased the number of apoptotic cells 
in the placentae (Figure 6) compared with those under normal 
neutrophil counts. Normal placental development requires the 
coordinated production of vascular endothelial growth factor 
(VEGF) and its receptor, fms-like tyrosine kinase-1 (34), and 
neutrophil-derived VEGF-A induces the angiogenic activity of 
CXC chemokines (35), However, the production level of VEGF 
did not differ between the placentae of nSP70-treated mice pre-
treated with anti-Ly-6G antibodies and those of mice pretreated 
with isotype-matched control antibodies (data not shown). From 
this perspective, we propose that, once neutrophil depletion has 
increased the concentration of silica nanoparticles in the blood, 
the translocation of silica nanoparticles from blood to placenta 
increases. Thus, the cytotoxicity of nSP70 on placentae, including 
the vascular endothelium of spiral arteries and fetal vessels, might 
be exacerbated. However, the precise mechanism underlying 
nSP70-induced pregnancy complications remains to be clarified.

Preeclampsia and fetal growth restriction is known as com-
plications associated with pregnancy, and involvement with 
autophagy has been reported as one of the causes (36). Autophagy 
is essential for vascular remodeling during the first stage of 
placentation (37), and impaired autophagy during preeclampsia 
increases the exposure of trophoblasts to oxidative and inflamma-
tory stress (38). In addition, autophagy might suppress the activa-
tion of endotoxin-induced inflammasomes and may moderate 
the production of inflammatory cytokines, including interleukin 
(IL) 1β and IL-18 (36, 39). Inflammation in pregnant mice is 
thought to be an important factor in nanoparticle-induced preg-
nancy complications. Therefore, we considered that neutrophil 
depletion might disrupt autophagy, resulting in the activation of 

inflammasomes. Ultimately, neutrophil depletion may worsen 
the placental cellular damage induced by nSP70.

We demonstrated here that neutrophil depletion exacerbated 
pregnancy complications in nSP70-treated mice (Figures  2 
and 3) and increased the placental damage induced by nSP70 
(Figure 4). Although neutrophils are considered typical immu-
nocompetent cells that promote inflammatory responses, it has 
recently been reported that neutrophils might directly contribute 
to the suppression of inflammation (40, 41). For example, 
neutrophil extracellular traps (NETs), resulting from excessive 
accumulations of neutrophils, reportedly induce the degradation 
of inflammatory mediators, including cytokines and chemokines, 
which are released by activated neutrophils; in this way they may 
terminate inflammatory responses (42). We previously reported 
that the concentrations of double-stranded DNA—a major com-
ponent of NETs—in nSP70-treated mice were significantly higher 
than those in control mice (15). Therefore, we surmise that the 
neutrophil depletion that exacerbates pregnancy complications 
in nSP70-treated mice is connected with the protective roles of 
these cells, such as their contribution to the formation of NETs.
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If foreign particles enter the human body, the immune system offers several

mechanisms of response. Neutrophils forming the first line of the immune defense

either remove pathogens by phagocytosis, inactivate them by degranulation or release

of reactive oxygen species or immobilize them by the release of chromatin decorated

with the granular proteins from cytoplasm as neutrophil extracellular traps (NETs).

Besides viable microbes like fungi, bacteria or viruses, also several sterile inorganic

particles including nanoparticles reportedly activate NET formation. The physicochemical

nanoparticle characteristics fostering NET formation are still elusive. Here we show that

agglomerations of non-stabilized superparamagnetic iron oxide nanoparticles (SPIONs)

induce NET formation by isolated human neutrophils, in whole blood experiments under

static and dynamic conditions as well as in vivo. Stabilization of nanoparticles with

biocompatible layers of either human serum albumin or dextran reduced agglomeration

and NET formation by neutrophils. Importantly, this passivation of the SPIONs prevented

vascular occlusions in vivo even when magnetically accumulated. We conclude that

higher order structures formed during nanoparticle agglomeration primarily trigger NET

formation and the formation of SPION-aggregated NET-co-aggregates, whereas colloid-

disperse nanoparticles behave inert and are alternatively cleared by phagocytosis.

Keywords: neutrophil extracellular traps (NETs), superparamagnetic iron oxide nanoparticles (SPIONs),

biocompatibility, vascular occlusion, clearance, nanoparticle aggregation

INTRODUCTION

Nanoparticles have attracted increasing attention for biomedical applications. Especially
superparamagnetic iron oxide nanoparticles (SPIONs) can be used as contrast agent in magnetic
resonance imaging (MRI), as drug transporter for magnetic drug targeting (MDT) or as magnetizer
for cells in magnetic tissue engineering. To ensure a safe use in biomedicine, the interaction
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of SPIONs with components of the human blood system must
be warranted. For host defense and biocompatibility, neutrophils
play a major role. They are the most frequent leukocyte type
in human blood, representing more than 65% of all white
blood cells. In inflammatory conditions, neutrophils are the first
type of leukocyte that migrates toward the site of insult where
they produce inflammatory mediators and chemoattractants. To
eliminate foreign pathogens, neutrophils have a broad range of
antimicrobial functions (1). For instance, activated neutrophils
can phagocytose, release antimicrobial granules, and produce
reactive oxygen species (ROS) during a process referred to as
oxidative burst. Neutrophils catch and immobilize pathogens by
the release of neutrophil extracellular traps (NETs), composed of
extracellular decondensed DNA, covered with nuclear histones
and granular antimicrobial proteins, preventing the spread of
pathogens and initiating their inactivation (2).

The neutrophils’ defense mechanisms reportedly occur not
only for viable pathogens, but also for sterile nanoparticles
(3). Interestingly, amongst others, size dependent effects decide
by which mechanism particles are cleared from the body. For
nanodiamonds it has been shown that very small nanoparticles
(10–40 nm) induce fast damage of plasma membranes and
instability of the lysosomal compartment, leading to the
immediate formation of NETs, whereas larger particles (100–
1,000 nm) behaved rather inertly (3). Fungal hyphae and yeasts
are cleared via NETosis and phagocytosis, respectively (4).

For SPIONs, data on the size dependency of the neutrophil
response are lacking. This is true for in vitro experiments as
well as for in vivo experiments mimicking the intended clinical
use. Thus, for application of SPIONs as drug transporters for
magnetic drug targeting, the interactions of SPIONs have to be
analyzed in the presence of a magnetic field. Here we show
that in the absence of an appropriate coating nanoparticles
tend to form irreversible agglomerates, prone to cause NET
formation, vascular occlusion and thrombotic events. Coating
the SPIONs with dextran or albumin prevented agglomeration,
NET formation and vascular occlusions. We conclude that
coating of SPIONs is required for safe biomedical applications,
especially if the particles are applied intravascularly.

MATERIALS AND METHODS

Synthesis of Superparamagnetic Iron
Oxide Nanoparticles (SPIONs) and Coating
Lauric acid-coated iron oxide nanoparticles were synthesized
using a co-precipitation method as described by Tietze et al. (5).
In brief, Fe(II) and Fe(III) salts were dissolved in water, then NH3

solution 25% was added under stirring. SPIONs were coated with
lauric acid (LA) in situ or afterwards after washing, respectively.

For coating with LA afterwards, the precipitate was washed
with 1.3% ammonium hydroxide solution, and then LA
(dissolved in acetone) was added and the whole dispersion was
heated to 90◦C for 4min under stirring. The resulting LA-
coated SPIONs (SPIONLA1) were washed 10 times with 1.3%
ammonium hydroxide solution.

For in situ coating with LA, after precipitation of the particles
by NH3 and heating to 90◦C, 1.25 g LA solution (dissolved in
acetone) was added, cooled down and dialyzed (SPIONLA2) (6).
SPIONLA2 were further stabilized with human serum albumin
according to Zaloga et al. (SPIONLA−HSA) (6). Briefly, AlbIX
solution (10% w/V, Albumedix, Nottingham, England) was
dialyzed (MWCO 8 kDa, Spectra/Por R© 6) against 4.5 l of
ultrapure water (4 water changes, 5 h). Tangential ultrafiltration
(MWCO 30 kDa) was used to concentrate the solution to the
original volume. Subsequently, 10ml of the respective albumin
solution were stirred with 200 rpm at room temperature and
SPIONLA2 was added dropwise through a 0.8µm syringe filter
to receive a total iron concentration of 2.5 mg/ml. After
10min stirring, excess albumin was removed by tangential
ultrafiltration (7).

Dextran-coated SPIONs (SPIONDEX) were synthesized
according to Unterweger et al. with slight modifications (8). In
brief, FeCl3 and FeCl2 (molar ratio Fe3+ /Fe2+ = 2) were added
to an aqueous solution containing 8.8% (w/w) dextran. Addition
of ammonia to the ice cold solution led to the precipitation of
the particles. The suspension was heated to 75◦C for 45min and
afterwards cooled to room temperature. Particles were purified
by dialysis and ultrafiltration. The dextran shell was cross-
linked with epichlorohydrin under basic conditions to increase
particle stability. Finally, particles were purified by dialysis and
ultrafiltration. All nanoparticle solutions were sterile filtered
using syringe filters and the total iron content was determined
employing microwave plasma atomic emission spectroscopy.
Nanoparticles were previously characterized physicochemically;
basic features are summarized in Table 1.

Preparation of Human Material
All analyses of human material were performed in full agreement
with institutional guidelines and with the approval of the Ethical
Committee of the University Hospital Erlangen (permission
number 257_14B). Platelet-rich plasma was generated by
centrifuging lithium-heparin anticoagulated venous whole
blood from normal healthy volunteers at 200 g for 10min.
Polymorphonuclear cells (PMN) were obtained by density
gradient centrifugation using Lymphflot (Bio-Rad Medical
Diagnostics GmbH, Dreieich, Germany) as described elsewhere
(9). In brief, whole blood was diluted with phosphate buffered
saline (PBS) and pipetted carefully onto Lymphflot solution and
centrifuged for 20min at 850 g without brake (acceleration 1,
deceleration 0). Then, the plasma and peripheral blood
mononuclear cells (PBMC) layer were discarded. The PMN-rich

TABLE 1 | Physicochemical characterization of SPIONs.

SPION name Stock conc.

(mg/ml)

Size by dynamic

light scattering (DLS)

(nm)

Zeta potential

(mV)

SPIONLA1 4.41 127.9 −30.7

SPIONLA2 11.96 55.8 −25.1

SPIONLA−HSA 5.16 58.9 −11.9

SPIONDEX 5.74 31.0 −1.7
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layer on top of the erythrocytes was collected and erythrocytes
were removed by hypotonic lysis. Cell viability and cell count
were determined by MUSE cell analyzer (Merck-Millipore,
Billerica, MA, USA).

Animal Experiments
Studies involving animals, including housing and care,
euthanasia, and experimental protocols were conducted in
accordance with the local animal ethical committee in the animal
house of Danylo Halytsky Lviv National Medical University,
permission number 5/23.02/17, under the supervision of a
certified veterinary doctor. Ten white laboratory rabbits, 4-
month old males were used for this investigation. Rabbits were
housed in individual cages in a temperature/humidity/light-
controlled environment, with both food and drinking water
available ad libitum. Specifically, a rabbit was injected with
sedative, afterwards fixed and 500 µg of SPION nanoparticles
were injected into the central artery of the ear. Injection site
was 2–3 cm from the base of the ear. Central artery goes in
the middle of the era, then providing left and right marginal
veins. A neodymium magnet (5 cm in diameter) was placed just
below one of the marginal veins (more external), while the other
vein was gently pressed at the base of the air, to limit the blood
flow and direct all the blood flow to the vein with the placed
magnet. The ear was immobilized on the magnet for at least
20min after SPION injection; then the vessels were examined
for clottings. If needed, the animal was sacrificed and ear tissues
were fixed in 4% paraformaldehyde (PFA), then embedded and
processed for hematoxylin and eosin (HE) staining and immune
histochemistry using previously described techniques (10).

Sterility and Endotoxin Content of SPIONs
For sterility testing, nanoparticles were diluted in H2O to
receive concentrations of 250, 50, and 10µg/ml. H2O and
saliva (diluted 1/5 and 1/25) served as negative and positive
controls, respectively. 100 µl of test sample were plated
onto the agar plates in duplicates, and incubated at 37◦C
for 72 h. After 72 h, petri dishes were analyzed for growing
colonies and documented by photography. Endotoxin-content
of the nanoparticles was analyzed by EndoZyme endotoxin test
(Hyglos, Bernried, Germany) according to the manufacturer‘s
instructions. Nanoparticles were tested in concentrations of 25
and 50µg/ml in endotoxin-free water. Endotoxin spiked samples
served as controls. To 100 µl of standards and samples, reaction
mixture (consisting of enzyme, substrate, assay buffer) was
added and the reaction was monitored for 90min at 37◦C in a
Microplate Reader Filter Max F5 (Molecular Devices; Biberach
an der Riss, Germany; excitation 360 nm/emission 465 nm).
The endotoxin amount [EU/ml] of the samples was calculated
according to the standard curve parameters. Assay was accepted
when spiking recovery of the samples was between 50 and 200%.

Incubation of SPIONs With PMN or Whole
Blood
Nanoparticles were taken up in plasma or PBS in a concentration
of 400µg/ml and pre-incubated for 10min. PMN were taken up
in PBS or plasma in a density of 4 × 106/ml. Fifty microliters

nanoparticles and 50 µl PMN were pipetted together in small
FACS tubes, resulting in a final nanoparticle concentration of
200µg/ml and a PMN density of 2 × 106/ml and incubated for
3 h at 37◦. Analogous, PMN were taken up in RPMI medium
containing 10% FBS and incubated with nanoparticles. NET
formation was stimulated with 100 ng/ml Phorbol myristate
acetate (PMA, Sigma Aldrich, St Louis, MO, USA). After
incubation, cells were fixed with 100 µl 1% PFA in PBS.

One hundred microliters whole blood were incubated with
200µg/ml nanoparticles for 3 h at 37◦C in small FACS tubes.
After 3 h, erythrocytes were lysed by formic acid (pH 2.7) and
pHwas reconstituted by a solution containing sodium carbonate,
sodium chloride and sodium sulfate (pH 11.2). Cells were washed
with PBS, centrifuged and supernatant was discarded. The pellet
was taken up in 100 µl 1% PFA in PBS. Cells were analyzed in
flow cytometry or fluorescence microscopy.

Incubation of PMN or Whole Blood With
SPIONs in Presence of Magnet
Seven hundred and fifty microliters PMN (1 × 106/ml) or
500 µl whole blood were filled into Eppendorf tubes. Magnets
(diameter 0.5 cm) were glued to the vials using adhesive
tape. Forty micrograms per milliliters SPIONs were added
and shaken in horizontal position for 3 h at 37◦C. NET
formation was stimulated with 100 ng/ml PMA. After 3 h, the
magnets were removed, the tubes were inverted several times
and nanoparticle agglomerates were harvested. Smears from
PMN were prepared on glass slides, stained with Sytox Green
Nucleic Acid Stain (Therma Fisher Scientific, Waltham, MA,
USA) washed, embedded with mounting medium and analyzed
in fluorescence microscopy. Whole blood agglomerates were
filtered with 70µm cell strainers, washed repeatedly with PBS
and embedded in Tissue Tek at −20◦C for preparation of
cryosections.

Flow Cytometry
PMN integrity was analyzed in flow cytometry using a Gallios
cytofluorometerTM (Beckman Coulter, Fullerton, CA, USA).
Viable PMN were identified and gated by forward scatter (FSC)
and side scatter (SSC) properties. Data were analyzed employing
KaluzaTM software Version 1.2 (Beckman Coulter, Fullerton, CA,
USA) and processed in Microsoft Excel.

Fluorescence Microscopy
Cells were transferred to 96 well plates and centrifuged at 500 g
for 5min to sediment cells and NETs. Then, NETs were visualized
by a Zeiss AxioObserver.Z1 fluorescence microscope (Carl Zeiss
AG, Oberkochen, Germany). Pictures were processed with ZEN
pro 2012 software (Carl Zeiss AG) and Adobe Photoshop.

Immune Histochemistry
Ten micrometers cryosections (embedded in Tissue Tek) were
prepared and stored at −20◦C until use. Then, sections were
fixed with aceton-methanol (1:1) for 90 s. Cryosections were
dried at room temperature for 5min and blocked with 10%
FBS in PBS for 1 h at room temperature. Cells on slides
were permeabilized with 0.1% Triton X-100 in H2O for
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10min at room temperature. Primary antibody for neutrophil
elastase (NE) (Abcam, United Kingdom, ab21595) 1:200 or
for citrullated histone H3 (citH3) (Abcam, ab5103) 1:200
were added in 10% FBS in PBS overnight at 4◦C. Slides
were washed three times with PBS and incubated for 1.5 h
at room temperature in the dark with secondary anti-rabbit
IgG antibody conjugated with Cy5 (Jackson ImmunoReseach,
Suffolk, United Kingdom, 11-175-144) 1:400 in H2O. Slides were
washed with PBS three times and incubated with Sytox Green
(2.5µM) for 15min at room temperature. Slides were washed
with H2O three times and slides were embedded with DAKO
fluorescent mounting medium (Dako, Hamburg, Germany).
Samples without primary antibodies served as controls. Slides
were analyzed in fluorescence microscopy.

RESULTS

Nanoparticles for application into the blood stream must fulfill
several requirements. They have to be free of microbial or
endotoxin contaminations, have to be stable as colloids and
must not cause adverse (immune) reactions in the presence of
blood cells and plasma components. Neutrophils are the most
abundant cells in human blood and form the first line immune
defense against invaders, like microbial, fungal or nanoparticular
origin. In this study we investigated if SPIONs cause activation
of neutrophils with concomitant NET formation in the presence
and absence of magnetic fields. For that, SPIONs with different
coatings, hydrodynamic sizes and physicochemical properties
were applied, as summarized in Table 1. All used SPION systems
were free of bacterial contaminations and endotoxin content was
below 0.5 EU/mg (data not shown).

In vitro Formation of SPION-Aggregated
NET-Co-aggregates in Plasma, PBS, or
Medium Containing 10% Serum
Two hundredmicrograms permilliliters SPIONs were suspended
in plasma, PBS or medium containing 10% serum and incubated
for 10min. We observed that the SPIONs exhibited different
colloidal stabilities, with SPIONLA1 and SPIONLA2 forming
clusters after incubation in the presence of PBS (Figure 1A);
incubation with plasma or medium containing 10% serum did
not induce clusters due to the formation of stabilizing protein
coronae (Figures 1B, 2A) (11, 12).

After 3 h of incubation with PMN in PBS we found
extracellular DNA in those samples in which nanoparticle
aggregates had been observed (Figure 1C). PMA as canonical
stimulator for NET formation also induced extracellular DNA in
the presence of PBS. In plasma or serum-containing medium no
NET formation was observed for SPIONs; NETs were induced
by PMA, however, they were considerably smaller (Figures 1D,
2B). So far, it seems that formation of NETs in the presence
of SPIONs depends either on the size of the nanoparticle
agglomerates or on the medium (PBS, plasma or serum-
containingmedium). Analysing PMNwith viable morphology by
means of forward and side scatter we detected aggregated NETs
(aggNETs) for SPIONLA1 and SPIONLA2 in PBS, but not for the

other nanoparticles (Figure 1E). In the presence of plasma or
medium containing 10% serum, no aggNETs were detected after
incubation with SPIONs (Figures 1F, 2C).

In vitro Formation of SPION-Aggregated
NET-Co-aggregates in Media Containing
10% Serum in the Presence of a Magnetic
Field
To analyze in vitro NET formation in media containing 10%
serum PMN were incubated with 40µg/ml SPIONs on an orbital
shaker to prevent passive sedimentation of the nanoparticles.
Then the samples were subjected or not to magnetic fields for 3 h
under constant shaking at 37◦C. In these conditions SPIONLA1,
SPIONLA2, and SPIONLA−HSA accumulated close to themagnets.
The SPIONLA−HSA conglomerates were instable and could easily
be resuspended by shaking; those of SPIONLA1 and SPIONLA2

formed tight and stable aggregates that could not be resuspended
by shaking. In the absence of magnets no agglomerations were
detected (Figure 3A).

Centrifuged samples were stained for NETs. Fluorescence
microscopy revealed fibers of extracellular/extranuclear DNA
for SPIONLA1 and SPIONLA2 incubated in the presence of
a magnetic field. These looked similar to NETs induced by
PMA (Figure 3C), LPS, MSU crystals, and zymosan (not
shown); in the absence of a magnetic field no extracellular
DNA fibers were detected (Figure 3B). Brightfield microscopy
showed dark nanoparticles entrapped in the NETs (Figure 3C).
Fluorescence microscopy of a SPIONLA1–induced aggNET-
co-aggregate revealed DNA fibers around the nanoparticle
agglomerate (Figure 3D).

Ex vivo Formation of SPION-Aggregated
NET-Co-aggregates in Whole Blood in the
Presence of a Magnetic Field
Next we incubated whole blood with 40µg/ml SPIONs in the
absence or presence of a magnetic field. The samples were
incubated on an orbital shaker. After 3 h we observed brown
agglomerates sticking to the tube walls close to the magnets for
SPIONLA1 and SPIONLA2, which were easily visible by the naked
eye. For SPIONDEX and SPIONLA−HSA no visible agglomerates
were detected (Figure 4A). To analyze the agglomerates in
more detail, we isolated the large structures employing a
70µM mesh (Figure 4B). In the absence of a magnetic field,
no large agglomerates were formed; we only detected small
brown structures for SPIONLA1 and SPIONLA2. PMA induced
NETs appeared whitish since they did not contain dark brown
nanoparticles. Cryosections of the agglomerates were stained
for neutrophil elastase (NE), citrullinated histone H3 (citH3),
and extracellular DNA. In the presence of SPIONLA1 and
SPIONLA2 large structures developed, which contained iron
oxide nanoparticle aggregates arranged in large rows (dark
structures in bright field). Around the nanoparticle rows several
bound viable PMN were detected by nuclear Sytox fluorescence
and brightfield imaging. The aggregated nanoparticle structures
were stained positive for NE, citH3, and extracellular DNA,
although the green signal of the latter was partially quenched
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FIGURE 1 | Non-stabilized SPIONs induce NET formation in protein-free buffer but not in plasma. In PBS non-stabilized SPIONs (200µg/ml) form agglomerates (A),

whereas in plasma the particles are stabilized by protein coronae (B). PMN were incubated with 200µg/ml nanoparticles for 3 h in PBS (C) or plasma (D). Then,

samples were stained with Hoechst, and prepared for fluorescence microscopy. PMA treated and untreated cells served as positive and negative control, respectively.

Scale bars refer to 100µm (C,D). Measurement of neutrophils by flow cytometry and evaluation of viable PMN count based on forward and side scatter properties in

PBS (E) or plasma (F). Experiment was performed in triplicates of at least two independent donors; representative data of one donor (mean values with standard

deviations) are shown (E,F).
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FIGURE 2 | Serum reduced NET formation of isolated PMN. In serum-containing medium (R10) all SPIONs (200µg/ml) are colloidally stable (A). Isolated PMN were

incubated with 200µg/ml nanoparticles for 3 h in R10. Then, cells were stained with Hoechst, and prepared for fluorescence microscopy. PMA treated and untreated

cells served as positive and negative control, respectively. Scale bars refer to 50µm (B). Measurement of neutrophils by flow cytometry and evaluation of viable PMN

count based on forward and side scatter properties. Experiment was performed in triplicates of at least two independent donors; representative data of one donor

(mean values with standard deviations) are shown (C).

by the brownish particles. We conclude that magnet-induced
primary nanoparticle agglomerates activate NET formation and
build larger secondary structures glued together by aggNETs
(Figures 4C,D).

In vivo Formation of SPION-Aggregated
NET-Co-aggregates
To test whether SPION-aggNET-co-aggregates also form in vivo
we injected SPIONLA1 nanoparticles into the central arterial
vessel of rabbit ears and subjected the distal vessel to an
external magnetic field. After 20min black agglomerations
inside branches of the marginal veins of the ear were visible
(Figure 5A). The intravascular agglomerates remained visible
for at least 3 days after injection, when the animals were
sacrificed and the ear tissue subjected to analyses by histology.
Serial sections through the black agglomerates and staining
with HE revealed two vascular clots with one containing
a dense package of SPIONLA1 (Figure 5B; clot 1). Staining
with PI (red) and anti-dDNA IgM (green) showed that the
agglomeration contained extracellular DNA (Figure 5C). Clot 2
was positive for myeloperoxidase and DNA, but did not contain
any SPIONLA1 (Figure 5D). Importantly, clot 2 was not in direct
proximity to the nanoparticles, thus, neutrophils might have

been activated by massive cell stress due to the downstream
vessel occlusion. Alternative coating of the SPIONs with HSA
or dextran (SPIONLA−HSA and SPIONDEX) prevented vascular
occlusions even in the presence of a magnetic field (data not
shown).

DISCUSSION

Uncoated SPIONs tend to agglomerate due to magnetic
attraction, high surface energy and van der Waals forces (13).
In our study, SPIONLA1 and SPIONLA2 formed nanoparticle
agglomerates in blood in vitro and in vivo, when brought into
magnetic fields (Figures 4, 5). These instable agglomerates
activated NET formation and were glued together by
the extracellular chromatin. NET formation stabilized the
agglomerates, leading to the formation of firm SPION-aggNETs-
co-aggregates that may even occlude vessels. Thus, appropriate
coating of SPIONs (SPIONLA−HSA or SPIONDEX) prevents the
formation of occlusive aggregates, increases the safety of the
SPIONs and allows their therapeutic use.

Nanoparticles injected in the blood are known to be
opsonized by serum proteins including complement compounds,
immunoglobulins, fibronectin, and apolipoproteins (14). This
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FIGURE 3 | Magnetic fields increase NET formation of isolated PMN in serum-containing media. Isolated PMN were incubated with 40µg/ml SPIONs in R10 media

under constant shaking at 37◦C in the absence or presence of magnetic fields. After 3 h, magnets were removed and the tube walls rinsed with medium (A). The

harvested cells were stained with Sytox Green and prepared for fluorescence microcopy. Scale bars refer to 100µm (B,C). Smear of the SPIONLA1- induced

aggNET-co-aggregate was stained with Hoechst 33342 (D).

protein corona increases biocompatibility of the nanoparticles
and raises their colloidal stability (15–17). We showed that in the
presence of pure plasma, plasma containing cell culture medium
or whole blood nanoparticle agglomeration was prevented
(Figures 1D, 2), whereas in PBS agglomeration occurred in
non-sufficiently coated SPIONs (Figure 1A). After injection of
nanoparticles into the blood stream, opsonisation with plasma
proteins results in uptake by cells of the reticuloendothelial
system (18). Thus, the majority of the nanoparticles are quickly
removed by Kupffer cells of the liver and spleen (19). To

circumvent fast clearance of therapeutic nanoparticles from the
blood stream, coating with e.g. polyethylene glycol (PEG) is
used to mask particles and to increase circulation times (20).
For application of SPIONs as drug transporter in magnetic drug
targeting, intraarterial injection in the tumor supplying vessels
can reduce early clearance (5, 21).

Besides macrophages and monocytes, also neutrophils are
involved in the phagocytic removal of pathogens. The decision
if neutrophils detoxify pathogens by phagocytosis or NET
formation has been shown to depend on the pathogen size
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FIGURE 4 | NETosis in whole blood in absence/presence of magnet. Whole blood was incubated with 40µg/ml SPIONs under constant shaking at 37◦C in the

absence or presence of magnetic fields (A). After 3 h, agglomerates were harvested on 70µm mesh cell strainers and prepared for sectioning (B). Cryosections

(10µm) of agglomerates were stained for neutrophil elastase (NE) (C) or citrinulated histone H3 (cit H3) (D) and analyzed in fluorescence microscopy. Scale bars refer

to 100µm. Large images represent overlays of the green and red fluorescences for SPIONLA1 and SPIONLA2 (C,D).

amongst others (22). Here, neutrophil elastase plays a crucial role.
Yeast particles for example are quickly phagocytosed, with fusion
of NE-containing granules to the phagosome. When neutrophils
meet a pathogen that is too big to be taken up into phagosomes,
NE is slowly released into the cytosol, translocates into the

nucleus and promotes chromatin decondensation (4). We
observed in our experiments that NET formation depends on the
agglomeration of nanoparticles. Agglomeration of insufficiently
coated SPIONs was caused in the absence of stabilizing proteins
(Figures 1, 2) or due to active enrichment under a magnetic
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FIGURE 5 | Magnetic fields induce SPIONLA1-aggNET-co-aggregates in vivo. Magnetic field induces aggregation of SPIONLA1 and aggNET in the vessel of rabbit

ears, as early as 20min after injection (left) and up to 3 days after injection (right) (A). The area imaged was positioned on top of permanent neodymium magnet

immediately after injection. HE staining of section from rabbit ear (Clot 1, SPIONLA1-aggNET-co-aggregates area with initiated clot formation; Clot 2, canonical clot

formed) (B). Clot 1 stained for externalized DNA (green) by anti-DNA IgM antibody, and DNA (red) by PI (C); Clot 2 contained Myeloperoxidase (green) and DNA

(red) (D).

field (Figures 3–5). Thus, size of the nanoparticle clusters, local
nanoparticle concentration or the surface structure might play a
role for the subsequent formation of NETs. In line with this, it has
been shown that the topology of biomaterial implants is crucial
to prevent neutrophil activation as well as acute and chronic
inflammation (23). Cross-linked alginate implants attract more
neutrophils than alginate injected as solution (24).

Our findings indicate that the 3D architecture of nanoparticles
and their agglomerates can regulate neutrophils’ responses
and effector mechanisms. We showed that with magnetically
induced agglomeration of nanoparticles, the formation of firm
aggNET-SPION-co-aggregates is induced in a selective manner
(Figure 3). This also happens in the circulation in vivo. These
firm aggregates can form non-canonical thrombi that are able to
occlude vessels (Figure 5). This is comparable to the aggNET-
mediated microvascular thrombosis in sepsis (25, 26). The
action of the plasma proteins, aggNETs and of NET-associated
proteins (NE, histones) further increases size and stability of
the thrombi. Indeed, NE can cleave and inactivate tissue factor
pathway inhibitor, leading to increased pro-coagulant activity,
with concomitant platelet activation and accelerated thrombus
formation (27–29). In addition, aggNET-borne histones in
turn activate platelets (30). The mutual activation of aggNETs
and the canonical coagulation pathway further promotes

coagulation and may form tight vascular occlusions, often in the
capillary bed.

Besides the coagulation system, interactions of NETs with
the complement system have additionally become apparent.
Activated complement proteins can induce NET formation,
and NETs vice versa can serve as a platform for complement
activation (31). Previously, iron oxide-based contrast agents
showed their potential to trigger hypersensitivity reactions or
complement activation (32, 33). For SPIONDEX dedicated for
magnetic resonance imaging we previously proofed the absence
of complement activation in vitro and complement-activation
related pseudoallergy (CARPA) in vivo, probably due to tight
coverage of the iron surface by complete cross-linking of the
dextran shell (8, 34), indicating the importance of proper coatings
for biocompatibility. For SPIONs dedicated for magnetic drug
targeting (SPIONLA−HSA) we previously showed that an artificial
albumin protein corona can colloidally stabilize iron oxide
nanoparticles and increase their biocompatibility (11, 35, 36).

Here we report that SPIONLA1 and SPIONLA2 did not
agglomerate and did not induce NETosis in plasma or serum
containing cell culture media in the absence of a magnetic
field. However, as soon as a magnetic field was applied, a
topological structure evolved which favors NET formation
and thrombogenicity. Both drawbacks were clearly prevented
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in preparations of SPIONLA−HSA and SPIONDEX which were
coated with human serum albumin or dextran.

AUTHOR CONTRIBUTIONS

RB developed experimental setup for animal experiments and
performed animal microphotography. RB, TD, and SP performed
experiments with rabbits. VV and BW processed, stained, and
analyzed tissues and cells in microscopy, HU synthesized and
characterized SPIONs. ZL and CJ performed flow cytometry,
CA, RB, MH, and CJ planned the experiments and wrote the
manuscript.

FUNDING

This work was carried out with financial support from the
Bavarian State Ministry for the Environment and Consumer
Protection, FUMIN Bridge Funding appropriations, the Manfred
Roth Stiftung, Fürth, and the Emerging Fields Initiative (EFI) of
the University of Erlangen-Nürnberg (BIG-THERA).

ACKNOWLEDGMENTS

We thank Eveline Schreiber and Julia Band for their excellent
technical support.

REFERENCES

1. Bardoel BW, Kenny EF, Sollberger G, Zychlinsky A. The

balancing act of neutrophils. Cell Host Microbe (2014) 15:526–36.

doi: 10.1016/j.chom.2014.04.011

2. 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

3. Munoz LE, Bilyy R, Biermann MH, Kienhofer D, Maueroder C, Hahn

J, et al. Nanoparticles size-dependently initiate self-limiting NETosis-

driven inflammation. Proc Natl Acad Sci USA. (2016) 113:E5856–65.

doi: 10.1073/pnas.1602230113

4. Branzk N, Lubojemska A, Hardison SE, Wang Q, Gutierrez MG, Brown

GD, et al. Neutrophils sense microbe size and selectively release neutrophil

extracellular traps in response to large pathogens. Nat Immunol. (2014)

15:1017–25. doi: 10.1038/ni.2987

5. Tietze R, Lyer S, Durr S, Struffert T, Engelhorn T, Schwarz M, et al.

Efficient drug-delivery using magnetic nanoparticles–biodistribution and

therapeutic effects in tumor bearing rabbits. Nanomedicine (2013) 9:961–71.

doi: 10.1016/j.nano.2013.05.001

6. Zaloga J, Pottler M, Leitinger G, Friedrich RP, Almer G, Lyer S, et al.

Pharmaceutical formulation of HSA hybrid coated iron oxide nanoparticles

for magnetic drug targeting. Eur J Pharm Biopharm. (2016) 101:152–62.

doi: 10.1016/j.ejpb.2016.01.017

7. Zaloga J, Stapf M, Nowak J, Pottler M, Friedrich RP, Tietze R, et al.

Tangential flow ultrafiltration allows purification and concentration

of lauric acid-/albumin-coated particles for improved magnetic

treatment. Int J Mol Sci. (2015) 16:19291–307. doi: 10.3390/ijms1608

19291

8. Unterweger H, Janko C, Schwarz M, Dezsi L, Urbanics R, Matuszak

J, et al. Non-immunogenic dextran-coated superparamagnetic iron

oxide nanoparticles: a biocompatible, size-tunable contrast agent for

magnetic resonance imaging. Int J Nanomedicine (2017) 12:5223–38.

doi: 10.2147/IJN.S138108

9. Nilsson C, Aboud S, Karlen K, Hejdeman B, Urassa W, Biberfeld G.

Optimal blood mononuclear cell isolation procedures for gamma interferon

enzyme-linked immunospot testing of healthy Swedish and Tanzanian

subjects. Clin Vaccine Immunol. (2008) 15:585–9. doi: 10.1128/CVI.001

61-07

10. Bilyy R, Fedorov V, Vovk V, Leppkes M, Dumych T, Chopyak V, et al.

Neutrophil extracellular traps form a barrier between necrotic and viable

areas in acute abdominal inflammation. Front Immunol. (2016) 7:424.

doi: 10.3389/fimmu.2016.00424

11. Janko C, Zaloga J, Pöttler M, Dürr S, Eberbeck D, Tietze R, et al.

Strategies to optimize the biocompatibility of iron oxide nanoparticles

– “SPIONs safe by design”. J Magn Magn Mater. (2017) 431:281–4.

doi: 10.1016/j.jmmm.2016.09.034

12. Lundqvist M, Augustsson C, Lilja M, Lundkvist K, Dahlback B, Linse S, et

al. The nanoparticle protein corona formed in human blood or human blood

fractions. PLoS ONE (2017) 12:e0175871. doi: 10.1371/journal.pone.0175871

13. Ali A, Zafar H, Zia M, Ul Haq I, Phull AR, Ali JS, et al. Synthesis,

characterization, applications, and challenges of iron oxide nanoparticles.

Nanotechnol Sci Appl. (2016) 9:49–67. doi: 10.2147/NSA.S99986

14. Vonarbourg A, Passirani C, Saulnier P, Benoit JP. Parameters influencing the

stealthiness of colloidal drug delivery systems. Biomaterials (2006) 27:4356–

73. doi: 10.1016/j.biomaterials.2006.03.039

15. NguyenVH, Lee BJ. Protein corona: a new approach for nanomedicine design.

Int J Nanomedicine (2017) 12:3137–51. doi: 10.2147/IJN.S129300

16. Gebauer JS, Malissek M, Simon S, Knauer SK, Maskos M, Stauber RH, et al.

Impact of the nanoparticle-protein corona on colloidal stability and protein

structure. Langmuir (2012) 28:9673–9. doi: 10.1021/la301104a

17. MonopoliMP, Pitek AS, Lynch I, DawsonKA. Formation and characterization

of the nanoparticle-protein corona. Methods Mol Biol. (2013) 1025:137–55.

doi: 10.1007/978-1-62703-462-3_11

18. Owens DE III, Peppas NA. Opsonization, biodistribution, and

pharmacokinetics of polymeric nanoparticles. Int J Pharm. (2006) 307:93–102.

doi: 10.1016/j.ijpharm.2005.10.010

19. Sadauskas E, Wallin H, Stoltenberg M, Vogel U, Doering P, Larsen A, et al.

Kupffer cells are central in the removal of nanoparticles from the organism.

Part Fibre Toxicol. (2007) 4:10. doi: 10.1186/1743-8977-4-10

20. Suk JS, Xu Q, Kim N, Hanes J, Ensign LM. PEGylation as a strategy for

improving nanoparticle-based drug and gene delivery. Adv Drug Deliv Rev.

(2016) 99(Pt A):28–51. doi: 10.1016/j.addr.2015.09.012

21. Alexiou C, Arnold W, Klein RJ, Parak FG, Hulin P, Bergemann C, et al.

Locoregional cancer treatment with magnetic drug targeting. Cancer Res.

(2000) 60:6641–8.

22. Warnatsch A, Tsourouktsoglou TD, Branzk N, Wang Q, Reincke S, Herbst

S, et al. Reactive oxygen species localization programs inflammation

to clear microbes of different size. Immunity (2017) 46:421–32.

doi: 10.1016/j.immuni.2017.02.013

23. Selders GS, Fetz AE, Radic MZ, Bowlin GL. An overview of the role

of neutrophils in innate immunity, inflammation and host-biomaterial

integration. Regen Biomater. (2017) 4:55–68. doi: 10.1093/rb/rbw041

24. Jhunjhunwala S, Aresta-DaSilva S, Tang K, Alvarez D, Webber MJ, Tang BC,

et al. Neutrophil responses to sterile implant materials. PLoS ONE (2015)

10:e0137550. doi: 10.1371/journal.pone.0137550

25. Kimball AS, Obi AT, Diaz JA, Henke PK. The emerging role of NETs in

venous thrombosis and immunothrombosis. Front Immunol. (2016) 7:236.

doi: 10.3389/fimmu.2016.00236

26. Jimenez-Alcazar M, Rangaswamy C, Panda R, Bitterling J, Simsek YJ, Long

AT, et al. Host DNases prevent vascular occlusion by neutrophil extracellular

traps. Science (2017) 358:1202–6. doi: 10.1126/science.aam8897

27. Clark SR, Ma AC, Tavener SA, McDonald B, Goodarzi Z, Kelly MM, et al.

Platelet TLR4 activates neutrophil extracellular traps to ensnare bacteria in

septic blood. Nat Med. (2007) 13:463–9. doi: 10.1038/nm1565

28. Massberg S, Grahl L, von Bruehl ML, Manukyan D, Pfeiler S, Goosmann C,

et al. Reciprocal coupling of coagulation and innate immunity via neutrophil

serine proteases. Nat Med. (2010) 16:887–96. doi: 10.1038/nm.2184

29. von Bruhl ML, Stark K, Steinhart A, Chandraratne S, Konrad I, Lorenz

M, et al. Monocytes, neutrophils, and platelets cooperate to initiate and

Frontiers in Immunology | www.frontiersin.org October 2018 | Volume 9 | Article 226690

https://doi.org/10.1016/j.chom.2014.04.011
https://doi.org/10.1126/science.1092385
https://doi.org/10.1073/pnas.1602230113
https://doi.org/10.1038/ni.2987
https://doi.org/10.1016/j.nano.2013.05.001
https://doi.org/10.1016/j.ejpb.2016.01.017
https://doi.org/10.3390/ijms160819291
https://doi.org/10.2147/IJN.S138108
https://doi.org/10.1128/CVI.00161-07
https://doi.org/10.3389/fimmu.2016.00424
https://doi.org/10.1016/j.jmmm.2016.09.034
https://doi.org/10.1371/journal.pone.0175871
https://doi.org/10.2147/NSA.S99986
https://doi.org/10.1016/j.biomaterials.2006.03.039
https://doi.org/10.2147/IJN.S129300
https://doi.org/10.1021/la301104a
https://doi.org/10.1007/978-1-62703-462-3_11
https://doi.org/10.1016/j.ijpharm.2005.10.010
https://doi.org/10.1186/1743-8977-4-10
https://doi.org/10.1016/j.addr.2015.09.012
https://doi.org/10.1016/j.immuni.2017.02.013
https://doi.org/10.1093/rb/rbw041
https://doi.org/10.1371/journal.pone.0137550
https://doi.org/10.3389/fimmu.2016.00236
https://doi.org/10.1126/science.aam8897
https://doi.org/10.1038/nm1565
https://doi.org/10.1038/nm.2184
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Bilyy et al. SPION Coating Prevents Formation of NETs

propagate venous thrombosis in mice in vivo. J Exp Med. (2012) 209:819–35.

doi: 10.1084/jem.20112322

30. Martinod K, Wagner DD. Thrombosis: tangled up in NETs. Blood (2014)

123:2768–76. doi: 10.1182/blood-2013-10-463646

31. de Bont CM, Boelens WC, Pruijn GJM. NETosis, complement, and

coagulation: a triangular relationship. Cell Mol Immunol. (2018).

doi: 10.1038/s41423-018-0024-0. [Epub ahead of print].

32. Banda NK, Mehta G, Chao Y, Wang G, Inturi S, Fossati-Jimack

L, et al. Mechanisms of complement activation by dextran-coated

superparamagnetic iron oxide (SPIO) nanoworms in mouse versus

human serum. Part Fibre Toxicol. (2014) 11:64. doi: 10.1186/s12989-014-0

064-2

33. Szebeni J, Fishbane S, Hedenus M, Howaldt S, Locatelli F, Patni S,

et al. Hypersensitivity to intravenous iron: classification, terminology,

mechanisms and management. Br J Pharmacol. (2015) 172:5025–36.

doi: 10.1111/bph.13268

34. Unterweger H, Dezsi L, Matuszak J, Janko C, Poettler M,

Jordan J, et al. Dextran-coated superparamagnetic iron oxide

nanoparticles for magnetic resonance imaging: evaluation of

size-dependent imaging properties, storage stability and safety.

Int J Nanomedicine (2018) 13:1899–915. doi: 10.2147/IJN.S1

56528

35. Friedrich RP, Janko C, Poettler M, Tripal P, Zaloga J, Cicha I, et al. Flow

cytometry for intracellular SPION quantification: specificity and sensitivity

in comparison with spectroscopic methods. Int J Nanomedicine (2015)

10:4185–201. doi: 10.2147/IJN.S82714

36. Zaloga J, Janko C, Nowak J, Matuszak J, Knaup S, Eberbeck D, et al.

Development of a lauric acid/albumin hybrid iron oxide nanoparticle system

with improved biocompatibility. Int J Nanomedicine (2014) 9:4847–66.

doi: 10.2147/IJN.S68539

Conflict of Interest Statement: 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.

The reviewer GS and handling Editor declared their shared affiliation.

Copyright © 2018 Bilyy, Unterweger, Weigel, Dumych, Paryzhak, Vovk, Liao,

Alexiou, Herrmann and Janko. 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 October 2018 | Volume 9 | Article 226691

https://doi.org/10.1084/jem.20112322
https://doi.org/10.1182/blood-2013-10-463646
https://doi.org/10.1038/s41423-018-0024-0
https://doi.org/10.1186/s12989-014-0064-2
https://doi.org/10.1111/bph.13268
https://doi.org/10.2147/IJN.S156528
https://doi.org/10.2147/IJN.S82714
https://doi.org/10.2147/IJN.S68539
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


July 2018 | Volume 9 | Article 1559

Mini Review
published: 06 July 2018

doi: 10.3389/fimmu.2018.01559

Frontiers in Immunology | www.frontiersin.org

Edited by: 
Philippe Saas,  

INSERM U1098 Interactions 
Hôte-Greffon-Tumeur  
& Ingénierie Cellulaire  

et Génique, France

Reviewed by: 
Francesca Oliviero,  

Università degli Studi di  
Padova, Italy  

Angelo A. Manfredi,  
Università Vita-Salute San  

Raffaele, Italy

*Correspondence:
Yi Zhao 

zhao.y1977@163.com

†Co-first author.

Specialty section: 
This article was submitted to 

Inflammation,  
a section of the journal  

Frontiers in Immunology

Received: 30 March 2018
Accepted: 25 June 2018
Published: 06 July 2018

Citation: 
Li Y, Cao X, Liu Y, Zhao Y and 

Herrmann M (2018) Neutrophil 
Extracellular Traps Formation 
and Aggregation Orchestrate 

Induction and Resolution of Sterile  
Crystal-Mediated Inflammation. 

Front. Immunol. 9:1559. 
doi: 10.3389/fimmu.2018.01559

neutrophil extracellular Traps 
Formation and Aggregation 
Orchestrate induction and  
Resolution of Sterile  
Crystal-Mediated inflammation
Yanhong Li1†, Xue Cao1†, Yi Liu1, Yi Zhao1,2* and Martin Herrmann2

1 Department of Rheumatology and Immunology, West China Hospital, Sichuan University, Chengdu, China, 2 Department of 
Internal Medicine 3, Rheumatology and Immunology, Friedrich-Alexander-University Erlangen-Nürnberg (FAU), Erlangen, 
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The formation of neutrophil extracellular traps (NETs) to immobilize pathogens represents 
a novel antimicrobial strategy of the immune system. The microcrystals related to human 
diseases are classified into endogenous microcrystals, including monosodium urate 
(MSU), calcium pyrophosphate dihydrate, calcium carbonate, calcium phosphate, 
calcium oxalate, cholesterol, and exogenous material like crystals from silica. Although 
microcrystals possess distinct compositions and shapes, they have a common charac-
teristic: they stimulate neutrophils to release NETs. In low and high densities, neutrophils 
form NETs and aggregated NETs (aggNETs) that reportedly orchestrate the initiation and 
resolution of sterile crystal-mediated inflammation, respectively. Here, we summarize 
the different roles of NETs and aggNETs stimulated by the crystals mentioned above in 
related inflammatory reactions. The NETosis-derived products may represent a potential 
therapeutic target in crystal-mediated diseases.

Keywords: sterile crystal, inflammation, neutrophil, neutrophil extracellular traps, aggregated neutrophil 
extracellular traps

inTRODUCTiOn

Neutrophils are the most abundant circulated leukocytes in blood and represent the first line of innate 
immune system to defense against the injury or infection, including bacteria, fungi, and protozoa. In 
addition to their classical functions like phagocytosis and degranulation, neutrophils are endowed 
with a novel antimicrobial strategy. They are able to entrap and kill pathogens by extruding their 
nucleohistone network into the extracellular space, known as neutrophil extracellular traps (NETs) 
(1). NETs formation can be induced by various kinds of stimuli, such as specific microbes, sterile 
inflammatory mediators like lipopolysaccharides (LPS), phorbol-12-myristate-13-acetate (PMA), 
IL-8, ionomycin (2) or cytokines (3), immune complexes, activated platelets (4), particulate matter, 
and microcrystals (5). Under certain circumstances NETs formation is accompanied by a unique cell 
death program referred to as NETosis. The latter is distinct from apoptosis and necrosis (1, 6). During 
NETosis, the chromatin decondenses, the membranes of nucleus and granules disintegrate to gener-
ate chromatin blended with nuclear and granular proteins and enzymes. Following the rupture of the 
cellular membrane, chromatin is decorated with a plethora of internal molecules, including histones, 
neutrophil elastase (NE), myeloperoxidase (MPO), proteinase-3 (PR3), lactoferrin, cathepsin G, 

92

https://www.frontiersin.org/Immunology/
https://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2018.01559&domain=pdf&date_stamp=2018-07-06
https://www.frontiersin.org/Immunology/archive
https://www.frontiersin.org/Immunology/editorialboard
https://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2018.01559
https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:zhao.y1977@163.com
https://doi.org/10.3389/fimmu.2018.01559
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.01559/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.01559/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.01559/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.01559/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.01559/full
https://loop.frontiersin.org/people/346118
https://loop.frontiersin.org/people/193477
https://loop.frontiersin.org/people/29817


Li et al. NETs in Crystal-Mediated Inflammation

Frontiers in Immunology | www.frontiersin.org July 2018 | Volume 9 | Article 1559

matrix metalloprotease 9, peptidoglycan-recognition proteins, 
high mobility group protein B1, pentraxin, LL-37, and the bac-
tericidal/permeability-increasing protein (1, 6). These contents 
are then expelled into the extracellular environment (1, 7–10). 
However, several aspects of NETs formation still remain elusive. 
In some forms of NETs formation the production of reactive oxy-
gen species (ROS) by NADPH oxidase or mitochondria emerged 
to play an integral role; ROS helps to translocate the granular pro-
teins MPO and NE into the nucleus (6, 7). Meanwhile, a number 
of molecules have been identified contributing to NETs forma-
tion, including peptidyl arginine deiminase 4 (PADI4), TGF-β-
activated kinase 1, intracellular Ca2+, and RAF/MEK/ERK (11). 
Due to the complicated structure and cytotoxic enzymes, NETs 
have been implicated in orchestrating the local immune response 
via eliminating pathogens, releasing pro-inflammatory media-
tors, and damaging tissue directly (12–18). In the pathogenesis of 
autoimmune inflammatory diseases, such as vasculitis, RA, and 
SLE they may serve as source of neoantigens that trigger the pro-
duction of autoantibodies. A number of studies have suggested 
that NETs are involve in trapping microcrystals when the human 
body is exposed to crystals from monosodium urate (MSU), 
calcium pyrophosphate dihydrate (CPP), cholesterol, calcium 
carbonate (CaCO3), calcium phosphate (CaP), calcium oxalate 
(CaOx), or silica under conditions of sterile inflammation (19). 
The latent role of NETs in crystal-induced inflammation is either 
to induce local necroinflammation or to perform a state of alle-
viating inflammation, just like acute or chronic gout, respectively 
(20). Herein, we review the current state of knowledge regarding 
NETs formation and aggregation in sterile inflammation induced 
by different sizes and shapes of microcrystals.

MOnOSODiUM URATe CRYSTALS

Crystals of MSU monohydrate (NaC5H3N4O3·H2O) are macro-
scopically needle-shaped (21, 22). Their deposition in joints and 
soft tissues can cause an acute, inflammatory joint disease, usually 
referred to as gouty arthritis (23). In joints, MSU crystals induce 
the secretion of cytokines and chemokines by phagocytes, includ-
ing interleukin (IL)-1β, tumor necrosis factor (TNF), IL-6, and 
IL-8 (24). These inflammatory mediators are crucial to amplify 
inflammation by the recruitment into the joint synovial fluid 
of further neutrophils and monocytes (24). MSU crystals are 
supposed to activate neutrophils to release cytokines and induce 
infiltration of further neutrophils to form NETs (25, 26) leading 
to acute, extremely painful, and tissue-damaging inflammation 
in joints.

The NET release from neutrophils induced by MSU crystals is 
a complex yet highly coordinated sequence of events. To facilitate 
this, a lot of signaling pathways have been evolved. It was reported 
that NADPH oxidase-mediated ROS production is required for 
NETs formation evoked by MSU crystals (19, 27). Neutrophils 
from patients with chronic granulomatous disease (CGD) or 
NADPH oxidase-deficient mice displayed weak NETs formation 
in response to MSU (19, 27). In vitro, neutrophils treated with 
various anti-oxidants, lack ROS production and NETs formation 
in response to MSU crystals (19, 27). Furthermore, NETs forma-
tion induced by soluble uric acid is mediated by NF-κB activation 

is independent of ROS production (28). Unexpectedly, there is 
report that MSU crystals induce NETosis in an NADPH oxidase-
independent fashion distinct from PMA-induced NETosis (29). 
Also, autophagy, necroptosis, RIPK1-RIPK3-MLKL signaling, 
and endosomal acidification have emerged as key regulators of 
MSU crystal-induced NETs formation (20, 30). The stress-related 
protein REDD1 which expressed in neutrophils is regulated in 
development and DNA damage responses. At the attack phase 
of familial Mediterranean fever (FMF), upregulated REDD1 pro-
mote autophagy and augment NETs formation (31). Consistently, 
during remission phases of FMF, the transcription of REDD1 is 
impaired and resistant to autophagy-mediated NETs release (31). 
Specifically, blocking phosphatidylinositol 3-kinase signaling 
or phagolysosome fusion prevents MSU crystal-induced NETs 
formation (26, 30). Result from RIPK3 knockout murine demon-
strated that neutrophils deficient in RIPK3 are unable to release 
NETs in response to MSU crystal in  vitro or in  vivo (26). By 
contrast, other studies showed that PMA stimulates NETs release 
independent of RIPK 3 and MLKL signaling (32). Studies have 
described substantial effects of the purinergic receptors, P2Y and 
P2Y6 on MSU crystal-induced NETs formation (33). MRS2578, 
an inhibitor of P2Y6, reportedly restrained neutrophil migration 
and production of ROS as shown by live cell imaging. This sug-
gests that purinergic receptors are involved in NETs formation 
(33). Interestingly, SK&F96365 inhibited MSU crystal-induced 
NETs formation by affecting a store-operated calcium entry 
channel (33). Neutrophils and phagocytes internalize small urate 
micro-aggregates (UMA; <1μm in size) in the circulation and thus 
suppress MSU crystals formation (34). Gradually, mass of urate 
micro-aggregates exceeds the phagocytic ability of neutrophils 
leading to MSU crystals formation. Consequently, neutrophils 
are frustrated in phagocytosis and generate NETs (34, 35).

The NETs formation in response to MSU crystals is a complex 
process modulated by a plethora of factors, including inflamma-
tory cytokines. In a MSU crystal-induced arthritis model has been 
shown that IL-1 inhibition is effective to control MSU-mediated 
inflammation (36). Neutrophil exhibit an enhanced NETs release 
in response to synovial fluid from gout patients, partially hin-
dered by the IL-1β antagonist anakinra (30) and IL-1β accelerates 
NETs formation triggered by MSU crystals (37).

Interestingly, IL-1β alone does not stimulate NETs release (37) 
and positive feedback loops are crucial for NETs formation. In 
joints NETs release dangerous neutrophilic cargoes like histones 
and granule proteins like myeloperoxidase (MPO) and NE (1) 
further amplifying MSU crystal-induced inflammation. In addi-
tion, NE cleaves pro-IL-1β into its bioactive IL-1β and IL-1β is a 
crucial cytokine of the inflammatory response in gout. It recruits 
neutrophils to joints and enhances NETs formation triggered by 
MSU crystals (37–39). Apart from that, DAMPs released from 
NETs, such as DNA-activating Toll-like receptors or NLRP3 
inflammasomes can augment inflammatory responses (40). MSU 
crystals induce NETosis through neutrophils in patients with 
gout. NETosis is further enhanced by impaired NETs degradation 
result from low DNase-1 activity in synovial fluids, in conjunction 
with enriched actin that is resistant to DNase degradation (29, 
40). The aberrant accumulation of aggregated NETs (aggNETs) 
is associated with NETs clearance deficiency and formation of 
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FigURe 1 | The molecular mechanism of monosodium urate (MSU) crystals induced neutrophil extracellular traps (NETs) and aggregated NETs (aggNETs) formation. 
(A) Acute gouty attack: phase 1 MSU crystals induce mononuclear phagocytes to secrete cytokines and chemokines, including interleukin (IL)-1β, tumor necrosis 
factor, IL-6, and IL-8. IL-1β recruits further neutrophils into the synovial joint; phase 2 neutrophils take up MSU crystals, a process activating reactive oxygen 
species, autophagy, RIPK1-RIPK3-MLKL signaling, P2Y6 receptor, endosomal acidification, calcium entry channel, IL-1β, and inducing NETs formation. NETs 
release dangerous neutrophils’ cargo, such as histones, MPO, NE, cytokine, DAMPs, chemokines, leading to acute, painful, and tissue-damaging inflammation; (B) 
chronic tophaceous gout: phase 3 under conditions of high neutrophil densities, aggNETs are formed, degrade pro-inflammatory chemokines and cytokines, and 
suppress crystal-induced inflammation. Abbreviations: MPO, myeloperoxidase; NE, neutrophil elastase; DAMPs, danger associated molecular patterns.
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extended NETs-crystal aggregates (40). In high neutrophil densi-
ties, NETs will agglomerate and form aggNETs (19).

It has been shown that aggNETs degrade pro-inflammatory 
chemokines and cytokines and suppress crystal-induced inflam-
mation (19) in  vitro and in  vivo. Animal studies suggest an 
important anti-inflammatory role of aggNETs in the regulation 
of cytokines like TNF-α, IL-1β and IL-6, and chemokines, such 
as chemokine ligand CCL2 and monocyte chemoattractant 
protein-1 (19). Collectively, these findings suggest that aggNETs 
promote the resolution of acute gouty arthritis (19). Despite its 
important role in the resolution of inflammation, little is known 
about the regulation of aggNETs formation. It has been reported 
that MSU crystals induced aggNETs formation depends on the 
production of ROS (19). In vitro, neutrophils of patients with 
CGD co-cultured with MSU crystals show reduced formation of 
aggNETs (19). In vivo, NADPH oxidase-deficient mice reduced 
the formation of aggNETs, when stimulated with MSU, both in an 
air pouch model, and in MSU crystal-induced paw inflammation 
(19). Accordingly, the authors also reported that ATP, lactoferrin 
(19), IL-1β (37) and the P2Y6 receptor antagonist MRS2578 (33) 
enhance and inhibit MSU crystal-induced aggNETs formation, 
respectively (Figure 1).

CALCiUM PYROPHOSPHATe  
DiHYDRATe CRYSTALS

Calcium pyrophosphate dihydrate (CCP) crystals display a rhom-
boid or elongated shape, and are generally shorter than 10 µm in 
length (41). They tend to deposit in joints and causes pseudogout, 
characterized by periodic acute joint flares (42). CPP crystals 
directly interact with and activate macrophages to release IL-1β, 

which attract more neutrophils to the inflamed joints (43–46). 
Neutrophils phagocytosis of CPP crystals resulted in the release of 
NETs composed of extracellular DNA colocalizing with citrulli-
nated histone H4 and myeloperoxidase (MPO) (47). CPP crystals 
elicited NETs faster and more efficiently than PMA (47). Going 
along with nuclear DNA morphological changes, neutrophils 
execute an NADPH oxidase-independent process of NETs release 
(47). The activity of the ERK/MEK signaling pathway, heat shock 
protein 90, and PI3K are essential for NETs formation triggered 
by CPP crystals (47). An intact cytoskeleton is required for CPP 
crystal-promoted NETs extrusion (47) and the release of IL-1β, 
IL-8, TNF-α, and GM-CSF from macrophages and neutrophils 
are important driving forces that promote NETs formation (47). 
In turn, NETs release ROS, MPO, DNA, IL-1β, and IL-8, and thus 
further activate inflammation, which can damage the joints (47).

CHOLeSTeROL CRYSTALS

Cholesterol is a lipid of endogenous or environmental origin. 
When the temperature in plasma is under 37°C, circulating 
cholesterol will form monohydrate cholesterol crystals which 
foster the formation of atherosclerotic plaques (48). In addition 
to the crystallization of cholesterol in the circulation the release 
of IL-1β may activate the IL-1receptors (IL-1R) on the surface of 
neutrophils to further enhance the migration of neutrophils into 
the site of atherosclerotic lesions (49–53). The first observation 
that cholesterol crystals trigger NETs formation reported that 
translocation of ROS, NE, and PR3 into the nucleus are required 
for cholesterol crystals to induce NETs release (54). Interestingly, 
inhibiting peptidyl arginine deiminase enzymes did not affect 
NETs formation triggered by cholesterol crystals (54), whereas 
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NE and PR3-deficient mice do not form NETs in an atherosclero-
sis model and exhibited a reduced plaque size relative to controls 
(54). NETs augment the transcription of pro-inflammatory 
cytokines. In co-cultures with cholesterol crystals, NETs can 
enhance the cytokines released from macrophage via the IL-1/
IL-17 loop (54). NETs and cholesterol crystals can also activate 
Th17 cells to sustain a chronic sterile inflammation (54). Overall, 
NETs release modulated the inflammation in atherosclerotic 
plaques.

CALCiUM CARBOnATe CRYSTALS

Calcium carbonate—a white and tasteless microcrystalline 
powder—is generally less than 1 µm in diameter (54) and pos-
sess different shapes encompassing layered, rhombohedral, 
irregular, needlelike, spherulitic, or cubelike shape according to 
various polymorphic crystalline phases (55). As the component 
of pancreatic juice, calcium carbonate crystals can induce NETs 
and aggregate NETs formation (56, 57). Ductal occlusion is a 
main cause in the pathogenesis of pancreatitis; however, the 
mechanism of action remains elusive. Samples of histological tis-
sue sections and pancreatic juice from patients with pancreatitis 
show aggNETs, as a specific occluding agent that agglomerate 
in the pancreatic ducts (58). Further studies confirmed that 
bicarbonate ions and calcium carbonate crystals can both induce 
aggNETs formation in the ductal tree during pancreatitis via a 
PADI4-dependent signaling pathway (58, 59).

SiLiCA CRYSTALS

Silica crystals, also termed crystalline silica or silicon dioxide 
(SiO2), are usually harmless and non-toxic crystals; however, 
inhalation of silica can cause pulmonary inflammation (58). 
Prolonged exposure to silica crystals, especially for coal-miners 
and smokers, confers a great risk to develop pneumoconiosis 
silicosis, a chronic, progressive, irreversible, and incurable 
disease characterized by pulmonary fibrosis. Therefore, the 
understanding of the mechanisms of silica-induced pulmo-
nary fibrosis is indispensably. After the interaction with silica, 
alveolar macrophages and endothelial cells (60) ingest silica, 
activate the NALP3 inflammasome (61), produce ROS and lead 
to phagolysosomal damage (60). Then massive chemokines and 
pro-inflammatory cytokines like IL-1β and TNF-α are generated, 
neutrophils are recruited to lung tissue and assist in the clearance 
of the silica crystals (60). In addition to phagocytic clearance, 
neutrophils undergo NETosis (60, 62–64) is an important factor 
in the establishment of the lung disease (65).

At onset of the diseases, NETs are scarce and release numer-
ous pro-inflammatory cytokines and cytotoxic contents which 
promote the acute inflammation (20). Along with the disease 
progression, aggNETs are formed and showed an anti-inflamma-
tory effect on the local microenvironment by eliminating pro-
inflammatory mediators, trapping silica coated with proteases 
and sequester them in  silicotic nodules, which resemble gouty 
tophi (20). The persistence of silicotic nodules is prone to sustain 
inflammation and may cause silicosis or even lung cancer (60).

FURTHeR CRYSTALLine MATeRiALS

There is evidence that CaP and CaOx may trigger RIPK1-RIPK3-
MLKL-dependent neutrophil necroptosis and promote NETs or 
aggNETs formation in vitro and in vivo (20). When exposed to 
CaP, IL-1β derived from macrophages activates NETs formation 
which in turn induces the secretion of TNF-α by macrophages 
(66). Further studies on NETs in CaP or CaOx related to diseases 
like nephrolithiasis are needed.

COnCLUSiOn

Sterile crystal-mediated diseases, such as gout, pseudogout, 
atherosclerosis, and silicosis are highly prevalent worldwide. As 
summarized here, NETs are often involved in the progression 
of these kinds of diseases where they play detrimental and also 
beneficial roles. The activation of the NALP3 inflammasome, 
production of ROS, and the pro-inflammatory cytokines IL-1β, 
TNF-α are critical for NETosis in crystal-induced inflammation. 
NETs and aggNETs govern acute and chronic phase of sterile 
inflammation, respectively. Finally, targeting NETosis and NETs-
derived products may provide new therapeutic approaches for 
crystal-mediated diseases.

AUTHOR COnTRiBUTiOnS

YL and XC contributed equally to this article. YL, XC, and YZ 
wrote the first draft of this article. YL, XC, and YZ designed the 
figures. YL and MH critically revised the manuscript for impor-
tant intellectual content. All authors approved the final version.

FUnDing

The present work was supported by the National Natural Science 
Foundation of China (81771742) to YZ and the National Key 
Research and Development Program of China (Project No. 
2016YFC0906201) to YL.

ReFeRenCeS

1. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, et al. 
Neutrophil extracellular traps kill bacteria. Science (2004) 303(5663):1532–5. 
doi:10.1126/science.1092385 

2. Parker H, Dragunow M, Hampton MB, Kettle AJ, Winterbourn CC. 
Requirements for NADPH oxidase and myeloperoxidase in neutrophil extra-
cellular trap formation differ depending on the stimulus. J Leukoc Biol (2012) 
92(4):841–9. doi:10.1189/jlb.1211601 

3. Keshari RS, Jyoti A, Dubey M, Kothari N, Kohli M, Bogra J, et al. Cytokines 
induced neutrophil extracellular traps formation: implication for the inflam-
matory disease condition. PLoS One (2012) 7(10):e48111. doi:10.1371/journal. 
pone.0048111 

4. Carestia A, Kaufman T, Schattner M. Platelets: new bricks in the building 
of neutrophil extracellular traps. Front Immunol (2016) 7:271. doi:10.3389/
fimmu.2016.00271 

5. Sørensen OE, Borregaard N. Neutrophil extracellular traps – the dark side of 
neutrophils. J Clin Invest (2016) 126(5):1612. doi:10.1172/JCI84538 

95

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1126/science.1092385
https://doi.org/10.1189/jlb.1211601
https://doi.org/10.1371/journal.
pone.0048111
https://doi.org/10.1371/journal.
pone.0048111
https://doi.org/10.3389/fimmu.2016.00271
https://doi.org/10.3389/fimmu.2016.00271
https://doi.org/10.1172/JCI84538


Li et al. NETs in Crystal-Mediated Inflammation

Frontiers in Immunology | www.frontiersin.org July 2018 | Volume 9 | Article 1559

6. Steinberg BE, Grinstein S. Unconventional roles of the NADPH oxidase: 
signaling, ion homeostasis, and cell death. Sci STKE (2007) 2007(379):e11. 
doi: 10.1126/stke.3792007pe11 

7. Fuchs TA, Abed U, Goosmann C, Hurwitz R, Schulze I, Wahn V, et al. Novel 
cell death program leads to neutrophil extracellular traps. J Cell Biol (2007) 
176(2):231. doi:10.1083/jcb.200606027 

8. Kolaczkowska E, Kubes P. Neutrophil recruitment and function in health and 
inflammation. Nat Rev Immunol (2013) 13(3):159. doi:10.1038/nri3399 

9. Jaillon S, Peri G, Delneste Y, Frémaux I, Doni A, Moalli F, et al. The humoral pat-
tern recognition receptor PTX3 is stored in neutrophil granules and localizes in 
extracellular traps. J Exp Med (2007) 204(4):793–804. doi:10.1084/jem.20061301 

10. Kessenbrock K, Krumbholz M, Schönermarck U, Back W, Gross WL, Werb Z,  
et  al. Netting neutrophils in autoimmune small-vessel vasculitis. Nat Med 
(2009) 15(6):623. doi:10.1038/nm.1959 

11. Metzler KD, Goosmann C, Lubojemska A, Zychlinsky A, Papayannopoulos V. 
A myeloperoxidase-containing complex regulates neutrophil elastase release 
and actin dynamics during NETosis. Cell Rep (2014) 8(3):883–96. doi:10.1016/ 
j.celrep.2014.06.044 

12. Wang Y, Li M, Stadler S, Correll S, Li P, Wang D, et al. Histone hypercitrulli-
nation mediates chromatin decondensation and neutrophil extracellular trap 
formation. J Cell Biol (2009) 184(2):205. doi:10.1083/jcb.200806072 

13. Leshner M, Wang S, Lewis C, Zheng H, Chen XA, Santy L, et al. PAD4 medi-
ated histone hypercitrullination induces heterochromatin decondensation 
and chromatin unfolding to form neutrophil extracellular trap-like structures. 
Front Immunol (2012) 3(2–3):307. doi:10.3389/fimmu.2012.00307 

14. Hakkim A, Fuchs TA, Martinez NE, Hess S, Prinz H, Zychlinsky A, et  al. 
Activation of the Raf-MEK-ERK pathway is required for neutrophil extracel-
lular trap formation. Nat Chem Biol (2011) 7(2):75. doi:10.1038/nchembio.496 

15. Keshari RS, Verma A, Barthwal MK, Dikshit M. Reactive oxygen species-in-
duced activation of ERK and p38 MAPK mediates PMA-induced NETs release 
from human neutrophils. J Cell Biochem (2013) 114(3):532–40. doi:10.1002/
jcb.24391 

16. Alemán OR, Mora N, Cortes-Vieyra R, Uribe-Querol E, Rosales C. 
Transforming growth factor-β-activated kinase 1 is required for human 
FcγRIIIb-induced neutrophil extracellular trap formation. Front Immunol 
(2016) 7:277. doi:10.3389/fimmu.2016.00277 

17. Demaurex N, Monod A, Lew DP, Krause KH. Characterization of receptor- 
mediated and store-regulated Ca2+ influx in human neutrophils. Biochem J 
(1994) 297(Pt 3):595. doi:10.1042/bj2970595 

18. Behnen M, Leschczyk C, Möller S, Batel T, Klinger M, Solbach W, et  al. 
Immobilized immune complexes induce neutrophil extra cellular trap release 
by human neutrophil granulocytes via FcγRIIIB and Mac-1. J Immunol (2014) 
193(4):1954–65. doi:10.4049/jimmunol.1400478 

19. Schauer C, Janko C, Munoz LE, Zhao Y, Kienhöfer D, Frey B, et al. Aggregated 
neutrophil extracellular traps limit inflammation by degrading cytokines and 
chemokines. Nat Med (2014) 20(5):511. doi:10.1038/nm.3547 

20. Desai J, Foresto-Neto O, Honarpisheh M, Steiger S, Nakazawa D, Popper B, 
et  al. Particles of different sizes and shapes induce neutrophil necroptosis 
followed by the release of neutrophil extracellular trap-like chromatin. Sci Rep 
(2017) 7(1):15003. doi:10.1038/s41598-017-15106-0 

21. Mandel NS, Mandel GS. Monosodium urate monohydrate, the gout culprit. 
J Am Chem Soc (1976) 98(8):2319–23. doi:10.1021/ja00424a054 

22. Perrin CM, Dobish MA, Keuren EV, Swift JA. Monosodium urate monohydrate 
crystallization. CrystEngComm (2011) 13(4):1111–7. doi:10.1039/c0ce00737d 

23. Kuo CF, Grainge MJ, Zhang W, Doherty M. Global epidemiology of gout: 
prevalence, incidence and risk factors. Nat Rev Rheumatol (2015) 11(11):649. 
doi:10.1038/nrrheum.2015.91 

24. Martin WJ, Harper JL. Innate inflammation and resolution in acute gout. 
Immunol Cell Biol (2010) 88(1):15–9. doi:10.1038/icb.2009.89 

25. Hahn J, Knopf J, Maueröder C, Kienhöfer D, Leppkes M, Herrmann M. 
Neutrophils and neutrophil extracellular traps orchestrate initiation and 
resolution of inflammation. Clin Exp Rheumatol (2016) 34(4 Suppl 98):6. 

26. Desai J, Kumar SV, Mulay SR, Konrad L, Romoli S, Schauer C, et al. PMA 
and crystal-induced neutrophil extracellular trap formation involves RIPK1-
RIPK3-MLKL signaling. Eur J Immunol (2016) 46(1):223–9. doi:10.1002/
eji.201545605 

27. Schorn C, Janko C, Krenn V, Zhao Y, Munoz LE, Schett G, et al. Bonding the 
foe – NETting neutrophils immobilize the pro-inflammatory monosodium 
urate crystals. Front Immunol (2012) 3:376. doi:10.3389/fimmu.2012.00376 

28. Arai Y, Nishinaka Y, Arai T, Morita M, Mizugishi K, Adachi S, et  al. Uric 
acid induces NADPH oxidase-independent neutrophil extracellular trap 
formation. Biochem Biophys Res Commun (2014) 443(2):556. doi:10.1016/j.
bbrc.2013.12.007 

29. Chatfield SM, Grebe K, Whitehead LW, Rogers KL, Nebl T, Murphy JM, et al. 
Monosodium urate crystals generate nuclease-resistant neutrophil extracellu-
lar traps via a distinct molecular pathway. J Immunol (2018) 200(5):1802–1816. 
doi:10.4049/jimmunol.1701382 

30. Mitroulis I, Kambas K, Chrysanthopoulou A, Skendros P, Apostolidou E, 
Kourtzelis I, et al. Neutrophil extracellular trap formation is associated with 
IL-1β and autophagy-related signaling in gout. PLoS One (2011) 6(12):e29318. 
doi:10.1371/journal.pone.0029318 

31. Skendros P, Chrysanthopoulou A, Rousset F, Kambas K, Arampatzioglou A, 
Mitsios A, et al. REDD1 links stress with IL-1β-mediated familial Mediterranean 
fever attack through autophagy-driven neutrophil extracellular traps. J Allergy 
Clin Immunol (2017) 140(5):1378–87. doi:10.1016/j.jaci.2017.02.021

32. Amini P, Stojkov D, Wang X, Wicki S, Kaufmann T, Wong WW, et al. NET 
formation can occur independently of RIPK3 and MLKL signaling. Eur 
J Immunol (2016) 46(1):178–84. doi:10.1002/eji.201545615 

33. Sil P, Hayes CP, Reaves BJ, Breen P, Quinn S, Sokolove J, et al. P2Y6 receptor 
antagonist MRS2578 inhibits neutrophil activation and aggregated neutrophil 
extracellular trap formation induced by gout-associated monosodium urate 
crystals. J Immunol (2017) 198(1):428–42. doi:10.4049/jimmunol.1600766 

34. Pieterse E, Jeremic I, Czegley C, Weidner D, Biermann MH, Veissi S, et al. 
Blood-borne phagocytes internalize urate microaggregates and prevent 
intravascular NETosis by urate crystals. Sci Rep (2016) 6:38229. doi:10.1038/
srep38229 

35. Manfredi AA, Ramirez GA, Rovere-Querini P, Maugeri N. The neutrophil’s 
choice: phagocytose vs make neutrophil extracellular traps. Front Immunol 
(2018) 9:288. doi:10.3389/fimmu.2018.00288 

36. Torres R, Macdonald L, Croll SD, Reinhardt J, Dore A, Stevens S, et  al. 
Hyperalgesia, synovitis and multiple biomarkers of inflammation are sup-
pressed by interleukin 1 inhibition in a novel animal model of gouty arthritis. 
Ann Rheum Dis (2009) 68(10):1602–8. doi:10.1136/ard.2009.109355 

37. Sil P, Wicklum H, Surell C, Rada B. Macrophage-derived IL-1β enhances 
monosodium urate crystal- triggered NET formation. Inflamm Res (2017) 
66(3):227–37. doi:10.1007/s00011-016-1008-0

38. Schett G, Dayer JM, Manger B. Interleukin-1 function and role in rheumatic dis-
ease. Nat Rev Rheumatol (2016) 12(1):14–24. doi:10.1038/nrrheum.2016.166 

39. Amaral FA, Costa VV, Tavares LD, Sachs D, Coelho FM, Fagundes CT, et al. 
NLRP3 inflammasome-mediated neutrophil recruitment and hypernocicep-
tion depend on leukotriene B(4) in a murine model of gout. Arthritis Rheum 
(2012) 64(2):474. doi:10.1002/art.33355 

40. Franklin BS, Mangan MS, Latz E. Crystal formation in inflammation. Annu Rev 
Immunol (2016) 34(1):173. doi:10.1146/annurev-immunol-041015-055539 

41. Burt HM, Jackson JK, Rowell J. Calcium pyrophosphate and monosodium 
urate crystal interactions with neutrophils: effect of crystal size and lipo-
protein binding to crystals. J Rheumatol (1989) 16(6):809–17. 

42. Liubryan R, Lioté F. Monosodium urate and calcium pyrophosphate dihydrate 
(CPPD) crystals, inflammation, and cellular signaling. Joint Bone Spine (2005) 
72(4):295–302. doi:10.1016/j.jbspin.2004.12.010 

43. Martinon F, Pétrilli V, Mayor A, Tardivel A, Tschopp J. Gout-associated 
uric acid crystals activate the NALP3 inflammasome. Nature (2006) 
440(7081):237–41. doi:10.1038/nature04516 

44. Pétrilli V, Martinon F. The inflammasome, autoinflammatory diseases, and 
gout. Joint Bone Spine (2007) 74(6):571–6. doi:10.1016/j.jbspin.2007.04.004 

45. Martinon F, Glimcher LH. Gout: new insights into an old disease. J Clin Invest 
(2006) 116(8):2073–5. doi:10.1172/JCI29404 

46. Oliveira SHP, Canetti C, Ribeiro RA, Cunha FQ. Neutrophil migration 
induced by IL-1β depends upon LTB4 released by macrophages and upon 
TNF-α and IL-1β released by mast cells. Inflammation (2008) 31(1):36–46. 
doi:10.1007/s10753-007-9047-x 

47. Pang L, Hayes CP, Buac K, Yoo DG, Rada B. Pseudogout-associated inflam-
matory calcium pyrophosphate dihydrate microcrystals induce formation of 
neutrophil extracellular traps. J Immunol (2013) 190(12):6488. doi:10.4049/
jimmunol.1203215 

48. Small DM. George lyman duff memorial lecture. Progression and regres-
sion of atherosclerotic lesions. Insights from lipid physical biochemistry. 
Arteriosclerosis (1988) 8(2):103–29. doi:10.1161/01.ATV.8.2.103 

96

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/ 10.1126/stke.3792007pe11
https://doi.org/10.1083/jcb.200606027
https://doi.org/10.1038/nri3399
https://doi.org/10.1084/jem.20061301
https://doi.org/10.1038/nm.1959
https://doi.org/10.1016/
j.celrep.2014.06.044
https://doi.org/10.1016/
j.celrep.2014.06.044
https://doi.org/10.1083/jcb.200806072
https://doi.org/10.3389/fimmu.2012.00307
https://doi.org/10.1038/nchembio.496
https://doi.org/10.1002/jcb.24391
https://doi.org/10.1002/jcb.24391
https://doi.org/10.3389/fimmu.2016.00277
https://doi.org/10.1042/bj2970595
https://doi.org/10.4049/jimmunol.1400478
https://doi.org/10.1038/nm.3547
https://doi.org/10.1038/s41598-017-15106-0
https://doi.org/10.1021/ja00424a054
https://doi.org/10.1039/c0ce00737d
https://doi.org/10.1038/nrrheum.2015.91
https://doi.org/10.1038/icb.2009.89
https://doi.org/10.1002/eji.201545605
https://doi.org/10.1002/eji.201545605
https://doi.org/10.3389/fimmu.2012.00376
https://doi.org/10.1016/j.bbrc.2013.12.007
https://doi.org/10.1016/j.bbrc.2013.12.007
https://doi.org/10.4049/jimmunol.1701382
https://doi.org/10.1371/journal.pone.0029318
https://doi.org/10.1016/j.jaci.2017.02.021
https://doi.org/10.1002/eji.201545615
https://doi.org/10.4049/jimmunol.1600766
https://doi.org/10.1038/srep38229
https://doi.org/10.1038/srep38229
https://doi.org/10.3389/fimmu.2018.00288
https://doi.org/10.1136/ard.2009.109355
https://doi.org/10.1007/s00011-016-1008-0
https://doi.org/10.1038/nrrheum.2016.166
https://doi.org/10.1002/art.33355
https://doi.org/10.1146/annurev-immunol-041015-055539
https://doi.org/10.1016/j.jbspin.2004.12.010
https://doi.org/10.1038/nature04516
https://doi.org/10.1016/j.jbspin.2007.04.004
https://doi.org/10.1172/JCI29404
https://doi.org/10.1007/s10753-007-9047-x
https://doi.org/10.4049/jimmunol.1203215
https://doi.org/10.4049/jimmunol.1203215
https://doi.org/10.1161/01.ATV.8.2.103


Li et al. NETs in Crystal-Mediated Inflammation

Frontiers in Immunology | www.frontiersin.org July 2018 | Volume 9 | Article 1559

49. Lessner SM, Prado HL, Waller EK, Galis ZS. Atherosclerotic lesions grow through 
recruitment and proliferation of circulating monocytes in a murine model. Am 
J Pathol (2002) 160(6):2145–55. doi:10.1016/S0002-9440(10)61163-7 

50. Swirski FK, Pittet MJ, Kircher MF, Aikawa E, Jaffer FA, Libby P, et al. Monocyte 
accumulation in mouse atherogenesis is progressive and proportional to extent 
of disease. Proc Natl Acad Sci U S A (2006) 103(27):10340–5. doi:10.1073/
pnas.0604260103 

51. Landsman L, Bar-On L, Zernecke A, Kim KW, Krauthgamer R, Shagdarsuren E,  
et  al. CX3CR1 is required for monocyte homeostasis and atherogenesis by 
promoting cell survival. Blood (2009) 113(4):963. doi:10.1182/blood-2008-07- 
170787 

52. Duewell P, Kono H, Rayner KJ, Sirois CM, Vladimer G, Bauernfeind FG, et al. 
NLRP3 inflammasomes are required for atherogenesis and activated by cho-
lesterol crystals. Nature (2010) 464(7293):1357–61. doi:10.1038/nature08938 

53. Grebe A, Latz E. Cholesterol crystals and inflammation. Curr Rheumatol Rep 
(2013) 15(3):313. doi:10.1007/s11926-012-0313-z 

54. Warnatsch A, Ioannou M, Wang Q, Papayannopoulos V. Inflammation. 
Neutrophil extracellular traps license macrophages for cytokine production 
in atherosclerosis. Science (2015) 349(6245):316–20. doi:10.1126/science. 
aaa8064 

55. Cizer Ö, Rodriguez-Navarro C, Ruiz-Agudo E, Elsen J, Gemert DV, Balen 
KV. Phase and morphology evolution of calcium carbonate precipitated by 
carbonation of hydrated lime. J Sci Mater (2012) 47(16):6151–65. doi:10.1007/
s10853-012-6535-7 

56. Tong H, Ma W, Wang L, Wan P, Hu J, Cao L. Control over the crystal 
phase, shape, size and aggregation of calcium carbonate via a L-aspartic 
acid inducing process. Biomaterials (2004) 25(17):3923. doi:10.1016/j.
biomaterials.2003.10.038 

57. Beck R, Andreassen JP. Influence of crystallization conditions on crystal 
morphology and size of CaCO3 and their effect on pressure filtration. Aiche J 
(2011) 58(1):107–21. doi:10.1002/aic.12566 

58. Leppkes M, Maueröder C, Hirth S, Nowecki S, Günther C, Billmeier U, et al. 
Externalized decondensed neutrophil chromatin occludes pancreatic ducts and 
drives pancreatitis. Nat Commun (2016) 7:10973. doi:10.1038/ncomms10973 

59. Bilyy R, Fedorov V, Vovk V, Leppkes M, Dumych T, Chopyak V, et  al. 
Neutrophil extracellular traps form a Barrier between necrotic and viable 
areas in acute abdominal inflammation. Front Immunol (2016) 7(5):424. 
doi:10.3389/fimmu.2016.00424  

60. Hornung V, Bauernfeind F, Halle A, Samstad EO, Kono H, Rock KL, et al. 
Silica crystals and aluminum salts mediate NALP-3 inflammasome activation 
via phagosomal destabilization. Nat Immunol (2008) 9(8):847. doi:10.1038/
ni.1631 

61. Hari A, Zhang Y, Tu Z, Detampel P, Stenner M, Ganguly A, et al. Activation 
of NLRP3 inflammasome by crystalline structures via cell surface contact. Sci 
Rep (2014) 4(7281):7281. doi:10.1038/srep07281 

62. Lo Re S, Dumoutier L, Couillin I, Van Vyve C, Yakoub Y, Uwambayinema F, 
et al. IL-17A-producing gammadelta T and Th17 lymphocytes mediate lung 
inflammation but not fibrosis in experimental silicosis. J Immunol (2010) 
184(11):6367–77. doi:10.4049/jimmunol.0900459 

63. Borges VM, Lopes MF, Falcão H, Leite-Júnior JH, Rocco PR, Davidson WF,  
et  al. Apoptosis underlies immunopathogenic mechanisms in acute 
silicosis. Am J Respir Cell Mol Biol (2002) 27(1):78. doi:10.1165/ajrcmb. 
27.1.4717 

64. Zhai R, Ge X, Li H, Tang Z, Liao R, Kleinjans J. Differences in cellular and 
inflammatory cytokine profiles in the bronchoalveolar lavage fluid in bagas-
sosis and silicosis. Am J Ind Med (2004) 46(4):338–44. doi:10.1002/ajim. 
20051 

65. Brinkmann V, Goosmann C, Kuhn LI, Zychlinsky A. Automatic quantifica-
tion of in  vitro NET formation. Front Immunol (2012) 3:413. doi:10.3389/
fimmu.2012.00413 

66. Peng HH, Liu YJ, Ojcius DM, Lee CM, Chen RH, Huang PR, et al. Mineral 
particles stimulate innate immunity through neutrophil extracellular traps 
containing HMGB1. Sci Rep (2017) 7(1):16628. doi:10.1038/s41598-017- 
16778-4 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2018 Li, Cao, Liu, Zhao and Herrmann. 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.

97

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/S0002-9440(10)61163-7
https://doi.org/10.1073/pnas.0604260103
https://doi.org/10.1073/pnas.0604260103
https://doi.org/10.1182/blood-2008-07-170787
https://doi.org/10.1182/blood-2008-07-170787
https://doi.org/10.1038/nature08938
https://doi.org/10.1007/s11926-012-0313-z
https://doi.org/10.1126/science.aaa8064
https://doi.org/10.1126/science.aaa8064
https://doi.org/10.1007/s10853-012-6535-7
https://doi.org/10.1007/s10853-012-6535-7
https://doi.org/10.1016/j.biomaterials.2003.10.038
https://doi.org/10.1016/j.biomaterials.2003.10.038
https://doi.org/10.1002/aic.12566
https://doi.org/10.1038/ncomms10973
https://doi.org/10.3389/fimmu.2016.00424
https://doi.org/10.1038/ni.1631
https://doi.org/10.1038/ni.1631
https://doi.org/10.1038/srep07281
https://doi.org/10.4049/jimmunol.0900459
https://doi.org/10.1165/ajrcmb.27.
1.4717
https://doi.org/10.1165/ajrcmb.27.
1.4717
https://doi.org/10.1002/ajim.
20051
https://doi.org/10.1002/ajim.
20051
https://doi.org/10.3389/fimmu.2012.00413
https://doi.org/10.3389/fimmu.2012.00413
https://doi.org/10.1038/s41598-017-
16778-4
https://doi.org/10.1038/s41598-017-
16778-4
https://creativecommons.org/licenses/by/4.0/


August 2018 | Volume 9 | Article 1883

Mini Review
published: 20 August 2018

doi: 10.3389/fimmu.2018.01883

Frontiers in Immunology | www.frontiersin.org

Edited by: 
Hans-Joachim Anders,  

Ludwig-Maximilians-Universität 
München, Germany

Reviewed by: 
Stefanie Steiger,  

Klinikum der Universität München, 
Germany  

Arian Dominic John Laurence,  
Newcastle University,  

United Kingdom

*Correspondence:
Maria J. Fernandes 

maria.fernandes@crchul.ulaval.ca

Specialty section: 
This article was submitted to 

Inflammation,  
a section of the journal  

Frontiers in Immunology

Received: 04 May 2018
Accepted: 30 July 2018

Published: 20 August 2018

Citation: 
Fernandes MJ and Naccache PH 

(2018) The Role of Inhibitory 
Receptors in Monosodium Urate 

Crystal-Induced Inflammation. 
Front. Immunol. 9:1883. 

doi: 10.3389/fimmu.2018.01883

The Role of inhibitory Receptors in 
Monosodium Urate Crystal-induced 
inflammation
Maria J. Fernandes* and Paul H. Naccache

Department of Microbiology-Infectious Diseases and Immunology, Faculty of Medicine, Laval University, CHU de Québec 
Research Center, Québec, QC, Canada

Inhibitory receptors are key regulators of immune responses. Aberrant inhibitory recep-
tor function can either lead to an exacerbated or defective immune response. Several 
regulatory mechanisms involved in the inflammatory reaction induced by monosodium 
urate crystals (MSU) during acute gout have been identified. One of these mechanisms 
involves inhibitory receptors. The engagement of the inhibitory receptors Clec12A and 
SIRL-1 has opposing effects on the responses of neutrophils to MSU. We review the 
general concepts of inhibitory receptor biology and apply them to understand and 
compare the modulation of MSU-induced inflammation by Clec12A and SIRL-1. We 
also discuss gaps in our knowledge of the contribution of inhibitory receptors to the 
pathogenesis of gout and propose future avenues of research.

Keywords: monosodium urate crystals, inflammation, gout, inhibitory receptors, neutrophils

inTRODUCTiOn

Crystal-induced arthropathies are a group of disorders that are triggered by crystal deposits in 
articular and periarticular tissues (1). Monosodium urate crystals (MSU) cause one the most com-
mon inflammatory arthritis known as gout (2). Although significant advancements have been made 
in our understanding of the pathogenesis of this very painful and usually self-limiting arthritis, the 
role of immune inhibitory receptors in gout is only starting to emerge.

Inhibitory receptors play key roles in regulating almost every aspect of an immune response 
mainly by blocking activating pathways (3–5). The integration of activating and inhibitory signals by 
leukocytes determines the nature of an immune response. Among the vast repertoire of inhibitory 
receptors expressed by neutrophils, CLEC12A and SIRL-1 modulate MSU-induced inflammation. 
The ligation of these two receptors has opposing effects on certain neutrophil effector functions 
induced by MSU offering novel insights into alternative mechanisms through which inflammation 
in gout can be regulated (Figure 1). Herein, we provide a brief overview of the immunopathogenesis 
of gout and an overview of the biology of inhibitory receptors, their role in MSU-induced inflamma-
tion, as well as their therapeutic potential and suggestions for future research.

MSU-inDUCeD inFLAMMATiOn

Monosodium urate crystals are a crystallized form of uric acid, a product of purine metabolism (6). 
Uric acid is ubiquitous and only becomes inflammatory when it crystallizes to form MSU. Since MSU 
form in individuals with serum levels of uric acid that are chronically above the saturation point, the 
first line of treatment of gout is the pharmacological reduction of uric acid (7).
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FigURe 1 | The regulation of monosodium urate crystal (MSU)-induced neutrophil activation by CLEC12A and SIRL-1 after engagement with specific antibodies. 
The engagement of CLEC12A on the surface of human neutrophils with a specific antibody (50C1) induces its internalization (solid arrow pointing downwards) 
resulting in the enhancement of the signaling events and effector functions shown in the figure. The phosphatases that interact with the immunoreceptor tyrosine-
based inhibitory motif (ITIM) of CLEC12A in primary cells remain unknown (top panel). By contrast, the ligation of SIRL with the anti-SIRL-1 antibody inhibits 
neutrophil extracellular trap (NET) formation. In primary cells, the ITIM of SIRL-1 interacts with SHP-1. The MSU-induced responses that are not regulated by either 
receptor are also shown and underscore the specificity of inhibitory receptor function. The anti-SIRL-1 antibody has therapeutic potential since it inhibits NET 
formation.
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Monosodium urate crystals are a potent pro-inflammatory 
stimulus for professional phagocytes, the main drivers of acute 
gouty arthritis (8, 9). When these crystals accumulate in the joint, 
they activate resident mononuclear phagocytes to release several 
inflammatory mediators including IL-1β. The key role of IL-1β 
plays is underscored by the ability of IL-1 inhibitors to dimin-
ish the symptoms of an acute gout attack (10). IL-1β induces 
the expression of adhesion molecules by endothelial cells and 
the production of chemokines that promote a massive influx of 
neutrophils into the joint (11, 12). The recruited neutrophils very 
effectively drive the inflammatory reaction by secreting S100A9 
proteins and pro-inflammatory cytokines including the potent 
chemoattractant for neutrophils IL-8 (13). Neutrophils also 
release reactive oxygen species (ROS) and degradative enzymes 
that cause joint destruction. The pivotal role of the neutrophil 
in gout is supported by a significant decrease in MSU-induced 
inflammation in dogs depleted of neutrophils (14, 15). Monocytes 
are also recruited to the affected joint and contribute to gout by 
producing pro-inflammatory cytokines such as IL-1 and IL-6.

Monosodium urate crystals activate a unique subset of signal-
ing pathways in the neutrophil [reviewed in Ref. (13)]. These 
include the Src-family kinases (e.g., Lyn), PKC, PI-3K, Tec, and 

Syk. Syk is required for the MSU-induced increase in intracel-
lular calcium levels, the production of superoxide and potentially 
the activation of MAP kinases. The MSU-induced synthesis of 
cytokines and degranulation depends on the activation of PI-3K.

One intriguing feature of acute gouty arthritis is its sponta-
neous resolution, typically within 7–10  days (16). Neutrophils 
not only secrete pro-inflammatory mediators when activated 
by MSU but also release neutrophil extracellular traps (NETs) 
(17–19). These extracellular web-like structures composed of 
decondensed DNA and neutrophil granule enzymes contribute 
to the resolution of inflammation by densely clustering MSU 
within them forming structures known as aggregated NETs or 
tophi (18, 19). Aggregated NETs form when neutrophils are pre-
sent at high density which is typical of a gout attack (20). NETs 
also degrade pro-inflammatory cytokines and chemokines that 
become trapped in these structures dampening the inflamma-
tory reaction. Additional mechanisms that terminate acute gout 
include the coating of MSU with lipoproteins, the production of 
TGFβ, IL-10, and the clearance of apoptotic neutrophils (21). 
IL-37, a cytokine produced by monocytes and dendritic cells, 
downregulates the MSU-induced production of cytokines and 
dampens neutrophil recruitment in mouse models of gout (22).
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Negative regulatory mechanisms not only dampen a gout 
attack but also influence its initiation by modulating the threshold 
of activation of leukocytes. These negative regulatory pathways 
are downstream effectors of inhibitory receptors expressed on the 
surface of the cell. Each leukocyte expresses a diverse repertoire 
of inhibitory receptors (4). The challenge to understanding the 
role of these receptors in gout is to identify those that regulate the 
mechanisms underlying MSU-induced inflammation.

HOw DO inHiBiTORY ReCePTORS 
wORK? geneRAL COnCePTS

Inhibitory receptors are essential for the maintenance of immune 
homeostasis as well as the termination of an immune response by 
blocking signaling pathways that lead to cellular activation (23). 
Aberrant inhibitory receptor function could either cause anergy 
or an excessive immune response.

Inhibitory receptors are composed of a variable number of 
extracellular ligand-binding domains, a transmembrane domain 
and a cytoplasmic tail that contains at least one immunoreceptor 
tyrosine-based inhibitory motif (ITIM) (3). The extracellular 
ligand-binding domains of inhibitory receptors come in two 
flavors, those that have the structure of the immunoglobulin 
superfamily (IgSF) domain and those with a C-type lectin-like 
domain (CTLD) (24).

Once engaged by a ligand, inhibitory receptors signal through 
their ITIM(s) (23) that is composed of six amino acids, (I/V/L/S)
xYxx(L/V) (“x” denotes any amino acid, “Y” is tyrosine). Briefly, 
engagement of inhibitory receptors induces their clustering and 
the phosphorylation of the tyrosine residue of their ITIM(s) by a 
Src kinase that serves as a ligand for the subsequent recruitment 
of cytoplasmic phosphatases such as SHP-1, SHP-2, and SHIP 
to the plasma membrane. These phosphatases dephosphorylate 
signaling proteins involved in activating pathways. Inhibitory 
receptors can also negatively regulate cellular activation by 
binding adaptor proteins such as the negative regulator of the 
Src family, Csk (c-Src tyrosine kinase), Dok adaptor proteins 
(Downstream of Kinase), or Cbl (Casitas B-lineage lymphoma). 
These events likely occur in specialized membrane domains such 
as lipid rafts as has been described in lymphocytes (25).

Inhibitory receptors regulate many aspects of leukocyte devel-
opment and function (3). Some of the functions they regulate 
in phagocytes include phagocytosis, the production of ROS and 
cytokines (4, 5). Although there is some degree of redundancy in 
their function, these receptors also differentially affect leukocyte 
function as illustrated by SIRL and CLEC12A in MSU-induced 
inflammation (discussed below). A loss of function of an inhibi-
tory receptor can thus dysregulate multiple leukocyte functions 
and cause inflammatory diseases.

THe ROLe OF inHiBiTORY ReCePTORS 
in MSU-inDUCeD inFLAMMATiOn

To understand the role of inhibitory receptors in an inflammatory 
response, the modulation of their expression and their clustering, 
the phosphorylation of their ITIM motif(s), and the recruitment 

of protein partners are studied in vitro. Although these experi-
mental approaches only offer us a snapshot of the involvement 
of these inhibitory receptors in the continuum of the cellular 
and chemical events of an inflammatory response, they provide 
insight into how these receptors work. Experiments in knock-out 
mice complement in  vitro studies by revealing the outcome of 
the integration of activating and inhibitory signals in a specific 
inhibitory receptor-deficient background.

Studies in neutrophils identified two inhibitory receptors 
associated with MSU-induced inflammation, namely, MICL (the 
myeloid inhibitory C-type lectin-like receptor, CLEC12A, DCAL-
2, CLL-1, and CD371) and the IgSF receptor known as SIRL-1 
(the signal inhibitory receptor on leukocytes-1). The ligation of 
these receptors regulates MSU-induced activation of neutrophils 
in different ways underscoring the ability of inhibitory receptors 
to differentially regulate leukocyte function.

CLeC12A
CLEC12A belongs to the C-type lectin superfamily of proteins. 
It harbors an extracellular CTLD linked to its transmembrane 
domain by a neck domain and one ITIM motif (VTYADL) in 
its cytoplasmic tail (26–28). CTLDs bind a diverse array of 
glycan ligands of endogenous or microbial origin (29–33) in 
a calcium-dependent manner or via alternative mechanisms. 
They can also bind non-glycan ligands (e.g., proteins and lipids). 
CLEC12A is devoid of the known amino acid required for glycan 
and calcium binding in its CTLD, rendering the identification of 
its natural ligands a challenge. Murine CLEC12A binds various 
mouse tissues, the identity of which remains to be determined 
(34, 35). Regarding the neck domain, it allows the oligomeriza-
tion of CLRs increasing their affinity for their ligand (36, 37). 
It remains unknown whether human CLEC12A oligomerizes 
in primary cells under resting and/or stimulated conditions. 
Human CLEC12A is predominantly a myeloid receptor but is also 
expressed in some lymphocyte populations (e.g., B cells) (26–28, 
38, 39). As for the underlying molecular mechanisms through 
which CLEC12A regulates leukocyte functions, its ITIM binds 
SHP-1 and SHP-2 in RAW cells (Table 1) (26). This observation 
requires confirmation in human primary cells.

It is now widely accepted that one of the key roles of CLEC12A 
is to negatively regulate myeloid cell function and that it is associ-
ated with several inflammatory diseases (40–44). The function 
of CLEC12A is regulated by changes in its expression (26–28). 
TLR ligands (e.g., LPS and pam2csk4), for instance, downregulate 
CLEC12A expression in human monocytes. In a human skin 
abrasion model of inflammation, the expression of CLEC12A is 
also reduced (45). The effect of the downregulation of CLEC12A 
expression was studied in several cell types (Table 1). In monocyte-
derived dendritic cells, the internalization of CLEC12A induced 
by its ligation with a specific antibody suppressed TLR-induced 
cytokine production such as IL-12 (27). By contrast, the expres-
sion of CCR7 was enhanced (27). Together, these observations 
indicate that CLEC12A expression is downregulated in response 
to various inflammatory stimuli that signal through different 
receptors resulting in the modulation of leukocyte activation.

Several lines of evidence indicate that CLEC12A negatively 
regulates myeloid cell function in MSU-induced inflammation. 
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TABLe 1 | Overview of the molecular mechanisms that govern CLEC12A and SIRL-1 function in different cell types.

CLeC12A SiRL-1

Antibody None 50C1 None hDCAL-2 hDCAL-2 hDCAL-2 5D3 None Anti-SIRL-1 Anti-SIRL-1 Anti-SIRL-1
Cell type RAW Human neutrophil Clec12A KO 

neutrophils
iDC iDC iDC MDDC Human 

monocyte
RBL-2H3 (and 
293 cells)

RBL-2H3 Human 
neutrophil

Stimulus Pervan. MSU MSU None LPS/zymosan CD40L-Fc CCL2 Pervan. Pervan. Anti-TNP IgE MSU (or ops. 
bacteria)

Receptor internalization Yes Yes Yes Yes Yes
Co-IP SHP-1 

and 
SHP-2

SHP-1 SHP-1 (SHP-2 
in 293 cells)

Signaling ↑ [Intracellular 
calcium],  
global tyrosine 
phospho

↑ Phospho. 
p40phox

↑ Tyrosine phospho 
pp38 and ppERK

ITIM phospho

Functions enhanced IL-8 release ROS CCR7 expression 
and production of 
TNFα, IL-6, IL-10, 
and MIP-3β

CCR7, DC-LAMP, 
expression

CCR7, DC-LAMP, 
CD83, CD86, IL-12, 
IL-6, IL-10, and 
TNFα expression; 
co-cultured T cell 
production of IFN-γ

Functions diminished or 
inhibited

IL-12 (and TNFα for 
LPS)

Migration 
toward 
CCL2

Degranulation NET release

Functions not affected IL-1 production IL-1 
production

IL-6 and IL-10 
production

ROS (or 
intra-cellular 
killing)

The studies were chosen according to the insight they provide on the molecular mechanisms governing CLEC12A and SIRL-1 function. The information in this table does not cover all the published findings on these receptors. 
Additional references can be found in the text. The signaling events downstream of both receptors and their effect on cell function depend on the cellular context and type of stimulus.
iDC, immature dendritic cells; MDDC, monocyte-derived dendritic cells; Pervan., pervanadate; phospho, phosphorylation; ops, opsonized; NET, neutrophil extracellular trap; ITIM, immunoreceptor tyrosine-based inhibitory motif; ROS, 
reactive oxygen species; MSU, monosodium urate crystals.
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The stimulation of neutrophils with MSU crystals downregulates 
the cell-surface expression of CLEC12A (40). CLEC12A is not 
shed, but is internalized and degraded. When the cell-surface 
expression of CLEC12A is downregulated with a specific anti-
body, an enhancement in the MSU-induced increase of the 
concentration of intracellular free calcium, the tyrosine phospho-
rylation of proteins, and the release of IL-8 is observed. Similar 
observations were made in a neutrophil-like cell line in which 
CLEC12A expression was silenced (40). Similar to other inhibi-
tory receptors, CLEC12A exhibits selectivity in its suppressive 
properties. Although it dampens the release of IL-8 induced by 
MSU, it does not regulate the MSU-induced secretion of IL-1 by 
human neutrophils. Our observations in vitro were corroborated 
in  vivo in a knock-out mouse model of CLEC12A (41). MSU-
induced inflammation in these mice was characterized by a 
significant increase in the recruitment of leukocytes to the site 
of inflammation. Of pertinence to gout, is the production of sig-
nificantly higher amounts of ROS by CLEC12A deficient, mouse 
leukocytes partly due to the phosphorylation of the p40phox, a 
subunit of NADPH oxidase (41). It remains to be determined 
whether CLEC12A modulates the production of ROS in human 
neutrophils. Together, the above observations identify a regula-
tory role for CLEC12A in various leukocyte effector functions 
relevant to the immunopathogenesis of gout.

SiRL-1
SIRL-1 is an IgSF receptor that is expressed on myeloid cells 
including neutrophils, eosinophils, monocytes, and dendritic 
cells (46). SIRL harbors one extracellular IgV domains and two 
ITIMs (VtYaeL and HeYaaL) in its cytoplasmic portion that 
recruit SHP-1 and SHP-2 indicative of a negative regulatory 
function for this receptor [Table 1; (46)].

SIRL-1 negatively regulates innate immune responses toward 
various stimuli. As is the case with CLEC12A, the cell-surface 
expression of SIRL-1 diminishes when certain stimuli activate 
monocytes and neutrophils (47, 48). The decrease in expression 
may enhance cell activation since monocytes with a low expres-
sion of SIRL-1 produce more TNFα in response to Curdlan 
than SIRLhigh monocytes. While a decrease in SIRL-1 expression 
enhances cell activation, its ligation with a specific antibody (anti-
SIRL) has the opposite effect. In the RBL-2H3 cell in vitro model 
of FcεRI activation, for instance, ligation of SIRL-1 with anti-SIRL 
antibody inhibited IgE-induced degranulation [Table  1; (46)]. 
Likewise, in human neutrophils, SIRL-1 ligation suppresses NET 
formation induced by opsonized S. aureus but not the produc-
tion of ROS, thereby underscoring a certain degree of functional 
selectivity (49).

SIRL-1 also inhibits neutrophil activation in response to MSU. 
The ligation of SIRL-1 with anti-SIRL suppresses MSU-induced 
formation of NETs (49). This inhibitory effect on the release of 
NETs seems specific for stimuli that signal through Fc receptors 
since MSU-induced NET formation is Fcγ receptor-dependent 
and SIRL does not downregulate the formation of NETs by 
neutrophils stimulated with non-opsonized S. aureus or LPS (49, 
50). It is noteworthy that SIRL-1 does not dampen extracellular 
ROS production in response to MSU which is consistent with the 
fact that MSU-induced formation of NETs is ROS independent. 

Together, these observations indicate that SIRL suppresses MSU-
induced NET release in a ROS-independent but FcR-dependent 
manner.

wHAT inDUCeS THe engAgeMenT OF 
inHiBiTORY ReCePTORS in THe 
COnTeXT OF MSU-inDUCeD 
inFLAMMATiOn?

The evidence that CLEC12A and SIRL-1 modulate MSU-induced 
neutrophil activation was obtained from experiments performed 
with naked crystals. MSU thus trigger activating signaling 
pathways by directly interacting with components of the cell 
surface. Since MSU are composed of a rugged, crystalline surface 
that is negatively charged, it is difficult to envisage how such a 
surface can exhibit the same level of specificity as a conventional 
“hand in the glove” receptor–ligand interaction. One receptor 
through which MSU activates signaling in human neutrophils 
is the Fc receptor FcγRIIIb (50). Since there are no antibodies 
on naked crystals, MSU seem to act as an opportunistic ligand 
for Fc receptors. It stands to reason that the same applies to the 
other receptors with which MSU have been shown to interact 
including CLEC12A, CD11b, CD14, TLR2, and TLR4 (6, 13, 
41, 50). It is likely that MSU induces the clustering of these 
receptors to induce their activation, possibly in signaling hubs 
located in specialized membrane domains as reported for other 
inhibitory receptors causing cellular activation (25). An elegant 
study provided evidence that MSU interacts with components 
of cellular membranes, particularly cholesterol, supporting this 
notion (51). These electrostatic interactions induce changes in the 
composition and distribution of lipid-rich domains of the plasma 
membrane and most likely cause the clustering of receptors on 
the cell surface resulting in cell activation. Immune receptors 
signal through these membrane domains (25).

wHAT CAn we LeARn ABOUT THe 
MODULATiOn OF MSU-inDUCeD 
neUTROPHiL ACTivATiOn BY CLeC12A 
AnD SiRL-1?

CLEC12A and SIRL-1 elegantly illustrate the ability of inhibi-
tory receptors to have distinct effects on leukocyte activation. 
Whereas the ligation of SIRL-1 with a specific antibody leads to 
the downregulation of cellular effector functions, the antibody-
induced ligation and internalization of CLEC12A enhances 
cellular activation. This implies that the downregulation of the 
cell-surface expression of CLEC12A releases its inhibitory effect 
and consequently lowers the threshold of activation of neutro-
phils toward MSU. These observations suggest that CLEC12A 
may be constitutively phosphorylated in resting cells to increase 
the threshold of activation. The phosphorylation status of the 
ITIM of CLEC12A remains, however, to be determined in rest-
ing and stimulated cells. With regards to SIRL-1, it is most likely 
constitutively phosphorylated since it associates with SHP-1 in 
resting monocytes. This notion is supported by the inhibition 
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of the MSU-induced formation of NETs after the ligation of 
SIRL-1. Since the anti-SIRL-1 antibody inhibits MSU-induced 
formation of NET, it is an agonistic antibody. By contrast, the 
anti-CLEC12A antibody does not seem to have agonistic effects 
since it enhances cell activation by binding CLEC12A. Although 
the role of CLE12A and SIRL-1 in gout remains to be fully char-
acterized, these two receptors may regulate neutrophil activation 
in a temporal manner since NET formation is a later response to 
MSU than the mobilization of calcium.

wHeRe SHOULD we gO FROM HeRe?

To develop a more complete picture of the immunopathogenesis 
of gout, the constellation of inhibitory receptors that regulate 
myeloid cell responses toward MSU needs to be identified. 
Moreover, it is essential to identify the ligands for these recep-
tors to better understand their functional and temporal role 
during homeostasis and inflammation as well as their mode of 
action. Pyz et al. (34) reported that CLEC12A binds endogenous 
ligands whose identity remains to be determined. In vivo studies 
will also be informative. With regards to CLEC12A, for instance, 
it may also contribute to the resolution of inflammation in gout 
since the arthritis phenotype in CLEC12A knock-out mice per-
sists for a significantly longer period of time than in wild-type 
mice (42).

ARe inHiBiTORY ReCePTORS A 
CLiniCALLY ReLevAnT, THeRAPeUTiC 
TARgeT FOR gOUT?

The dampening of MSU-induced neutrophil activation by the 
SIRL-1 antibody supports the notion that targeting myeloid 
inhibitory receptors is a promising and new therapeutic option 
for the treatment of gout. Inhibitory receptors could also be 
targeted with compounds that preserve their expression once the 
mechanisms underlying their internalization and degradation 
are characterized. Targeting inhibitory receptors that regulate 
the threshold activation of neutrophils during the early stages 

of a gout attack would be beneficial since there is a therapeutic 
window of opportunity prior to the peak of a gout attack during 
which patients feel a slight pain. Colchicine is one such drug 
that effectively reduces inflammation if administered during the 
early phase of an acute gout attack. A mechanism through which 
colchicine may dampen a gout attack is by preserving the cell-
surface expression of CLEC12A on neutrophils (40).

It is difficult to predict whether targeting endogenous inhibi-
tory pathways will cause less adverse effects than currently used 
drugs. Considering the limited choice of anti-inflammatory drugs 
to treat gout due, in part, to contraindications in many cases, it 
is timely to consider developing additional drugs to treat gout 
attacks (52). A recent drug developed to treat gout, anti-IL-1 is 
efficacious but further cost/benefit and safety studies are required 
prior to widely using it to treat this arthropathy (10).

It is an exciting time for inhibitory receptor research since 
we have better tools to study their biology and a clearer picture 
of how they work facilitating the investigation of their func-
tion and role in disease. At least two other inhibitory pathways 
in lymphocytes are targeted for the treatment of rheumatoid 
arthritis and cancer (53) providing a proof of concept of the 
therapeutic value of targeting inhibitory receptors to treat dis-
ease. Considering that gout is one of the few types of arthritis 
whose causative agent is known, defining the role of inhibitory 
pathways in this disease will serve as a paradigm for understand-
ing the pathogenesis of other types of arthritis and identifying 
novel therapeutic targets.
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Volcanic ash activates the nlrP3 
inflammasome in Murine and human 
Macrophages
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Donald B. Dingwell1 and Peter Duewell 5*
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Volcanic ash is a heterogeneous mineral dust that is typically composed of a mixture of 
amorphous (glass) and crystalline (mineral) fragments. It commonly contains an abun-
dance of the crystalline silica (SiO2) polymorph cristobalite. Inhalation of crystalline silica 
can induce inflammation by stimulating the NLRP3 inflammasome, a cytosolic receptor 
complex that plays a critical role in driving inflammatory immune responses. Ingested 
material results in the assembly of NLRP3, ASC, and caspase-1 with subsequent 
secretion of the interleukin-1 family cytokine IL-1β. Previous toxicology work suggests 
that cristobalite-bearing volcanic ash is minimally reactive, calling into question the 
reactivity of volcanically derived crystalline silica, in general. In this study, we target 
the NLRP3 inflammasome as a crystalline silica responsive element to clarify volcanic 
cristobalite reactivity. We expose immortalized bone marrow-derived macrophages 
of genetically engineered mice and primary human peripheral blood mononuclear 
cells (PBMCs) to ash from the Soufrière Hills volcano as well as representative, pure-
phase samples of its primary componentry (volcanic glass, feldspar, cristobalite) and 
measure NLRP3 inflammasome activation. We demonstrate that respirable Soufrière 
Hills volcanic ash induces the activation of caspase-1 with subsequent release of 
mature IL-1β in a NLRP3 inflammasome-dependent manner. Macrophages deficient 
in NLRP3 inflammasome components are incapable of secreting IL-1β in response 
to volcanic ash ingestion. Cellular uptake induces lysosomal destabilization involving 
cysteine proteases. Furthermore, the response involves activation of mitochondrial 
stress pathways leading to the generation of reactive oxygen species. Considering 
ash componentry, cristobalite is the most reactive pure-phase with other components 
inducing only low-level IL-1β secretion. Inflammasome activation mediated by inhaled 
ash and its potential relevance in chronic pulmonary disease was further evidenced in 
PBMC using the NLRP3 small-molecule inhibitor CP-456,773 (CRID3, MCC950). Our 
data indicate the functional activation of the NLRP3 inflammasome by volcanic ash 
in murine and human macrophages in vitro. Cristobalite is identified as the apparent 
driver, thereby contesting previous assertions that chemical and structural imperfec-
tions may be sufficient to abrogate the reactivity of volcanically derived cristobalite. This 

105

http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2017.02000&domain=pdf&date_stamp=2018-01-22
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2017.02000
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:ddamby@usgs.gov
mailto:peter.duewell@med.uni-muenchen.de
https://doi.org/10.3389/fimmu.2017.02000
https://www.frontiersin.org/Journal/10.3389/fimmu.2017.02000/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2017.02000/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2017.02000/full
http://loop.frontiersin.org/people/488956
https://loop.frontiersin.org/people/513050
http://loop.frontiersin.org/people/141093
http://loop.frontiersin.org/people/476022


Damby et al. Volcanic Ash Activates NLRP3 Inflammasome

Frontiers in Immunology | www.frontiersin.org January 2018 | Volume 8 | Article 2000

is a novel mechanism for the stimulation of a pro-inflammatory response by volcanic 
particulate and provides new insight regarding chronic exposure to environmentally 
occurring particles.

Keywords: inflammasome, nlrP3, reactive oxygen species, lysosomal damage, volcanic ash, cristobalite, silica, 
mineral dust

inTrODUcTiOn

Explosive volcanic eruptions generate vast plumes of ash. Their 
fall-out can affect extensive populated areas beyond the imme-
diate vicinity of a volcano. Ash is defined as the portion of the 
erupted ejecta less than 2 mm in diameter, and it is a heterogene-
ous mixture of glassy fragments, containing variable amounts of 
crystals and older rock from the volcanic edifice (lithics). Since 
the 1980 eruption of Mount St. Helens, USA, when ash impacted 
more than a million inhabitants in the Pacific Northwest, it has 
been known that a substantial fraction of the ejecta is of micron, 
or even sub-micron, size and, therefore, potentially capable of 
being a human respiratory health hazard (1).

An exacerbation of airway problems, such as asthma and 
chronic bronchitis, due to the heightened levels of fine particles 
in the ambient air suspended from the ash deposits, was an 
expected finding at Mount St. Helens (2). The presence of a 
significant amount of respirable crystalline silica, mainly as cris-
tobalite, however, was wholly unforeseen and has led to repeated 
toxicological testing of the ash to help establish the implications 
of ash exposure for human health [see review in reference (3)]. 
In particular, there was concern regarding the risks of developing 
silicosis in the general population and outdoor workers due to the 
established consequences of crystalline silica exposure, mainly as 
quartz, in industrial settings (4). The eruptions of the Soufrière 
Hills volcano on Montserrat, West Indies, starting in 1995 and 
lasting over 15 years, led to similar intensive study of the volcanic 
cristobalite hazard (3, 5). Ongoing work has constrained the pres-
ence of cristobalite in ash to eruptions that involve lava domes or 
incorporate pre-existing, altered flow-units (5, 6). This is because 
cristobalite forms by secondary mineralization or hydrothermal 
alteration in these environments and, therefore, is not present 
in primary magmatic ejecta. These discoveries have defined 
the environmental side of the hazard; however, the capacity of 
volcanic cristobalite to incite disease remains enigmatic (7, 8).

Previously, we have observed no systematic difference in 
reactivity when comparing ash containing crystalline silica, pre-
dominantly as cristobalite, and ash containing negligible amounts 
of crystalline silica (9, 10). Experimentally, cristobalite-bearing 
volcanic ash has incited granuloma formation in vivo (1, 11), but 
it is consistently less inflammatory and fibrogenic than would be 
expected for a crystalline silica-bearing dust (3, 12). However, we 
have recently reported on the propensity of volcanic ash to initiate 
an inflammatory immune response in vitro in macrophages (10). 
Crystalline silica in other mixed-mineral dusts is known to be 
variably reactive (13), whereby its pathogenicity may be altered 
by inherent structural and chemical defects along with effects 
imparted by other constituents in a mixed-phase dust; indeed, 
structural and chemical defects of volcanic cristobalite (which 

contains up to 3 wt.% aluminum) together with its presence in 
a heterogeneous dust have all been previously implicated in its 
reduced potency (8, 14, 15). The conflicting results to date have 
hindered efforts to provide health risk assessments (16), which 
consider all available evidence from in vitro and in vivo toxico-
logical tests. A mechanistic understanding of the hazard posed 
by volcanic ash is needed to resolve the existing conundrum and 
provide appropriate public health advice during future volcanic 
eruptions.

Inflammation plays a pivotal role in crystal-driven 
disease progression and can be observed in patients with 
particle-induced lung diseases (17). Although the exact 
mechanisms of how pathogenic particles drive inflamma-
tion is not completely understood, it has been shown that 
danger-associated molecular patterns, such as endogenous 
uric acid (gout) or cholesterol (atherosclerosis) as well as 
exogenous particles like asbestos (asbestosis) or crystalline 
silica (silicosis), share features of crystalline particles that 
activate the NLRP3 inflammasome (also known as CIAS1, 
NALP3, or cryopyrin) (18–20). The NLRP3 inflammasome 
belongs to the Nod-like receptor pyrin-containing family 
of cytosolic receptors and, together with the adapter mol-
ecule apoptosis-associated speck-like protein containing 
a CARD domain (ASC), it forms a multi-protein platform 
that recruits and activates caspase-1. Caspase-1 belongs to 
the inflammatory caspases and leads to the processing and 
secretion of the pro-inflammatory cytokines interleukin-1 
beta (IL-1β) and IL-18 into their active forms (21). While 
the exact upstream mechanism of NLRP3 activation remains 
unclear and is part of ongoing studies, the current under-
standing of NLRP3 inflammasome assembly mainly consists 
of a two-hit mechanism. NLRP3, as well as the pro-form of 
IL-1β, is not constitutively expressed and needs transcrip-
tional priming. The first step in activation can be achieved 
by the germ line-encoded TLRs that usually sense microbial 
cell wall components or viral DNA and RNA molecules. The 
NLRP3 inflammasome senses crystalline danger signals that 
can occur during autoinflammatory diseases, such as gout or 
atherosclerosis, and environmental diseases, such as silicosis 
or asbestosis (18, 20, 22). IL-1 cytokines are potent mediators 
of innate immunity in response to crystalline silica exposure 
(23, 24) and have been implicated in the pathophysiology of 
human and experimental diseases (25, 26).

Here, we report on the propensity of volcanic cristobalite to 
activate the NLRP3 inflammasome, in the wake of a series of in-
conclusive toxicological investigations of ash from recent major 
eruptions. The NLRP3 inflammasome has emerged as a central 
mechanism in mediating cellular responses to various endo- 
and exogenous signals and particles related to environmental 
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and life-style diseases. Given the established hazard posed by 
respirable crystalline silica in occupational settings, the capac-
ity of volcanic ash to stimulate IL-1β release by macrophages 
in  vitro (10), and the observation that instigation of chronic 
disease by crystalline silica is NLRP3-dependent (27, 28), we 
have chosen to test the ability of cristobalite-bearing volcanic 
ash to promote inflammation by activating the inflammasome 
pathway.

MaTerials anD MeThODs

Volcanic ash sample and Major 
component control Particles
Ash sample MRA5/6/99 is a respirable sample isolated from 
fresh ash that fell at Soufrière Hills volcano, Montserrat, on 5 
June 1999. The ash was generated during a dome-collapse event, 
a particular style of eruption known to produce fine-grained, 
cristobalite-rich ash (5, 29). The respirable fraction was isolated 
using the Minisplit classification system at 16,000 rpm (British 
Rema, Sheffield, UK), which segregates particles within a vortex. 
The bulk tephra (sieved to 1 mm) was first separated to give a 
sub-10 μm fraction, and this fraction was further separated to 
give the sub-4 μm fraction. Sample MRA5/6/99 has been used 
extensively in ash characterization and toxicity studies; the ash 
is characterized in detail by Horwell et al. (29) and the crystal-
lographic properties of the cristobalite it contains by Damby et al. 
(14). The sample comprises ~15 wt.% crystalline silica as cris-
tobalite, with the other major constituents being volcanic glass 
(amorphous silica) and plagioclase feldspar; additional minor 
phases identified were hornblende, orthopyroxene, titanomag-
netite, and oxides (10, 29).

Pure-phase mineral samples of the primary components were 
analyzed alongside MRA5/6/99 to constrain their reactivity in the 
NLRP3 inflammasome model. Cristobalite was synthesized by 
heating ultra-high purity quartz glass (Heraeus HOMOSIL® 101, 
Hanau, Germany) for 12 h in a platinum crucible at 1,600°C in air. 
As a representative feldspar, we sourced labradorite (feldspar), an 
intermediate member of the plagioclase series, from the Bavarian 
State Collection for Mineralogy (Munich, Germany). Anhydrous 
andesite glass was produced from high temperature (1,450°C) 
melting of a sub-sample of Soufrière Hills pumice (described 
below) in a Nabertherm HI 04/17 furnace (Lilienthal, Germany) 
in air for 12 h. The sample was then stirred under similar con-
ditions in a second furnace to ensure a homogenous melt and 
rapidly quenched to produce glass. A cristobalite-free pumice 
sample from the 12 July 2003 eruption of Soufrière Hills volcano 
was included as the mineralogy is similar to MRA5/6/99, and 
it thus serves as a natural material control for the minor phases 
identified above [see reference (30)]. All componentry samples 
were ground dry in a mortar and pestle prior to use.

sample characterization
The particle size distributions of the samples were measured 
using a Coulter LS 230 Analyzer (Beckman Coulter Inc., CA, 
USA). Data were collected using the following refractive indices: 
1.63 for Soufrière Hills ash, as optimized in Horwell (31), 1.49 

for crystalline silica, 1.56 for feldspar, and 1.53 for synthetic 
andesitic glass (32). Data are the average of three 60-s runs and 
are analyzed according to the Mie scattering theory. The surface 
area of sample MRA5/6/99 is 3.6 m2/g as measured by the BET 
method of nitrogen adsorption (33).

Imaging of the volcanic ash sample was carried out on a Hitachi 
SU-70 FE-SEM (Hitachi, Ltd., Tokyo, Japan) in the GJ Russell 
Microscopy Facility, Department of Physics, Durham University. 
Images were collected at an operating voltage of 6.0  kV and a 
working distance of 14 mm. Sample mineralogy was confirmed 
by powder X-ray diffraction on a Bruker AXS D8 ADVANCE 
(Bruker Corp., MA, USA) with DAVINCI design in 2θ reflection 
mode using Cu radiation and a Ni filter in the Department of 
Chemistry, Durham University.

cell lines and reagents
Wild-type and knock-out bone marrow-derived immortalized 
mouse macrophage cell lines (iMΦ) were generated with a recom-
binant retrovirus, carrying v-myc and v-raf(mil) oncogenes, as 
previously described by Hornung et al. (22). Cells were cultured 
in DMEM supplemented with l-glutamine, 10% FCS (all Gibco, 
Darmstadt, Germany) and ciprofloxacin (Sigma, Taufkirchen, 
Germany). Freshly isolated human peripheral blood mononuclear 
cells (PBMCs) from randomly selected donors were obtained 
using density gradient centrifugation with subsequent red blood 
cell lysis. Cells were kept and stimulated in RPMI supplemented 
with l-glutamine, 10% FCS (all Gibco, Darmstadt, Germany) and 
ciprofloxacin (Sigma, Taufkirchen, Germany). iMΦ were seeded 
at a density of 1 ×  105 cells/96 well and PBMC at a density of 
1 × 106 cells/96 well and primed with 200 ng/ml (iMΦ) or 100 pg/
ml (PBMC) lipopolysaccharide (LPS, InvivoGen, Toulouse, 
France) for 2  h. For inhibitor studies, latrunculin A (Lat A), 
CA-074-ME, (2R,4R)-4-aminopyrrolidine-2,4-dicarboxylic acid 
(APDC), and CP-456,773 (CRID3, MCC950) were used at 20 µM 
and applied 1 h prior to stimulation. Cells were then stimulated 
with ash and componentry samples as indicated or with 5 mM 
adenosine triphosphate (ATP), 200  ng/ml polydeoxyadenylic 
acid • polythymidylic acid (dAdT), 10 µM nigericin (all Sigma 
Aldrich, Taufkirchen, Germany), or 1  mM H-Leu-Leu-OMe 
Hydrochloride (Santa Cruz, Heidelberg, Germany). After 6  h, 
IL-1α, IL-1β, IL-6, and TNFα cytokine levels in supernatants were 
measured by ELISA (all BD Biosciences, Heidelberg, Germany) 
or for supernatants and cell lysates with western blot analysis.

Western Blot
Immortalized macrophages and human PBMC were seeded 
and stimulated, as described above, but in serum-free media. 
Supernatants were removed and processed for protein precipita-
tion. Briefly, equivalent amounts of methanol and 20 vol.% chlo-
roform were added to supernatants, vortexed, and centrifuged 
at 12k rcf for 5 min. The top aqueous layer was discarded and 
methanol was added to remove remaining chloroform from 
precipitated whole-protein pellets. Samples were centrifuged at 
12k rcf for 5 min, supernatants were carefully removed and the 
protein pellets were air-dried. Precipitates were resolubilized 
in Lämmli buffer and heated at 95°C for 5  min. Samples were 
separated using SDS-PAGE and blotted for protein detection. 
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FigUre 1 | Characteristics of isolated volcanic ash and pure-phase componentry. (a) Cumulative particle size distributions of volcanic ash sample MRA5/6/99 and 
componentry samples. (B) Particle size distribution and SEM image of volcanic ash sample MRA5/6/99 (×4.00k magnification). All particle size data are the average 
of three runs. (c) False-color backscatter SEM image of ash in cross section (×10k magnification) evidencing the heterogeneous distribution of predominant phases: 
cristobalite, feldspar, and volcanic glass. Electron dispersive X-ray spectroscopy was employed for mineral identification. Images were collected at 8.0 kV and a 
14.5 mm working distance.
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Membranes were blocked with 3% BSA and incubated with goat 
anti-mouse caspase-1 p20 (Santa Cruz, Heidelberg, Germany), 
goat anti-mouse IL-1β, or goat anti-human IL-1β (all R&D 
Systems, Wiesbaden-Nordenstadt, Germany) pAb overnight. 
HRP-coupled donkey anti-goat IgG secondary antibodies were 
incubated for 2 h. HRP-coupled β-actin IgG mAb served as load-
ing control.

light Microscopy
iMΦ were treated with 500 µg/ml volcanic ash for 6 h. Particle-
treated cells were imaged by light microscopy using a Zeiss 
Axiovert 200 M microscope (Zeiss, Oberkochen, Germany). Cell 
images were acquired using a 20× objective.

confocal laser reflection and immune 
Fluorescence imaging
iMΦ were seeded in glass-bottom dishes (Thermo Scientific, 
Darmstadt, Germany) at a density of 1 × 105 cells/ml in complete 
DMEM and allowed to adhere. Cells were incubated with the 
quenching dye conjugate DQ-Ovalbumin (DQ-OVA) in the 
presence or absence of MRA5/6/99 for 4 h. Cells were washed and 
counterstained with the membrane dye Alexa Fluor® 647-conju-
gated cholera toxin B subunit (Ctx B) and the nucleic acid stain 
Hoechst 33342 (Invitrogen, Karlsruhe, Germany). Combined 
reflection and immune fluorescence data were acquired using a 
Leica TCS SP5 AOBS confocal laser scanning microscope with 
63× magnification (Wetzlar, Germany).

statistical analysis
All results are expressed as mean ± SD. Comparisons and signifi-
cance between two groups was assessed by Student’s t-test. The 
level of significance is assigned to p ≤ 0.05.

resUlTs

Processing of Volcanic ash by Macrophages
Macrophages are a first line of defense against inhaled particles 
and are responsible for coordinating an inflammatory immune 
response. Therefore, they are key targets for in vitro assessment 
of the hazard posed by atmospheric particles. Diverse crystalline 
material has been reported to activate the NLRP3 inflamma-
some via phagosomal destabilization with lysosomal content 
leaking into the cytosol. Consequently, this leads to activation 
of a plethora of endoproteases and oxidative stress molecules by 
a not yet completely understood mechanism (22, 34). However, 
particle size is known to be important for entering the endosomal 
compartment, as reported for silica crystals with an average size 
of 1–2 µm (22). Volcanic ash comprises a wide range of particle 
sizes depending on the fragmentation efficiency of the eruption 
(35), but can contain a substantial respirable component (31). To 
represent pulmonary exposures, we used an isolated respirable ash 
sample, obtained through fractioning and sieving methods previ-
ously described (29), that derived from a dome-collapse event 
at Soufrière Hills volcano (MRA5/6/99) and synthetic particles 
of its corresponding componentry (Figure 1A). The ash sample 
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FigUre 2 | Volcanic ash does not induce a primary inflammatory response. 
Lipopolysaccharide (LPS)-primed and unprimed wild-type murine 
macrophages were stimulated with volcanic ash sample MRA5/6/99 or 
nigericin and (a) TNFα and (B) IL-6 from supernatants were examined by 
ELISA. Representative data from two independent experiments are shown.

FigUre 3 | Volcanic ash-induced IL-1β production is NLRP3 inflammasome dependent. Lipopolysaccharide (LPS)-primed macrophages from wild-type or 
knock-out mice (NLRP3−/−, ASC−/−, and Casp-1/11−/−) were stimulated with MRA5/6/99 at indicated concentrations. (a) IL-1β from supernatants (SN) was 
measured with ELISA. (B) Mature IL-1β (p17) inSN and pro-IL-1β (p35) from cell lysates (CL) of cells stimulated with 1 mg/ml MRA5/6/99 was assessed by western 
blot. β-actin IgG mAb served as loading control. (c,D) Primary human peripheral blood mononuclear cells (PBMC) were either LPS-primed or left untreated and 
subsequently stimulated with MRA5/6/99. (c) IL-1α and (D) IL-1β levels in SN were determined by ELISA. Insertion (D) shows the western blot of bioactive IL-1β 
(p17) detected from SN. (e,F) IL-1α and IL-1β in SN of ash-treated human PBMC in the presence or absence of the NLRP3 inhibitor CP-456,773, assessed by 
ELISA. Positive controls are poly(dAdT), as a NLRP3-independent inducer, and adenosine triphosphate (ATP) or nigericin, as NLRP3-dependent inducers of IL-1β. 
Representative data from two independent experiments performed as triplicates are shown. (a) *p ≤ 0.05, compared to NLRP3−/−, ASC−/−, Caspase-1−/−; #p ≤ 0.05, 
compared to NLRP3−/− and ASC−/−; (c,D) *p ≤ 0.05, compared to none (Ø); (e,F) *p ≤ 0.05, compared to inhibitor (CP-456,773).
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is particularly fine-grained: scanning electron microscopy and 
particle sizing data of the isolated sample show that the particles 
are <5 µm, with a mode of 2 µm (Figure 1B). Backscatter SEM 
imaging reveals a heterogeneous distribution of volcanic glass, 
feldspar, and cristobalite as the predominant phases (Figure 1C). 
The ash sample has been previously reported to be successfully 
internalized by differentiated THP-1 cells, the human monocytic 
cell line (10).

Volcanic ash induces inflammation and 
leads to il-1β secretion
The inhalation and deposition of particulate pollutants, such 
as diesel exhaust, asbestos, or silica, in the small airways is 
known to induce inflammatory responses leading to sustained 
inflammation, lung fibrosis, and cancer (22, 25). The abundance 
of cristobalite in ash from Soufrière Hills volcano, as well as in 
ash from a large number of other dome-forming volcanoes [see 
(7) and references therein], and the potential for ash to induce 
the secretion of inflammatory cytokines prompted us to test the 
inflammatory response to ash particles further. Accordingly, we 
treated mouse macrophages with ash sample MRA5/6/99 and 
determined levels of TNFα, IL-6 and IL-1β in culture superna-
tants (Figures 2 and 3A). As expected, cells responded normally 
to the microbial TLR4 agonist LPS with high levels of TNFα and 
IL-6; however, no relevant cytokine secretion was detectable 
after exposure to volcanic ash without prior LPS stimulation 
(Figures  2 and 3A). Compared to other pro-inflammatory 
cytokines, pro-IL-1β lacks a signaling peptide sequence to 
exit the cell via golgi translocation. IL-1β is not constitutively 
expressed and requires transcriptional upregulation in response 
to a canonical NF-κB pathway or microbial stimuli, such as LPS, 
sensed by TLR receptors. As IL-1β itself is predominantly acti-
vated in a NLRP3/caspase-1-dependent manner, we investigated 
the involvement of the NLRP3 inflammasome in the response to 
volcanic ash.
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Volcanic ash-induced il-1β secretion 
involves the nlrP3 inflammasome and 
caspase-1 activation
Activation of the NLRP3 inflammasome results in assembly 
with the adaptor protein apoptosis-associated speck-like 
protein containing a CARD (ASC) and subsequent activation 
of caspase-1, with the release of active IL-1β. We stimulated 
immortalized wild-type macrophages or cells with deficiencies 
in the inflammasome signaling components NLRP3, ASC, 
or Caspase-1/11 with LPS (TLR4 ligand) and subsequently 
incubated the cells with volcanic ash sample MRA5/6/99 
(Figure  3A). Only LPS-primed macrophages responded with 
high amounts of IL-1β, pointing toward the involvement of 
the NLRP3 inflammasome. Analysis of supernatants revealed 
a strong and dose-dependent secretion of IL-1β from wild-type 
macrophages whereas cells with defects in NLRP3 signaling 
(NLRP3−/−, ASC−/−, and Caspase-1/11−/−) components failed to 
secrete IL-1β in response to volcanic ash exposure (Figure 3A). 
As control served the double-stranded DNA mimic dAdT 
that signals NLRP3 independently via the DNA sensor absent 
in melanoma 2 (AIM2), still requiring the adapter molecule 
ASC as well as caspase-1 for the processing of IL-1β (36). ATP 
signaling via the ligand-gated cation channel P2×7 served as 
the NLRP3-dependent positive control. To further confirm pro-
teolytic cleavage of IL-1β into its active form (p17 subunit), we 
performed a western blot analysis of whole cell lysates and the 
corresponding supernatants. As expected, volcanic ash was able 
to induce activation of mature IL-1β, however, in a moderate 
way compared to the positive control nigericin, a highly potent 
pore-forming toxin (Figure 3B).

We further analyzed the ash-induced release of IL-1 
family cytokines (IL-1α and IL-1β) from freshly isolated 
primary human PBMCs (Figures 3C–E). The closely related 
homolog IL-1α is, in contrast to IL-1β, biologically active, 
although little is known about its activation and secretion. 
IL-1α represents a key alarmin from dying cells and plays 
a pivotal role in acute particle-induced lung inflammation 
(37). Here, we show that volcanic ash samples alone are not 
capable of inducing IL-1 secretion in the absence of LPS 
priming. In contrast, LPS-activated PBMCs secreted high 
amounts of IL-1α and IL-1β in a dose-dependent manner 
(Figure 3C). Secretion of bioactive IL-1β again was assessed 
by western blot showing the cleaved p17 fragment in super-
natants of ash- or nigericin-treated samples (Figure  3D). 
Finally, the contribution of the NLRP3 inflammasome was 
confirmed using the specific NLRP3 inflammasome inhibitor 
CP-456,773 (CRID3, MCC950) that has been described earlier 
(38). The data show that CP-456,773 potently inhibited the 
release of IL-1β and, to a lesser extent, IL-1α (Figures 3E,F). 
Despite the well-described functions of IL-1β, IL-1α exists in 
two different forms, surface-bound pro-IL-1α and a mature 
secreted form. The fact that IL-1α can, on one hand, signal 
independently of inflammasome activation but, on the other 
hand, requires caspase-1 and mature IL-1β for secretion sug-
gests the involvement of other inflammatory pathways, which 
are yet to be exactly investigated (39).

cristobalite is the apparent Driver of il-1β 
secretion by Volcanic ash
Volcanic ash is a heterogeneous dust, the componentry of which 
can vary substantially amongst eruptions and even within the 
same eruption. Therefore, identifying the phase(s) responsible 
for the observed reactivity is critical for hazard assessment in 
the event of an eruption, where ash componentry analysis is a 
first priority in rapid-response efforts (9, 40). Despite the fact 
that all of the mineral phases present in volcanic ash are not bio-
soluble on the timescale of our experiments, or on the expected 
timescale of phagocytosis in vivo, physiologically relevant cations 
(K+, Na+, Ca2+) could be leached from the glass component via 
intra-cellular processing of particles in a matter of hours to days 
(41) by lysosomal fluid, a buffered, acidic (pH 5.5) solution largely 
comprising citric acid (42). This may augment the intra- and 
extra-cellular cation budget, an established condition implicated 
in inflammasome assembly and activation (43, 44). As neither 
the compositionally equivalent glass sample nor pumice, which is 
predominantly composed of glass, were comparably reactive, we 
discount particle alteration and glass leaching as primary controls 
on NLRP3 and subsequent caspase-1 activation by volcanic ash. 
This conclusion is substantiated by minimal (and equivalent) 
extraction of K+ and Na+ in leaching experiments conducted 
in dilute citric acid, the primary organic ligand in lysosomal 
fluid, and at a relevant pH (41). Therefore, we do not expect any 
significant alteration to the bulk phase assemblage throughout 
the experimental exposures, and contend that single-phase expo-
sures are appropriate to probe the reactivity of the mixed-phase 
volcanic ash.

Of the componentry samples, the silica compound cristo-
balite triggered the strongest dose-dependent release of IL-1β 
(Figure 4A), suggesting it is the predominant driver behind pro-
duction of IL-1β by volcanic ash. This aligns with the established 
propensity of cristobalite to induce production of IL-1β through 
activation of the NLRP3 inflammasome (45). We note, however, 
that intermediate levels of IL-1β were detected as well as the active 
caspase-1 subunit p20 in response to treatment of LPS-primed 
macrophages by all componentry samples (Figures  4B,C), 
thereby strengthening the evidence of NLRP3 involvement.

Volcanic ash acts through Translocation 
into the cytosol via lysosomal Disruption 
and reactive Oxygen species (rOs) 
Production
To demonstrate that volcanic ash was internalized by macrophages, 
we incubated immortalized macrophages with the isolated ash 
sample for 4 h and imaged untreated and particle-treated cells 
by light microscopy (Figure 5A). The material was taken up by 
the cells, resulting in massive clustering of particles within the 
cell, and the intensity of optical refraction (darker cells) illustrates 
the capacity of the macrophages in particle clearance. This aligns 
with other recent observations of successful phagocytosis of 
volcanic ash by macrophages with little associated decrease in 
cell viability (10, 46). We next combined confocal laser reflection 
and fluorescence imaging to further consider cellular uptake of 
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FigUre 4 | Cristobalite is the main component for volcanic ash-induced IL-1β release. Lipopolysaccharide (LPS)-primed and unprimed wild-type murine 
macrophages were stimulated with the major ash components (feldspar, volcanic glass, and cristobalite) and natural crushed pumice sample at indicated 
concentrations. (a) IL-1β from supernatants (SN) was examined by ELISA and (B) assessment of mature IL-1β (p17) from SN of LPS-primed macrophages by 
western blot. (c) Activated caspase-1 (p20 subunit) in supernatant detected by western blot analysis. Representative data from two independent experiments 
performed as triplicates are shown. *p ≤ 0.05, compared to other components; #p ≤ 0.05.

Damby et al. Volcanic Ash Activates NLRP3 Inflammasome

Frontiers in Immunology | www.frontiersin.org January 2018 | Volume 8 | Article 2000

volcanic ash. We co-incubated the cells with the quenching dye 
DQ-OVA that, upon proteolytic processing, allowed us to moni-
tor the endo-lysosomal compartment of living cells. As expected, 
DQ-OVA showed a distinct vesicular distribution in the absence 
of ash. In contrast, ash-treated cells showed enlarged vesicles 
with enhanced particle uptake (Figure  5B). Furthermore, ash 
and DQ-OVA translocated to the cytosol and showed partial co-
localization. Faint fluorescence across the entire cytosol is evident 
of spreading and advanced dilution of the DQ quenching dye.

To test if endosomal uptake was necessary for ash-induced 
cytokine production, we incubated cells with the endocytosis 
inhibitor Lat A prior to ash exposure of the cells and measured 
IL-1β secretion (Figure  5C). Lat A completely inhibited ash-
induced IL-1β release, whereas it had no influence on cytokine 
secretion mediated by the pore-forming toxin nigericin, strength-
ening the role of lysosomal uptake in response to volcanic ash. The 
data further reveal that lysosomal uptake seems to be the main 
uptake mechanism leading to lysosomal rupture with subsequent 
IL-1β release. In terms of lysosomal destabilization, enzymes 
become proteolytically active and are released into cytosol for 
inflammasome activation. Cathepsins are protein-degrading 
enzymes that become cleaved upon lysosomal maturation and 
are released as active forms into the cytosol. The cathepsin family 
comprises multiple proteins involved in IL-1β processing with 
cathepsin B being a well-described player involved in NLRP3 
activation (22, 47). To test the contribution of cathepsins in 
volcanic ash-induced NLRP3 activation, we pre-incubated wild-
type macrophages with the cathepsin B inhibitor CA-074-Me 
prior to ash exposure and measured IL-1β secretion (Figure 5D). 
Inhibition of cathepsin B completely inhibited IL-1β secretion, 
compared to partial effects observed with the lysosomotropic 
agent l-leucyl-l-leucine methyl ester (Leu-Leu-OMe). With 
respect to particulate and non-particulate structures, the data 
further show that, in terms of NLRP3-dependent IL-1β process-
ing, redundant roles of cathepsin family members might play a 
role, as previously described (48).

Particulate substances or fibers are likely candidates for the 
initiation of ROS (19). While ROS are an important feature of 

maintaining immune homeostasis, excessive production results 
in inflammation and carcinogenesis as postulated for inhaled 
asbestos fibers, with mechanisms such as “frustrated” phago-
cytosis being discussed (19, 49, 50). It has been shown that, in 
most scenarios, ROS are associate stimulators of particle-induced 
NLRP3 inflammasome activation. We show here that ROS 
production is involved in ash-induced IL-1β release, using the 
small-molecule ROS scavenger (2R,4R)-4-aminopyrrolidine-2,4-
dicarboxylic acid (APDC), which completely abrogated IL-1β 
secretion (Figure 5E). Previous work has shown that volcanic ash 
has the capacity to generate large amounts of ROS, largely due 
to the presence of non-crystalline-silica minerals (33, 51); how-
ever, the primary non-crystalline-silica components of volcanic 
ash have no history of inducing an inflammatory response (11, 
52). In the present study, we observed low but dose-dependent 
production of IL-1β by the major constituents but, critically, the 
crushed pumice sample, which contains a similar assemblage 
of “non-crystalline-silica minerals,” was minimally reactive. 
Therefore, while auxiliary mineral-based ROS generation may 
be partially implicated in the observed volcanic ash reactivity, 
volcanic cristobalite is the likely candidate for NLRP3-mediated 
IL-1β production by volcanic ash.

DiscUssiOn

There is mounting evidence that, while not overtly toxic, volcanic 
ash exposure can result in general insult with the potential for 
chronic toxicity by inciting a low, but significant, pro-inflamma-
tory response and resulting in delayed inflammation in vivo (10, 
11). In this study, we identify a prominent role for ash-induced 
inflammation, and provide the first mechanism-specific response 
of macrophages to volcanic ash, whereby phagosomal uptake 
results in significant secretion of mature IL-1β. This secretion 
is caspase-1 and ASC dependent, identifying the involvement 
of an inflammasome-mediated pathway. Critically, silencing of 
the murine NLRP3 gene as well as inhibition of human NLRP3 
completely abolished ash-induced IL-1β secretion. We show 
that endocytosis and cathepsins are involved in the induction 
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FigUre 5 | Internalization of volcanic ash by macrophages induces lysosomal damage and reactive oxygen species (ROS). (a) Light microscopy (20× 
magnification) and (B) laser scanning microscopy images (63× magnification) of untreated wild-type murine macrophages and macrophages treated with volcanic 
ash sample MRA5/6/99 for 4 h and stained with Ctx B (red) and DQ-Ovalbumin (DQ-OVA) (green). (c–e) LPS-primed immortalized macrophages were stimulated 
with 1 mg/ml MRA5/6/99 in the presence or absence of the endocytosis inhibitor latrunculin A (Lat A) (c), the cathepsin B inhibitor CA-074-Me (D), or the ROS 
scavenger (2R,4R)-4-aminopyrrolidine-2,4-dicarboxylic acid (APDC) (e). Secretion of IL-1β in supernatants was measured by ELISA. Leu-Leu-OMe and nigericin 
served as lysosomotropic positive control and NLRP3-dependent inflammasome activator, respectively. Representative data from two independent experiments are 
shown. *p ≤ 0.05, compared to inhibitors (Lat A, Cath B, APDC).
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of IL-1β secretion, which indicates that lysosomal maturation, 
with subsequent rupture and loss of lysosomal contents into 
the cytosol, is one major mechanism of volcanic ash-induced 
inflammation in  vitro. The NLRP3 inflammasome as an ash-
responsive element appears to be predominantly mediated by 
the crystalline silica phase (cristobalite), although other phases 
induced a low-level response. The componentry of volcanic ash 
is variable and intrinsically linked to eruption history, and, by 

isolating the reactivity of cristobalite, these data provide a new 
avenue for considering the propensity for volcanic ash to incite 
inflammation in order to better constrain the respiratory hazard 
posed during future eruptions.

The exact mechanism of how crystalline structures act on 
inflammasome activation remains elusive. Among others, 
including ROS involvement, discussed are scavenger receptors 
such as the macrophage receptor with collagenous structure 
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(MARCO), CD36, or CD204, with MARCO identified as the 
dominant contributor in the C57BL/6 mouse model (53). 
However, the contribution of these receptors upon silica crystal 
uptake with subsequent IL-1β maturation remains controversial, 
since alveolar macrophages derived from MARCO-null mice 
show increased IL-1β cytokine release (54). Although scavenger 
receptor binding or membrane binding of crystalline particles 
without internalization may also be sufficient for silica-induced 
IL-1β production (55), lysosomal crystal uptake and procession 
is required for a potent inflammatory response. It is well accepted 
that the activation of the NLRP3 inflammasome pathway requires 
two steps: an initial, for example, NF-κB-mediated, priming step 
and a second stimulus for NLRP3 assembly with subsequent 
caspase-1 cleavage. Although we could clearly show that volcanic 
ash is capable of inducing NLRP3 activation in  vitro, a link to 
the initial priming step is still missing. One explanation is 
provided by the fact that ROS seem to act upstream of NLRP3 
activation, involving the NF-κB pathway upon phagocytosis (56, 
57), although ROS are capable of performing both activation and 
inactivation of NF-κB pathways. However, volcanic ash exposure 
rarely occurs in isolation, for example, there will be concomitant 
exposure with anthropogenic pollution in populated regions (58), 
and other phases may initiate signaling. Another priming mecha-
nism was described by Monick et al. (46), involving the ability of 
ash particles to promote bacterial infection by altered pathogen 
killing. This, in turn, would lead to an increased microbial burden 
with enhanced NF-κB signaling (Step 1) via pattern recognition 
receptors and result in a vicious circle.

Chronic inflammation resulting from particle-induced 
inflammasome activation, for example, in silicosis or asbestosis, 
is thought to derive from the inability of cells to destroy the 
ingested material, leading to successive rounds of apoptosis and 
re-ingestion of the crystalline material (4). Volcanic ash (includ-
ing MRA5/6/99), however, has proven to be minimally apoptotic 
and necrotic to macrophages (10, 46), which suggests successful 
clearance of ash from the lungs. The combination of effective 
clearance and inflammasome activation may explain previous 
results from instillation experiments, such as those discussed 
above by Lee and Richards (11), who observed granuloma in the 
lymph nodes followed by considerably delayed lung inflamma-
tion, but no fibrosis. Prompt transport of ash to the lymphatic 
system would preclude an immediate and robust response in situ, 
yet inflammasome-initiated signaling may result in the delayed 
inflammation observed relative to pure crystalline silica. Despite 
this, in the most comprehensive clinical study to date, no hilar 
node enlargement was observed in chest X-rays of 37 children 
on Montserrat who had been exposed to volcanic ash from the 
Soufrière Hills volcano for 10 years (59). Clinical manifestations 
of exposure, therefore, are presently unknown.

The disparity in response between pure-phase cristobalite and 
volcanic ash is attributable, in part, to the heterogeneous nature 
of both the bulk ash (which is ~15 wt.% cristobalite) and the 
ash particles themselves (with individual particles often being 
comprised of various mineral components as seen in Figure 1C). 
However, the extent of this disparity, as also observed in previous 
work (10, 12), suggests that the reactivity of volcanic cristobalite 
itself is suppressed. Crystalline silica reactivity may be contingent 

on fracturing the surfaces of crystals in equilibrium (60). The 
high-energy nature of ash generation, through both explosive 
eruptions and dome-collapse events, ensures that volcanic cris-
tobalite surfaces will be readily and commonly fractured. Nano-
scale chemical and structural investigations of surface-exposed 
cristobalite crystals reveal no evidence for occlusion (8), and the 
presence of a reactive cristobalite surface has been implicated 
in the binding of similar proteins by cristobalite-rich volcanic 
ash and a crystalline silica standard (61). Therefore, intrinsic 
modifications may act to suppress volcanic cristobalite reactivity 
beyond the aforementioned diminished surface area-dose, as pre-
viously postulated (8, 14). In particular, all volcanic cristobalite 
is chemically impure, containing up to 3 wt.% aluminum (7, 8); 
incorporation of structural aluminum at an equivalent dopant 
concentration has been shown to suppress cristobalite reactiv-
ity (15), and may affect the presence of certain surface moieties 
(i.e., silanols) deemed critical for crystalline silica reactivity (62). 
Critically, however, volcanic cristobalite appears to be sufficiently 
reactive to have initiated a response here.

Significant advances in our understanding of the hazard 
posed by volcanic ash have been made in recent years; however, 
a serious concern regarding the crystalline silica polymorph 
cristobalite, the only toxic mineral phase appreciably present in 
volcanic ash, has persisted. The observations presented herein 
confirm adherence to the “variable entity” description of crystal-
line silica, as defined for quartz by Donaldson and Borm (13) and 
considered for volcanic cristobalite by Horwell et al. (8), whereby 
the reactive-silica burden for volcanic cristobalite is insufficient 
to initiate the more immediate and robust response observed with 
pure crystalline silica. As discussed, previously reported chemical 
and structural modifications have been hypothesized to alter the 
pathogenicity of volcanic cristobalite relative to a pure-phase 
standard (8). We show here, for the first time, that these modi-
fications are insufficient to abrogate reactivity completely. With 
the potential for volcanic eruptions to impact millions of people, 
and with so few epidemiological studies having been conducted, 
mechanistic insight into the potential for ash to cause disease is 
of immediate public health value. Identification of an established 
pathway involved in other particle-induced diseases and through 
which volcanic ash can induce a chronic inflammatory response 
offers a foundation on which to provide health risk assessments 
during future volcanic crises.
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Crystallopathies are a heterogeneous group of diseases caused by intrinsic or environ-
mental microparticles or crystals, promoting tissue inflammation and scarring. Certain 
proteins interfere with crystal formation and growth, e.g., with intrarenal calcium oxalate 
(CaOx) crystal formation, a common cause of kidney stone disease or nephrocalcinosis- 
related chronic kidney disease (CKD). We hypothesized that immunoglobulins can 
modulate CaOx microcrystal formation and crystal growth and that therefore, biologi-
cal IgG-based drugs designed to specifically target disease modifying proteins would 
elicit a dual effect on the outcome of CaOx-related crystallopathies. Indeed, both the 
anti-transforming growth factor (TGF)β IgG and control IgG1 antibody impaired CaOx 
crystallization in vitro, and decreased intrarenal CaOx crystal deposition and subsequent 
CKD in mice on an oxalate-rich diet compared to oxalate-fed control mice. However, the 
TGFβ-specific IgG antibody showed nephroprotective effects beyond those of control 
IgG1 and substantially reduced interstitial fibrosis as indicated by magnetic resonance 
imaging, silver and α-smooth muscle actin staining, RT-qPCR, and flow cytometry for 
pro-fibrotic macrophages. Suppressing interstitial fibrosis slowed the decline of glomer-
ular filtration rate (GFR) compared to treatment with control IgG1 [slope of m = −8.9 
vs. m = −14.5 μl/min/100 g body weight (BW)/day, Δ = 38.3%], an increased GFR at 
the end of the study (120.4 vs. 42.6 μl/min/100 g BW, Δ = 64.6%), and prolonged end 
stage renal disease (ESRD)-free renal survival by 10 days (Δ = 38.5%). Delayed onset 
of anti-TGFβ IgG from day 7 was no longer effective. Our results suggest that biological 
drugs can elicit dual therapeutic effects on intrinsic crystallopathies, such as anti-TGFβ 
IgG antibody treatment inhibits CaOx crystallization as well as interstitial fibrosis in  
nephrocalcinosis-related CKD.

Keywords: calcium oxalate, crystallization, transforming growth factor β, fibrosis, nephrocalcinosis, chronic 
kidney disease
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inTrODUcTiOn

Crystal deposition is relatively common in the kidneys and is 
often associated with inflammation, tubular injury, and intersti-
tial fibrosis (1). Crystals of calcium oxalate (CaOx) are commonly 
found in kidney stone disease (1) accounting for approximately 
80% of all types of kidney stones and can cause chronic kidney 
disease (CKD) (2). Unlike symptomatic urolithiasis, intrarenal 
nephrocalcinosis is often asymptomatic, but can lead to significant 
kidney injury and renal failure (3–5). The mechanism of CaOx 
crystal formation involves a combination of processes including 
urine supersaturation of stone-forming salts, such as calcium and 
oxalate, urinary pH, and lack of crystallization inhibitors in the 
urine (6, 7). These crystallization inhibitors like nephrocalcin, 
osteopontin (8), Tamm–Horsfall glycoprotein (9), and uropontin 
(10) have been identified in the urine of healthy individuals but 
they are decreased in kidney stone formers. Interactions between 
CaOx crystals and the tubular compartment evoking an inflam-
matory response associated with the release of pro-inflammatory 
mediators, cell death, and leukocyte infiltration, which further 
contributes to tubular atrophy and interstitial fibrosis, leading 
to progressive nephrocalcinosis (11). We first speculated that 
proteins potentially suitable for therapy in humans could have a 
similar protective effect on CaOx crystallization, e.g., immuno-
globulin (IgG).

Therapies to prevent renal failure from CaOx crystal-induced 
nephropathy and/or nephrocalcinosis have been directed prin-
cipally at lowering serum and urine oxalate, the use of an 
oxalate-reduced diet and calcium supplementation in patients 
with enteric hyperoxaluria, as well as anti-inflammatory therapies 
(12). CKD progression in nephrocalcinosis is associated with 
profound interstitial fibrosis (13), a histopathological feature of 
kidney atrophy thought to contribute to CKD progression (14). 
Transforming growth factor (TGF)β is a critical mediator of 
organ fibrosis and has been repeatedly validated as a molecular 
target in disease (15). However, in renal fibrosis only few studies 
assessed glomerular filtration rate (GFR), a clinically relevant 
marker of renal excretory function, as an endpoint in studies with 
interventions modeling renal fibrogenesis.

We hypothesized that anti-TGFβ IgG may not only inhibit 
interstitial fibrosis but also influence the crystallization of CaOx 
inside the kidney, which both should synergize to prevent 
nephrocalcinosis-related GFR decline, i.e., CKD progression. To 
address this concept, we employed a mouse model of progressive 
CaOx crystal-driven CKD (13) with preemptive or delayed anti-
TGFβ IgG treatment (16, 17).

MaTerials anD MeThODs

animal studies
Eight-week old male C57BL/6N mice were obtained from Charles 
River Laboratories (Sulzfeld, Germany). Mice were housed in 
groups of five in filter-top cages and had access to food and water 
ad  libitum. Cages, nest lets, food, and water were sterilized by 
autoclaving before use. Oxalate-rich diet was prepared by adding 
50 µmol/g sodium oxalate to a calcium-free standard diet (Ssniff, 
Soest, Germany) as previously described (13, 18). Mice were split 

into four groups (n = 5 mice per group): the first group received 
a control diet without sodium oxalate (control), the second group 
was injected intraperitoneally (i.p.) with the murine control IgG1 
monoclonal antibody (isotype-matched control 13C4 antibody), 
the third group with the murine IgG1 monoclonal anti-TGFβ 
antibody that neutralizes all three TGFβ isoforms (1D11, both 
antibodies kindly provided by Genzyme Corporation, Sanofi, 
Framingham, MA, USA) 1 day after starting the oxalate-rich diet 
every alternate day [1.5 mg/kg body weight (BW), total of seven 
injections] (16, 19), and the fourth group received an oxalate-rich 
diet only (oxalate only). Serum and urine samples were collected 
as well as GFR measured from all experimental and control 
groups on day 0 and before sacrifice by cervical dislocation on 
day 7 or 14. Urine samples were acidified immediately after col-
lection for oxalic acid estimations. Kidneys were harvested after 
sacrifice. One kidney was used for flow cytometry analysis and 
the other was divided into two equal parts. One part was kept in 
RNA later solution at −80°C for RNA isolation and the second 
part was kept in 4% formalin to be embedded in paraffin for 
histology analysis.

For delayed IgG1 or anti-TGFβ antibody treatment, all mice 
were put on a control diet (n = 5) or an oxalate-rich diet (n = 5) 
and two groups of mice received additionally either the control 
IgG1 antibody (i.p., 1.5  mg/kg BW, n  =  5) or the anti-TGFβ 
antibody (i.p., 1.5  mg/kg BW, n  =  5) four times starting from 
day 7 every alternate day until sacrifice on day 14 (Figure S1 in 
Supplementary Material).

assessment of Kidney injury
Kidney sections of 2 µm were stained with Pizzolato to visualize 
CaOx crystal deposition, which was quantified (% area) using 
ImageJ software as described previously (20). Periodic acid-Schiff 
(PAS) reagent was used to assess kidney injury, which was scored 
by assessing the percentage of atrophic tubules. CD3+ T cells and 
F4/80+ macrophages (both Serotec, Kidlington, UK) were identi-
fied by immunostaining. Fibrotic areas were identified by immu-
nostaining for silver and α-smooth muscle actin (α-SMA) (Dako 
GmbH, Hamburg, Germany). Quantification of immunostaining 
(% area) was done using ImageJ software. An observer blinded 
to the experimental condition performed all assessments. Serum 
blood urea nitrogen (BUN) (DiaSys, Holzheim, Germany), 
serum and urine oxalic acid (oxalate) (Libios, Pontcharra-sur- 
Turdine, France), and urine calcium (Sigma-Aldrich, Taufkirchen, 
Germany) were measured using commercially available kits as 
per manufacturer’s protocol.

Transcutaneous gFr assessment and 
calculation
Glomerular filtration rate measurements were performed in 
conscious mice on day 0, 7, and 14 (n =  5 per group). Briefly, 
mice were anesthetized with isoflurane to mount a miniaturized 
imager device built from two light-emitting diodes, a photodiode, 
and a battery (MediBeacon™ Inc., Mannheim, Germany) onto 
the shaved neck of the animals (21). The background signal of 
the skin was recorded for 5  min. Then, mice received a single 
injection of FITC-sinistrin (i.v., 150 mg/kg BW) (MediBeacon™ 
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Table 1 | Murine primer sequences.

Target Primer sequences

KIM-1 Forward 5′-TCAGCTCGGGAATGCACAA-3′
Reverse 5′-TGGTTGCCTTCCGTGTCTCT-3′

TIMP-2 Forward 5′-CAGACGTAGTGATCAGAGCCAAA-3′
Reverse 5′-ACTCGATGTCTTTGTCAGGTCC-3′

IL-6 Forward 5′-TGATGCACTTGCAGAAAACA-3′
Reverse 5′-ACCAGAGGAAATTTTCAATAGGC-3′

TNFα Forward 5′-CCACCACGCTCTTCTGTCTAC-3′
Reverse 5′-AGGGTCTGGGCCATAGAACT-3′

ACOX1 Forward 5′-CTTGGATGGTAGTCCGGAGA-3′
Reverse 5′-TGGCTTCGAGTGAGGAAGTT-3′

PGC1α Forward 5′-AGTCCCATACACAACCGCAG-3′
Reverse 5′-CCCTTGGGGTCATTTGGTGA-3′

PPARα Forward 5′-TGCAAACTTGGACTTGAACG-3′
Reverse 5′-GATCAGCATCCCGTCTTTGT-3′

TGFβ1 Forward 5′-CAACCCAGGTCCTTCCTAAA-3′
Reverse 5′-GGAGAGCCCTGGATACCAAC-3′

TGFβR1 Forward 5′-GCTCCTCATCGTGTTGGTG-3′
Reverse 5′-CAGTGACTGAGACAAAGCAAAGA-3′

TGFβ2 Forward 5′-CCGCATCTCCTGCTAATGTTG-3′
Reverse 5′-AATAGGCGGCATCCAAAGC-3′

TGFβR2 Forward 5′-GCTGCATATCGTCCTGTGG-3′
Reverse 5′-TCACATCGCAAAACTTGCAC-3′

Collagen1α1 Forward 5′-ACATGTTCAGCTTTGTGGACC-3′
Reverse 5′-TAGGCCATTGTGTATGCAGC-3′

Fibronectin-1 Forward 5′-GGAGTGGCACTGTCAACCTC-3′
Reverse 5′-ACTGGATGGGGTGGGAAT-3′

iNOS Forward 5′-GAGACAGGGAAGTCTGAAGCAC-3′
Reverse 5′-CCAGCAGTAGTTGCTCCTCTTC-3′

18s RNA Forward 5′-GCAATTATTCCCCATGAACG-3′
Reverse 5′-AGGGCCTCACTAAACCATCC-3′
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Inc., Mannheim, Germany). Each mouse was kept in a single cage 
and the signal was recorded for 90 min. Data were analyzed using 
the imaging device MPD Studio software (MediBeacon™ Inc., 
Mannheim, Germany). GFR (μl/min/100 g BW) was calculated 
from the decrease of fluorescence intensity of FITC-sinistrin over 
time using the three-compartment model with linear correction 
(injection, plasma, and interstitial compartment, t1/2 of FITC-
sinistrin), BW of mouse, and an empirical conversion factor as 
per manufacturer’s protocol (21, 22). The slope of daily GFR loss 
(m) was determined with the linear equation using Microsoft 
Excel

 

GFR L/min/100g BW
14,616.8 [ L per 100g BW]

FITC s
µ

µ
  =

−t 1
2

( iinistrin  [minute])
.

 

caOx crystal Formation In Vitro
The formation of CaOx crystals in  vitro has previously been 
described in more detail (7). Briefly, 50 µl of a Na2C2O4 solution 
(oxalate, 0.1 mM, pH 7.3) was mixed with 50 µl CaCl2 solution 
(0.1 mM, pH 7.3) in a 96-well plate at room temperature (RT) for 
5 min (CaOx only). To investigate the effect of the IgG1 or anti-
TGFβ antibody on CaOx crystal formation, Na2C2O4 solution was 
pre-incubated with or without the IgG1 or anti-TGFβ antibody 
(0.2 µg/ml) or an IgG F(ab′)2 fragment antibody (0.2 µg/ml) for 
1 h at RT prior to addition of CaCl2 buffer (CaOx + IgG1). Different 
forms of CaOx crystals [CaOx monohydrate (COM) and CaOx 
dihydrate (COD)] were visualized under a Leica microscopy 
and quantified using flow cytometry (BD FACSCalibur, Becton 
Dickinson, NJ, USA).

rna Preparation and real-Time 
Quantitative Pcr
The RNA extraction kit from Qiagen (Düsseldorf, Germany) 
was used to isolate total RNA from kidneys (n = 5 per group) 
following the manufacturer’s instructions. RNA quality was 
assessed using agarose gels before being transcribed into cDNA 
using reverse transcriptase (Superscript II) (Invitrogen, Carlsbad, 
CA, USA). Real-time RT-PCR was performed using SYBRGreen 
PCR master mix and analyzed with a Light Cycler 480 (Roche, 
Mannheim, Germany). All gene expression values were normal-
ized using 18s rRNA as a housekeeping gene. All primers used 
for amplification were purchased from Metabion (Martinsried, 
Germany) and are listed in Table 1.

Flow cytometry analysis
Kidneys were harvested from mice and then digested in diges-
tion buffer (collagenase/DNase1 solution) for 40  min at 37°C. 
Digested tissue was passed through a 70 µm filter and washed with 
cold PBS. For isolating leukocytes, a Nycodenz solution (Axis-
Shield, Oslo, Norway) was used to separate CaOx crystals and 
tissue from renal immune cells. Single cell suspensions were then 
washed with wash buffer (0.1% BSA, 0.01% sodium azide in PBS) 
and FcR blocked with anti-mouse CD16/32 (2.4G2) for 5 min. 
After blocking, cells were stained with the surface antibodies PE/

Cy5 anti-mouse CD45 (BioLegend, Fell, Germany), V450 anti-
mouse CD11b (BioLegend, Fell, Germany), APC anti-mouse 
F4/80 (BioRad, München, Germany), FITC anti-mouse CD206 
(BD Biosciences, Germany), and PE anti-mouse Cx3CR1 (BD 
Biosciences, Heidelberg, Germany) for 30  min at 4°C in the 
dark. Following incubation, cells were washed, centrifuged, 
and GolgiPlug added for 15 min to avoid release of intracellular 
cytokines. Cells were then washed, resuspended in cell fixation/
permeabilization buffer for an additional 15 min and washed in 
perm wash buffer. Intracellular antibody for PE/Cy7 anti-mouse 
TGFβ1 was added to the cell suspension for 40 min at 4°C. After 
incubation, cells were washed with PBS and reconstituted in 1 ml 
fresh wash buffer. Flow cytometry analysis was performed using 
the BD FACSCanto II (Becton Dickinson, NJ, USA) and data ana-
lyzed with the software FlowJo 8.7 (Tree Star Inc., Ashland, OR, 
USA). For determining the absolute number of cells/microlitre, 
Invitrogen AccuCheck counting beads (Thermo Fisher Scientific, 
PCB100, Langenselbold, Germany) were used and the absolute 
cell counts calculated according to manufacturer’s instruction.

Magnetic resonance imaging (Mri)
Kidneys from IgG1- and anti-TGFβ-treated mice with nephro-
calcinosis on day 14 (n  =  4 each group) were harvested and 
processed in 1.5% agarose gel, and placed in a whole body coil 
for mice (Bruker BioSpin, Ettlingen, Germany) of a dedicated 
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small animal ultra-high-field magnetic resonance tomograph 
scanner (ClinScan 7  T, Bruker BioSpin, Ettlingen, Germany). 
Standard sequences for morphology and mapping of T1 and T2 
relaxation times (Siemens, Erlangen, Germany) were performed 
on kidneys in sagittal orientation. By mapping of relaxation 
times, specific magnetic properties of tissues are quantified. An 
increase of T1 relaxation time is associated with fibrosis, while 
prolonged T2 relaxation times are found in inflammation (13). 
For post-processing of images, three regions of interest were 
placed in the cortex, outer and inner medulla, respectively, 
to determine T1 and T2 relaxation times (Osirix, Bernex, 
Switzerland, open-source software).

Microscale Thermophoresis
MST was used to characterize binding affinity between IgG1 and 
soluble sodium oxalate. Soluble oxalate at various concentrations 
(1 nM–5 mM) and IgG1 (250 nM) were incubated for 1 h at RT. 
Measurements were performed with the Monolith NT.LabelFree 
MST device using standard capillaries (NanoTemper Techno-
logies, Munich, Germany). Buffer only, soluble sodium oxalate or 
IgG1 only were used as controls. Measurements were performed 
at 25°C in 67 mM NaPO4 buffer, 150 mM NaCl, and 0.05% Tween 
20 at pH 7.4. The infrared laser power was between 20 and 40%, 
and 40–70% LED power was used. A laser on time of 30 s and a 
laser off time of 5 s were used. Data from the binding assays were 
analyzed using Nanotemper analysis.

statistical analysis
Statistical analysis was carried out using Student’s t-test, two-way 
ANOVA with Bonferroni’s correction, or one-way ANOVA with 
Tukey’s comparison and performed using GraphPad Prism5.0 
Software. Data are presented as mean ± SEM. Significance was 
considered to be attained at a value of p < 0.05, ns indicates not 
significant.

resUlTs

igg1 influences caOx crystal Formation 
Without binding to soluble Oxalate In Vitro
Calcium oxalate can crystallize in three different hydrate forms: 
COM, COD, and CaOx trihydrate crystals (7). Among these, COM 
crystals are the most common form of CaOx crystals present in 
urinary calculi in humans compared to COD crystals (23, 24). 
To investigate whether a monoclonal anti-TGFβ IgG antibody 
can directly influence CaOx crystal formation, we pre-incubated 
Na2C2O4 (sodium oxalate) with the anti-TGFβ IgG or the control 
IgG1 antibody followed by addition of CaCl2 (calcium chloride) 
to form CaOx crystals in vitro. Light microscopy revealed that 
COM crystals were predominantly formed whereas in the pres-
ence of anti-TGFβ or IgG1 the number of CaOx crystals decreased 
compared to CaOx only (Na2C2O4 +  CaCl2 only) (Figure  1A). 
Using flow cytometry analysis, we identified small and big COM 
crystals as well as COD crystals depending on their size (side scat-
ter vs. forward scatter), which in numbers significantly decreased 
upon pre-incubation with the anti-TGFβ or IgG1 antibody 

compared to CaOx crystals only (Figure 1B). Pre-incubated of 
sodium oxalate with only an IgG F(ab′)2 fragment prior to addi-
tion of calcium chloride revealed that the number of small and 
big COM crystals as well as COD crystals significantly decreased 
compared to CaOx alone (Figure 1B, white bars). However, no 
difference in the CaOx crystal formation was observed between 
pre-incubation with the anti-TGFβ or IgG1 antibody and the IgG 
F(ab′)2 fragment (Figure 1B). To rule out the possibility that IgG1 
could interfere with soluble oxalate, we used microscale thermo-
phoresis, a sensitive method that enables the quantitative analysis 
of molecular interactions in solution based on the movement of 
molecules along temperature gradients (25–27). Incubation of 
soluble oxalate with IgG1 revealed that soluble oxalate did not 
bind to IgG1 (data not shown). These findings indicate that IgG 
antibodies and even only the IgG F(ab′)2 fragment can directly 
affect CaOx crystal formation in vitro.

igg1 antibody Treatment ameliorates 
renal Outcome in chronic Oxalate 
nephropathy In Vivo
To investigate whether the effect of anti-TGFβ IgG antibody 
treatment on CaOx crystal formation also applies in  vivo, we 
used a previously characterized mouse model of CaOx crystal-
induced nephropathy (13). Feeding mice a high-oxalate diet 
resulted in the deposition of CaOx crystals in the cortex, as 
well as the outer and inner medulla compared to mice receiv-
ing the control diet, as illustrated by the % area of CaOx crystal 
deposition in Figure  2A (red bars). Early administration of 
hyperoxaluric mice with the anti-TGFβ (oxalate +  anti-TGFβ) 
or control IgG1 antibody (oxalate + IgG1) significantly reduced 
intrarenal CaOx crystal deposits compared to untreated mice 
with nephrocalcinosis (oxalate only) after 14 days (Figure 2A). 
Serum as well as urinary oxalate levels significantly increased fol-
lowing oxalate feeding, whereas antibody treatment significantly 
reduced oxaluria in mice with nephrocalcinosis (Figure S1 in 
Supplementary Material). Urinary calcium levels rather declined 
upon feeding a calcium-depleted diet without being affected 
by antibody treatment (Figure S1 in Supplementary Material). 
Water intake was 0.2 ml/g BW in the control group (n = 5 per 
cage) and 0.29 ml/g BW in the oxalate only group (n = 5 per cage) 
on day 14 (data not shown).

Preemptive anti-TGFβ and IgG1 antibody treatment improved 
renal function, as indicated by decreased serum BUN levels 
(Figure 2B) compared to animals receiving a high-oxalate diet 
only after 14 days. This data was in line with progressive tubular 
atrophy and dilation in mice with nephrocalcinosis (oxalate  
only), which significantly decreased following preemptive 
administration of the antibodies, as indicated by PAS staining 
(Figure 2C) and intrarenal mRNA expression levels of the kid-
ney injury marker-1 and tissue inhibitor of metalloproteinase-2 
(Figure  2D). We did not observe any differences in the above 
measured parameters between the oxalate only and the antibody-
treated groups on day 7 (data not shown). The data indicate 
that anti-TGFβ IgG prevents mice from CaOx crystal-induced 
nephropathy by influencing CaOx crystal formation.
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FigUre 1 | IgG1 affects calcium oxalate (CaOx) crystal formation in vitro. Na2C2O4 (oxalate) solution was pre-incubated with or without the control IgG1 
(CaOx + IgG1) or anti-transforming growth factor (TGF)β IgG antibody (CaOx + anti-TGFβ) or an IgG F(ab′)2 fragment antibody [CaOx + F(ab′)2 IgG] for 1 h at room 
temperature and then CaCl2 solution added. After 5 min, CaOx monohydrate (COM) and CaOx dihydrate (COD) crystals were formed and visualized under the light 
microscope (a). Quantification of COM and COD crystals by size (forward scatter vs. sideward scatter) using flow cytometry analysis (b). Data are mean ± SEM 
(n = 5). *p < 0.05, **p < 0.01 are considered significant.
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The Dual effect of anti-TgFβ igg 
attenuates caOx crystal-related Tissue 
inflammation
Given the potential of CaOx crystals to induce tubular atrophy, 
we next looked at the effect of anti-TGFβ IgG antibody therapy on 
the inflammatory response. As shown in Figure 3A, expression 

profiling of the inflammatory mediators interleukin 6 and tumor 
necrosis factor α showed a significant increase in the mRNA lev-
els in mice with nephrocalcinosis (oxalate only) compared to the 
control group on day 14 (Figure 3A). This inflammatory response 
was significantly reduced in IgG1 antibody-treated mice and 
even further in mice treated with anti-TGFβ IgG (Figure 3A). 
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FigUre 2 | Continued
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Nephrocalcinosis-related progressive CKD is associated with 
increasing infiltration of immune cells, e.g., macrophages into the 
renal interstitial compartment (13, 28). Using immunostaining of 
kidney sections, we observed that anti-TGFβ and IgG1 antibody 
treatment reduced the number of intrarenal CD3+ T cells and 
F4/80+ macrophages compared to mice with nephrocalcinosis 
(Figure 3B).

In a recent study, alterations in the energy metabolism includ-
ing fatty acid oxidation have been observed in kidneys from 
human subjects with CKD and in mouse models of kidney fibro-
sis (29). They also found that high levels of TGFβ during renal 
fibrosis play an important role in inhibiting fatty acid oxidation 
and thereby aggravating disease progression (29). We, therefore, 
examined the effect of anti-TGFβ treatment on the fatty acid 
metabolism. Intrarenal mRNA expression profiling revealed that 
peroxisome proliferator-activated receptor gamma coactivator 
1 alpha, peroxisome proliferator-activated receptor alpha, and 
peroxisomal acyl-coenzyme A oxidase 1 were reduced in mice 
with nephrocalcinosis (oxalate only, red bars) (Figure  3C). 

Interestingly, anti-TGFβ treatment restored the renal energy 
metabolism compared to the oxalate only group (Figure 3C). We 
confirmed that neutralizing TGFβ in vivo inhibited TGFβ signal-
ing as indicated by decreased intrarenal mRNA expression of 
TGFβ1 and TGFβ2 as well as the receptors TGFβR1 and TGFβR2 
(Figure 3D). Together, the data indicate that anti-TGFβ IgG treat-
ment prevents mice from CaOx crystal-induced inflammation 
but increased fatty acid oxidation.

The Dual effect of anti-TgFβ igg reduces 
the number of Pro-inflammatory 
Macrophages
Different macrophage phenotypes are associated with either 
the resolution of inflammation and tissue regeneration or per-
sistent injury and progression to tissue atrophy, whereby their 
heterogeneity is determined by the microenvironment (30–32). 
We, therefore, carried out flow cytometry analysis to understand 
the diversity of phenotypes among the infiltrating macrophages. 
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FigUre 2 | IgG antibody treatment improves renal outcome in CaOx crystal-induced injury in vivo. (a) Mice were either fed an oxalate-rich diet for 14 days (oxalate 
only) or were additionally injected with an IgG1 (oxalate + IgG1) or anti-transforming growth factor (TGF)β IgG antibody (oxalate + anti-TGFβ) or fed a control diet 
(control) (total 7 i.p. injections). (a) Quantification of CaOx crystal deposition (% area) in cortex, outer and inner medulla of Pizzolato stained kidney sections from the 
four groups on day 14. (b) Renal functional parameter serum blood urea nitrogen (BUN) levels on day 14. (c) Periodic acid-Schiff (PAS) staining illustrating tubular 
injury (original magnification 20×) and quantification of the tubular injury score. (D) Intrarenal mRNA expression of the kidney injury marker (KIM)-1 and tissue inhibitor 
of metalloproteinase (TIMP)-2. Data are mean ± SEM from five mice per group out of two independent experiments. ns, not significant. *p < 0.05, **p < 0.01, 
***p < 0.001 are considered significant.
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We noted that nephrocalcinosis is associated with increased 
numbers of CD45+ leukocytes in IgG1-treated mice compared 
to the control group (Figures  4A,B). However, anti-TGFβ IgG 
treatment significantly reduced the number of CD45+ leuko-
cytes in mice with nephrocalcinosis (Figure  4B). The infiltrat-
ing macrophages were identified as CD45+ F4/80+ CD11b+ 
(Figure  4B). Phenotype analysis of macrophages revealed that 
these were pro-inflammatory (M1-like) macrophages (CD45+ 
F4/80+ CD11b+ CX3CR1+ CD206−) and M2-like macrophages 
(CD45+ F4/80+ CD11b+ CX3CR1+ CD206+) (Figure  4A) 
(30). Upon anti-TGFβ antibody treatment, the number of renal 
pro-inflammatory macrophages was significantly reduced com-
pared to IgG1-treated or untreated mice with nephrocalcinosis 
(Figure  4C), which was consistent with less intrarenal mRNA 

expression of inducible nitric oxide synthase (iNOS), a media-
tor of inflammatory responses (Figure 4D). This indicates that 
anti-TGFβ treatment reduces the number of pro-inflammatory 
(M1-like) macrophages during nephrocalcinosis.

The Dual effect of anti-TgFβ igg 
suppresses nephrocalcinosis-related 
interstitial Fibrosis
Progressive nephrocalcinosis is associated with diffuse interstitial 
fibrosis, a process widely thought to contribute to CKD wors-
ening (13, 33). We next investigated the impact of anti-TGFβ 
antibody treatment on interstitial fibrosis during chronic CaOx 
crystal-induced nephropathy. Immunohistochemistry staining 
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FigUre 3 | Anti-transforming growth factor (TGF)β IgG treatment ameliorates renal inflammation in chronic oxalate nephropathy. C57BL/6N mice were either fed 
an oxalate-rich diet for 14 days (oxalate only) or were additionally injected with an IgG1 (oxalate + IgG1) or anti-TGFβ antibody (oxalate + anti-TGFβ) or fed a 
control diet (control) (total 7 i.p. injections). (a) Intrarenal mRNA expression of the inflammatory cytokines interleukin (IL)-6 and tumor necrosis factor (TNF)α.  
(b) Immunostaining illustrating infiltrating CD3+ T cells and F4/80+ macrophages on kidney sections. (c,D) Intrarenal mRNA of the fatty acid enzymes 
peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC1α), peroxisome proliferator-activated receptor alpha (PPARα), and peroxisomal 
acyl-coenzyme A oxidase 1 (ACOX1) (c), and of the TGFβ signaling-related genes TGFβ1 and TGFβ2 as well as the receptors TGFβR1 and TGFβR2 (D) was 
performed on kidney RNA isolates. Data are mean ± SEM from five mice per group out of two independent experiments. ns, not significant. *p < 0.05, **p < 0.01, 
***p < 0.001 are considered significant.
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FigUre 4 | Treatment with the anti-transforming growth factor (TGF)β IgG antibody decreases nephrocalcinosis-related macrophage infiltrates. C57BL/6N mice were 
either fed a control diet, a high-oxalate diet only or combined with IgG1 or anti-TGFβ antibody treatment for 14 days. (a,b) Flow cytometric analysis of infiltrating 
CD45+ leukocytes and gating strategy of CD45+ F4/80+ CD11b+ macrophages in kidneys with absolute numbers. (c) Renal infiltrating macrophages identified as 
pro-inflammatory (M1-like) (CD45+ F4/80+ CD11b+ CX3CR1+ CD206−) macrophages with absolute cell numbers. (D) mRNA expression of inducible nitric oxide 
synthase (iNOS) was performed on kidney RNA isolates. (e,F) Absolute cell numbers of pro-fibrotic (M2a-like) macrophages (CD45+ F4/80+ CD11b+ CX3CR1+ 
CD206+ TGFβ+) (e) and anti-inflammatory (M2c-like) macrophages (CD45+ F4/80+ CD11b+ CX3CR1+ CD206+ TGFβ−) (F) in the kidneys. Data are mean ± SEM 
from six to seven mice per group out of two independent experiments. ns, not significant. *p < 0.05, **p < 0.01, ***p < 0.001 are considered significant.

Steiger et al. Anti-TGF-β in Nephrocalcinosis

Frontiers in Immunology | www.frontiersin.org March 2018 | Volume 9 | Article 619

of kidney sections for silver and αSMA revealed an increase of 
fibrotic lesions in mice with nephrocalcinosis as demonstrated 
by % area (Figures 5A,B). Following anti-TGFβ or IgG1 antibody 

treatment, however, we observed significantly less fibrosis 
(Figures  5A,B), which was in line with decreased intrarenal 
mRNA expression levels of the fibrosis marker collagen-1α1 and 
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FigUre 5 | Neutralizing transforming growth factor (TGF)β inhibits nephrocalcinosis-related fibrosis. C57BL/6N mice were fed a high-oxalate diet only or in 
combination with preemptive IgG1 or anti-TGFβ antibody treatment for 14 days. (a,b) Immunohistochemistry images (a) and quantification of silver and alpha 
smooth muscle actin (αSMA) staining (b) was performed on kidney sections. (c) mRNA expression of collagen1α1 and fibronectin-1 was performed on kidney RNA 
isolates. (D) Magnetic resonance imaging of kidneys of IgG1 or anti-TGFβ antibody-treated mice with nephrocalcinosis. Representative images and quantification of 
T1 and T2 relaxation interval time showed significant differences in inflammation and fibrosis between the two groups. Data are mean ± SEM from five mice in each 
group. ns, not significant. *p < 0.05, **p < 0.01, ***p < 0.001 are considered significant.
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fibronectin-1 in the anti-TGFβ antibody treatment compared 
to the oxalate only group (Figure 5C). Further flow cytometry 
analysis showed that the number of pro-fibrotic (M2a-like) mac-
rophages (CD45+ F4/80+ CD11b+ CX3CR1+ CD206+ TGFβ+) 
(34) significantly decreased (Figure 4E), whereas the number of 
anti-inflammatory (M2c-like) macrophages (CD45+ F4/80+ 

CD11b+ CX3CR1+ CD206+ TGFβ−) increased (Figure  4F) 
upon anti-TGFβ treatment in mice with nephrocalcinosis. In 
addition, we performed MRI of kidneys from mice with nephro-
calcinosis. Compared to mice given the IgG1 antibody, animals 
receiving the anti-TGFβ antibody displayed a significant decrease 
in T1 and T2 time interval in the MRI analysis, suggesting less 
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renal inflammation and fibrosis following TGFβ neutralization 
in mice with nephrocalcinosis (Figure 5D). Together, inhibiting 
fibrosis attenuates nephrocalcinosis-related CKD in association 
with a shift from pro-inflammatory (M1-like) and pro-fibrotic 
(M2a-like) macrophages toward an anti-inflammatory (M2c-
like) macrophage phenotype.

Preemptive but not Delayed-Onset 
inhibition of TgFβ-Mediated interstitial 
Fibrosis Prevents Progressive gFr Decline
To study the impact of less interstitial fibrosis on progressive GFR 
decline, we repetitively measured GFR in mice on oxalate diet (day 
0 and 14) or control diet (day 14). The GFR measurement process 
relies on a percutaneous acquisition of the clearance kinetics of a 
fluorescent signal emitted by the fluorescent tracer FITC-sinistrin 
upon bolus injection, a diagnostic tool in rodents (13, 35) and 
humans (36). We used a three-compartment kinetic model with 
linear correction to determine the GFR in mice. This model cov-
ers the injection process, the plasma volume, and the interstitial 
compartment allowing further refinement by correcting for shifts 
observed occasionally during measurements (37). After injecting 
FITC-sinistrin into a mouse that was fed a control diet (control) 
for 14 days, the fluorescent signal quickly increased at the begin-
ning and descends down to the initial baseline level as it gets 
filtered by the kidneys after approximately 90 min. An example is 
illustrated in Figure 6A. The fluorescent signal of FITC-sinistrin 
was automatically recorded and the half-life (t1/2) determined 
(curve fitting 40% after peak signal, green dotted line) for calcu-
lating the GFR (21). Feeding mice an oxalate-rich diet resulted in 
an impaired renal clearance of FITC-sinistrin as indicated by the 
higher fluorescence intensity after 90 min (Figure 6B) compared 
to the FITC-sinistrin signal from a healthy mouse (Figure 6A). 
However, preemptive anti-TGFβ IgG therapy resulted in a 
decrease in the fluorescence intensity of FITC-sinistrin of mice 
with nephrocalcinosis after 90 min (Figure 6D) compared to an 
IgG1-treated mouse with nephrocalcinosis (Figure 6C).

Next, we calculated the three effect sizes: (1) the slope of daily 
GFR decline, (2) the GFR at the end of the study, and (3) the 
end stage renal disease (ESRD)-free renal survival. As illustrated 
in Figure 6E, the daily GFR loss was calculated using the linear 
equation (solid lines) between baseline (day 0) and day 14 indi-
cating the slope (m) of the linear lines. Using this linear equation, 
we extended these lines (dotted lines) up to when they reached 
the GFR cut off of 15  μl/min/100  g BW, which we defined as 
ESRD (gray range). We found that the slope of daily GFR loss was 
m = −15.6 in mice with nephrocalcinosis (oxalate only, table and 
red line) compared to IgG1 treatment (m = −14.5) (Figure 6E, 
table and black line). However, preemptive TGFβ inhibition 
decreased the slope by Δ = 38.3% (m = −8.9) (Figure 6E, table 
and green line). At the end of the study on day 14, we observed a 
significant difference in the GFR in the IgG1-treated mice with an 
increase from 19.9 to 42.6 μl/min/100 g BW (Δ = 53.2%, p = 0.04) 
compared to oxalate-fed mice only (Figure 6E, table). This benefi-
cial effect on the GFR on day 14 was further improved by treating 
mice with the anti-TGFβ IgG antibody (42.6–120.4 μl/min/100 g 
BW) (Δ =  64.6%, p =  0.0007) compared to IgG1-treated mice 

with nephrocalcinosis (Figure 6E, table). Assuming a linear GFR 
decline in the future, IgG1 treatment extended the ESRD-free 
renal survival compared to untreated mice with nephrocalcinosis 
by 2 days (Δ = 12.5%, black dotted line). Anti-TGFβ IgG therapy 
on the other hand prolonged the ESRD-free renal survival time 
even up to 10 days (Δ = 38.5%, green dotted line) compared to 
IgG1-treated mice.

In a clinical setting, anti-fibrotic treatments might be mainly 
considered upon detecting renal fibrosis in a diagnostic kidney 
biopsy but the window-of-opportunity for targeting renal fibrosis 
in CKD is unknown. Therefore, we explored the capacity of a 
delayed anti-TGFβ IgG treatment to improve GFR in mice with 
nephrocalcinosis by initiating anti-TGFβ or control IgG1 therapy 
from day 7, a time point when some tubular atrophy had already 
established (Figure S2 in Supplementary Material). Assessing 
the renal excretory function, we observed no protective effect 
of TGFβ inhibition with any of the aforementioned parameters 
(Figure S2 in Supplementary Material). Together, the data show 
that preemptive inhibition of TGFβ-driven interstitial fibrosis 
significantly preserves GFR decline and increased the ESRD-free 
renal survival of mice with progressive nephrocalcinosis-related 
CKD. However, delayed onset of TGFβ inhibition does no longer 
attenuate renal function decline or expand the ESRD-free renal 
survival.

DiscUssiOn

We hypothesized that anti-TGFβ IgG antibody treatment may 
not only inhibit interstitial fibrosis but also influence the crystal-
lization of CaOx inside the kidney, which both should synergize 
to prevent nephrocalcinosis-related GFR decline. We now show 
that the anti-TGFβ IgG antibody has a dual role by influencing the 
crystallization process of CaOx crystals and inhibiting interstitial 
fibrosis in a mouse model of progressive CaOx crystal-induced 
nephropathy.

In kidney stone disease or nephrocalcinosis, interactions 
between urinary constituents and CaOx crystals may influence 
one or more critical processes in the stone pathogenesis, including 
crystal nucleation, aggregation, growth, and adhesion of crystals 
and/or aggregates to the epithelial cell surface in the kidney (38). 
The mechanism of CaOx crystallization involves a combination 
of processes, including urine supersaturation of stone-forming 
salts, such as calcium and oxalate, urinary pH (6, 7, 39). A variety 
of urinary constituents have been identified as possible inhibitors 
of CaOx crystallization, growth, and cell membrane adhesion, 
in particular macromolecules (40–42), proteins (9, 10, 43–45), 
and phospholipids (46). Unlike healthy individuals, patients 
with CaOx nephrolithiasis or nephrocalcinosis show decreased 
urinary CaOx crystallization inhibitors. CaOx crystals can be 
coated with alternating electron-dense and light fibrils, or covered 
with a more amorphous granular material indicating binding of 
proteins to CaOx crystals (8, 47). Using a proteomics approach, 
Fong-ngern et al. identified a large number of apical proteins on 
distal renal tubular epithelial cells that can bind to COM crystals 
(48). To our knowledge, we report for the first time that an anti-
TGFβ IgG and the control IgG1 antibody can influence CaOx 
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FigUre 6 | Preemptive transforming growth factor (TGF)β neutralization attenuates progressive glomerular filtration rate (GFR) decline. C57BL/6N mice were either 
fed a control diet (control), a high-oxalate diet (oxalate only) or an oxalate-rich diet combined with preemptive IgG1 or anti-TGFβ antibody treatment (oxalate + IgG1 
and oxalate + anti-TGFβ) for up to 14 days. (a–D) Representative images of FITC-sinistrin fluorescence intensity curves using the three-compartment model with 
linear correction from a healthy mouse (control) (a), a mouse with nephrocalcinosis (b), an IgG1-treated mouse (c), or anti-TGFβ antibody-treated mouse (D) with 
nephrocalcinosis. (e) GFR decline of all four groups from day 0 to 14 illustrated by the effect sizes: linear equation with slope (m, colored lines), GFR on day 14, and 
time to end stage renal disease (ESRD) (dotted lines and table). Δ represents difference expressed in percent (%). Data are mean ± SEM from five to seven mice per 
group and representative of one out of two independent experiments.
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crystal formation in vitro as well as in vivo using a mouse model 
of progressive CaOx crystal-induced nephropathy. We also found 
that the IgG F(ab′)2 fragment can influence CaOx crystallization 

in  vitro. On the other hand, blocking TNFR signaling with 
Etanercept, a fusion protein consisting of an extracellular TNR 
receptor 2 and an Fc domain of the human IgG1, has been shown 
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to reduce renal CaOx crystal deposition and prevent progressive 
nephrocalcinosis in mice (49). Thus, the exact mechanism of 
CaOx crystallization counteracting with IgG1 or the two main 
fragments is currently unknown and will need further investiga-
tion. So far, therapeutic approaches in humans primarily focus on 
reducing the risk of recurrent CaOx crystal formation (50) via, 
e.g., dietary restriction of oxalate-rich products (51), or reducing 
calcium and increasing citrate (52, 53).

Injury to every segment of the nephron can ultimately lead to 
loss of the entire nephron (54, 55). Toxic, inflammatory, or ischemic 
injury damages tubular cells leading to cell death, microvascular 
rarefaction, and fibroblast activation (56). Excessive myofibroblast 
accumulation of extracellular matrix in the interstitial and vascu-
lar compartment are accompanied by a significant decline in GFR 
and impaired epithelial regeneration (56). A variety of preclinical 
strategies to inhibit or even reverse interstitial fibrosis have been 
shown to be effective in rodents. For example, Kramann et  al. 
demonstrated in two kidney fibrosis models that inhibiting the 
hedgehog pathway transcriptional effector GLI2 reduced renal 
fibrosis by limiting myofibroblast proliferation (57). Our finding 
confirms that administration of an anti-TGFβ IgG antibody can 
effectively prevent interstitial fibrosis in progressive CKD (16, 
19, 58, 59). However, we did not observe a preservation of renal 
function upon delayed anti-TGFβ IgG antibody treatment. In 
addition, overexpression of latent TGFβ1 was shown to decrease 
both SMAD2/3 activation (transcription factors of canonical 
TGFβ1 signaling) and the number of myofibroblasts (60), which 
is in line with findings that SMAD3 knockout mice are protected 
from renal fibrosis (61, 62). Recent data also highlight a role for 
non-canonical TGFβ1 signaling via the transcription factor p53, 
a regulator of pro-fibrotic gene expression and cell cycle control in 
tubular epithelial cells (63–65), and for the complement factor C5 
as therapeutic targets for fibrosis-related CKD (66). Strategies and 
efficacy of pharmacological therapies to reduce CKD progression 
are of upmost need (67). A dual-specific antibody approach for 
TGFβ neutralization successfully attenuated fibrosis in a mouse 
model of UUO (68). On the other hand, blocking TGFβ and 
Wnt-activated β-catenin crosstalk in proximal tubules enhances 
progressive CKD (69), suggesting that TβRII activity and the lack 
of proximal tubules stability may exacerbate fibrosis (70). Other 
than determining serum BUN and creatinine levels as well as 
other excretory markers of renal function, these animal studies 
did not assess GFR as primary endpoint. In our preclinical study, 
we used the transcutaneous GFR system based on the fluorescent 
tracer FITC-sinistrin, which is a precise method for repeated 
measurements in conscious and unrestricted mice to calculate 
the GFR (21, 22, 35, 37). Fresolimumab, a TGFβ neutralizing anti-
body did not elicit any positive effect on the GFR in a randomized 
control trial including 416 patients with diabetic kidney disease 
(71). Moreover, the anti-fibrotic agent pirfenidone was reported 
to consistently attenuate the GFR decline in mice and humans 
(72, 73).

In summary, anti-TGFβ IgG antibody treatment inhibits both  
CaOx crystallization and interstitial fibrosis in a model of CaOx 
crystal-induced nephropathy. Blocking TGFβ significantly 
improved the GFR decline by 38.3%, increased the GFR at the end 
of the study by 64.6%, and prolonged the time to ESRD by 38.5% 

compared to IgG1 control treatment. However, this nephropro-
tective effect got lost upon delayed onset of TGFβ blockade. We 
conclude that anti-TGFβ IgG antibody treatment elicits a dual 
effect on CaOx crystallization and interstitial fibrosis, which 
represents a novel therapeutic approach to delay progressive 
nephrocalcinosis-related CKD.
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FigUre s1 | Anti-TGFβ IgG treatment decreases oxaluria but has no effect on 
calcinuria. C57BL/6N mice were either fed a control diet (control), a high-oxalate 
diet (oxalate only) or an oxalate-rich diet combined with preemptive IgG1 or 
anti-TGFβ antibody treatment (oxalate + IgG1 and oxalate + anti-TGFβ) for up to 
14 days. Serum and urine oxalate levels (a) and urine calcium levels (b) on day 
14. Data are mean ± SEM from five mice per group. ns, not significant. 
*p < 0.05, **p < 0.01, ***p < 0.001 are considered significant.

FigUre s2 | Delayed anti-TGFβ IgG treatment does not improve renal function 
in chronic oxalate nephropathy. (a) Flow diagram of experimental design: 
C57BL/6N mice were fed an oxalate-rich diet combined with delayed IgG1 or 
anti-TGFβ treatment (total of 4 i.p. injections) (oxalate + IgG1 or oxalate + anti-
TGFβ) compared to control diet (control) for 14 days. (b–D) Renal function was 
assessed by determining the serum blood urea nitrogen (BUN) levels (b), tubular 
injury by periodic acid-Schiff (PAS) staining (c), and measuring the glomerular 
filtration rate (GFR) (D) on day 14. Data are mean ± SEM from five mice per 
group. ns, not significant. *p < 0.05, **p < 0.01, ***p < 0.001 are considered 
significant.
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Purpose: A number of hyperoxaluric states have been associated with calcium oxalate 
(CaOx) deposits in the kidneys. In animal models of stone disease, these crystals interact 
with circulating monocytes that have migrated into the kidney as part of innate immunity. 
Similarly, macrophages surround CaOx crystals in kidneys of patients excreting high 
levels of oxalate. We investigate the effect of this exposure and subsequent human 
immunological response in vitro.

Materials and methods: Primary human monocytes were collected from healthy donors 
and exposed to CaOx, potassium oxalate, and zinc oxalate (ZnOx). Cytokine production 
was measured with a multiplex ELISA. Quantitative reverse transcription-polymerase 
chain reaction was done to validate the mRNA profile expression. M1 macrophage 
phenotype was confirmed with immunofluorescence microscopy.

results: Both primary monocytes and THP-1 cells, a human monocytic cell line, respond 
strongly to CaOx crystals in a dose-dependent manner producing TNF-α, IL-1β, IL-8, 
and IL-10 transcripts. Exposure to CaOx followed by 1 h with LPS had an additive effect 
for cytokine production compared to LPS alone, however, LPS followed by CaOx led to 
significant decrease in cytokine production. Supernatants taken from monocytes were 
previously exposed to CaOx crystals enhance M2 macrophage crystal phagocytosis. 
CaOx, but not potassium or ZnOx, promotes monocyte differentiation into inflammatory 
M1-like macrophages.

conclusion: In our in  vitro experiment, human monocytes were activated by CaOx 
and produced inflammatory cytokines. Monocytes recognized CaOx crystals through a 
specific mechanism that can enhance or decrease the innate immune response to LPS. 
CaOx promoted M1 macrophage development. These results suggest that monocytes 
have an important role promoting CaOx-induced inflammation.

Keywords: kidney stones, calcium oxalate, monocytes, macrophages, inflammatory cytokines, nephrolithiasis

Abbreviations: CaOx, calcium oxalate; CCL2 (MCP-1), chemokine (C-C motif) ligand 2 (monocyte chemoattractant pro-
tein-1); CCL22 (MDC), chemokine (C-C motif) ligand 22 (macrophage-derived chemokine); IL-1b, interleukin 1 beta; IL-1Ra, 
interleukin 1 receptor antagonist; IL-6, interleukin 6; IL-8, interleukin 8; IL-10, interleukin 10; IFNα2a, interferon alpha 2a; 
IFNβ, interferon beta; IFNγ, interferon gamma; K2Ox, potassium oxalate; LPS, lipopolysaccharides; qRT-PCR, quantitative 
real-time PCR; TLR-4, toll-like receptor 4; TNFa, tumor necrosis factor-alpha; ZnOx, zinc oxalate.
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inTrODUcTiOn

A variety of crystals can form and accumulate within the kidney. 
These deposits can eventually lead to nephrolithiasis, a painful 
condition that is increasingly prevalent and costly around the 
world (1, 2). Calcium oxalate (CaOx) crystals are the major 
constituent of the most common kidney stones which start as 
deposits or plugs within the inner medullary collecting ducts or on 
subepithelial deposits of calcium phosphate on the renal papillae 
of patients with, among other abnormalities, high urinary oxalate 
levels or hyperoxaluria (3–7), which is most common in patients 
with primary hyperoxaluria. In rodents, hyperoxaluria leads to 
rapid crystallization of CaOx within the renal proximal tubular 
lumen (8, 9). Although most CaOx crystals move with the filtrate 
through the nephron, some crystals remain attached to tubular 
epithelial cells and appear to migrate into the renal interstitium. 
Over time, these crystals become surrounded, engulfed, and 
eventually cleared by tissue macrophages with minimal visible 
inflammatory changes. Similarly, Taguchi et al. recently demon-
strated by renal papillary tip tissue biopsy that human CaOx stone 
formers have high amounts of tissue inflammatory markers but 
minimal visible inflammatory changes, suggesting that low-grade 
renal immune responses do occur in CaOx stone formers (10).

Tissue macrophages play important and complex roles in 
homeostasis, regulating immunity, inflammation, and angiogen-
esis while scavenging apoptotic cells (11). We have demonstrated 
in vitro that human macrophages are capable of engulfing, phago-
cytizing, and gradually disintegrating CaOx crystals and human 
stones fragments (12). These activated macrophages release an 
array of cytokines and chemokines intended to attract circulating 
monocytes to the site of tissue inflammation. Monocytes and 
macrophages have been implicated in CaOx stone disease in both 
humans and rodent models (13–16). Hyperoxaluric C57BL/6J 
mice expressed M-CSF and CCL2 which could potentially recruit 
monocytes (14); hyperoxaluric C57BL/6J mice that received M1 
macrophage transfusions displayed increased CaOx production of 
IL-6 and TNFα compared to those that received M2 macrophage 
transfusions (15). In addition, M-CSF-deficient mice had signifi-
cantly higher CaOx deposition in the kidneys than those of the 
wild-type mice (16). Furthermore, Okada et al. reported an overall 
increase in CD68 (+) macrophages in 60 patients who underwent 
radical nephrectomy for renal cancer who were then retrospec-
tively classified as stone formers (13). Furthermore, Williams et al. 
demonstrated that monocytes isolated from the peripheral blood 
of CaOx stone formers (n  =  12) displayed significantly lower 
mitochondrial maximal respiration, reserve capacity, and bioen-
ergetic health index compared to healthy donors (17). To further 
our understanding of these immune responses, we exposed pri-
mary human monocytes and a monocyte cell line (THP-1 cells) 
to soluble oxalate, CaOx crystals, and a variety of other minerals 
and controls to determine response, time-dependent effects, and 
inflammatory cytokine and chemokine production.

MaTerials anD MeThODs

reagents and culture Media
Ultrapure 99.999% CaOx (Alfa Aesar), potassium oxalate (K2Ox), 
zinc oxalate (ZnOx), and 200 nm or smaller hydroxyapatite (HA) 

crystals were purchased from Sigma-Aldrich. 500–1,000  ng/ml 
LPS from S. enterica serotype Minnesota Re595 (LPS Se, TLR4 
ligand, Ultrapure grade, Sigma-Aldrich) was used as a positive 
control for innate immune stimulation (18–21). In vitro experi-
ments were conducted using RPMI 1640 medium supplemented 
with 10% fetal bovine serum, 20  mM HEPES, 20  mM sodium 
pyruvate, and 100  U/ml penicillin–streptomycin (Hyclone 
Laboratories, Logan, Utah).

cell culture
Human monocytic cell line THP-1 cells were obtained from the 
American Type Culture Collection (ATCC, Manassas, VA, USA). 
For analysis of THP-1 monocyte response to crystals in vitro, log 
phase cells were seeded at 1 × 106 cells/ml in a 24-well plate.

Preparation of Primary human Monocytes
Following institutional review board approval, human buffy 
coat samples without demographic data were obtained from 
LifeSouth Community Blood Center (Gainesville, FL, USA). 
Peripheral blood mononuclear cells (PBMCs) were separated by 
Lymphoprep (Accu-Prep, 1.077  g/ml, Oslo, Norway) gradient 
density centrifugation per manufacturer’s recommendations. 
PBMCs were washed twice with 10 ml of PBS, and red blood cells 
were lysed using ACK lysing buffer (BioWhittaker, Walkersville, 
MD, USA). Monocytes were purified from PBMC using the 
MACS method (Miltenyi Biotec, Bergisch Gladbach, Germany) 
per manufacturer’s instructions. Briefly, cells were incubated with 
beads conjugated with anti-CD14 and positively selected using 
LS columns (Miltenyi Biotec). 95% of recovered cells expressed 
monocyte marker CD14.

Preparation of Primary human 
Macrophages
Cytokine-Induced Differentiation
Monocytes were differentiated into macrophages over 6  days 
by seeding in 24-well culture plate (1 × 106 cell/ml) in complete 
RPMI 1640 culture medium and treating with 20 ng/ml of either 
recombinant human M-CSF or recombinant human GM-CSF at 
day 0 and day 3.

CaOx-Induced Differentiation
Monocytes were seeded in 24-well culture plate (1 × 106 cell/ml) 
in complete RPMI 1640 culture medium and exposed to 0.05 mM 
(64.0 μg/ml) or 2.5 mM (320 μg/ml) CaOx.

Phagocytosis assay Using Qdot525 
labeled caOx
Primary human monocytes were stimulated with 2.5 mM CaOx, 
HA, or PBS as a control for 18 h. Supernatants were collected 
and centrifuged to pellet any mineral, cells, and debris. Clean 
supernatant was frozen at −80°C. Autologous monocytes were 
differentiated into M2 macrophages as described above. At day 
6, media was removed and a solution of half fresh media and 
half supernatants from the monocyte treatments was added. 
After 8 h, 1.56 mM (200 mg/ml) Qdot 525-labeled CaOx was 
added. After 1  h, macrophages were washed three times with 
PBS to remove any extracellular CaOx. CaOx was labeled with 
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Qdot 525 amino quantum dots (Qdot525, Applied Biosystems) 
following a modified manufacturer’s protocol. 100 μl of Qdot525 
was mixed with 1.0 ml of borate buffer and 0.5 ml of 2.50 mM 
(320 μg/ml) CaOx in 10 nM borate buffer. At 4oC, 10 μl of 10 mg/
ml 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (Thermo 
Scientific, Waltham, MA, USA) was added to the above and 
incubated for 1 min. Following incubation, Qdot525-CaOx was 
washed three times with PBS, pelleted, and resuspended in 1 ml 
of fresh media. At 20× magnification, EVOS FL Cell Imaging 
System (Applied Biosystems) evaluated intercellular uptake of 
CaOx crystals. Macrophages positive for Qdot 525-labled CaOx 
were visually determined using photoshop. N = 3 for each treat-
ment group.

immunofluorescence and heMa 3 
staining of Macrophages
Macrophages were fixed with 4% paraformaldehyde and 1% glu-
taraldehyde for 10 min. Followed by rinsing and blocking with 2% 
BSA, macrophages were stained with primary antibodies for M1 
markers CD68 (Abcam ab955) and CD86 (Abcam, ab53004) and 
M2 markers CD163 (Abcam, ab87099), CD206 (Abcam, ab8918), 
and phosphorylated STAT6 (Abcam, ab28829). Secondary anti-
body staining was done with Alexa Fluor 488, goat anti-mouse 
IgG (Abcam, ab150113) and Cy5, and goat anti-rabbit IgG 
(Abcam, ab6563). PROTOCOL Hema 3 staining systems (Fisher 
Scientific) were used to stain macrophage morphology according 
to the manufacturer’s protocol.

Quantitative real-Time Pcr (qPcr)
Total cellular RNA was isolated from monocytes using Direct-
zol RNA MiniPrep (Zymo Research) according to the manu-
facturer’s instructions. RNA concentration was measured with 
a Take3 plate on a Synergy H1 plate reader (BioTek). cDNA 
for each RNA sample was synthesized in 20 µl reactions using 
the High-Capacity cDNA Reverse Transcription Kit (Applied 
Biosystems) following the manufacturer’s protocol. qPCR analy-
sis was performed using a 7900HT Fast Real-Time PCR System 
(Applied Biosystems). cDNA-specific TaqMan Gene expression 
assays for human TNFα (assay ID: Hs01113624_g1), IL-1β 
(assay ID: Hs01555410_m1), IL-6 (assay ID: Hs00985639_m1), 
IL-8 (assay ID: Hs00174103_m1), and CCL2 (assay ID: 
Hs00234140_m1) from Applied Biosystems were used in the 
study. A Eukaryote 18s rRNA (assay ID: 4319413E) was used 
as an endogenous control. Relative expression of mRNA was 
determined by the ΔΔCT method where the cycle threshold 
(CT) values were determined for the mRNA expression relative 
to untreated controls.

Multiplex cytokine elisa assay
Cell-free cell culture supernatant samples were stored at −20°C 
until analyzed. The system used was a multiplex ELISA assay 
manufactured by Meso Scale Discovery (MSD, Gaithersburg, MD, 
USA) containing 10 individual ELISAs per well. Supernatants 
were tested with a U-PLEX Proinflammatory Panel1 Human 
Kit [a multiplex 96-well ELISA plate based assay that contained 
primary antibodies to IL-12, IL-10, TNFα, IL-6, IL22, interleukin 
1 receptor antagonist (IL-1Ra), interferon alpha 2a (IFNα2a), 

interferon beta (IFNβ), interferon gamma (IFNγ), and IL-1β] 
per manufacturer’s recommendations. Briefly, the MSD plex 
assays were run as follows. Calibration curves were prepared 
in the supplied assay diluent for human serum, with a range of 
40,000–1.2 pg/ml, depending on the cytokine. Arrays were prein-
cubated with 25 µl per well of assay diluent for 30 min. After the 
pre-incubation, 25 μl sample or calibrator was added in duplicate 
to the appropriate wells. The array was then incubated at room 
temperature for 2 h with primary antibody. The array was washed 
with PBS plus 0.05% Tween 20, and 25  µl detection antibody 
reagent was added. After 2 h of incubation at room temperature 
with secondary antibody, the array was washed, and the detection 
buffer was added. Results were read with a QuickPlex SQ 120. 
Sample cytokine concentrations were determined using MSD 
Discovery Workbench 4.0 software.

Data analysis
Analyses were performed using JMP Pro version 10 (SAS, Cary, 
NC, USA). Dunnett’s with Control and Tukey-Kramer Honest 
Significant Difference test was used to evaluate significance. P 
value less than 0.05 was considered significant.

resUlTs

caOx stimulates the Production of 
inflammatory cytokines in ThP-1 cells
Human monocytic THP-1 cells were exposed to 100, 10, and 1× 
dose taper of CaOx (Figure 1, blue bars), K2Ox (Figure 1, gray 
bars), or HA (Figure 1, orange bars) over a period of 8 h. When 
exposed to CaOx crystals, THP-1 cells upregulated the expres-
sion (p  <  0.05) of TNFα, IL-1β, IL-8, IL-10, IL-23, and CCL2 
(monocyte chemotactic protein-1/MCP-1) in a time and dose-
dependent manner (Figure 1, blue bars). However, THP-1 cells 
did not display a dose-dependent response to soluble K2Ox and 
showed a rather moderate time-dependent response (Figure 1, 
gray bars). HA failed to stimulate a significant immune response 
(Figure 1, orange bars).

Primary human Monocytes respond to 
caOx but not ha
Primary human monocytes were treated with CaOx (Figure 2, 
blue bars) and assayed for expression changes. TNFα, IL-1β, 
IL-6, IL-8, and CCL2 increased significantly (p < 0.05) in mono-
cytes treated with CaOx; however, HA (Figure 2, orange bars) 
had no significant effect. LPS (gray bars) and PBS (UTx, red 
bars) were used as positive and negative controls, respectively 
(Figure 2).

caOx alters Monocytes’ response to lPs 
exposure
Primary human monocytes exposed to LPS followed 1  h later 
by CaOx (Figure  3, gray bars) displayed a significant decrease 
(p < 0.05) of TNFα, IL-1β, IL-8, and CCL2 (Figures 3A,B,D,E) 
compared to LPS alone (Figure 3, red bars) and CaOx followed 
by LPS exposure (Figure 3, orange bars). Also, CaOx followed 
by LPS (orange) exposure displayed significantly higher levels of 
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FigUre 2 | Calcium oxalate (CaOx) but not hydroxyapatite (HA) stimulates proinflammatory cytokine expression in primary human monocytes in a time-dependent 
manner. Primary human monocytes cells were treated with 1.95 mM (250 µg/ml) CaOx (blue), 0.40 mM (200 µg/ml) HA (orange), 1 µg/ml LPS (gray, positive control), 
and UTx (red, untreated) and incubated for 2, 4, 8, or 18 h. Total RNA was purified from respective cell pellets and analyzed by quantitative real-time PCR for relative 
fold expression of TNFα (a), IL-1β (B), IL-6 (c), IL-8 (D), and CCL2 (e). mRNA expression was normalized with 18s RNA respectively. All results are expressed as 
relative fold change units (RFU) ± SD from four independent experiments. *p < 0.05 compared to UTx.

FigUre 1 | Calcium oxalate (CaOx) induces a dose- and time-dependent expression of inflammatory cytokines in the human monocytic THP-1 cell line. THP-1 cells 
were treated with molar 100× (7.81 mM, 1,000 µg/ml), 10× (0.78 mM, 100.0 µg/ml), and 1× (0.078 mM, 10.0 µg/ml) CaOx (blue); 100× (6.84 mM, 1,138 µg/ml), 10× 
(0.68 mM, 113.8 µg/ml), and 1× (0.068 mM, 11.4 µg/ml) potassium oxalate (gray, K2Ox); 100× (1.99 mM, 1,000 µg/ml), 10× (0.20 mM, 100.0 µg/ml), and 1× (0.020 
mM, 10.0 µg/ml l) hydroxyapatite (orange, HA); or untreated controls (red, UTx). Following treatment, cells were incubated for 2, 4, or 8 h. Total RNA was purified 
from respective cell pellets and analyzed by quantitative real-time PCR for relative fold expression of TNFα (a), IL-1β (B), IL-8 (c), IL-10 (D), IL-23 (e), and CCL2 
(F). mRNA expression was normalized with 18s RNA respectively. All results are expressed as relative fold change units (RFU) ± SD from four independent 
experiments. *p < 0.05 compared to UTx.
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expression for these cytokines and chemokines (p < 0.05) than 
LPS alone (Figures 3A,B,D,E red bars). IL-6 appears to be pri-
marily driven by LPS; however, CaOx followed by LPS exposure 
appears to have a delayed IL-6 response compared to the other 
LPS exposures (Figure 3C).

Monocytes exposed to caOx enhanced 
M2 Macrophage Uptake of caOx crystals
Primary human monocytes were exposed to CaOx, HA, or 
untreated (UTx) for 24  h. Matched donor primary monocytes 
were differentiated into M2 macrophages with M-CSF. The 
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FigUre 3 | Calcium oxalate (CaOx) upregulates or downregulates inflammatory cytokine expression in monocytes response to LPS depending on order of 
exposure. Primary human monocytes cells were incubated for 1 h with 500 ng/ml LPS, 1.95 mM (250 µg/ml) CaOx, or PBS. After incubation, monocytes were 
exposed to 1.95 mM CaOx (gray), 500 ng/ml LPS (orange), or 500 ng/ml LPS (red), respectively and incubated for 2, 4, 8, or 18 h. Untreated samples (UTx, green) 
only received PBS for both incubations. Total RNA was purified from respective cell pellets and analyzed by quantitative real-time PCR for relative fold expression of 
TNFα (a), IL-1β (B), IL-6 (c), IL-8 (D), and CCL2 (e). mRNA expression was normalized with 18s RNA respectively. All results are expressed as relative fold change 
units (RFU) ± SD from four independent experiments. Tukey-Kramer Honest significant difference test was used to determine significance for multiple comparisons.
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culture supernatants were transferred to matched donors of 
primary human M2 macrophages 2  h prior to CaOx exposure 
(Figure 4). Within 1 h of exposure, macrophages (79.0 ± 2.30%) 
pretreated with supernatant from CaOx-treated monocytes dis-
played significantly greater uptake than macrophages pretreated 
with supernatant from HA-treated (17.6 ± 3.50%, p < 0.0001) or 
UTx (9.70 ± 2.31%, p < 0.0001) monocytes (Figure 4).

Macrophage Differentiation is specific to 
caOx and not to K2Ox or ZnOx
Primary human monocytes were exposed to CaOx over a period 
of 6 days. At day 3 of CaOx exposure, monocytes stained with 
HEMA 3 displayed macrophage-like morphology similar to 
GM-CSF-treated monocytes (Figure  5A). To validate CaOx 
specificity, primary monocytes were exposed to CaOx, K2Ox, or 
ZnOx over a period of 6 days (Figure 5B). ZnOx did not induce 
differentiation of primary monocytes; however, some monocytes 
displayed macrophage-like morphology when exposed to K2Ox 
(Figure  5B). K2Ox and UTx displayed a minimal number of 
macrophages. M-CSF- and GM-CSF-induced macrophages 
were positive controls and formed M2 and M1 macrophages, 
respectively.

caOx induces inflammatory M1-like 
Macrophage Differentiation and cytokine/
chemokine Production
Primary human monocytes were again exposed to CaOx over a 
period of 6 days. M-CSF- and GM-CSF-induced macrophages 
were positive controls and form M2 and M1 macrophages respec-
tively. CaOx differentiated macrophages and GM-CSF-induced 

(M1) macrophages were CD86 and CD68 double positive 
compared to M-CSF induced (M2) macrophages that were 
double negative (Figure  6A). Macrophages were also double 
stained for CD163 and CD68 or CD206 (mannose receptor) and 
phosphorylated (p)STAT6. Both CaOx induced and GM-CSF-
induced macrophages were negative for CD163, CD206, and 
pSTAT6; however, M-CSF induced macrophages where positive 
for all three markers (Figure 6B; Figure S1 in Supplementary 
Material).

caOx-induced Macrophages Produce 
M1-like Macrophage cytokine and 
chemokine Profiles
M1 marker IL-12 was significantly higher for both CaOx 
(p =  0.0051) and GM-CSF (p <  0.0001) induced macrophages 
compared to M-CSF induction after LPS treatment; M2 marker 
IL-10 was significantly lower for both CaOx (p  <  0.0001) and 
GM-CSF (p  <  0.0001) induction compared to M-CSF induc-
tion (Figures  7A,B). After LPS exposure, TNFα (p  =  0.0002, 
p < 0.0001) and CCL22 (p < 0.0001, p < 0.0001) were significantly 
higher in CaOx and GM-CSF-induced macrophages, but signifi-
cantly lower for IL-6 (p < 0.0001, p < 0.0001), IFNα2a (p = 0.0003, 
p  =  0.0027), and IFNβ (p  <  0.0001, p  <  0.0001) compared to 
M-CSF induced macrophages (Figures  7C,E–H). For the PBS 
control, CCL22 (p = 0.0007, p < 0.0001) and IL-1Ra (p < 0.0001, 
p  <  0.0001) were significantly higher in CaOx and GM-CSF-
induced macrophages (Figures  7D,E). INFγ (p  <  0.0001) was 
significantly higher in LPS-stimulated GM-CSF-induced mac-
rophages (Figure 7I). IL-1β (p = 0.0055) significantly lower in 
LPS-stimulated CaOx-induced macrophages (Figure 7J).
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FigUre 4 | CaOx stimulated monocytes to enhance M2 macrophage uptake of CaOx. (a) Primary monocytes were treated with M-CSF for 6 days to differentiate 
into M2 macrophages. Donor matched monocytes were exposed to 2.50 mM calcium oxalate (CaOx), hydroxyapatite (HA), or untreated (UTx, PBS) and incubated 
for 24 h. Supernatants from monocytes was transferred to the M2 macrophages and incubated for 2 h. After 2 h, macrophages were exposed to 1.56 mM Qdot525 
labeled CaOx and uptake was imaged after 1 h with an Evos FL Auto microscope GFP light cube. (B) 79.0 ± 2.30% of macrophages exposed to CaOx supernatant 
had phagocytosed Qdot525 labeled CaOx compared to 17.6 ± 3.50% of macrophages exposed to HA supernatant (p < 0.0001) and 9.70 ± 2.31% of UTx 
(p < 0.0001). Images are representative of n = 3 at 20× magnification.
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DiscUssiOn

Since this study attempts to model crystal and immune cell 
interactions in  vitro, a critical appraisal of our methodology is 
important. First, in order to standardize the exposure of oxalate 
between the different mineral types, molarity was used. Because 
CaOx (CaC2O4) and K2Ox (K2C2O4) differ in molecular weight, 
1,000 μg/ml of CaOx contains a greater number of oxalate mol-
ecules than 1,000 μg/ml of K2Ox. Therefore, to achieve 7.81 mM 
oxalate using CaOx and K2Ox, more K2Ox (1,438  µg/ml) is 
needed than CaOx (1,000 µg/ml). Second, to control for calcium 
molecules, molarity (mols of calcium per unit volume) was used. 
For example, 1 mM HA (HCa5O13P3) has five times the number of 
calcium atoms than 1 mM CaOx (CaC2O4). Thus, the variations 
in concentration between experiment and controls are an attempt 
to control for mineral concentration, so mM and mg/ml values 
are used when possible.

The biological levels of oxalate vary according to the biologi-
cal fluid. Serum oxalate in normal individuals range from 0.2 to 
10  µmol/l and in renal failure is as high as 89  µmol/liter (5, 
22–24). For children with primary hyperoxaluria type 1, serum 
levels have been reported to be 125.7 µmol/l (25). In the saliva of 
41 healthy males and 40 females, oxalate was reported to range 
from 0.10 ± 0.09 and 0.18 ± 0.17 µM, respectively (26). Oxalate 
in tartar was reported to be 3.3  ±  1.2  mmol/kg tartar (26). In 
urine, normal individuals excrete 0.222–0.444 mmol (20–40 mg) 
of oxalate daily; however, for individuals with primary hyperox-
aluria, urinary oxalate excretion is 1.5–3.0 mmols (135–270 mg) 
per day (27). To establish the optimal response of monocytes to 

oxalate, we tested a range from as high as 7.81 mM (1,000 µg/ml) 
to 0.50 mM (64.0 µg/ml) CaOx.

In our in vitro model, CaOx crystals stimulate a significant, 
finely regulated, dose- and time-dependent release of TNFα, 
IL-1β, IL-6, IL-8, and CCL2 (Figures 1 and 2) from both human 
monocytes and THP-1 cells, similar to the innate immune 
response seen after LPS or peptidoglycan exposure (18, 28, 29). 
Consistent with Williams et al. results (17), we also demonstrate 
IL-6 expression in primary human monocytes (Figure 2C, blue 
bars). THP-1 cells expressed IL-23 and IL-10; however, primary 
human monocytes did not express IL-23 and IL-10. THP-1 cells 
are a human monocytic cell line derived from a 1-year-old male 
with acute monocytic leukemia (30). Though they are similar 
to primary monocytes, their response can differ. Sintiprungrat 
et al. reported IFNα expression by U937 human monocytic cells 
when exposed to CaOx (31). However, THP-1 cells and primary 
human monocytes did not express IFNα, IFNβ, and IFNγ that 
could be detected by qPCR (data not shown). Exposing THP-1 
cells to K2Ox did not cause a response (Figure 1, gray bars), but 
over time, K2Ox precipitated to form CaOx (Figure 5B), which 
was likely responsible for the small THP-1 response noted using 
10× concentration (Figure 1, gray bars). HA caused no response 
in THP1 cells (Figures 1 and 2, orange bars). Similarly, neither 
K2Ox nor ZnOx drove macrophage differentiation compared to 
CaOx (Figure  5); it appears that human monocytes recognize 
CaOx crystals, but not oxalate or hydroxyapatite.

With the exception of IL-6, the cytokines TNFα and IL-1β, 
and the chemokines IL-8 and CCL2 have dramatically different 
responses depending on if the primary human monocytes first 
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FigUre 5 | Calcium oxalate (CaOx) induces macrophage-like morphology in 3 days. (a) Primary monocytes were exposed to 1.0, 2.0, or 3.0 mM CaOx, or 20 ng/
ml M-CSF for 3 days. After day 3, cells were stained with HEMA 3 kit for macrophage morphology. (B). Primary human monocytes were exposed to 0.50 or 
1.00 mM of CaOx, potassium oxalate (K2Ox), or zinc oxalate (ZnOx) and incubated for 6 days. Images are representative of n = 3 at 20× magnification.
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encountered CaOx or LPS. Monocytes exposed to CaOx followed 
by LPS (CaOx-LPS, Figure  3, orange bars) displayed a greater 
response than that of LPS alone (Figure 3, red bars), suggesting 
that oxidative stress caused by CaOx enhances toll-like receptor 
4 activation in monocytes (32, 33). However, the reverse leads to 
an unpredicted response: monocytes exposed to LPS followed by 
CaOx (LPS-CaOx, Figure 3, gray bars) display decreased expres-
sion of cytokines and chemokines compared to CaOx followed 
by LPS (Figure 3, orange bars) or LPS alone (Figure 3, red bars). 
This type of response resembles LPS tolerance, where low doses 
of LPS exposure attenuate subsequent responses to higher doses 
of LPS (18, 28, 29). Li et  al. reported that the calcium sensing 
receptor (CaSR) recognized CaOx in HK-2 cells and promoted 
crystal adhesion in rat kidneys (34). Kelly et  al. reported that 
the CaSR inhibited LPS activation of NFκB and TNFα secretion 
in mouse peritoneal macrophages when they were pre-exposed 
to calcium (35). However, we observed the decreased effect in 
reverse where the monocytes were pre-exposed to the LPS fol-
lowed by CaOx (LPS-CaOx). When we exposed primary human 
monocytes to HA followed by LPS, cytokine and chemokine 
expression were not affected (data not shown). This may be 

due to the CaSR only recognizing calcium ions. CaOx and HA 
are highly insoluble with solubility product constants (Ksp) of 
2.7 × 10−9 and 1 × 10−34 respectively. CaOx may act as a type of 
“binary switch,” triggering two different intra-cellular pathways 
with the same signal. This phenomenon has been reported when 
monocytes were exposed to monosodium urate (MSU) crystals 
alone (inflammatory pathways through NALP3) or MSU crystals 
in the presence of dead cells (sterile inflammatory pathway via 
Clec12a) (36). This unique response may have an important role 
in the gut. The gut is under a constant burden of LPS and periodic 
burden of CaOx. Foods such as spinach contain 400–900 mg of 
oxalate; for example, 100 g of New Zealand spinach is reported to 
have 736 mg of soluble oxalate and 220 mg of CaOx (37–39). Most 
of the oxalate absorbed is excreted in the urine, but 10% or less 
is secreted back into the intestine (40). The LPS-CaOx response 
would simulate what happens when an individual consumes a 
food such as spinach where the gut is in constant exposure to 
LPS and other bacterial ligands and only periodically exposed 
to high amounts of oxalate. The LPS-CaOx response would be 
evolutionarily beneficial. The inflammatory response from CaOx 
or CaOx-LPS would be detrimental and potentially lead to 
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FigUre 6 | Calcium oxalate (CaOx) induces monocytes to differentiate into inflammatory (M1) macrophages. Primary monocytes were exposed to 1.95 mM CaOx, 
20 ng/ml M-CSF (M2 control), or GM-CSF (M1 control) and incubated for 6 days. (a) After day 6, cells were fixed and stained with rabbit anti-CD86 (green) and 
mouse anti-CD68 (red) (40×, bar, 100 µm) or (B) double stained with rabbit anti-CD163 (green) and mouse anti-CD68 (red) (20×, bar, 200 µm). Nuclei were 
counterstained by 4,6-diamidino-2-phenylindole (DAPI, blue). N = 3.
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inflammatory bowel disease. It is interesting to note that CaOx 
stone disease is highly associated with IBD (41–43).

In our experiment, monocytes respond to CaOx by producing 
inflammatory cytokines, such as tumor necrosis factor-alpha, 
IL-1β, and IL-6, and chemokines, such as CCL2. These signals 
activate and recruit circulating monocytes and tissue macrophages 
to promote CaOx clearance (12). Consistent with our previous 
work, the supernatant from monocytes previously exposed to 
CaOx crystals enhanced M2 macrophage phagocytosis of CaOx 
(Figure  4) (12). CaOx alone causes the monocytes to undergo 
differentiation into macrophages (Figures 5 and 6). Since neither 
K2Ox nor ZnOx was able to drive differentiation, monocytes likely 
utilize a receptor that preferentially recognizes the CaOx crystals.

Calcium oxalate and GM-CSF (positive control) mac-
rophages were positive for M1 macrophage markers CD68 
and CD86 and negative for M2 markers CD163, CD206, and 
pSTAT6 (Figure  6A; Figure S1 in Supplementary Material). 
CaOx and GM-CSF produce proinflammatory cytokines IL-12 
(M1 signature marker) and TNFα when stimulated with LPS 

(Figures 7A,C). CCL22, regardless of LPS treatment, appears to 
be an M1 marker and is highly elevated by both GM-CSF and 
CaOx exposure (Figure  7E). The CaOx and GM-CSF-induced 
macrophages were negative for CD163 (M2 marker) unlike the 
M-CSF induced macrophages (Figure 6B). After LPS stimulation, 
IL-6, IFNα2a, and IFNβ were significantly higher in the M-CSF 
induced macrophages than in the CaOx and GM-CSF-induced 
macrophages (Figures 7F–H). IL-1Ra is an antagonist of IL-1α 
and IL-1β and protects the host from endotoxin-induced injury 
(44, 45). We have previously shown that IL-1Ra was secreted by 
M2 macrophages in response to CaOx and human CaOx kidney 
stones (12). CaOx, GM-CSF, and M-CSF macrophage phenotypes 
responded to LPS stimulation by producing IL-1Ra; however, 
IL-1ra was significantly elevated in the unstimulated CaOx and 
GM-CSF-induced macrophages compared to M-CSF-induced 
macrophages (Figure 7D). IFNγ appears to be specific to LPS-
stimulated GM-CSF-induced macrophages (Figure 7I). Overall, 
these results indicate that CaOx-induced macrophages display an 
M1 macrophage phenotype.
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FigUre 7 | Cytokine profile of calcium oxalate (CaOx)-induced inflammatory (M1) macrophages after stimulation with LPS. Primary monocytes were exposed to 
1.95 mM CaOx, 20 ng/ml M-CSF (M2 control), or GM-CSF (M1 control) and incubated for 6 days. At day 6, macrophages were exposed to 1 μg/ml LPS or PBS 
(control) and incubated for 24 h. Supernatant was collected at 24 h and for IL-12 (a), IL-10 (B), TNFα (c), IL-6 (D), IL22 (e), interleukin 1 receptor antagonist (F), 
interferon alpha 2a (g), interferon beta (h), interferon gamma (i), and IL-1β (J) protein analysis using Meso Scale Discovery U-Plex (10 multiplex) ELISA. All results 
are expressed as pg/ml ± SD from four independent experiments. *p < 0.05 compared to M-CSF.
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cOnclUsiOn

Human monocytes and human monocyte cell lines respond in a 
specific manner to the CaOx crystal, eliciting a local, tissue inflam-
matory response that drives M1 macrophage differentiation. This 
response was not seen after exposure to hydroxyapatite crystals 
or various oxalate controls. The unique and opposite response of 
monocytes to LPS-CaOx and CaOx-LPS appears to indicate the 
existence of CaOx receptor with a binary switch function, similar 
to what has been described for MSU receptors. Prolong exposure 
to CaOx induces monocytes to differentiate into M1 macrophages. 
Further investigation into the signaling mechanism is needed.
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FigUre s1 | Calcium oxalate (CaOx) induced macrophages lack M2 
macrophage markers phosphorylated STAT6 and CD206. CaOx- and 
GM-CSG-induced macrophages were negative for M2 macrophage markers 
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anti-CD206 (red) (40×, bar, 100 µm). Nuclei were counterstained by 
4,6-diamidino-2-phenylindole (DAPI, blue). N = 3.
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Julian A. Marschner 1†, Shrikant R. Mulay 1†, Stefanie Steiger 1, Lidia Anguiano 1,

Zhibo Zhao 1, Peter Boor 2, Khosrow Rahimi 3, Antonio Inforzato 4,5, Cecilia Garlanda 4,5,

Alberto Mantovani 4,5 and Hans-Joachim Anders 1*

1Nephrologisches Zentrum, Medizinische Klinik und Poliklinik IV, Klinikum der Universität München, Munich, Germany,
2Department of Nephrology, Institute of Pathology, RWTH University of Aachen, Aachen, Germany, 3DWI-Leibniz Institute for

Interactive Materials, Aachen, Germany, 4Department of Inflammation and Immunology, Humanitas Clinical and Research

Center, Rozzano, Italy, 5Department of Biomedical Sciences, Humanitas University, Pieve Emanuele, Italy

The long pentraxin 3 (PTX3) exerts a variety of regulatory functions in acute and chronic

tissue inflammation. In particular, PTX3 acts as an opsonin for a variety of pathogens

and endogenous particles. We hypothesized that PTX3 would exhibit opsonin-like

functions toward calcium oxalate crystals, too, and inhibit crystal growth. This process is

fundamental in kidney stone disease as well as in hyperoxaluria-related nephrocalcinosis,

the paradigmatic cause of chronic kidney disease (CKD) in children with primary

hyperoxaluria type I due to genetic defects in oxalate metabolism. Direct effects of PTX3

on calcium oxalate crystals were investigated in chemico by adding recombinant PTX3

to supersaturated calcium and oxalate solutions. PTX3, but not isomolar concentrations

of albumin, dose-dependently inhibited crystal growth. In vivo, the PTX3 protein was

undetectable in tubular epithelial cells and urine of wild-type mice under physiological

conditions. However, its levels increased within 3 weeks of feeding an oxalate-rich

diet, an exposure inducing hyperoxaluria-related nephrocalcinosis and CKD in selected

mouse strains (male and female C57BL/6N and male Balb/c mice) but not in others

(male and female 129SV and CD-1, male and female Balb/c mice). Genetic ablation

of ptx3 in nephrocalcinosis un-susceptible B6;129 mice was sufficient to raise the

oxalate nephropathy phenotype observed in susceptible strains. We conclude that PTX3

is an endogenous inhibitor of calcium oxalate crystal growth. This mechanism limits

hyperoxaluria-related nephrocalcinosis, e.g., in primary or secondary hyperoxaluria, and

potentially also in the more prevalent kidney stone disease.

Keywords: kidney stone, colic, hyperoxaluria, crystals, nephrolithiasis, urolithiasis, PTX3
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INTRODUCTION

Pentraxins are immunoregulatory acute phase proteins induced
upon disruption of homeostasis (1). The short pentraxins,
C-reactive protein and serum amyloid P are synthesized
in hepatocytes in response to IL-6. C-reactive protein and
serum amyloid P act as opsonins binding to a number of
microorganisms, dead cells, and other particles to facilitate
complement–mediated killing or phagocytosis (2). As opposed
to the short pentraxins, the long pentraxin PTX3 is locally
produced and released at sides of infection and inflammation by
several immune and non-immune cells, including neutrophils,
macrophages, myeloid dendritic, endothelial and epithelial cells
in response to inflammatory cytokines (i.e., IL-1β and TNF-α)
and Toll-like receptor agonists (3, 4). Importantly, expression of
PTX3 has been documented in the murine uroepithelium during
uropathogenic E. coli (UPEC) infections, where it enhances
phagocytosis of UPEC by innate immune cells (5). Indeed,
amongst the numerous immunoregulatory functions of this
pentraxin, recognition of extracellular particles (i.e., microbial
moieties) and promotion of their phagocytosis by macrophages,
neutrophils and dendritic cells are fundamental opsonic activities
(6–10).

Some extracellular particles are of crystalline nature and

account for a broad spectrum of acute and chronic diseases (11).

Numerous studies show that the cellular arm of the immune
system handles crystalline and non-crystalline extracellular
particles in a similar way, however little is known regarding
the role of humoral immune elements in the recognition and
control of crystalline particles (12–14). Here we focus on the
interaction of PTX3 with calcium oxalate (CaOx) crystals. CaOx
stones account for the vast majority of calculi in kidney stone
disease, i.e., nephro- and urolithiasis, affecting around 12% of
men and 5% of women during their lifetime (15). In addition,
intrarenal CaOx crystal retention causes nephrocalcinosis, a state
that is usually asymptomatic but can lead to progressive nephron
loss and chronic kidney disease (CKD), especially in rare genetic
forms of hyperoxaluria (15, 16). The traditional pathogenic
concept of nephrolithiasis and nephrocalcinosis is based on
urine supersaturation of minerals or on the lack of sufficient
crystallization inhibitors (17–19). Intratubular microcrystals
adhere to the luminal membrane of tubular epithelial cells via
a group of adhesion molecules (20–28). Adherent microcrystals
grow by apposition of minerals and ultimately form crystal plugs
obstructing tubules followed by nephron atrophy, interstitial
inflammation and fibrosis with loss of renal excretory function,
i.e., CKD (16, 29, 30).

Serum proteins, such as albumin as well as plasma fractions
containing alpha-globulins and beta-globulins inhibit CaOx
crystal aggregation via a variety of mechanisms (31, 32). We
recently observed that also the humoral immune effector and
opsonin immunoglobulin G inhibits CaOx crystal growth in vitro
(33). Because of their high molecular weight neither albumin nor
IgG pass the filtration barrier and are therefore not constituents
of the glomerular ultrafiltrate or urine in healthy individuals
and stone formers. We therefore hypothesized that an opsonin,
such as PTX3, which is likely expressed by tubular epithelial cells
(i.e., beyond the renal filtration barrier) and, therefore, directly

released into the urine (5), may act as an endogenous inhibitor
of CaOx crystal aggregation inside renal tubules. Thereby PTX3
might limit nephrocalcinosis during hyperoxaluria, a hypothesis
that is supported by the evidence presented and discussed in this
study.

RESULTS

Recombinant Human PTX3 Inhibits
Supersaturation-Induced CaOx Crystal
Aggregation
To test our hypothesis, we first added increasing doses
of recombinant human PTX3 or equimolar concentrations of
bovine serum albumin (BSA) to a supersaturated solution of
sodium oxalate and calcium chloride. The crystal preparation
was optimized to produce calcium oxalate monohydrate crystals,
since this species is mostly found in human oxalate kidney
stones (34, 35). Calcium oxalate monohydrate crystal formation
was confirmed by phase contrast microscopy and the crystal
size was assessed by digital morphometry 24 h later. PTX3, but
not bovine serum albumin, dose-dependently reduced crystal
size statistically significantly from a concentration of 100 nM or
higher (Figures 1A,B). The effect of rhPTX3 on calcium oxalate
crystal size distribution and, for comparison, that of equimolar
concentrations of BSA were confirmed by flow cytometry
based on intensity of the forward scatter signal from CaOx
monohydrate crystals (Figures 1C,D). Noteworthy, the reported
inhibitory effects of human albumin on kidney stone formation
rely on a different mechanism, which favors generation of di-
and trihydrate forms of calcium oxalate crystals (36). Both types
of crystals adhere poorly to the luminal membrane of tubular
epithelial cells and are flushed out more easily (25). Hence we
conclude that the long pentraxin PTX3 inhibits aggregation and
growth of CaOx monohydrate crystals in vitro at nanomolar
concentrations in a dose-dependent manner.

Hyperoxaluria-Induced Nephrocalcinosis Is
Associated With Tubular PTX3 Secretion
The human PTX3 is a 381 amino acid glycoprotein with
a predicted molecular weight of 40.165 Da. However, the
recombinant protein runs in SDS-PAGE gels at an apparent
MW of ∼45 kDa, due to N-linked glycosylation at Asn220
(37, 38). The functional PTX3 molecule is an homo-oligomer
that comprises eight identical protomer subunits (i.e., octamer)
with a total MW of ∼340 kDa (39, 40), which would most
likely prevent circulating PTX3 from passing the glomerular
filtration barrier and reaching the urine (40). PTX3 is expressed
by the murine uroepithelium during UPEC infections, and has
been described in the bladder of patients with urinary tract
infections (UTIs) (5), however expression of this pentraxin
in the human uroepithelium has not been documented yet.
Therefore, before assessing the role of PTX3 on CaOx crystal
growth in vivo, we first examined whether renal epithelial cells
express PTX3 and excrete it into the urine. The human protein
atlas (41, 42) reports no baseline expression of PTX3 mRNA in
four human renal epithelial cell lines (HEK293, NTERA-2, PC-3,
RPTEC-TERT1, data available at https://www.proteinatlas.org/
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FIGURE 1 | Recombinant human PTX3 inhibits supersaturation-induced CaOx crystal aggregation. (A) Calcium oxalate crystals were generated in chemico in the

presence of increasing concentrations of rhPTX3 and crystal size was measured microscopically 24 h later. (B) The effect of 1µM rhPTX3 on microscopically

measured calcium oxalate crystal size was compared to equimolar bovine serum albumin (BSA) and PBS. (C,D) Calcium oxalate crystals generated in the presence of

1µM BSA or equimolar rhPTX3 were compared for their forward scatter (FSC) signal intensity by flow cytometry and displayed for (C) relative frequency of FSC and

(D) overall FSC intensity. Data are from three independent experiments and represent means ± SEM in (A). n.s., not significant; *p < 0.05, ***p < 0.001 between

groups as indicated.

ENSG00000163661-PTX3/cell), no epithelial PTX3 positivity
using immunohistochemistry in healthy kidney samples
from three different donors (data available at https://www.
proteinatlas.org/ENSG00000163661-PTX3/tissue/kidney#imid_
18912581) and reports negative staining results in 12 renal cell
carcinoma samples (data available at https://www.proteinatlas.
org/ENSG00000163661-PTX3/ pathology). Consistent with this
scenario in humans and previous findings inmice (5), no staining
was observed for PTX3 in the kidney of normal mice. However, a
remarkable induction of tubular PTX3 expression was apparent
upon feeding mice an oxalate-rich diet (Figure 2A). Specificity
of the immunostaining was validated using an identical staining
protocol on renal sections of Ptx3-deficient mice (Figure 2A).
Consistent with these findings, western blot analyses of urine
samples from healthy mice on normal chow diet could not
detect the PTX3 protein, whereas those performed on mice
with diet-induced hyperoxaluria clearly showed it in the urine
(Figure 2B). Thus, renal tubular cells have the capacity to express
PTX3 and secrete it into the urine, e.g., during hyperoxaluria.

Lack of PTX3 Induces
Hyperoxaluria-Induced Nephrocalcinosis in
Non-susceptible B6;129SV Mice
Having shown that PTX3 is present in the urine during

hyperoxaluria, we sought to design an experiment that could
examine its putative role as an inhibitor of CaOx crystallization.

We selected the B6;129-Ptx3tm1Mant mice that has global PTX3-

deficiency to unravel the role of this pentraxin in CaOx crystal

aggregation-related disease, i.e., in amodel resembling the kidney
phenotype of primary hyperoxaluria type I or other forms of

progressive nephrocalcinosis. Ptx3−/− or Ptx3+/+ littermates

from heterozygous breeders were fed with a sodium oxalate-rich

diet for 3 weeks. Despite the equal induction of hyperoxaluria

in both genotypes (Figure 3A), only the Ptx3-deficient mice

developed a nephrocalcinosis (Figures 3B,C). X-ray diffraction
on pulverized and freeze dried murine Ptx3−/− kidney tissue,
that were fed for 3 weeks with oxalate chow, confirmed the
presence of calcium oxalate monohydrate crystals in the kidneys,
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FIGURE 2 | Hyperoxaluria-induced nephrocalcinosis is associated with tubular PTX3 secretion. Female PTX3-competent (Ptx3+/+) and -deficient (Ptx3−/−) animals

with 10–12 weeks of age received either control or oxalate chow for 3 weeks (n = 5). (A) Tubular expression of PTX3 was analyzed by immunohistochemical staining

in frozen kidney sections and quantified as positive stained area per section in percent. (B) Detection of PTX3 in whole urine samples by immunoblotting (25 µg

protein/lane, upper right). Ponceau Red staining shows major urinary proteins (mainly a2u-globulins, ∼20 kDa, lower right) as a loading control. Optical density of the

immunoreactive and Ponceau Red stained bands was quantified by ImageJ (NIH, Bethesda, MD). Data are from two independent experiments. n.s., not significant;

*p < 0.05, ***p < 0.001 between groups as indicated.

as judged based on the diffraction angle pattern (Figure 3D).
Therefore, the B6;129 mice were not susceptible per se to
hyperoxaluria-induced nephrocalcinosis, however deletion of the
ptx3 gene was sufficient to induce nephrocalcinosis in these
animals, thus rendering them similar to other strains that are
prone to nephrocalcinosis (43).

Lack of PTX3 Induces
Hyperoxaluria-Induced Progressive CKD in
Non-susceptible B6;129 Mice
A detailed phenotype analysis revealed profound and progressive
nephrocalcinosis-related tubular injury in Periodic acid-Schiff
(PAS)-stained kidney sections (Figures 4A,B) with CaOx crystal
plugs (Figure 4C) in dilated tubules in Ptx3−/− but not
in Ptx3+/+ B6;129 mice. Tissue remodeling was further
obvious from diffuse cortical and medullary interstitial fibrosis
as indicated by interstitial positivity for smooth muscle
actin (Figures 4D,E). Diffuse interstitial leukocyte infiltrates as
assessed by flow cytometry from whole kidney homogenates

(Figure 4F) indicated ongoing inflammatory processes. Finally,
renal excretory function was assessed by measuring glomerular
filtration rate (GFR) in awake and unrestrained mice using
FITC-sinistrin injection and quantifying vascular FITC clearance
kinetics with a transdermal detector (Figure 4G). Ptx3−/− and
Ptx3+/+ mice showed identical GFR before onset of oxalate diet
feeding. While GFR remained constant in Ptx3+/+ mice over
the entire feeding period, Ptx3−/− mice showed a linear decline
of GFR as previously reported for susceptible mouse strains
(43). Thus, Ptx3-deficient mice display the full phenotype of
hyperoxaluria-induced nephrocalcinosis and progressive CKD.
Together with the in vitro data described above, we conclude that
PTX3 is an endogenous inhibitor of CaOx crystal aggregation,
nephrocalcinosis and CKD during hyperoxaluria.

PTX3 Abolishes Crystal Adhesion Molecule
Expression in vitro and in vivo
Based on the data gathered from our in vitro and in vivo
experiments so far, we assumed that PTX3 opsonizes small
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FIGURE 3 | Lack of PTX3 induces hyperoxaluria-induced nephrocalcinosis in non-susceptible B6;129SV mice. Female PTX3-competent (Ptx3+/+) and -deficient

(Ptx3−/−) animals with 10–12 weeks of age received oxalate chow for 3 weeks (n = 9). (A) Oxalic acid levels in urine at baseline and after 3 weeks of oxalate chow.

(B) Quantification of calcium oxalate crystal deposition was conducted using Pizzolato’s method on formalin fixed kidney sections as shown in (C). (D) Analysis of

PTX3−/− kidneys by X-ray diffraction consistent with calcium-oxalate monohydrate crystals. Data are from four independent experiments. n.s., not significant;

*p < 0.05, ** p< 0.01 vs. wild type and respective #, ##, and ### vs. week 1 as indicated.

CaOx crystals and thereby inhibits further crystal growth
and aggregation, which would result in vivo in crystal plug
formation, kidney injury and progressive CKD. Nevertheless,

nephrocalcinosis does not solely depend on the crystal
aggregation, but also on the adhesion of crystals to the luminal
side of tubular cells, a process that is enabled by crystal adhesion
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FIGURE 4 | Lack of PTX3 induces hyperoxaluria-induced progressive CKD in non-susceptible B6;129 mice. Ptx3+/+ and Ptx3−/− female littermates (10–12 weeks

of age) were fed with oxalate chow for 3 weeks (n = 9). (A) Quantification of tubular injury was conducted using PAS-stained kidney sections as shown in (B). (C)

Phase contrast image of crystal plugs in H&E-stained kidney section in 200× (left) and 400× (right) magnification. (D) Quantification of αSMA-positive area in kidney

sections after 3 weeks of either control or oxalate chow feeding as shown in (E). (F) Percentage of CD45+ cells within whole kidney cell suspension assessed by flow

cytometry. (G) GFR assessed by transcutaneous measurement of FITC-sinistrin from subcutaneous capillaries at weeks 0, 1, 2, and 3 after onset of high oxalate diet

in both genotypes. Data are from four independent experiments and represent means ± SEM in (G). n.s., not significant; *p < 0.05, **p < 0.01, ***p < 0.001 vs. wild

type and respective #, ##, and ### vs. week 1 as indicated.
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molecules expressed on the cell surface, e.g., CD44 and annexin
II. To address this point in vitro, we isolated primary murine
proximal tubular cells from PTX3+/+ and PTX3−/− littermates
with 3 weeks of age and stimulated them with PBS or 500µg/ml
CaOx crystals (1–2µM size). After 24 h total RNA was isolated,
transcribed to cDNA and Cd44 and Anxa2 expression levels
were quantified by qPCR (Figures 5A,B). Expression of both
mRNAs was induced in tubular cells of PTX3-deficient mice
stimulated with crystals only, whereas PTX3-competent cells
did not upregulate the expression of either adhesion molecule.
Similarly, in vivo, after 3 weeks of control or oxalate chow
diet, the expression of CD44 and annexin II was upregulated
in tubular cells of Ptx3-deficient mice exposed to the oxalate
chow only (Figures 5C–F). From these findings we conclude,
that PTX3 not only inhibits CaOx crystal growth, but also
abolishes the upregulation of crystal adhesion molecules after
CaOx crystal challenge in vitro and in vivo, thereby additionally
counteracting the development of nephrocalcinosis and CKD
under hyperoxaluric conditions.

Development of Nephrocalcinosis and
CKD Under Hyperoxaluric Conditions Is
Strain and Sex Dependent
Our data from this and prior studies (43) suggest that the
model of hyperoxaluria-induced nephrocalcinosis might be
strain-dependent. To address this point, we compared the
phenotypes of hyperoxaluric and control male and female mice
on C57BL/6N, BALB/c, and CD-1 backgrounds, respectively.
Pizzolato’s staining method for CaOx crystals revealed, that
out-bred CD-1 mice were not susceptible to nephrocalcinosis
in our model (Figures 6A,B). In BALB/c mice, only males
displayed CaOx crystal deposition, whereas females were
protected. C57BL/6N mice of both sexes were susceptible
to hyperoxaluria-induced nephrocalcinosis. In line with the
presence of CaOx deposits in the kidneys, only BALB/c male
as well as male and female C57BL/6N animals displayed
tubular injury in PAS-stained sections, although the degree of
injury was less profound in BALB/c compared to C57BL/6N
(Figures 6C,D). Remarkably only hyperoxaluric C57BL/6N
animals showed signs of fibrotic tissue remodeling, as assessed by
collagen I-stained sections (Figures 6E,F), whereas BALB/c male
mice did not. Characterizing the excretory kidney function we
measured plasma levels of creatinine (Figure 6G), urea nitrogen
(Figure 6H) and phosphorus (Figure 6I). Hyperoxaluric
C57BL/6N mice of both sexes showed significantly increased
levels of all three markers, whereas hyperoxaluric BALB/c male
mice did not develop hyperphosphatemia and displayed lower
levels of plasma creatinine and BUN compared to C57BL/6N.
Based on this data we questioned whether the dependency of
crystal formation from sex and strain was associated with the
intrarenal levels of the PTX3 protein. Immunohistochemistry
revealed a downregulation of PTX3 in male and female
C57BL/6N mice fed with high oxalate diet compared to control
animals, a phenomenon partly observed in male BALB/c animals
also, although to a lesser extend (Supplementary Figures 1A,B).
Non-crystal-forming female BALB/c and CD-1 mice of both

sexes did not show PTX3 regulation. The animals with high
oxalate diet which showed crystal deposition in the kidney
were negative for PTX3, as shown using immunohistochemistry
(Supplementary Figures 1C,D) and Western blotting in urine
(Supplementary Figures 1E,F).

We conclude that genetic factors control susceptibility for
hyperoxaluria-related nephrocalcinosis and that PTX3 is an
endogenous inhibitory factor preventing nephrocalcinosis and its
deterious consequences, e.g., by limiting crystal growth and by
induction of crystal adhesion molecules.

DISCUSSION

We had speculated that the long pentraxin PTX3, an opsonin
known to interact with dead cells and other extracellular
microparticles, would affect CaOx crystal aggregation and
growth, central pathomechanisms in kidney stone disease
and nephrocalcinosis. Our data revealed that recombinant
PTX3 limits CaOx crystal aggregation in vitro. Furthermore,
during hyperoxaluria in vivo renal tubular cells secrete PTX3
which serves as an endogenous inhibitor of intrarenal crystal
aggregation and adhesion, nephrocalcinosis, kidney injury, and
subsequent CKD. Although not regulated in all investigated
strains and sexes in the same manner, PTX3 protein levels
associated with a lack of crystal formation in high oxalate
diet exposed animals, further supporting a functional role of
PTX3 as a calcium oxalate crystallization inhibitor. Our study
identified a novel role of the opsonin and immune regulator
PTX3 as a modulator of CaOx crystal aggregation and adhesion.
Our data showed that PTX3 is one of several endogenous
inhibitors of stone formation in nephrocalcinosis and potentially
in urolithiasis or other crystallopathies.

The PTX3 protomer subunit comprises an N-terminal region,
unrelated to any known protein structure, and a C-terminal
domain, homologous to the short pentraxins CRP and SAP.
In our study, we did not investigated which domain of the
PTX3 protein mediates the inhibitory functions described
above. This will be the subject of future investigations. In
this regard, it is worth noting that other proteins, that are
known to inhibit growth and aggregation of calcium oxalate
crystals, e.g., Tamm-Horsfall glycoprotein, a1-microglobulin or
prothrombin fragment 1 (44), do not share well-characterized
homologous amino acid sequences with PTX3. In the past
scientific approaches to identify proteins with function in stone
formation were usually conducted by characterizing protein
composition of urinary stones (45, 46). In doing so, the
possible contribution of carbohydrate side chains of proteins
was discussed (45). Subsequent research supported the notion
that protein-beared oligosaccharides could be involved in the
overall inhibitory effect of glycoproteins on crystal growth, e.g.,
sialic acid side chains on Tamm-Horsfall protein (47, 48). The
most efficient modifiers of calcium stones have a large number
of carboxylic, hydroxyl, sulfate or phosphate functions on their
structure (49). The PTX3 protein has a single N-glycosylation site
in the C-terminal domain that is occupied by fucosylated and
sialylated complex type sugars (37, 38). This post-translational
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FIGURE 5 | PTX3 abolishes crystal adhesion molecule expression in vitro and in vivo. (A,B) Primary murine proximal tubular cells were isolated from Ptx3+/+ and

Ptx3−/− littermate mice with 3 weeks of age and stimulated with PBS and 500µg/ml CaOx crystals, respectively (n = 4). Total RNA was isolated and transcribed to

cDNA. Subsequent qPCR for (A) Cd44 and (B) AnxaII expression was conducted. (C–F) Ptx3+/+ and Ptx3−/− female littermates (10–12 weeks of age) were fed with

oxalate chow for 3 weeks and formalin kidney sections were stained for (C,D) CD44 and (E,F) Annexin II, respectively (n = 5). n.s., not significant; *p < 0.05,

**p < 0.01, ***p < 0.001 vs. wild type and respective ## and ### vs. PBS as indicated.

modification has been documented to affect the binding of PTX3
to a number of ligands, including complement components
(37, 50) and P-selectin (51), thereby effectively altering the
immune-modulatory properties of PTX3. It is worth noting
here that throughout our study a recombinant preparation of
PTX3 from Per.C6 cells was used, which is N-linked glycosylated
(based on SDS-PAGE of the PNGase F-treated protein; data
not shown). However, we cannot rule out that the glycosidic
moiety of the Per.C6-derived proteinmight differ from that of the

CHO-expressed PTX3 (i.e., that was used in previous reports).
Although beyond the scopes of the study, this is an interesting
point that deserves further investigations. Nonetheless, based on
the body of literature available, it appears licit to speculate that
the glycosylation status of PTX3 (with major regard to fucose and
sialic acid-content) might influence the protein’s properties as an
inhibitor of crystal growth.

Another possible route of action for PTX3 that needs
further investigation, is related to its association with TNF-α
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FIGURE 6 | Development of nephrocalcinosis and CKD under hyperoxaluric conditions is strain and sex dependent. Male and female BALB/c, C57BL/6N, and CD-1

mice (8 weeks of age) were fed with control or oxalate chow for 3 weeks (n = 5). (A) Quantification of calcium oxalate crystal deposition was conducted using

Pizzolato’s method on formalin fixed kidney sections as shown in (B). (C) Quantification of tubular injury was conducted using PAS-stained formalin fixed kidney

sections as shown in (D). (E) Quantification of Collagen I deposition was conducted using Collagen I-stained formalin fixed kidney sections as shown in (F). (G)

Plasma creatinine, (H) blood urea nitrogen, and (I) plasma phosphorus were analyzed Cobas Integra 800 autoanalyzer. n.s., not significant; *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001 between treatment groups.
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signaling. We were previously able to show, that crystal
adhesion to the luminal membrane of renal tubules requires
TNFR signaling (28). The connection between TNF-α and
PTX3 is well-established and indicates that PTX3 expression
is a downstream event of TNF-α signaling (52), but also
that PTX3 itself can inhibit TNF-α induced transcription
factor activation (53). Hence, altered TNFR signaling might
be involved in the phenotype observed in Ptx3-deficient
mice.

Although technically feasible, we did not consider to recover
the wild type mouse nephropathy phenotype by reconstituting
the lack of PTX3 in Ptx3-deficient mice by injecting recombinant
PTX3 because the PTX3 protein octamer is too large to pass the
glomerular filter (40). Without a chance of reaching the tubular
lumen, exogenous administered PTX3 cannot exert protective
effects under hyperoxaluric conditions, which greatly limits its
potential usefulness as a therapeutic intervention.

Nevertheless, we identified PTX3 as a previously unknown
endogenous protein inhibitor of intrarenal CaOx crystal growth
and adhesion (49). The field agrees that nephrocalcinosis, kidney
stone disease and urolithiasis do not have a monogenic cause
(54). Rather an increasing list of candidate genes is assembled
by whole genome genotyping approaches using nephrolithiasis
patient cohorts (55, 56). Our data suggest to include Ptx3 in
the list of candidate genes, that might contribute to a better
understanding of stone diseases and prove useful in future patient
diagnosis and management. Additionally, the investigation of
different strains and sexes revealed, that decreased PTX3 protein
expression associates with stone formation in some animals
(C57BL/6N male and female), whereas other animals, that are
not susceptible for hyperoxaluria-induced nephrocalcinosis, did
either not show any PTX3 protein regulation (CD-1 male and
female) or upregulated PTX3 under hyperoxaluric conditions
(Ptx3-competent mice of the mixed B6;129 background). These
in vivo observations might serve as a hint for the clinical
setting, where haplotype compositions of each patient differ and
some stone formers might show differences in PTX3 protein
regulation, whereas others do not. PTX3 polymorphisms have
already been shown to greatly influence the susceptibility of
patients to aspergillosis, probably due to mRNA instability in
some SNPs (57). Our data provide the rational for a similar study
regarding kidney stone patients.

We reported the model of experimental hyperoxaluria-
induced nephrocalcinosis to be valuable and clinically relevant
for CKD research in male and female C57BL/6N mice (43).
Next, the absence of nephrocalcinosis in Ptx3+/+ animals on
B6;129 background 3 weeks after model induction prompted
us to study issues of strain and sex dependency in this model.
With both sex and background affecting CaOx deposition with
different degrees we believe that this model became even more
valuable for studying mechanisms and risk factors related to
kidney stone diseases. In silico comparison and transcriptome
analysis of different murine strains and sexes available are very
likely to draw a very precise picture on disease related genetic risk
factors and possible therapeutic targets.

For CKD research—apart from the unique pathomechanisms
only found in crystallopathies—strain and sex dependency of

the model point out that researchers need to apply great care
when using genetically-modified organisms, that were generated
from different backgrounds or not completely backcrossed.
Also, this does not only hold true for hyperoxaluria-induced
nephrocalcinosis, but for a variety of other renal inflammatory
models and conditions, e.g., thioglycolate-induced peritonitis
(58), inflammatory response and albuminuria in response to
albumin-overload (59), anti-GBM glumerulonephritis (60) as
well as response to nephrotoxins (61).

In summary, the opsonin and immune regulator PTX3 also
modulates CaOx crystal aggregation and adhesion to tubular
cell membranes and is therefore one of several endogenous
inhibitors of stone formation in nephrocalcinosis and potentially
in urolithiasis or other crystallopathies.

MATERIALS AND METHODS

Animal Studies
BALB/c, C57BL/6N, and CD-1 mice were purchased from
Charles River Laboratories (Sulzfeld, Germany). Ptx3-deficient
mice in the B6;129 background were obtained from Alberto
Mantovani/ Charles River Italy and were generated as previously
described (62). Mice were co-housed in groups of five in filter
top cages with unlimited access to food and water. Cages,
nestlets, food, and water were sterilized by autoclaving before use.
Eight-to-twelve-weeks-old male mice were used for experiments.
Oxalate diet was prepared by adding 50 µmol/g sodium oxalate
to a calcium-free standard diet (Ssniff, Soest, Germany) as
previously described (43, 63). Mice were sacrificed at day 7, 14,
and 21 after starting oxalate diet. Plasma and urine samples
were collected and GFR was measured at different time points
before cervical dislocation. Urine was immediately acidified for
oxalate estimations or centrifuged for 10min at 10,000 g for
cellular component removal and stored at −80◦C. One part of
each kidney was fixed in formalin and subsequently embedded
in paraffin for histological analysis. All experimental procedures
were approved by the local government authorities.

Assessment of Renal Injury
Kidney sections of 2µm were stained with periodic acid-Schiff
(PAS) reagent, and the tubular injury was scored by assessing
the percentage of necrotic tubules and presence of tubular
casts. Pizzolato’s staining was used to visualize CaOx crystals
and crystal deposit formation in the kidney was evaluated as
described (43). Fibrotic areas were identified by immunostaining
for αSMA (Dako GmbH, Germany) and collagen I (Abcam,
Cambridge, UK). The expression of crystal adhesion molecules
e.g., CD44 and Annexin II was identified by immunostaining
for CD44 and Annexin II (both Abcam, Cambridge, UK). PTX3
expression was identified in paraformaldehyde-fixated and cryo-
cut tissue samples using a polyclonal rabbit anti-human PTX3
antibody (Enzo Life Sciences, Farmingdale, USA).

Quantification of Pizzolato’s silver stain and immunostainings
was done using Image J software. All assessments were performed
by an observer blinded to the experimental condition. Plasma
BUN, creatinine and phosphorus levels were measured using a
Cobas Integra 800 autoanalyzer (Roche, Mannheim, Germany).
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Assessing the signal intensity of the PTX3 staining in
C57BL/6N, BALB/c, and CD-1 animals was not feasible using
ImageJ, as big calcium oxalate crystal deposits were visible in
the cryosections, showing the same level of contrast as the
immunostaining. Hence, PTX3 staining was semi-quantitatively
assessed using a scoring system where a strong positive signal
was scored with a value of 2, a weak signal with a value of 1 and
absence of signal with a value of 0. This evaluation was conducted
independently for the cortex, medulla and papilla of one kidney
section and the overall score resulted from the sum of all values,
possibly raging of 0 to 6.

Transcutaneous Measurement of
Glomerular Filtration Rate (GFR) in
Conscious Mice
For GFR measurement mice were anesthetized with isoflurane
and a miniaturized imager device built from two light-emitting
diodes, a photodiode and a battery (MediBeacon, Mannheim,
Germany) was mounted via a double-sided adhesive tape onto
the shaved animals’ neck (64). For the duration of recording
(∼1.5 h) each animal was conscious and kept in a single cage.
Prior to the intravenous injection of 150 mg/kg FITC-sinistrin
(MediBeacon, Mannheim, Germany), the skin’s background
signal was recorded for 5min. After removing the imager device
the data were analyzed using MPD Lab software (MediBeacon,
Mannheim, Germany). The GFR [µl/min] was calculated from
the decrease of fluorescence intensity over time (i.e., plasma
half-life of FITC-sinistrin) using a two-compartment model, the
animals body weight and an empirical conversion factor (64).

X-ray Diffraction Analysis of Intrarenal
Crystals
The analysis of the freeze dryed mouse kidney tissue by X-
ray powder diffraction was performed with an Empyrean setup
from PANalytical. A Cu x-ray tube (line source of 12 × 0.04
mm2) provided CuKa radiation with l = 0.1542 nm. The Kb
line was removed by a Ni filter. Source and detector moved in
the vertical direction around a fixed horizontal sample. After
passing a divergence slit of 1/8◦ and an anti-scatter slit of 1/4◦,
the beam reached the sample at the center of a phi-chi-z stage. In
the Bragg-Bretano geometry used, the beam was refocused at a
secondary divergence slit of 1/4◦. Finally, the signal was recorded
by a pixel detector (256 × 256 pixels of 55µm) as a function of
the scattering angle 2θ . Subsequently, the peak positions were
calculated from q = 2π/d = (4π/λ) sinθ , in which q is the
scattering vector. The detector was used in a scanning geometry
that allowed all rows to be used simultaneously.

Flow Cytometry
Whole kidneys were chopped and digested for 30min at 37◦C
using a collagenase and DNase I solution (both Sigma-Aldrich,
Taufkirchen, Germany). Samples were further strained through
a 70µm mesh and washed with PBS. Dead cells were excluded
from analysis using the Zombie NIRTM Fixable Viability Kit
according to the manufacturer’s instructions and as described

TABLE 1 | Primer sequences for qPCR.

Target Primer sequence

CD44 Forward

Reverse

5′-AGCGGCAGGTTACATTCAAA-3′

5′-CAAGTTTTGGTGGCACACAG-3′

Annexin II Forward

Reverse

5′-GCACATTGCTGCGGTTTGTCAG-3′

5′-CACCAACTTCGATGCTGAGAGG-3′

18s RNA Forward

Reverse

5′-GCAATTATTCCCCATGAACG-3′

5′-AGGGCCTCACTAAACCATCC-3′

before (65). CD45+ positive cells were identified using a PE-
CyTM5 labeled antibody (clone 30-F11, BD Biosciences, Franklin
Lakes, USA). Analysis was conducted using FlowJo v10.0.

Cell Culture Studies
Primary tubular epithelial cells (pTECs) were isolated
from kidneys of mice with 3 weeks of age and were
maintained in DMEM/F12 containing 10% fetal calf serum,
1% penicillin–streptomycin, 125 ng/ml prostaglandin E1
(Calbiochem, Darmstadt, Germany), 25 ng/ml EGF, 1.8µg/ml
l-thyroxine, 3.38 ng/ml hydrocortisone and 2.5 mg/ml of
insulin-transferrin-sodium selenite supplement (I-T-SS)
(all from Sigma-Aldrich, Taufkirchen, Germany unless
mentioned) as previously described (66, 67). All cells were
cultured in an incubator at 37◦C, 5%CO2, and stimulated
with crystals of CaOx (1–2µm size; Alfa Aesar, Karlsruhe,
Germany).

RNA Preparation and Real-Time
Quantitative PCR
Total RNA was isolated from pTECs using a Qiagen
RNA extraction kit (Düsseldorf, Germany) following the
manufacturer’s instructions. After quantification RNA
quality was assessed using agarose gels. From isolated
RNA, cDNA was prepared using reverse transcriptase
(Superscript II; Invitrogen, Carlsbad, USA). Real-time
quantitative PCR (qPCR) was performed using SYBRGreen
PCR master mix and was analyzed with a Light Cycler
480 (Roche, Mannheim, Germany). All gene expression
values were normalized using 18S rRNA as a housekeeping
gene. All primers used for amplification were from
Metabion (Martinsried, Germany), and are listed in
Table 1.

Immunoblotting
After determination of protein concentrations in urine samples,
50 µg of the protein solution was mixed with 4× sodium
dodecyl sulfate loading buffer and was denatured at 95◦C for
5min for western blot analysis. Proteins were then separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred to a polyvinylidene difluoride membrane. Non-
specific binding to the membrane was blocked for 1 h at room
temperature with 5% non-fat milk in tris-buffered saline. The
membranes were then incubated overnight at 4◦Cwith a primary
antibody for PTX3 (clone 2C3, Hycult Biotechs, Plymouth
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Meeting, USA) followed by incubation with a secondary rabbit
anti-mouse IgG HRP-labeled antibody. Immunostained bands
were detected using a chemiluminescence kit (ECL kit, GE
Healthcare, Cardiff, UK). Equal loading of urinary proteins was
visualized by Ponceau Red staining (1 h at RT). Stain intensities
for both stainings were further analyzed by densitometry (Image
J). Murine PTX3 from urine samples as well as the recombinant
PTX3 positive control showed the expected band around 45
kDa.

In Chemico Generation and
Characterization of Calcium Oxalate
Crystals
Calcium oxalate crystals of defined size and shape were
generated as described elsewhere (68). In short, 10mM
sodium oxalate and 1mM calcium chloride solutions
were prepared using a 10mM TRIS-HCl buffer (pH 7.3).
For CaOx crystal generation 1 volume sodium oxalate
solution was incubated over night at 4◦C with 0.5 volume
of either PBS or rhPTX3 in different concentrations.
Next, 1 volume calcium chloride solution was added and
kept at 4◦C for 24 h. CaOx crystal size in the different
preparations was assessed using bright light microscopy or flow
cytometry.

Recombinant Human PTX3
Human PTX3 was recombinantly expressed in a PerC6
human cell line. Briefly, Per.C6 cells (Crucell, Leiden, The
Netherlands) were stably transfected with a plasmid vector
(pcDNA2001Neo-hPTX3) carrying the human PTX3 cDNA
under control of the CMV promoter. After transfection,
a highly producing clone was selected and expanded for
protein expression. The recombinant protein was purified
from conditioned medium using a multi-step chromatography
strategy as previously described (69). Protein homogeneity
in the end-product was assessed by analytical size exclusion
chromatography (SEC), SDS-PAGE and immunoblotting (39).
N-linked glycosylation of the purified protein was investigated
using PNGase F (Sigma Aldrich) as previously described
(37).

Statistical Analysis
Data are presented as mean with SEM or as boxplot statistics.
Prior to every other statistical analysis, data were checked
for normal distribution (Shapiro-Wilk test), homoscedasticity
(Levene’s test) and outliers (Grubb’s test). Normally distributed
and homoscedastic data sets were tested for statistical significant
differences via ANOVA and post-hoc Bonferroni’s correction
was used for multiple comparisons. Heteroscedastic data were
corrected following Games-Howell’s post-hoc test. Not normally
distributed data sets were compared using Kruskal-Wallis and
Nemenyi testing. A value of p < 0.05 was considered to indicate
statistical significance. P-values were indicated as p > 0.05 n.s.,
p < 0.05 ∗ (or #), p < 0.01 ∗∗ (or ##), p < 0.001 ∗∗∗ (or ###).
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Supplementary Figure 1 | PTX3 protein expression under hyperoxaluric

conditions in different strains and sexes. Male and female BALB/c, C57BL/6N,

and CD-1 mice (8 weeks of age) were fed with control or oxalate chow for 3

weeks (n = 5). (A) Scoring PTX3 positivity was performed on PTX3

immunostained cryosections as shown in (B). Calcium oxalate crystal deposits are

indicated with asterisks. (C–F) The figures include only those animals from the

study, that were exposed to oxalate diet, not the control animals. (C) Comparing

PTX3 staining scores between animals developing crystal deposition and those

that did not, based on PTX3 immunohistochemistry on cryosections and

Pizzolato’s staining for oxalate crystals on paraffin sections (D). (E) Comparing

optical densities of immunoblots for PTX3 from urine samples (25 µg protein/lane)

analogous to (C,D). (F) Western blot for PTX3 (∼45 kDa, upper panel) and

Ponceau Red staining for major urinary proteins (mainly a2u-globulins, ∼20 kDa,

lower panel) as a loading control. Data are from one experiment. n.s., not

significant; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗∗p < 0.0001 between groups as indicated.
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Inhalation of exogenous crystals such as silica, asbestos, and carbon nanotubes can 
cause lung fibrosis and cancer. Endogenous crystals such as monosodium urate, cho-
lesterol, and hydroxyapatite are associated with pathogenesis of gout, atherosclerosis, 
and osteoarthritis, respectively. These crystal-associated-inflammatory diseases are 
triggered by the macrophage NLRP3 inflammasome activation and cell death. Therefore, 
it is important to understand how macrophages recognize crystals. However, it is unlikely 
that macrophages have evolutionally acquired receptors specific for crystals or recently 
emerged nanoparticles. Several recent studies have reported that some crystal particles 
are negatively charged and are recognized by scavenger receptor family members in 
a charge-dependent manner. Alternatively, a model for receptor-independent phago-
cytosis of crystals has also been proposed. This review focuses on the mechanisms by 
which macrophages recognize crystals and nanoparticles.

Keywords: macrophages, phagocytosis, crystals, nanoparticles, inflammation, scavenger receptors

iNTRODUCTiON

Phagocytosis of crystals such as silica, asbestos, monosodium urate (MSU), and hydroxyapatite by 
macrophages was initially observed by electron microscopy about 40 years ago (1–4). These early 
studies showed that upon phagocytosis, crystals are not digested but instead cause lysosomal dam-
age. Although the underlying mechanism was unclear, this process was referred to as “frustrated 
phagocytosis” and was implicated in the pathogenesis of inflammatory diseases such as fibrosis and 
cancer (5).

Recent studies have revealed that silica and asbestos induce IL-1β secretion via NLRP3 inflam-
masome activation in macrophages (6–8). Likewise, various crystals such as MSU, hydroxyapatite, 
cholesterol, and alum crystals, and nanomaterials such as TiO2 nanoparticles and carbon nanotubes 
(CNTs) have also been reported to induce NLRP3 inflammasome activation in macrophages  
(7, 9–12). The molecular mechanism for inflammasome activation has been extensively studied and 
is well summarized in several recent reviews (6, 13–15). Briefly, at least two signals are required 
for the activation of NLRP3 inflammasome. The first signal (signal 1) is mediated via pathogen-
associated molecular patterns, damage-associated molecular patterns (DAMPs), or cytokines 
that trigger nuclear factor-κB (NF-κB)-mediated upregulation of NLRP3 along with pro-IL-1β 
(Figure 1). The second signal (signal 2) stimulates the assembly of a complex of multiple proteins 
including NLRP3, ASC, and pro-caspase-1, resulting in the activation of caspase-1. Subsequently, 
active caspase-1 processes pro-IL-1β to mature IL-1β, which is then released into the extracellular 
environment through damaged membranes of dying macrophages (Figure 1).

Upon recognition of crystals, macrophage surface receptors transmit signal 1 and/or 2. It is also 
proposed that the receptor-independent recognition of crystals transmits signal 2. This review sum-
marizes and discusses the recent findings regarding the recognition of crystals and nanoparticles by 
macrophages.
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FigURe 1 | Particle-induced NLRP3 inflammasome activation and cell death. Signal 1 induces pro-IL-1β along with NLRP3 through the nuclear factor-kappa B 
(NF-κB) pathway. Signal 2 causes lysosomal damages and stimulates the assembly of a complex of multiple proteins including NLRP3, ASC, and procaspase-1, 
resulting in the formation of inflammasomes. Active caspase-1 processes pro-IL-1β and pro-gasdermin D to mature IL-1β and gasdermin D. Lysosomal damage 
results in the release of the lysosomal enzyme cathepsins, which may induce NLRP3 inflammasome-independent pyroptotic cell death. Receptor-interacting serine/
threonine kinase-mixed-lineage kinase domain-like protein (RIPK3-MLKL) pathway is involved in crystal-induced necroptosis in epithelial cells but not in 
macrophages.
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MACROPHAge SURFACe ReCePTORS

Macrophages express a wide variety of cell-surface receptors 
in order to recognize and internalize pathogenic particles such 
as bacteria and apoptotic cells (16–20). For instance, class A 
scavenger receptors such as SR-A1 (also known as MSR) and 
MARCO (proposed to be renamed as SR-A6) and class B scaven-
ger receptors such as SR-B1 and CD36 (proposed to be renamed 
as SR-B2) bind to various polyanionic particles such as bacteria 
and apoptotic cells (18, 21). Fc receptors such as FcγRIII and 
complement receptors (CRs) such as CR3 internalize IgG- and 
complement-opsonized particles, respectively (22, 23), while 
C-type lectins such as Dectin-1 (also called Clec7a), Mincle (also 
called Clec4e), and MICL (also called Clec12a) recognize fungi-, 
mycobacteria-, or dying host cell-associated molecules (17, 24).

Given that it is unlikely that macrophages have acquired 
the specific ability to recognize crystals and recently emerged 
nanoparticles through evolution, the abovementioned receptors 
and opsonins may be responsible for the recognition of such 
inorganic particles. A common feature of organic particles such 
as bacteria and apoptotic cells and inorganic particles such as 
MSU, silica, and titanium is that they have negatively charged 
surfaces (25, 26), which could be favored by class A and class B 
scavenger receptors. By contrast, while organic particles harbor 
various ligands (protein, lipid, etc.) on their surface, the surface of 
a crystal is remarkably uniform. Therefore, an alternative model 

for receptor-independent phagocytosis of crystals has also been 
proposed (27). The mechanisms underlying the recognition of 
each particle by macrophages are discussed below.

ReCOgNiTiON OF eXOgeNOUS 
CRYSTALS AND NANOMATeRiALS  
BY MACROPHAgeS

Silica (SiO2) and Titanium (TiO2) Particles
Silica, which comprises about 60% of the Earth’s crust, is a major 
component of sand and rocks and thus is contained in dust and 
air pollutants (28, 29). Therefore, it can be assumed that most 
organisms are exposed to crystalline silica (30, 31), and prolonged 
inhalation of large amounts of crystalline silica dust is known to 
cause lung fibrosis and cancer (8).

Compared with crystalline silica, amorphous silica is bio-
compatible and is contained in various foods and medicines 
(32). However, recent studies have shown that nanoparticles 
(diameter <100 nm), but not micro-sized particles, can trigger 
inflammation (32–34). Silica and titanium nanoparticles are 
the most frequently used nanomaterials (35), and titanium 
nanoparticles have also been reported to trigger inflammation 
(36, 37). Under physiological conditions, nanoparticles tend 
to aggregate irreversibly, resulting in particles of submicron or 
micrometer size in order to reduce their high surface energy 
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FigURe 2 | The recognition of crystals and nanoparticles on the macrophage surface. Macrophages recognize and internalize crystals and nanoparticles through 
cell-surface receptors and membrane cholesterol. Silica particles are recognized by SR-A1, MARCO, SR-B1, and CD36. Alum, poly(methyl methacrylate) (PMMA), 
and monosodium urate (MSU) crystals bind directly to membrane cholesterol to be internalized. MSU and cholesterol crystals activate complement pathways. 
Soluble oxidized low-density lipoprotein (oxLDL) is internalized by CD36 and then crystallized in phagosomes. P2X7R does not cause lysosomal damage. In addition 
to these, many unknown pathways of phagocytosis remain to be identified.
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(26, 38, 39). Nevertheless, their toxicity largely depends on their 
primary size and not on the secondary aggregate size (34, 40) 
with smaller particles being more toxic. However, the molecular 
mechanism underlying size-dependent toxicity remains largely 
unknown.

Class A scavenger receptors such as SR-A1 and MARCO 
are known to bind to silica and titanium particles (Figure  2) 
(41); however, given that SR-A1- and MARCO-deficient mice 
and macrophages still show inflammatory responses to these 
particles (42–44), it seems likely that additional receptor(s) may 
be involved. Using unbiased functional screening, our labora-
tory recently identified the class B scavenger receptor member 
1 (SR-B1) as a novel silica receptor (Figure 2) (26). In contrast 
to SR-A1 and MARCO, which bind to both silica and titanium 
particles (41), SR-B1 binds to silica but not to titanium particles 
(26). Moreover, SR-B1-deficient macrophages showed impaired 
internalization of silica and subsequent inflammasome activa-
tion (26). However, since SR-B1 binds to both crystalline and 
amorphous silica irrespective of particle size (26), the recogni-
tion by SR-B1 does not account for the size-dependent toxicity of 
silica particles. On the other hand, Nishijima et al. have recently 
shown that anti-SR-A1 mAb inhibits THP-1 cell-inflammatory 
responses to 50-nm silica particles, but not to other sizes of silica 
particles, suggesting that the recognition by SR-A1 may account 
for the size-dependent toxicity of silica (45).

The class B scavenger receptor CD36 also binds to silica 
particles (Figure 2) (26); however, CD36 is not involved in silica-
induced acute lung inflammation in mice (26, 46). This is prob-
ably due to the marginal expression of CD36 on resident alveolar 
macrophages (26, 47). Nevertheless, since CD36 is expressed 

on inflammatory macrophages infiltrating alveolar spaces (47), 
CD36 may contribute to the chronic lung inflammation.

Because scavenger receptors have only a short cytoplasmic 
tail (18), they probably work as tethering receptors rather than 
as signaling receptors following particle recognition. Therefore, 
co-receptors may also be required in order to internalize 
particles. Indeed, the ectopic expression of SR-A1 or SR-B1 on 
non-phagocytic cells enables these cells to bind, but not internal-
ize, to silica particles (26). It has been reported that a chemical 
inhibitor of Mer receptor tyrosine kinase (MerTK) inhibits 
IL-1β secretion from THP-1 cells, which use SR-A1 to recognize 
silica particles. This suggests that MerTK works as a co-receptor 
of the scavenger receptor (45). Therefore, it would be intriguing 
to address whether the co-expression of MerTK and the scav-
enger receptor impart cells with the ability to internalize silica 
particles.

Asbestos and CNTs
It is well known that the prolonged inhalation of large amounts 
of asbestos causes mesothelioma and lung cancer (48). Like silica, 
asbestos is also efficiently internalized by macrophages, resulting 
in NLRP3 inflammasome activation and cell death (49). Since 
asbestos is a silicate mineral, asbestos may also bind to scavenger 
receptors. Murthy et  al. reported that MARCO-deficient mice 
show less fibrosis following exposure to chrysotile asbestos (50). 
Although the authors did not show the direct binding of MARCO 
to asbestos, these data suggest that MARCO may contribute to 
asbestos-induced lung fibrosis.

Carbon nanotubes are a highly representative product of nano-
technology (51), and although the worldwide production of CNTs 
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is less than that of silica and titanium nanoparticles (35, 51), the 
production of CNTs has been increasing drastically year after year 
as they are applied to a wide variety of commercial products includ-
ing rechargeable batteries and automotive parts (51). Electron 
microscopy reveals that some CNTs have a needle-like structure 
reminiscent of asbestos (52, 53). Indeed, recent animal studies have 
shown that these CNTs have asbestos-like pathogenic behavior  
(9, 54). For instance, a seminal study by Poland et al. showed that 
the intraperitoneal injection with multi-walled CNTs (MWCNTs) 
as well as asbestos causes massive granulomatous inflammation 
in the diaphragms of wild-type mice (55). Furthermore, Takagi 
et al. showed that the intraperitoneal injection of MWCNT caused 
mesothelioma in p53+/– mice (56), while Palomaki et  al. found 
that CNTs and asbestos induce NLPR3 inflammasome activation 
in human macrophages (57). However, it remains unknown how 
macrophages recognize CNTs on their cell surface.

Alum Crystals
Alums (aluminum adjuvants) are widely used for vaccination in 
both humans and animals (58). It has been reported that upon 
being internalized, alum activates NLRP3 inflammasomes, which 
are essential for alum-induced acute inflammation (59, 60). 
However, recent studies have proposed that the adjuvant effect of 
alum is mediated via NLRP3-independent phagocyte cell death 
(Figure  1) (61, 62). This occurs when dying cells release their 
intracellular contents, some of which trigger innate immune 
responses. Specifically, alum-induced Th2 responses have been 
reported to be mediated via host DNA and uric acid (61, 62). On 
the other hand, it has been reported that NLRP3 is expressed in 
the nuclei of Th2 cells and works as a transcriptional regulator of 
Th2 differentiation (63). Thus, the requirement of NLRP3 for Th2 
responses remains controversial.

Shi and colleagues have reported that the phagocytosis of  
alum as well as MSU crystals (discussed below) is not mediated by 
cell-surface receptors (64, 65). By using atomic force microscopy, 
they showed that alum directly binds to membrane lipids, and 
this lipid ligation activates Syk and PI3K (Figure 2) (64, 65).

In addition to the direct recognition of crystals and nano-
particles by macrophage receptors and membrane cholesterol, 
these particles may also be opsonized and recognized indirectly 
by macrophages. Indeed, nanoparticles are absorbed by various 
plasma proteins called the protein corona (66–68). For instance, 
it has been reported that albumin and complement bind to silica 
nanoparticles (69), although it remains unknown whether the 
protein corona contributes to phagocytosis. Some in vitro studies 
have shown that the protein corona does not enhance but rather 
suppresses the phagocytosis of nanoparticles by macrophages 
(70, 71). As discussed below, endogenous crystals such as MSU 
and cholesterol activate complement pathways.

ReCOgNiTiON OF eNDOgeNOUS 
CRYSTALS BY MACROPHAgeS

MSU Crystals
Dying cells release uric acid, and these crystals trigger inflam-
mation (72). In addition, the saturation of uric acid in body 

fluids results in the formation of MSU crystals, which trigger 
macrophage NLRP3 inflammasome activation and are associ-
ated with the pathogenesis of gout (10, 73). Early studies reported 
that MSU crystals activate complement pathways (74, 75), and 
this has been confirmed by a recent study which showed that 
MSU and cholesterol crystals (discussed below), but not silica 
or alum, activate complement pathways (76). Although MSU-
activated C5a binds to C5aR, a G protein-coupled receptor 
(Figure 2), to activate signal 1 (Figure 1) in human monocytes 
(76), C5aR was not found to contribute to the phagocytosis of 
MSU (76).

FcγRIII (CD16) has been reported to bind to MSU directly, 
resulting in the activation of the Syk pathway in human neutro-
phils (Figure 2) (77). FcγRIII associates with the FcRγ chain, and 
this receptor complex is a well-characterized phagocytic receptor 
for IgG-opsonized particles (22); however, the internalization of 
MSU by FcγRIII has not been demonstrated. Although we and 
others have observed that MSU crystals have negatively charged 
surfaces (26, 27), we failed to observe the binding of MSU crystals 
to scavenger receptors, which can bind to polyanionic particles 
(26). These results suggest that scavenger receptors may recognize 
not only surface charges but also shapes and/or substances of 
particles. Phagocytic receptors for MSU crystals remain to be 
identified.

Shi and colleagues proposed that MSU crystals bind directly 
to plasma membrane cholesterols, a driving force for their 
internalization (Figure  2) (65). This group also proposed that 
the receptor-independent model can be applied for alum (64) 
and biomaterial microspheres of poly(methyl methacrylate) 
(Figure 2) (78). While this is an attractive model for understand-
ing the recognition of crystals and nanoparticles with uniform 
surfaces by phagocytes, it remains unknown why these particles 
preferentially bind to phagocytes when cholesterol is present in 
the membrane of all cell types.

Clec12a (also called MICL, DCAL2, and CLL-1), a C-type 
lectin receptor, has been recently reported to recognize MSU, 
but not other particles such as polystyrene, silica, or zymosan 
(Figure  2) (79). Clec12a has an ITIM in its cytoplasmic 
domain, and the activation of this receptor has been shown to 
inhibit Syk signaling. Moreover, Clec12a-deficient mice showed 
enhanced inflammation in response to MSU (79), although it 
remains unknown whether Clec12a suppresses phagocytosis  
of MSU.

A recent study has shown that soluble uric acid also triggers 
NLRP3 inflammasome activation, although the authors do not 
exclude the possibility that this activation could be caused by 
undetectable microcrystals of uric acid (80). It is also possible that 
internalized soluble uric acid is crystallized in phagocytes just like 
soluble oxidized LDL as described below (81) (Figure 2). Either 
way, this finding may propose that uric acid released from dying 
cells or hyperuricemia directly causes inflammation without 
crystal deposition.

Cholesterol Crystals
Cholesterol accumulation leads to the formation of crystals, 
which have been shown to be engulfed by macrophages in 
atherosclerotic sinus lesions (12), leading to pro-inflammatory 
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responses through NLRP3 inflammasome activation (10, 82). 
In addition, early studies have shown that cholesterol crystals 
as well as MSU crystals activate complement pathways (83, 
84). Recently, Samstad et  al. showed that cholesterol crystals 
activate the C5a and the C5aR pathways leading to the upregu-
lation of CR3 (CD11b and CD18 complexes) (Figure  2) (85). 
Mechanistically, C5aR, a G-protein-coupled receptor, activates 
ERK and NF-κB pathways (signal 1) (86). These pathways lead 
to the induction of the expression of CR3, a phagocytic receptor 
for iC3b-tagged particles (19), which contributes to the phago-
cytosis of cholesterol crystals (signal 2) (85). Indeed, this group 
showed that the inhibition of C5 or C3 reduces the phagocytosis 
of cholesterol crystals by human monocytes (85, 87).

The human, but not mouse, C-type lectin Mincle (also called 
Clec4e) has been shown to have a cholesterol recognition amino 
acid consensus (CRAC) motif in its extracellular domain (88). 
Through this CRAC motif, human Mincle binds to cholesterol 
crystals, resulting in the activation of pro-inflammatory signals 
via the associated FcRγ chain (Figure  2) (88). Although the 
FcRγ chain is able to mediate a phagocytic signal (22), it remains 
unknown whether human Mincle is involved in the phagocytosis 
of cholesterol crystals.

In addition to cholesterol crystals, soluble oxidized low-
density lipoprotein (oxLDL) is internalized by macrophages, 
and the crystals are then nucleated, resulting in the lysosomal 
disruption and activation of the NLRP3 inflammasome (81, 82). 
CD36 is a receptor for oxLDL and is essential for both signal 1 
(NF-κB activation in conjunction with TLR4 and -6) and signal 
2 (internalization of oxLDL), resulting in NLRP3 inflammasome 
activation (Figures 1 and 2) (81, 89).

Hydroxyapatite Crystals
Hydroxyapatite, a basic calcium phosphate crystal, is a major 
component of bones and teeth. The ectopic deposition of these 
crystals is predominantly observed in osteoarthritis (OA) 
joints and is implicated in the pathogenesis of OA (10, 90). 
In addition, synthetic hydroxyapatite crystals are the widely 
used biomaterials, although it has been shown that these 
crystals can trigger local inflammation upon being released 
from implanted prosthetics (91). Recent studies have reported 
that hydroxyapatite crystals are internalized by macrophages 
through unknown mechanisms where they trigger NLRP3 
inflammasome activation (Figure  2) (92, 93). NLRP3 is 
essential for crystal-induced IL-1β secretion in vitro; however, 
the requirement for NLRP3 is only partial in mouse models 
of arthritis (92, 94) as shown in NLRP3-deficient mice where 
various crystals such as silica and alum still induce mac-
rophage cell death and inflammation (discussed below). Thus, 
hydroxyapatite crystal-induced arthritis may be mediated via 
NLRP3-independent macrophage death.

PARTiCLe-iNDUCeD CeLL DeATH AND 
DiSeASeS

Crystals cause lysosomal damages, resulting in the release of 
the lysosomal enzyme cathepsins to cytosol (95), which is the 

upstream of NLRP3 inflammasome activation (Figure 1). Rock 
and colleagues have recently shown that multiple cathepsins 
including cathepsins b, l, x, and s contribute to NLRP3- and 
caspase-1-independent cell death (Figure  1) (96). However, 
the downstream mechanisms of action of the cathepsins 
remain unknown. It would be intriguing to address whether 
cathepsins directly cause membrane damage or activate pore-
forming proteins such as gasdermin D (97–99). It has also been 
reported that receptor-interacting serine/threonine kinase-3 
and mixed-lineage kinase domain-like protein-mediated 
necroptosis pathways (100) are involved in crystal-induced cell 
death in epithelial cells (101) but not in macrophages (Figure 1) 
(96, 102).

Dying cells release DAMPs such as uric acid and ATP (72). 
As mentioned earlier, uric acid induces inflammation (80). ATP, 
which is released from pannexin-1, binds to P2X7 receptor to 
induce cell death and NLRP3 inflammasome activation without 
causing lysosomal damage (Figure  2) (103). Besides DAMPs, 
dying macrophages release internalized crystals, which could 
induce cell death of the neighboring macrophages. This sequen-
tial cell death may be more crucial than NLRP3 inflammasome 
activation in the pathogenesis of crystal-induced chronic 
inflammation and fibrosis such as arthritis (92, 94), silicosis 
(104), and asbestosis (105) as these diseases develop in NLRP3-
deficient mice.

CONCLUSiON

Crystals such as silica, asbestos, and MSU cause inflammatory 
diseases through macrophage activation and cell death. As 
discussed here, macrophages have been found to recognize 
crystals via cell-surface receptors and/or membrane choles-
terol, although these pathways account for only a fraction of 
crystal phagocytosis. Therefore, many unknown pathways of 
phagocytosis remain to be identified. While phagocytosis and 
subsequent lysosomal damage appear to be essential for the 
pathogenesis of particle-induced-inflammatory diseases, it 
remains unknown how the physicochemical properties (element,  
size, etc.) of particles impact lysosomal damage. A better under-
standing of the molecular mechanisms underlying particle- 
induced inflammation will provide opportunities not only 
for the development of therapeutic approaches for incurable 
silicosis and asbestosis but also for the development of safer 
nanomaterials in the future.
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Disease-Associated Particulates  
and Joint inflammation;  
Mechanistic insights and  
Potential Therapeutic Targets
Olwyn R. Mahon and Aisling Dunne*

School of Biochemistry and Immunology, School of Medicine, Trinity College Dublin, Trinity Biomedical Sciences Institute, 
The University of Dublin, Dublin, Ireland

It is now well established that intra-articular deposition of endogenous particulates, such 
as osteoarthritis-associated basic calcium phosphate crystals, gout-associated monoso-
dium urate crystals, and calcium deposition disease-associated calcium pyrophosphate 
crystals, contributes to joint destruction through the production of cartilage-degrading 
enzymes and pro-inflammatory cytokines. Furthermore, exogenous wear-debris parti-
cles, generated from prosthetic implants, drive periprosthetic osteolysis which impacts 
on the longevity of total joint replacements. Over the last few years, significant insight has 
been gained into the mechanisms through which these particulates exert their effects. 
Not only has this increased our understanding of the pathological processes associated 
with crystal deposition but it has also led to the identification of a number of therapeutic 
targets to treat particulate-associated disease. In this review, we discuss recent devel-
opments regarding the cellular events triggered by joint-associated particulates, as well 
as future directions in therapy for particulate-related arthropathies.

Keywords: particulates, osteoarthritis, gout, calcium deposition disease, joint inflammation

inTRODUCTiOn

Immune responses driven by microparticles are implicated in the pathogenesis of a number of inflam-
matory diseases, including atherosclerosis, silicosis, and asbestosis (1). In the joint, endogenous 
crystals, including uric acid and calcium-containing crystals, are formed as a result of dysregulated 
metabolic processes. These particulates are associated with gout, calcium pyrophosphate deposi-
tion (CPPD) disease, and osteoarthritis (OA), and a number of studies have demonstrated that 
they contribute to synovial inflammation, cartilage destruction, and subchondral bone remodeling  
(2–5). In cases of severe joint degeneration, total joint replacement (TJR) is the only remaining 
option to improve pain and ambulation in patients. However, the gradual wear of orthopedic 
implants over time results in the generation of particulate matter derived from various components 
of the prosthesis. The presence of these particles is associated with periprosthetic osteolysis which 
is characterized by inflammation and osteoclastic resorption of bone surrounding the implant  
(6, 7). Examination of the cell types and pathways activated following crystal deposition has shed 
light on the pathogenesis of crystal-related arthropathies and peri-implant inflammation, all of 
which are steadily becoming more prevalent as the lifespan of the general population increases. 
In this review, we discuss the molecular mechanisms underlying particulate matter-induced inflam-
matory and catabolic processes in the joint. We also highlight potential therapeutic targets for  
the treatment of particulate matter-induced inflammation.
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MOnOSODiUM URATe (MSU)  
CRYSTALS AnD GOUT

Gout is a chronic inflammatory disease characterized by high 
serum urate concentrations (>6.8 mg/dL) which in turn leads to 
MSU crystal deposition in joints and peri-articular tissues. While  
genetic and environmental factors contribute to the develop-
ment of hyperuricaemia, the underexcretion of urate by specia-
lized transporters in the gastrointestinal tract and kidney is 
considered a leading cause of elevated serum urate levels (8, 9). 
The precise mechanism(s) leading to MSU-crystal formation is 
not entirely understood; however, peripheral temperature, tissue  
pH, and synovial fluid components are all thought to play a con-
tributory role when serum urate levels exceed maximal solubility. 
Clinical features of gout include acute inflammatory flares that 
tend to resolve spontaneously and, if untreated, can eventually 
advance to chronic gouty arthritis which is characterized by 
chronic inflammation and the formation of granulomatous lesions,  
known as tophi (10–12). Current treatments include urate lower-
ing drugs, NSAID administration, and dietary modification; 
however, ongoing research into the mechanisms surrounding 
MSU crystal-induced cell activation has led to the identification 
of a number of novel targets that may also limit inflammation.

Monosodium urate crystals induce matrix metalloprotease 
(MMP) expression by chondrocytes (13), prostaglandin, and 
CCL2 production by fibroblasts and synoviocytes (14) and 
TGFβ1, IL-6, tumor necrosis factor (TNF)-α, and IL-8 secretion 
by monocytes (15–17). However, the acute joint inflammation 
observed during flare-ups is primarily driven by macrophage 
derived IL-1β, via activation of NOD-like receptor related pro-
tein 3 (NLRP3). MSU crystals are, therefore, classified as “danger 
signals” and, together with extracellular ATP and CPPD crystals, 
were the first endogenous activators of NLRP3 identified (18). 
Persistent NLRP3 activation has been linked to the pathogenesis 
of a number of inflammatory diseases and has been reviewed in 
detail elsewhere (19, 20). Briefly, activation of NLRP3 results in 
the assembly of a large multiprotein complex called the inflam-
masome which is involved in the processing of pro-IL-1 β and 
pro-IL-18 into their active forms. A “priming signal” (signal 1)  
upregulates expression of pro IL-1β/pro-IL-18 as well as com-
ponents of the inflammasome complex and is mediated, for 
example, by TLR agonists. A second signal (Signal 2), caused by  
a disruption in cellular homeostasis, results in assembly of a com-
plex comprised of NLRP3 oligomers and the adapter protein, 
ASC. Inactive pro-caspase-1 is recruited to the complex where it 
undergoes auto-activation and catalyzes the cleavage of pro-IL-1 
β and pro-IL-18 into their mature forms which are secreted from 
the cell (21, 22). In the context of gout, a number of endogenous 
molecules, including free fatty acids, have been proposed to act  
as a priming signal, while MSU crystals act as signal 2 (23).

Crystal-induced inflammasome activation is linked to lysoso-
mal rupture, ROS production and ATP driven P2X7-dependent 
pore formation (24). Potassium efflux is also involved in NLRP3 
activation, and it has been proposed that fusion of MSU crystal-
containing phagosomes with acidic lysosomes causes a massive 
release of sodium ions from the phagolysosome which is balanced 
by passive water influx. The accompanying drop in intracellular  

potassium concentration in turn drives NLRP3 assembly/ 
activation (25). Targeting these aspects of NLRP3 inflammasome 
activation is currently being explored as a means of limiting the 
pathological effects of MSU crystals. For example, the ketone 
body, b-hydroxybutyrate, which specifically inhibits NLRP3 
inflam masome activation via potassium efflux blockade, and the 
naturally derived antioxidant, sulforaphane, have been shown 
to attenuate MSU-induced responses in murine models of gout  
(26, 27). Furthermore, the anti-inflammatory phytochemical, 
caffeic acid phenyl ester, was shown to suppress MSU crystal-
induced IL-1β production in vivo by directly blocking NLRP3/
ASC interactions (28). It is worth noting that neutrophil-derived 
serine proteases are also capable of processing pro-IL-1β; therefore, 
direct neutralization of IL-1β may be of greater benefit in some 
patients (29). Indeed, canakinumab (anti-IL-1β) is recommended 
for the treatment of acute flares when other anti-inflammatory 
drugs are ineffective.

Targeting upstream of NLRP3 activation is also a possibility 
and recent studies have provided insight into the cellular events 
triggered upon binding of MSU crystals to the cell membrane. 
Barabe et  al. demonstrated that MSU crystals bind directly 
to the surface Fc receptor, FcgRIII, in human neutrophils (30) 
while Desaulniers et al. demonstrated that MSU crystals trigger 
activation of the downstream signaling molecule, Syk (31). It was  
subsequently demonstrated that Syk is a substrate of conven-
tional PKCs, which are activated in a Src kinase-dependant 
manner (32). Phosphorylation of Syk by PKC facilitates the inter-
action of Syk with PI3 kinase driving subsequent phagocytosis 
of MSU crystals (33). These effects may, however, be cell-type 
specific as it was later demonstrated that Syk is activated by MSU 
crystals in a receptor-independent manner in dendritic cells, 
via a process known as membrane affinity-triggered signaling 
(MATS) (34). This involves direct binding of particulate matter 
to the cell membrane which results in clustering of lipid rafts 
and aggregation of proteins that are partitioned into membrane 
lipids. Atomic force microscopy confirmed the direct interaction 
of MSU crystals with cell-surface lipids, particularly cholesterol. 
This in turn leads to aggregation of immunoreceptor tyrosine-
based activation motif-containing molecules which then recruit 
and activate Syk (35). Inhibition of Src family kinases prevented 
MSU-induced Syk phosphorylation while PI3 kinase was found 
to be activated downstream of Syk; however, unlike neutrophils, 
surface receptors were not required for this interaction as treat-
ment with pronase had no effect on MSU uptake (34).

While Syk inhibitors can attenuate MSU-induced IL-1β pro-
duction in vitro (36), it remains to be seen whether direct intra-
articular administration of Syk inhibitors can ameliorate the 
effects of MSU crystals in a clinical setting. Indeed a number of 
kinases are likely to be activated downstream of Syk. Of note, 
the broad spectrum tyrosine kinase inhibitor, imatinib mesylate, 
was recently shown to suppress MSU crystal-induced synovial 
inflammation in an acute gouty arthritis model (37).

Neutrophil necroptosis, a regulated form of necrosis, has also 
been implicated in MSU-induced responses (38, 39). In contrast to 
apoptosis, necroptosis occurs independently of caspase activa-
tion and may exacerbate inflammation via the release of addi-
tional danger signals (40). Receptor interacting protein kinase-1,  
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FiGURe 1 | Inflammatory processes driven by endogenous joint-associates particulates. Monosodium urate (MSU), basic calcium phosphate (BCP) and calcium 
pyrophosphate (CPP) crystals can act on a number of cell types in the joint to drive pro-inflammatory cytokine production, matrix metalloprotease (MMP) expression, 
and release of additional damage-associated molecular patterns (DAMPs) that contribute further to joint inflammation and cartilage destruction. Inflammasome 
activation, membrane affinity-triggered signaling, and neutrophil-mediated neutrophil extracellular trap (NET) formation have been implicated in these responses.
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RIP3, and mixed lineage kinase domain-like (MLKL), play key 
roles in necroptosis. Targeting RIP1 and MLKL was shown to 
suppress MSU-induced cell death in vitro while MLKL-deficient 
mice lacked tophus formation in a gouty arthritis model, 
providing further confirmation of the involvement of the RIP1-
RIP3-MLKL axis (38). Neutrophil extracellular traps (NETs) are 
formed during MSU-induced necroptosis but whether this is  
an active process or a passive consequence of unregulated nec-
rosis has yet to be determined and is discussed in more detail  
in Ref. (41). While it was previously reported that ROS pro-
duction is required for macroscopic aggregation of NETs and 
crystals (42), a recent study by Chatfield et al., involving direct 
quantitation of key aspects of NET formation, has demonstrated 
that ROS production is dispensable for MSU-induced NET 
formation in human neutrophils (43). Furthermore, neutrophils 
from patients with a functional NOX2 deficiency are capable of 
producing NETs in response to MSU crystal stimulation (44).

Neutrophil extracellular traps have been detected in synovial 
fluid from acutely inflamed joints of gouty patients and also 
surrounding crystals in non-inflamed tophi of chronic gout 
patients (43). NETs are released by neutrophils to trap and kill 
invading microbes during infection and neutrophil granule 
proteases have been shown to activate cytokines such as IL-1α 
and IL-33 (45); however, it has been suggested that they may 
actually play a pro-resolving role in acute gout via degrada-
tion of pro-inflammatory cytokines and chemokines (42). 
Further study is clearly required to fully appreciate the role 
of neutrophil-mediated processes in the pathogenesis of gout.  
The cell types and mediators of MSU-induced inflammation are 
highlighted in Figure 1.

CALCiUM-COnTAininG CRYSTALS  
in OA AnD CPPD DiSeASe

Basic calcium phosphate (BCP) crystals, of which the hydroxy-
apatite (HA) form is most prevalent, are found in 70% of total OA 
cases where their concentration closely correlates with the extent 
of cartilage degradation and lesion severity (46, 47). They are 
thought to form as a result of dysregulated ossification processes 
(48) and, given that crystal deposition does not occur in healthy 
cartilage, it is becoming more widely accepted that cartilage cal-
cification plays a pathogenic role in OA (3). Like MSU crystals, 
BCP crystals are now considered a “danger signal” as they can 
activate a number of cell types and contribute to joint degenera-
tion through the production of cartilage-degrading proteases and 
pro-inflammatory mediators. Early studies demonstrated that 
BCP crystals drive MMP and inflammatory gene expression in 
fibroblasts (49, 50), while more recent studies have focused on their 
effects on macrophages, chondrocytes, and osteoclasts (51–54). 
Macrophage derived-IL-1β has been given a lot of consideration 
in the context of BCP crystals and OA, and while BCP crystals 
induce potent IL-1β production in  vitro, reports from in  vivo 
studies have been conflicting (55, 56). Indeed, Nasi et al. recently 
demonstrated that neither IL-1α nor IL-1β mediate the patho-
logy seen in the murine menisectomy model of OA (57), a finding 
that may explain the lack of efficacy of IL-1 inhibitors in human 
OA. Based on these studies, focus has shifted to other potential 
targets including IL-6 which is produced by chondrocytes in 
response to BCP stimulation and acts in an autocrine manner to 
promote calcium-containing crystal formation and upregulation 
of genes involved in calcification (51).
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We recently demonstrated that, like MSU crystals, BCP 
crystals also activate, Syk, and its downstream interacting part-
ner, PI3K, in primary macrophages, and that pharmacological 
inhibition of these kinases leads to reduced MMP expression 
and pro-inflammatory cytokine production (53, 54). Whether 
Syk and/or PI3K activity is heightened in OA joints is yet to 
be determined, however, targeting membrane-proximal events 
induced by BCP crystals is a therapeutic option worth exploring. 
We have also demonstrated that both MSU and BCP crystals may 
contribute to bone erosion via inhibition of anti-osteoclastogenic 
cytokine signaling (58); therefore, targeting synovial inflamma-
tion induced by crystal deposition may suppress early destructive 
processes, while targeting the osteoclastogenic effects of crystals 
may suppress excessive bone remodeling. Indeed, preventing the 
actual intra-articular deposition of calcium crystals, as recently 
demonstrated by Nasi et  al. using sodium thiosulphate, could 
limit inflammatory responses at the outset (59).

Pathological calcification is also a feature of CPPD disease. 
Acute CPPD disease is caused by the deposition of calcium 
pyrophosphate (CPP) crystals and is accompanied by symp-
toms overlapping with acute gouty arthritis, hence it is often 
referred to as pseudogout [reviewed in Ref. (5)]. A local excess 
of pyrophosphate (PPi) has been observed in the cartilage of 
affected patients and it is believed that high levels of extracel-
lular PPi complex with calcium in the chondrocyte pericellular 
matrix to form CPP crystals. Like MSU crystals, CPPD crystals 
are pha gocytosed by macrophages leading to NLRP3 dependent 
IL-1β processing and secretion and there is some evidence to 
suggest that anti-IL-1 therapies may be of benefit to patients 
(18). CPPD crystals have also been shown to drive the formation 
of NETs in vitro (60); however, whether this contributes to joint 
inflam mation or plays a pro-resolving role in vivo has yet to be 
determined. Cartilage destruction is driven largely by the action 
of MMPs produced by synovial fibroblasts and chondrocytes 
and in patients with severe disease, joint replacement may be 
required. One potential therapeutic target for CPPD disease that 
has received a lot of attention of late is the multipass membrane 
protein, ANK (protein product of the progressive ankylosis 
gene), which regulates levels of inorganic phosphate. A gain of 
function mutation in human ANK is associated with familial 
cases of CPPD while expression of the protein was found to be 
increased in the cartilage of patients with sporadic CPPD disease 
(61). Given the potential link between crystal deposition and 
ANK activity, modulation of this pathway may be of benefit for 
the treatment, not just of pseudogout, but other arthopathies 
involving pathological CPP deposition.

weAR-DeBRiS PARTiCLeS AnD 
PeRiPROSTHeTiC OSTeOLYSiS

Total joint replacement is a highly successful procedure used to 
alleviate pain and restore function in individuals suffering from 
end-stage joint disease. Implants are commonly composed of a 
metal, e.g., titanium or ultra-high-molecular-weight polyethyl-
ene, and are coated with a bioceramic, such as HA, to enhance 
integration with surrounding bone. The implant is then typically 
fixed into place with poly-methyl methacrylate (PMMA) bone 

cement. While excellent patient outcomes are associated with 
this procedure, revision surgeries are often required due to the 
limited lifespan of orthopedic devices. The gradual wear and 
tear of implants over time results in the continuous generation 
of wear-debris particles from the articulating surface of the pros-
thesis (62). Due to their insoluble nature, most wear particles 
are resistant to digestion by macrophages and thus, a chronically 
activated macrophage population persists in the joint (63). This 
then culminates in periprosthetic osteolysis which is character-
ized by the osteoclastic resorption and degradation of bone 
surrounding the implant, a process that ultimately leads to aseptic 
implant loosening (64–66).

A number of cell types, including osteoclasts, fibroblasts, 
and osteoblasts, have been implicated in wear-debris induced 
osteolysis (Figure  2) (67, 68). More recently, various types of 
nanoparticles have been shown to act on neutrophils, inducing the 
formation of NETs (69–73). For example, Vitkov et al. demonstrated 
that PMN cells incubated with sandblasted large-grit acid etched 
(SLA) implants undergo histone citrullination, nuclear swelling, 
and chromatin alterations (70), while Muñoz et al. demonstrated 
that carbon and polystyrene nanopowders increase NET forma-
tion in a size-dependent manner (72). Macrophages play a key 
role in osteolysis where particle uptake culminates in a chronic 
inflammatory state mediated by cytokines, such as IL-1, IL-6, 
TNF-α, and RANKL, which can also contribute to osteoclast 
differentiation and thus exacerbate bone resorption (74–78). 
Chemokine production is also central to wear-debris particle-
induced inflammatory responses (79). For example, MIF, MCP1, 
MIP 1α RANTES, and IL-8 levels are elevated in macrophages 
in response to PMMA and titanium particles (80–82), while 
fibroblasts produce elevated levels of MCP-1 after exposure to 
titanium and PMMA particles (83).

Like other disease-associated particulates, it is likely that 
wear-debris particles are binding to scavenger receptors on the 
cell surface or are inducing MATS. We have recently demon-
strated that this is the case for HA and PMMA particles and 
that inhibition of Syk prevented wear particle-induced M1 
macrophage polarization in  vitro (84). Indeed, modulation of 
macrophage phenotype has been suggested as a potential thera-
peutic avenue for periprosthetic osteolysis and administration 
of the M2 polarizing cytokine, IL-4, has shown some efficacy, 
at least in murine models (85, 86). There are, however, no drugs 
specifically approved for the prevention of periprosthetic oste-
olysis. Bisphosphonates have been shown to inhibit enzymes in 
the mevalonate pathway which results in apoptosis of osteoclasts 
(68). They are commonly used for metabolic bone diseases (87) 
and several experimental studies have demonstrated a significant 
decrease in osteolysis/bone resorption after treatment with these 
compounds (88, 89). Modulating pro-inflammatory cytokine 
production may also prove beneficial for osteolysis patients 
assuming inflammation is targeted prior to extensive bone dam-
age. Bortezomib (Bzb) is a reversible 26S proteasome inhibitor 
currently approved for the treatment of relapsed/refractory 
multiple myeloma (90). As well as antitumor effects, it has been 
shown to limit inflammation and bone resorption in arthritis 
models (91, 92). Bzb inhibits NF-κB, a master regulator of 
inflammation, by blocking degradation of the NF-κB inhibitor, 
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FiGURe 2 | Cellular mediators of periprosthetic osteolysis. Wear-debris particles generated from prostheses activate resident and infiltrating macrophages, 
fibroblasts, and neutrophils at the site of implantation. Neutrophil recognition of biomaterials drives neutrophil extracellular trap (NET) formation while macrophage 
and fibroblast-induced chemokine production facilitates further leukocyte recruitment to the implant interface. Cytokines, such as tumor necrosis factor (TNF)-α and 
IL-1, drive inflammation and, together with RANKL, can induce the differentiation of osteoclast precursor cells (OCPs) into activated bone resorbing cells. Matrix 
metalloprotease (MMPs) and collagenases contribute further to catabolic processes and aseptic implant loosening.
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IkB. Mao et al. recently demonstrated that Bzb can inhibit tita-
nium particle-induced inflammation in murine macrophages, 
a finding that warrants further in  vivo study as it may have 
implications for the treatment of periprosthetic inflammation.

Finally, autophagy is associated with a number of physiological 
processes including basal inhibition of inflammation (93). Crişan 
et al. recently demonstrated that uric acid can inhibit autophagy, 
a finding that has implications not just for gout but other diseases 
associated with elevated uric acid levels including cancer and type 
2 diabetes (94). Indeed, titanium particles can downregulate the 
expression of osteocyte-derived IFNβ in an autophagy-dependent 
manner (95). IFNβ is a negative regulator of osteoclastogenesis 
(96); therefore, therapeutic interventions to boost autophagy, for 
example with mTOR inhibitors or naturally derived autophagy 
inducers such as trehalose (97), may be of benefit for both gout 
and osteolysis patients.

COnCLUSiOn

While much progress has been made in elucidating the events 
contributing to crystal deposition diseases, the complex nature 
of these conditions has hampered the development of effective 
treatments. Urate-lowering drugs have proven efficacy in gout; 

however; in the case of OA, and in some instances, CPPD dis-
ease, TJR remains the only option for patients with significant 
joint destruction. This in itself is associated with the added 
compli cation of periprosthetic osteolysis and potential implant 
failure. The development of more durable biomaterials with low 
immunogenicity may prevent the occurrence of periprosthetic 
inflammation, while the identification of successful disease-
modifying drugs for severe arthropathies may relinquish the 
need for joint replacement in the first instance. Therefore, gain-
ing a better understanding of the inflammatory and destructive 
processes driven by disease-associated particulates, coupled 
with advances in disease monitoring technology, will be of huge 
benefit for the development of future prevention/treatment 
strategies.
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Marianna Gniadek3, Olga Labedz3, Tadeusz Malewski4, Julita Nowakowska5,  
Grzegorz Chodaczek6, Grzegorz Celichowski2, Jaroslaw Grobelny2  
and Malgorzata Krzyzowska1,6*

1 Military Institute of Hygiene and Epidemiology, Warsaw, Poland, 2 Department of Materials Technology and Chemistry, 
Faculty of Chemistry, University of Lodz, Lodz, Poland, 3 Faculty of Chemistry, University of Warsaw, Warsaw, Poland, 
4 Museum and Institute of Zoology, Polish Academy of Science, Warsaw, Poland, 5 Laboratory of Electron and Confocal 
Microscopy, Faculty of Biology, University of Warsaw, Warsaw, Poland, 6 Wroclaw Research Centrum EIT+, Wroclaw, Poland

Silver nanoparticles (AgNPs) are promising new antimicrobial agents against a wide range 
of skin and mucosal pathogens. However, their interaction with the immune system is 
currently not fully understood. Dendritic cells (DCs) are crucial during development of 
T cell-specific responses against bacterial and viral pathogens. We have previously shown 
that tannic acid-modified silver nanoparticles (TA-AgNPs) consist of a promising micro-
bicide against HSV-2. The aim of this study was to compare the ability of TA-AgNPs or 
TA-AuNPs of similar sizes (TA-Ag/AuNPs) to induce DCs maturation and activation in the 
presence of HSV-2 antigens when used at non-toxic doses. First, we used JAWS II DC 
line to test toxicity, ultrastructure as well as activation markers (MHC I and II, CD40, CD80, 
CD86, PD-L1) and cytokine production in the presence of TA-Ag/AuNPs. Preparations of 
HSV-2 treated with nanoparticles (TA-Ag/AuNPs-HSV-2) were further used to investigate 
HSV-2 antigen uptake, activation markers, TLR9 expression, and cytokine production. 
Additionally, we accessed proliferation and activation of HSV-2-specific T cells by DCs 
treated with TA-AgNP/AuNPs-HSV-2. We found that both TA-AgNPs and TA-AuNPs were 
efficiently internalized by DCs and induced activated ultrastructure. Although TA-AgNPs 
were more toxic than TA-AuNPs in corresponding sizes, they were also more potent 
stimulators of DCs maturation and TLR9 expression. TA-Ag/AuNPs-HSV-2 helped to 
overcome inhibition of DCs maturation by live or inactivated virus through up-regulation 
of MHC II and CD86 and down-regulation of CD80 expression. Down-regulation of CD40 
expression in HSV-2-infected DCs was reversed when HSV-2 was treated with TA-NPs 
sized >30 nm. On the other hand, small-sized TA-AgNPs helped to better internalize 
HSV-2 antigens. HSV-2 treated with both types of NPs stimulated activation of JAWS II and 
memory CD8+ T cells, while TA-AgNPs treatment induced IFN-γ producing CD4+ and 
CD8+ T cells. Our study shows that TA-AgNPs or TA-AuNPs are good activators of DCs, 
albeit their final effect upon maturation and activation may be metal and size dependent. 
We conclude that TA-Ag/AuNPs consist of a novel class of nano-adjuvants, which can 
help to overcome virus-induced suppression of DCs activation.

Keywords: silver nanoparticles, gold nanoparticles, dendritic cells, hsV-2, tannic acid
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inTrODUcTiOn

Nanoparticles (NPs) are increasingly recognized for their poten-
tial applications in cosmetics, pharmaceuticals, and medicine 
(1–5). The small size of NPs enables them to infiltrate tissues 
including lymphoid tissues and subsequently target immune 
cells, which makes them potentially useful in immunotherapies 
(6). Conjugation of NPs with biologically active compounds 
may further lead to new advantageous properties, better bio-
distribution, and bioactivity.

Dendritic cells (DCs) induce immunity (cellular and humoral) 
through response to foreign pathogens by activation of cellular 
immune response. In the periphery, DCs exist in immature state 
and are activated and differentiated into mature DCs through the 
recognition of antigens (7, 8). After antigen capture, DCs acquire 
a mature phenotype, lose their endocytic and phagocytic recep-
tors, and migrate to lymphoid organs for T cells priming (7, 8). 
Taking into account the fact that DCs are present throughout the 
body, they consist, together with other mechanisms of the adap-
tive immune response, the first line of encounter of the immune 
system with NPs.

Metallic NPs (MeNPs) are relatively non-biodegradable, have 
rigid structures, and possess simple synthesis methodology. 
Different MeNPs (gold, silver, and nickel) have been used in con-
junction with several Ag for distinct microorganisms and showed 
the ability to generate humoral and cytotoxic responses (9–12). A 
number of reports have indicated that gold NPs (AuNPs) facili-
tate delivery of antigens and adjuvants to the immune system, 
promote the therapeutic effect, and possess an adjuvant effect on 
their own (9–11). AuNPs accumulate in DCs and B cells of the 
spleen after intravenous injection (6). Furthermore, AgNPs also 
show a significant adjuvant effect mainly due to the recruitment 
and activation of local leukocytes, especially of macrophages (13). 
On the other hand, DCs exposed to silver NPs (AgNPs) show a 
decrease in cell viability and production of reactive oxygen spe-
cies (ROS) but no production of inflammatory cytokines such as 
TNF-α or IL-1β (14).

In our previous work, we demonstrated antiviral properties 
of tannic acid modified-AgNPs (TA-AgNPs) both in vitro and 
in vivo using the murine model of intravaginal HSV-2 infection 
(15). The antiviral mechanism of TA-AgNPs involved blocking 
of virus attachment, entry, and induction of anti-viral cytokine 
and chemokine production. Cytokine and chemokine produc-
tion during HSV-2 infection showed time and size-related 
differences for treatment with each NP type (15). Furthermore, 
TA-AgNPs also showed size-dependent immunomodulatory 
properties against uninfected monocytes and keratinocytes 
(16, 17).

Herpes simplex virus (HSV) causes a contagious infection 
that affects approximately 60% to 95% of adults worldwide. 
HSV-1 is associated mainly with infections of the mouth, 
pharynx, face, eye, and central nervous system (CNS), while 
HSV-2 is associated with infections of the anogenital region. 
HSV-1 and -2 persist in the body by becoming latent in the cell 
bodies of nerves and after the initial or primary infection (18). 
Currently, the only way of herpes treatment is the use of anti-
viral drugs, blocking viral replication. Given the sub-optimal 

performance of HSV vaccine candidates to date and the role of 
DCs in priming cellular responses, a more directed approach 
specifically targeted at DCs may be required to improve vac-
cine efficacy (19). One possible solution is to target DCs with 
appropriate antigens/adjuvants. Since NPs possessing anti-viral 
and immunomodulatory activities can be engulfed by DCs and 
used as “antigen delivery/enhancement system,” they can also 
play a role of the locally applied adjuvants (20, 21).

In the present study, we showed how differently sized 
TA-AgNPs and -AuNPs, applied at the non-toxic concentrations, 
influence maturation of JAWS II mouse DCs line, production 
of cytokines, and expression of TLR9. Furthermore, we showed 
that NPs treatment of HSV-2 can overcome inhibited maturation 
of DCs, increase antigen uptake as well as activation of HSV-2 
specific memory T cells as well as INF-γ producing CD4+ and 
CD8+ T cells.

MaTerials anD MeThODs

ethics statement
This study was performed in strict accordance with the recom-
mendations of the Polish Act of 21 January 2005 on animal 
experiments (OJ no. 33, item 289) and Directive 2010/63/EU of 
the European Parliament and the Council of 22 September 2010 
on the protection of animals used for scientific purposes. The 
protocol was approved by the 4th Local Committee on the Ethics 
of Animal Experiments in Warsaw, Poland (Permit Number: 
51/2013).

synthesis of aunPs and agnPs
Materials and Methods of Synthesis
Gold (III) chloride hydrate (HAuCl4·H2O, Sigma-Aldrich,  
St. Louis, MO, USA, ≥ 49% Au basis), silver nitrite (AgNO3; Sigma-
Aldrich, 99.999% metal basis), sodium citrate (C6H5Na3O7·2H2O, 
Sigma-Aldrich, ≥99%), ammonium citrate tribasic (C6H17N3O7, 
Sigma-Aldrich,  ≥  97%), tannic acid (C76H52O46, Fluka, Seelze, 
Germany), and sodium borohydride (NaBH4, Fluka, ≥99%) were 
used without additional purification. For all experiments, deion-
ized water was obtained from Deionizer Millipore Simplicity UV 
system (specific resistivity of water was 18.2 MΩ cm, Millipore, 
Merck, Warsaw, Poland). All AuNPs and AgNPs colloids were 
stored at darkness and filtered through a 0.1 μm polyvinylidene 
fluoride (PVDF) membrane before use in biological tests.

Synthesized NPs were characterized using scanning trans-
mission electron microscopy (STEM), dynamic light scattering 
(DLS), and UV-Vis spectroscopy. STEM measurements were 
performed using scanning electron microscope Nova NanoSEM 
450, accelerating voltage of 30 kV (FEI, Hillsboro, OR, USA) 
equipped with a detector for transmitted electron acquisition 
(STEM II). Samples for STEM were prepared as follows: a drop 
of colloid was deposited onto a carbon-coated copper grid (300 
mesh) and left for solvent evaporation under ambient condi-
tions. The DLS and Zeta potential measurements were carried 
out using Nano ZS Zetasizer system (Malvern Instruments, 
Malvern, Great Britain) with the He−Ne laser (633 nm) as the 
light source (scattering angle 173°, measurement temperature 
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Table 2 | The amounts of reagents used for the syntheses of AgNPs.

size of  
agnPs

silver nitrite reducing mixture

10 nm 94.5 g, 0.0166 wt% Tannic acid (0.6 g, 5 wt%)
Sodium citrate (4.2 g, 4 wt%)
Sodium borohydride (0.7 g, 2 wt%)

37 nm 95.2 g, 0.0165 wt% Tannic acid (0.6 g, 5 wt%)
Sodium citrate (4.2 g, 4 wt%)

59 nm 97.60 g, 0.0161 wt% Tannic acid (1.3 g, 5 wt%)
Sodium citrate (1.1 g, 4 wt%)

Table 1 | The amounts of reagents used for the syntheses of AuNPs.

size  
of aunPs

gold (iii) chloride 
hydrate

reducing mixture

10 nm 94.4 g, 0.018 wt% Sodium citrate (3.9 g, 1 wt%)
Tannic acid (1.7 g, 1 wt%)

34 nm 96.2 g, 0.018 wt% Tannic acid (3.8 g, 5 wt%)
62 nm 97.8 g, 0.018 wt% Tribase ammonium citrate (2.2 g, 2 wt%)
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25°C; medium viscosity 0.887 mPa⋅s, material refractive index 
1.330). DLS measurements were performed in disposable quartz 
cuvettes and Zeta potential measurements in disposable folded 
capillary zeta cells (DTS 1070). For analysis of Zeta potential 
measurements, the Smoluchowski model was applied (22). 
The UV−vis spectra were recorded with the spectrophotom-
eter USB2000 + detector (miniature fiber optic spectrometer) 
Ocean Optics, HL-2000 (tungsten halogen light sources) using 
quartz cuvettes (Ocean Optics, Winter Park, FL, USA).

Gold Nanoparticles
AuNPs with the size of 10  nm, 34  nm, and 62  nm and weight 
concentration of Au in colloid equal to 100 ppm were synthesized 
in water by reduction of gold (III) chloride hydrate. The synthesis 
procedures were described in our previous work (17). Briefly, an 
aqueous solution of gold (III) chloride hydrate was boiled and 
vigorously stirred under reflux. Next, a mixture of aqueous solu-
tions of sodium/ammonium citrate and/or tannic acid was added 
into the solution. The amounts of reagents used for syntheses are 
summarized in Table 1. After the reducing mixture changed color 
to red indicating the formation of AuNPs, the colloids were stirred 
for additional 15  min under reflux and cooled down to a room 
temperature.

Silver Nanoparticles
Silver nanoparticles (100 ppm) with the size of 10 nm, 37 nm, 
and 59 nm were synthesized in water by the chemical reduction 
method. The synthesis procedures were described previously (17) 
and were as follows: a reducing mixture was added to the aqueous 
solution of silver nitrite heated to the boiling point under reflux 
(except for AgNPs 10 nm, where the aqueous solution of silver 
nitrite at room temperature was used). The amounts of reagents 
used for syntheses are summarized in Table 2. After a few min-
utes, the color of the solution changed to brownish indicating 
the formation of AgNPs. The mixture was stirred for additional 
15 min.

Virus
HSV-2 strain 333 was grown and titrated (PFU/ml) in African 
green monkey kidney cells (GMK-AH1). The heat-inactivated 
virus was prepared by heating the virus suspended in a complete 
cell culture medium at 56°C for 60  min. For UV inactivation, 
virus suspension was exposed in sterile conditions to UV lamp 
for 45 min on ice. No viral particles were detected by plaque assay 
in the supernatants of cell cultures treated with UV- or heat-
inactivated HSV-2. For inactivation of HSV-2 with NPs, a virus 
inoculum was pre-incubated with 2.5 µg/ml of silver or AuNPs 
for 1 h, as described previously (15).

cell lines, bone-Marrow Derived Dcs 
(bMDcs), and Treatment With nPs
African green monkey kidney cells (GMK-AH1) were a gift from 
the Swedish Institute for Infectious Disease Control, Stockholm, 
and were cultured in MEM alpha modification (α-MEM) supple-
mented with 10% heat inactivated fetal bovine serum (HI-FBS), 100 
U/ml penicillin, and 100 µg/ml streptomycin B (Gibco by Thermo 
Fisher Scientific, MA, USA) in standard conditions (37°C, 5% CO2). 
The immature DCs (JAWSII) were purchased from American Type 
Culture Collection (ATCC, CRL-11904, Rockville, MD, USA) and 
were grown in α-MEM with deoxy- and ribonucleosides, sup-
plemented with 20% HI-FBS, 4 mM l-glutamine, 1 mM sodium 
pyruvate, 100 U/ml penicillin, 100 µg/ml streptomycin (Gibco), and 
5 ng/ml murine granulocyte macrophage colony-stimulating factor 
(GM-CSF) (Sigma-Aldrich), in standard conditions.

JAWSII cells were seeded into 24-well plates at a density of 
5 × 104/ml for 24 h before exposure to NPs at the concentration from 
0.5 to 10 µg/ml or infection with HSV-2, heat inactivated HSV-2, or 
HSV-2 inactivated with 2.5 µg/ml NPs at the multiplicity of infec-
tion (MOI) 0.5–1. After another 24 h, the cells were used for further 
analyses. Lipopolysaccharide (LPS, Sigma-Aldrich), a TLR-4 ligand, 
or polyinosinic-polycytidylic acid potassium salt (Poly I:C) (Sigma-
Aldrich), a TLR-3 ligand, at the concentration of 10 µg/ml and 5 µg/
ml, respectively, were used as positive control.

To inhibit NPs uptake in some experiments, the following 
inhibitors were used for 1 h: 10 µg/ml monodansyl cadeverine 
(MDC), 200 µM genistein, 10 µg/ml colchicine, 400 nM wort-
mannin, and 5  µg/ml cytochalasin D (CChD, Sigma-Aldrich), 
then washed out. Subsequently, the cells were exposed to 2.5 µg/
ml NPs for 6 h. Concentrations of inhibitors were chosen on the 
basis of lack of toxic effects measured by tests described below.

Primary cultures of BMDCs were prepared by culturing bone 
marrow cells isolated from C57BL6 mice in the D-MEM (Gibco) 
culture medium supplemented with 25  ng/ml GM-CSF and 
15 ng/ml IL-4 (Gibco), 4,500 mg/l glucose, antibiotics (penicillin 
and streptomycin), l-glutamine, 10% fetal bovine serum (Gibco) 
for 5 days. At day 5, primary cultures of DCs were washed and 
subjected to treatment, as described above. All experiments were 
performed at least in triplicates.

Toxicity assessment
To determine cell apoptosis or necrosis, Apoptosis Detection kit 
was used (Beckton Dickinson, Franklin Lakes, NJ, USA). The kit 
distinguishes apoptotic from necrotic cells by detecting apoptotic 
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asymmetry of the cell membrane with annexin V-FITC, while 
necrotic cells are labeled with red-fluorescent propidium iodide 
(PI). Briefly, after exposure to NPs, cells were collected, washed 
with PBS, and then suspended in staining solution containing 
5 µg/ml of annexin V and 1 µg/ml of PI, incubated for 10 min in 
4°C, and analyzed in FACS Calibur using CellQuest programme 
(Beckton Dickinson). Apoptotic cells were defined as the percent-
age of annexin V-FITC positive cells, while necrotic cells were 
defined as the percentage of PI positive cells.

To assess the mitochondrial potential after NPs treatment, 
the cells were stained with 5,5′,6,6′-tetrachloro-1,1′,3′-teraethyl-
benzimidazolylcarbocyanine iodide (JC-1, Sigma-Aldrich). For 
staining, cells were harvested and incubated with α-MEM sup-
plemented with 20% FBS and 5 µg/ml JC-1 at 37°C for 15 min. 
Cells were then washed two times in PBS and analyzed in FACS 
Calibur using CellQuest program (Beckton-Dickinson) for the 
percentage of cells with a decrease in red to green fluorescence 
intensity ratio. The Neutral red test was performed as described 
previously (16). The viability of cells was expressed as a percent-
age of the control, untreated cells (100%).

Transmission electron Microscopy (TeM) 
and scanning electron Microscopy (seM) 
imaging
For TEM imaging of JAWS II ultrastructure, cells were collected, 
fixed, and processed as described previously (17). Ultrathin sec-
tions (70–90 nm) were cut on a Ultracut E microtome (Reichert-
Jung, Austria). The images were acquired using Zeiss Libra 120 
transmission electron microscopy (Zeiss, Jena, Germany).

Scanning electron microscopy images of the cells surfaces 
were obtained by incubating JAWSII with 5 µg/ml of NPs for 3 h, 
then the cells were fixed with warm 2.5% glutaraldehyde in 0.1 M 
phosphate buffer pH 7.2 for 20 min, as described in Ref. (17) and 
acquired using FE-SEM Merlin (Zeiss, Jena, Germany).

confocal imaging
For microscopic detection of NPs, cells were plated on slides 
at a density of 1  ×  105/ml for 18  h before exposure to NPs. 
After 24 h of exposure to 5 µg/ml of TA-AgNPs or TA-AuNPs, 
the medium was discarded and the cells were fixed with 4% 
paraformaldehyde (PFA) in PBS (Sigma-Aldrich), washed 
twice with PBS and stained with LysoTracker™ Red DND-99 
(Thermo Fisher Scientific) according to the manufacturer′s 
protocol. The images were captured on an upright Leica SP8 
resonant scanning confocal system (Leica Microsystem, 
Wetzlar, Germany). Stacks of confocal 8-bit images with a pixel 
size of 0.186 µm and a 0.5 µm Z step were acquired using 40× 
oil immersion objective (NA 1.30). The pinhole was set to 1 AU. 
Nanoparticles were visualized in a reflection mode using a 
638 nm laser line. DNA signal from Hoechst 33342 was excited 
using a 405 nm laser line and 460–490 nm emission range was 
collected. Lysosomes were stained in live cells with LysoTracker 
Red DND-99 (excitation with a 552 nm laser line and recorded 
emission was 561–618 nm). The acquisition was performed in 
a sequential mode. Images showing equatorial optical sections 
were analyzed in Fiji/ImageJ software (National Institutes of 

Health, USA), and Manders’ Colocalization Coefficients were 
calculated in thresholded images.

Flow cytometry Phenotypic analysis, high 
content screening (hcs), and 
Measurement of cytokines
After treatments, cells were collected, washed with PBS contain-
ing 2% FBS, and blocked with anti-mouse CD16/CD32 (clone 93; 
eBioscience, San Diego, CA, USA) on ice for 10 min. After wash-
ing, cells were stained using anti-MHC I-FITC (clone 34-1-2 S; 
eBioscience), anti-CD80-PE (clone 16-10  A1; eBioscience), 
anti-CD40-FITC (clone HM40-3; eBioscience), anti-MHC II-PE 
(clone M5/114.15.2; eBioscience), anti-CD86-FITC (clone GL1; 
eBioscience), anti-PD-L1-PE (clone MIH5; eBioscience), anti-
CD3e-Alexa Fluor 488 (clone 145-2C11; eBioscience), anti-CD4-
PE (clone GK1.5; eBioscience), anti-CD8-BV421 (clone 53-6.7; 
Becton Dickinson), anti-CD44-APC (clone IM7; eBioscience), 
and anti-CD69-APC (clone H1.2F3; eBioscience). Following the 
immunolabelling for the extracellular markers, cells were fixed 
with Perm/Wash buffer (BD Bioscience) and were incubated 
with anti-IFN-γ APC-Cy7 (clone-XMG1.2; eBioscience). The 
stained cell suspensions were analyzed in FACS Calibur or FACS 
Verse for the percentage of positively stained cells or the mean 
fluorescence intensity.

For measurement of HSV-2 antigens incorporated 6  h post 
infection (p. i.), we used HCS. After infection, cells were fixed 
with acetone–methanol mixture, air dried, and kept until antigen 
detection at −20°C. After rehydration in PBS, cells were stained 
with FITC-conjugated anti-HSV-1/HSV-2 polyclonal antibody 
(Dako, Glostrup, Denmark). Nuclei were stained with Hoechst 
33342 (Sigma-Aldrich). Images were obtained and analyzed by 
ArrayScan™ XTI High Content Platform equipped with HCS 
Studio™ 2.0 Cell Analysis Software (Thermo Fisher Scientific).

We used Cytometric Bead Array (CBA) Mouse Th1/Th2/
Th17 Kit (IL-10, IL-17A, TNF, IFN-γ, IL-6, IL-4, IL-2) (Beckton 
Dickinson) to measure cytokines from culture supernatants by 
flow cytometry according to the manufacturer′s protocol. The 
results are presented as means of assays performed in triplicates. 
Data were analyzed using FCAP 0.1 BD Cytometric Bead Array 
and BD Array 1.4 software assay (Beckton Dickinson).

Tlr9 mrna levels
Total RNA was extracted with the Universal RNA Purification 
Kit (Eurx, Gdansk, Poland), following the manufacturer′s 
protocol. The amount of total RNA extracted and its purifica-
tion from protein and polysaccharides was determined with a 
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific). 
RNA integrity was verified electrophoretically in a 1.5% aga-
rose gel stained with ethidium bromide. Only samples that 
satisfied both the quality and integrity requirements were used 
in subsequent experiments. Three high-quality RNA samples 
(i.e., biological replicates) were obtained for each condition. 
Reverse transcription was carried out using Enhanced Avian HS 
RT-PCR Kit (Sigma-Aldrich), in line with the manufacturer′s 
instructions. To analyze expression of tlr9 gene, we used 
the primers 5′GCCACATTCTATACAGGGATTGG3′ and 
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5′GCCACATTCTATACAGGGATTGG3′, Gapdh was used  
as a reporter gene in our experiment. Real-time PCRs were 
performed in the RotorGene 6000 system (Qiagen, Hilden, 
Germany). Reactions were carried out using LuminoCt 
SYBR Green qPCR Master Mix (Sigma-Aldrich), while cycle 
threshold (Ct) estimates were obtained using the relative 
quantification module in the software package. Fluorescence 
data were analyzed subsequently using the Tm calling module 
in the RotorGene 6000 software. The 2ΔΔCt method was used in 
calculating the relative ratio, but instead of value 2, the correct 
amplification efficiency was used (23). We used a noise-resist-
ant iterative nonlinear regression algorithm (Real-time PCR 
miner; www.miner.ewindup.info) to determine the efficiency 
of the PCR reaction (24). Levels of mRNA were counted from 
three PCR reactions for each sample.

Mice challenge and T-cells activation 
assay
Female C57BL/6 mice were challenged every 30  days subcu-
taneously with 2.5 × 104 PFU of UV inactivated HSV-2. After 
240 days, and two weeks after the last challenge, the mice were 
sacrificed and spleens were isolated to obtain single cell suspen-
sions. T-lymphocytes were isolated using MACS Pan-T Cell 
Isolation Kit according to the manufacturer′s protocol (Miltenyi 
Biotec, Surrey, UK). The isolated T cells were stained with car-
boxyfluorescein succinimidyl ester (CFSE) (Sigma-Aldrich). 
Briefly, cells washed with PBS were incubated with 5 µM CFSE, 
then washed twice with 2% FBS/PBS. JAWSII were seeded for 
24  h in U-bottomed 96-plates at the density of 1  ×  104/well 
and infected with HSV-2, heat-inactivated HSV-2 or exposed 
to HSV-2 treated with NPs as described above. Twenty-four 
hour post-infection/treatment medium was replaced to RPMI 
supplemented with 10% HI-FBS, 100 U/ml penicillin, 100 µg/
ml streptomycin (Gibco), and then co-cultured with 105/well 
T cells. After 72 h, T cells proliferation was analyzed in FACS 
Calibur as described above.

T cell Proliferation assay
T cell proliferation was measured using Cell Proliferation ELISA 
BrdU colorimetric kit (Roche, Basel, Switzerland). Briefly, isolated 
T-cells were seeded into 96-well flat bottom plates at the density 
of 105 cells per well in the medium described above, containing 
2.5  µg/ml of TA-AgNPs or TA-AuNPs with or without 5  µg/
ml concanavalin A (Sigma-Aldrich). After 48  h of incubation 
bromodeoxyuridine (BrdU) was added to a final concentration 
of 100 µM, and cells were incubated for additional 24 h. Next, the 
cells were fixed and incorporated BrdU was detected according 
to the manufacturer′s protocol.

statistical Methods
Data are presented as the mean  ±  standard error of the mean 
(S.E.M.) from at least three independent experiments. Data were 
analyzed using a two-tailed paired Student′s t-test (normal dis-
tribution) or non-parametric Kruskal–Wallis and Wilcoxon tests 
were applied using Biostat 2009 software. In every analysis, values 
of p ≤ 0.05 were considered significant.

resUlTs

nPs characterization
Before biological tests, AuNPs and AgNPs were precisely char-
acterized. Briefly, the shape and size of metallic core of NPs were 
determined with STEM technique, the hydrodynamic size of NPs 
(the size of a metallic core along with substances present on the 
NPs surface) was measured with DLS technique and the colloidal 
stability of NPs was studied with DLS, UV–vis spectroscopy, and 
Zeta potential measurements.

The STEM images along with the DLS size distribution histo-
grams and UV–vis spectra of AuNPs and AgNPs are presented 
in Figures 1A–F (AuNPss and AgNPs, respectively). The size of 
a metallic core of AuNPs is 5 ± 1 nm (Figure 1A), 24 ± 3 nm 
(Figure 1B), and 58 ± 7 nm (Figure 1C), and the size of a metallic 
core of AgNPs: 6 ± 2 nm (Figure 1D), 27 ± 7 nm (Figure 1E), 
and 45 ± 8 nm (Figure 1F). The hydrodynamic size of NPs is: 
10 ±  2 nm (Figure 1A), 34 ±  7 nm (Figure 1B), 62 ±  10 nm 
(Figure 1C), 10 ± 2 nm (Figure 1D), 37 ± 7 nm (Figure 1E), and 
59 ± 10 nm (Figure 1F). Any other peaks from agglomerates or 
aggregates of NPs were not detected in all cases, which confirm 
the monodispersity and colloidal stability of all samples. The 
differences between the hydrodynamic size of NPs measured in 
DLS technique and the size of metallic core measured in STEM 
technique correspond to the shell of stabilizers adsorbed on NPs 
surface. The shell of stabilizers adsorbed on NPs surface consist 
of complexes of tannic acid and sodium citrate (25), which are 
involved in the synthesis of NPs and its further stabilization in 
a colloidal solution. The absorption peaks maxima recorded by 
UV–vis spectroscopy were located at wavelengths characteristic 
for AuNPs at: 520  nm, 518  nm, and 528  nm (samples A, B, 
and C, respectively) and for AgNPs at: 407  nm, 405  nm, and 
427 nm (samples D, E, and F, respectively). The negative values 
of Zeta potential confirmed high storage stability of all colloids 
(−26 ± 6 mV, −32 ± 1 mV, −51 ± 5 mV, −31 ± 7 mV, −58 ± 2 mV, 
and −56 ± 2 mV for sample A, B, C, D, E, and F, respectively). 
DLS results along with the UV–vis spectra and Zeta potential 
measurements confirm high stability of all investigated colloids. 
The overall results of AuNPs and AgNPs characterization are 
shown in Table 3.

Toxicity of nPs is size, concentration, and 
Metal Dependent
The apoptosis/necrosis assay at 24 h of exposure to NPs showed 
that toxicity of NPs was size and concentration dependent but 
also metal dependent. We found that TA-AgNPs are more toxic 
than TA-AuNPs, with more necrotic than apoptotic cells at ≥5 µg/
ml (Figure  2). Only the highest concentrations of the smallest 
TA-AgNPs and TA-AuNPs caused significant apoptosis (p ≤ 0.01) 
(Figures 2A,B). The significant increase of the necrotic cells was 
observed at 10 µg/ml for all tested TA-AgNPs (35.05 ± 3% for 
10 nm, 26.64 ± 2.26% for 37 nm, and 20.88 ± 1.9% for 59 nm) 
(p ≤ 0.05) (Figure 2C). On the other hand, the significant increase 
in the percentage of necrotic cells for TA-AuNPs treatments was 
observed only for 10 nm at the 10 µg/ml (51.8 ± 3.09% in com-
parison to 39.39 ± 2.26% for control) (p = 0.034) (Figure 2D).
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Table 3 | The overall results of AuNPs and AgNPs characterization.

sample sTeM size 
(nm)

Dls size  
(nm)

UV–vis λmax 
(nm)

Zeta potential 
(mV)

aunPs
A 5 ± 1 10 ± 2 520 −26 ± 6
B 24 ± 3 34 ± 7 518 −32 ± 1
C 58 ± 7 62 ± 10 528 −51 ± 5

agnPs
D 6 ± 2 10 ± 2 407 −31 ± 7
E 27 ± 7 37 ± 7 405 −58 ± 2
F 45 ± 8 59 ± 10 427 −56 ± 2

FigUre 1 | Dynamic light scattering (DLS) histograms, UV–vis, and scanning transmission electron microscopy images with size distribution histograms of AuNPs 
sized (a) 10 nm, (b) 34 nm, and (c) 62 nm, and AgNPs sized (D) 10 nm, (e) 37 nm, and (F) 59 nm.
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The mitochondrial potential after 24  h of treatment with 
TA-AgNPs or TA-AuNPs was determined using the JC-1 assay 
(Figures  2E,F). The decrease of mitochondrial potential was 
observed for all tested TA-AgNPs at ≥5 µg/ml and only for 62 nm 
TA-AuNPs at 10 µg/ml (p ≤ 0.05). Again, the strongest toxic effect 
was observed for 10 nm TA-AgNPs treatment—at 10 µg/ml, we 
observed 48.19  ±  11.08% cells with decreased mitochondrial 
potential in comparison to 37.32 ± 4.9% for 37 nm TA-AgNPs 
and 32.43 ± 0.29% for 59 nm TA-AgNPs (Figures 2E,F). These 
data suggest mitochondrial potential disruption and necrosis 
rather than apoptosis as the main toxic effects of tested NPs.

Toxicity tests in endothelial cells from mouse peripheral 
lymph nodes HECa10 showed results similar to those obtained in 

JAWS II, indicating metal- and size-dependent toxicity. We found 
10 nm TA-AgNPs already toxic at 2.5 µg/ml, while for other NPs, 
toxicity started from 5 µg/ml (10 nm TA-AuNPs) or 10 µg/ml (all 
remaining NPs) (Table S1 in Supplementary Material).

Uptake of nPs and impact on cellular 
Ultrastructure
To assess the influence of NPs upon morphology and ultras-
tructure of DCs, we used SEM (Figures 3 and 4). After 3 h of 
treatment with all tested NPs at 5 µg/ml, DCs showed an activated 
morphology (Figures 3A and 4A)—the cells became less rounded 
and more adherent in comparison to the untreated control cells 
(Figures 3A and 4A). Surface ultrastructure of cells exposed to 
NPs showed numerous microvilli of various length and lamel-
lipodia with funnel configuration decorated with single or small 
groups of NPs (Figures  3A and 4A). These structures indicate 
phagocytosis and endocytosis as the main mechanism of NPs 
uptake. The activated morphology of DCs is retained at 24 h of 
exposure to NPs (Figures 3B and 4B).

To investigate intracellular localization of NPs in exposed 
cells, we employed TEM (Figures 3B and 4B). The 24 h exposure 
of JAWS II cells to NPs at the concentration of 2.5 µg/ml led to 
accumulation of NPs mainly within vesicles filled with an electron 
dense content. We found that intracellular sizes of all tested AgNPs 
were below the synthesis dimensions (Figure 3B) in contrast to 
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FigUre 2 | Cytotoxicity assays in JAWSII cell line at 24 h of exposure to AgNPs sized 10 nm, 37 nm, and 59 nm, and AuNPs sized 10 nm, 34 nm, and 62 nm at 
0.5–10 µg/ml. (a,b) Percentage of annexin V-positive (apoptotic) cells. (c,D) Percentage of PI positive (necrotic) cells. (e,F) Decrease in mitochondrial potential 
expressed as the percentage of cells with decreased mitochondrial potential Each bar represents the mean from five experiments (N = 5) ± S.E.M., *Significant 
differences with p ≤ 0.05, **p ≤ 0.01.
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TA-AuNPs with the unchanged sizes (Figure 4B). TA-AgNPs of 
10 nm and 37 nm as well as TA-AuNPs of 10 nm and 34 nm were 
localized as attached to inner vesicles membrane (Figures  3B 
and 4B, respectively) whereas 59 nm TA-AgNPs were found as 
small groups of particles dispersed in vesicles (Figure 3B). Single 
62  nm TA-AuNPs were thoroughly distributed in the vesicles 
content (Figure 4B).

To test if NPs are degraded in lysosomes, we stained cells with 
LysoTracker (Figure 5). The analyses showed that co-localization 
of TA-Ag/AuNPs with lysosomes was lower in comparison to 
localization in non-acidic compartments both at 6 and 24 h of incu-
bation (Figures 5A,B). The highest co-localization with lysosomes 

was observed for 37 nm and 59 nm TA-AgNPs, 10 nm and 62 nm 
TA-AuNPs at 24 h (Figure 5B). Figure 5C shows localization of 
TA-Ag/AuNPs in JAWS stained for lysosomes. The NPs are visual-
ized in red by the light reflected from their surface. Therefore, the 
higher surface to volume ratio, the higher signal (Figure 5C).

To further understand the mechanism of NPs uptake, we used 
pharmacological inhibitors of clathrin-mediated endocytosis 
(MDC), caveolae/lipid raft-mediated endocytosis (genistein), 
colchicine (pinocytosis), fluid-phase endocytosis (wortmannin), 
phagocytosis, and macropinocytosis (CChD). Of all used inhibi-
tors, only MDC and CChD significantly inhibited uptake of all 
NPs at 6 hours of incubation (p ≤ 0.05) (Figure 5D).
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FigUre 3 | Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images of JAWS II cell line after 3 (a) and 24 h (b) of incubation with 
5 µg/ml 10, 37, and 59 nm TA-AgNPs. White arrows indicate deposition of NPs, red arrowheads indicate lamellipodia, while black arrows point to intracellular 
deposits of AgNPs. Bars 2 μm, 250 nm and 350 nm are indicated.
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effect of nPs on expression of surface 
activation Markers
During activation and maturation, DCs change their morphology 
and up-regulate surface activation markers. To check the influ-
ence of NPs on maturation of DCs, we measured expression levels 
of MHC class I/II and CD40, CD80, and CD86 co-stimulatory 
molecules after 24 h treatment with NPs at the non-toxic dose 
of 2.5 µg/ml (Figure 6), but also at 6 h after treatment with NPs 
and inhibitors of endocytosis and phagocytosis—MDC and 
CChD (Figure  7). Lipopolysaccharide was used to stimulate 
DCs maturation in the positive control. For JAWS II, MHC 
I and CD80 expression is present on all cells, while MHC II, 
CD40, and CD86 are detected only for the percentage of cell 
culture. However, these cells show different characteristics of 
activation markers in response to NPs modified with tannic 
acid. While for MHC I and CD86, activation was observed as an 

increased or decreased percentage of cells expressing a particular 
marker, for CD40, CD80, and MHC II, activation was showed 
as changes in the mean fluorescence intensity (MFI). All tested 
NPs significantly decreased the percentage of MHC I positive 
cells (p  ≤  0.01) (Figure  6A). We observed 59.16  ±  2.24% and 
61.49 ± 8.9% MHC I positive cells for small (S, 10 nm and 10 nm) 
TA-AgNPs and TA-AuNPs, 62.08  ±  3.06% and 66.84  ±  2.39% 
for medium (M, 37 nm and 34 nm) TA-AgNPs and TA-AuNPs, 
62.13 ± 3.73% and 65.46 ± 3.75% for large (L, 59 nm and 62 nm) 
TA-AgNPs and TA-AuNPs, respectively, in comparison to con-
trol untreated cells (79.1 ± 1.19%) and LPS-stimulated positive 
control (89.04  ±  1.81%) (p  =  0.002) (Figure  6A). MDC and 
CChD significantly reduced MHC I expression in control JAWS 
II cells at 6 h (p ≤ 0.01) (Figure 7A), which can be contributed 
to the individual sensitivity of this cell line to phagocytosis and 
endocytosis inhibitors. However, only treatment with MDC led to 
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FigUre 4 | Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images of JAWS II cell line after 3 (a) and 24 h (b) of incubation with 
5 µg/ml 10, 34, and 62 TA-AuNPs. White arrows indicate deposition of NPs, red arrowheads indicate lamellipodia, while black arrows point to intracellular deposits 
of AuNPs. Bars 2 μm, 250 nm and 350 nm are indicated.
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further significant decrease in MHC I expression in cells treated 
with all sizes of TA-Ag/AuNPs in comparison to MDC-treated 
control cells at 6 h (p ≤ 0.05) (Figure 7A). In contrast, all NPs 
except for 10  nm TA-AuNPs significantly increased MHC II 
expression, at the level similar to LPS stimulation (339.36 ± 4.68 
MFI), in comparison to untreated control (233.93 ± 18.15 MFI) 
(p ≤ 0.05) (Figure 6B). Significant increase of MHC II expression 
was also observed for cells treated with CChD, both control and 
NPs-treated at 6 h (p ≤ 0.05) (Figure 7B).

Analysis of CD40 revealed that DCs exposed to TA-AgNPs 
increase expression of this marker (Figure 5C). Stimulation with 
10 nm TA-AgNPs led to a two-fold increase of CD40 expression 
in comparison to untreated control cells (431.69  ±  67.81 MFI 
and 209.36  ±  20.18 MFI, respectively) (p  ≤  0.01). Exposure 
to 37  nm and 59  nm TA-AgNPs increased CD40 expression 

to 354.39  ±  65.83 MFI (p  ≤  0.01) and 317.23  ±  58.83 MFI 
(p  ≤  0.05), respectively. No significant changes were observed 
upon TA-AuNPs or LPS treatment (p ≥ 0.05) (Figure 6C).

Interestingly, NPs-treated cells subjected to MDC significantly 
up-regulated CD40 expression in comparison to control and 
MDC-treated control (p  ≤  0.05), except for 59  nm TA-AgNPs 
(Figure 7C). CChD did not influence CD40 expression in NPs-
treated cells (Figure 7C).

Up-regulation of CD86 expression was found during LPS, 
TA-AgNPs, and 10 nm TA-AuNPs treatment (Figure 6D). Treatment 
with 10 nm TA-AgNPs or TA-AuNPs led to a three- and two-fold 
increase in CD86 expression (36.51 ± 3.83% and 25.21 ± 3.91%, 
respectively) in comparison to control (13.78 ± 0.96%). Interestingly, 
treatment with 37  nm TA-AgNPs elevated CD86 expression 
five-fold (80.46 ± 3.84%) in comparison to untreated control cells 
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FigUre 5 | Intracellular localization of TA-Ag/AuNPs. The Manders’ coefficients for co-localization of TA-Ag/AuNPs and cytoplasm (a) or lysosomes (b) in JAWS II 
cell culture exposed to 10 nm, 37 nm, 59 nm TA-AgNPs and 10 nm, 34 nm, 62 nm TA-AuNPs for 24 h at 2.5 µg/ml. *Significant differences with p ≤ 0.05. (c) 
Representative images for lysosomes (green), nanoparticles (NPs) (red) and nuclei (blue) in cells exposed to NPs, as described above. (D) NPs content in cells 
subjected to pretreatment with 10 µg/ml monodansyl cadeverine and 5 µg/ml cytochalasin D, and then to incubation with TA-Ag/AuNPs at 2.5 µg/ml for 6 h.
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FigUre 6 | Effect of nanoparticles (NPs) on expression of surface activation markers. MHC class I (a), MHC class II (b), CD40 (c), CD86 (D), and CD80 (e) from 5 
experiments (N = 5) ± S.E.M. (F) Representative dot plots (left panel)  for MHC I and MHC II expression and representative histograms for MHC II expression.  
(g) Representative histograms for CD40 expression. (h) Representative dot plots for CD80 and CD86 expression (left panel) and representative histograms for 
CD86 expression (right panel). *Significant differences with p ≤ 0.05, **p ≤ 0.01.
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FigUre 7 | Effect of nanoparticles (NPs) on expression of surface activation markers in the presence of endocytosis and phagocytosis inhibitors. MHC class I (a), MHC 
class II (b), CD40 (c), CD86 (D), and CD80 (e) expression on the JAWS II cells after 6 h exposure to 2.5 µg/ml 10 nm (S), 37 nm (M), 59 nm (L) TA-AgNPs and 10 nm 
(S), 34 nm (M), 62 nm (L) TA-AuNPs with or without pretreatment with 10 µg/ml monodansyl cadeverine (MDC), and 5 µg/ml cytochalasin D (CChD). Each bar represents 
the mean from three experiments (N = 3) ± S.E.M. *Significant differences with p ≤ 0.05, **p ≤ 0.01 in comparison to untreated control, ‡Significant differences with 
p ≤ 0.05 in comparison to inhibitor treatment.
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FigUre 8 | Nanoparticles (NPs) stimulate uptake of viral antigens and 
expression of TLR9. (a) Presence of HSV-2 antigens in JAWS II cells after 6 h 
exposure to HSV-2, inactivated HSV-2, or NPs-treated HSV-2. TLR 9 
expression in NPs- and HSV-NPs-treated JAWS II cells. The cells were 
exposed to 2.5 µg/ml of (b) TA-Ag/AuNP, (c) TA-AgNPs or TA-AuNPs-
treated HSV-2. Each bar represents the mean from three experiments 
(N = 3) ± S.E.M. *Significant differences with p ≤ 0.05, **p ≤ 0.01 in relation 
to untreated control, ǂp ≤ 0.05, and ǂǂp ≤ 0.01 calculated in relation to the 
HSV-2 infected control.
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(13.78 ± 0.96%) (p = 0.0000). No significant influence upon CD86 
expression was found for cells treated with MDC, both control and 
NPs-treated at 6 h (p > 0.05) (Figure 7D).

A significant decrease in CD80 expression levels was observed 
upon LPS treatment (66.42  ±  9.37 MFI) as well as for 10  nm 
(62.94  ±  3.89 MFI), 37  nm (63.42  ±  1.79 MFI), and 59  nm 
(69.99 ± 6.12) TA-AgNPs treatment when compared with control 
cells (86.19  ±  4.79 MFI) (p  ≤  0.01) (Figure  6E). Significantly 
decreased expression of CD80 was also observed during exposure 
to 34 and 62 TA-AuNPs (64.08 ± 6.49 MFI and 63.48 ± 2.25 MFI, 

respectively) (p  ≤  0.01) (Figure  6E). No significant influence 
upon CD80 expression was found for cells treated with MDC, 
both control and NPs-treated at 6 h (p > 0.05) (Figure 7E).

Programmed death-ligand 1 (PD-L1) has been postulated to 
play a crucial role in suppressing lymphocyte activation (26). 
Here, we tested if TA-NPs treatment has any influence upon 
PD-L1 expression in JAWS II cells, but we found no significant 
differences (data not shown).

To check for relevance with in vivo conditions, we performed 
follow-up experiments with BMDCs cultures obtained from 
C57BL/6 mice. All sizes of TA-AgNPs significantly decreased per-
centages of MHC I positive BMDCs (p ≤ 0.05), while this tendency 
was insignificant for TA-AuNPs treated cells (p  >  0.05) (Figure 
S1A in Supplementary Material). BMDCs treated with all sizes of 
TA-AgNPs/AuNPs significantly increased MHC II expression, at 
the level similar to LPS stimulation in comparison to untreated 
control (p ≤ 0.05) (Figure S1B in Supplementary Material). As for 
JAWS II cells, BMDCs exposed to TA-AgNPs significantly increased 
expression of CD40 (p  ≤  0.05) (Figure S1C in Supplementary 
Material). A decrease in CD80 expression levels was observed upon 
LPS treatment and treatment with all sizes of TA-AgNPs/AuNPs 
(p ≤ 0.05) (Figure S1D in Supplementary Material) except for 10 nm 
and 37  nm TA-AgNPs, due to a high distribution of individual 
results. For CD86 expression, we did not observe any significant 
differences in the expression patterns after exposure to TA-AgNPs/
AuNPs (p > 0.05) (Figure S1D in Supplementary Material).

nPs stimulate Uptake of Viral antigens
In our previous work, we showed that 1 h pre-incubation of HSV-2 
inoculum with 2.5 µg/ml TA-NPs resulted in complete inhibition 
of infection in vitro (15). Here, we examined if TA-NPs-treated 
HSV-2 (HSV) can induce DCs maturation. First, we studied the 
level of TA-NPs-treated HSV-2 (NPs-HSV) uptake by JAWS II 
cells in comparison to non-treated HSV-2 and heat inactivated 
HSV-2 (inHSV) (Figure 8A). The antigen uptake after 6 h post 
infection (p. i.) for HSV and inHSV was observed at the similar 
level (578.84 ± 15.67 MFI and 541.06 ± 60.78 MFI, respectively). 
A six-hour incubation of JAWS II with 2.5 µg/ml TA-NPs-HSV 
resulted in a significant internalization of viral antigens in the 
presence of S and M AgNPs-HSV (p ≤ 0.05) in comparison to 
HSV-2 infected control. The highest observed antigen uptake was 
found for S TA-AgNPs-HSV (809.89 ± 21.79 MFI) (p = 0.0005) 
(Figure 8A). Blockage of the virus surface by L TA-AgNPs and all 
tested TA-AuNPs did not influence the uptake of viral antigens in 
comparison to infection with untreated HSV-2.

Tlr9 expression
TLR9 is expressed within the endoplasmic compartment and 
recognizes CpG DNA motifs (27). Since we observed higher 
internalization of HSV-2 treated with NPs, we measured the 
level of TLR9 mRNA in the treated JAWS II cells. After exposure 
of DCs to TA-AgNPs, the level of TLR9 mRNA significantly 
increased inversely with their size (Figure 8B). Exposure to 10 nm 
TA-AgNPs induced 26.02 ± 3.82-fold higher expression of TLR9 
mRNA in comparison to control cells (p = 0.046) (Figure 8B). 
The 37  nm and 59  nm TA-AgNPs caused 9.19  ±  1.53 and 
10.54 ± 1.66-fold increase of TLR9 mRNA level in comparison 
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FigUre 9 | Nanoparticles (NPs)-treated HSV-2 stimulate maturation of dendritic cells (DCs). MHC class I (a), MHC class II (b), CD40 (c), CD86 (D), CD80 (e), and 
PD-L1 (F) expression on the JAWS II cells after 24 h exposure to HSV-2 treated with 2.5 µg/ml of 10 nm (S), 37 nm (M), 59 nm (L) TA-AgNPs and 10 nm (S), 34 nm 
(M), 62 nm (L) TA-AuNPs. Each bar represents the mean from 5 experiments (N = 5) ± S.E.M. *Significant differences with p ≤ 0.05, **p ≤ 0.01 in relation to 
untreated control, ǂp ≤ 0.05, and ǂǂp ≤ 0.01 calculated in relation to the HSV-2 infected control.
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to control, respectively (p ≤ 0.01). Only 37-nm-sized TA-AuNPs 
caused a significant increase in the TLR9 mRNA level (8.86 ± 2.9) 
(p = 0.0280). Infection of JAWS II cells led to 4.11 ± 1.23 higher 
level of TLR9 mRNA in comparison to uninfected control cells 
(p  =  0.039) (Figure  8B). During exposure of JAWS II cells to 
HSV-2 treated with TA-AgNPs, we observed an increased synthe-
sis of mRNA (p ≤ 0.05) (Figure 8C). None of TA-AuNPs-treated 
HSV-2 significantly induced the synthesis of TLR9 mRNA level in 
comparison to untreated control (p ≥ 0.05) (Figure 8C).

nPs Treated hsV-2 stimulate Maturation 
of Dcs
Taking into account the fact that HSV-2 infection inhibits DCs 
maturation and thus results in a poor development of the specific 
immune response (28), we examined the impact of HSV-2 treated 

with NPs on the activation markers at 24 h post infection (p. i.). 
For all tested AgNPs-treated HSV-2, MHC class I expression was 
significantly higher in comparison to control cells and stayed at 
the level similar to that observed for positive poly (I:C) stimu-
lated control (p  ≤  0.01) (Figure  9A). Following infection with 
TA-AuNPs-HSV-2, only 10 nm TA-AuNPs-HSV-2 significantly 
increased MHC I expression (p ≤ 0.01). HSV-2 infection signifi-
cantly decreased MHC II expression in comparison to untreated 
control (184.63  ±  14.35% and 233.93  ±  14.15%, respectively) 
(p = 0.016) (Figure 9B). On the contrary, exposure to TA-AgNPs-
treated HSV-2 resulted in a significant up-regulation of MHC II 
expression in comparison to untreated control and HSV-2 infected 
cells (p ≤ 0.05). Only exposure to M and L TA-AuNPs-treated 
HSV-2 caused a significant up-regulation of MHC II expression 
(354.47 ± 10.78 MFI and 313.98 ± 35.36 MFI, respectively) in 
comparison to untreated and HSV-2 infected cells (p ≤ 0.05).
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FigUre 10 | Effect of nanoparticles (NPs) and NPs-treated-HSV-2 on 
cytokine secretion. TNF-α (a) and IL-6 (b) production in JAWS II cells 
exposed to 2.5 µg/ml NPs for 24 h. (c) TNF-α and (D) IL-6 production in 
JAWS II cells exposed to NPs-treated HSV-2 for 24 h. Each bar represents 
the mean from 3 experiments (N = 3) ± S.E.M. *Significant differences with 
p ≤ 0.05, ** p ≤ 0.01 in relation to untreated control, ǂp ≤ 0.05, and 
ǂǂp ≤ 0.01 calculated in relation to the HSV-2 infected control.
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HSV-2 infection also led to a significant decrease in CD40 
expression (122.26 ± 5.41 MFI) in comparison to untreated con-
trol cells (209.36 ± 20.18 MFI) (p = 0.0075) (Figure 9C). However, 
cells exposed to HSV-2 treated with M and L TA-AgNPs showed 
significantly higher CD40 expression than HSV-2 infected cells 
(122.26  ±  5.41 MFI) (p  ≤  0.01). Also, cells exposed to HSV-2 
treated with M and L TA-AuNPs showed significantly higher 
expression of CD40 (167.42 ± 4.17 MFI and 172.01 ± 12.69 MFI) 
in comparison to infected cells (122.26 ± 5.41 MFI) (p ≤ 0.05).

HSV infection of JAWS II cells resulted in a significant up-
regulation of CD86 expression (30.07 ± 1.75%, p = 0.0000), as 
that observed for poly (I:C) stimulated control (33.06 ± 2.12%, 
p  =  0.0000) in comparison to untreated control cells 
(13.78 ±  0.96%) (Figure 9D). All NPs-treated HSV-2 prepara-
tions significantly increased CD86 expression in comparison to 

untreated control cells (p  ≤  0.05). The lowest up-regulation of 
CD86 expression was observed for M TA-AgNPs and S/M AuNPs 
treated HSV-2 (20.2 ± 4.3%, 20.05 ± 3.03%, and 20.42 ± 2.8%, 
respectively) (p ≤ 0.05).

CD80 expression was significantly decreased upon poly (I:C) 
stimulation in comparison to untreated control (68.03 ± 3.42 MFI 
and 86.19 ±  4.79 MFI, respectively) (p =  0.0179) (Figure  9E). 
Inactivated HSV-2 was the strongest down-regulator of CD80 
expression (44.38 ± 4.46) (p = 0.0015). All NPs-treated HSV-2 
significantly downregulated expression of CD80. We observed 
stronger down-regulation of CD80 expression on the cells 
exposed to TA-AgNPs-HSV-2 than on the cells exposed to 
TA-AuNPs-HSV-2 preparations (p ≤ 0.01 and p ≤ 0.05, respec-
tively) (Figure 9E).

Here, we checked if NPs-treated HSV-2 was able to influence 
the level of PD-L1 expression on JAWS II (Figure  9F). HSV-2 
infection of JAWS II resulted in a significant up-regulation of 
PD-L1 (103.53 ± 2.36 MFI) in comparison to untreated control 
cells (44.68  ±  2.7 MFI) (p  =  0.0000). We observed a size-
dependent influence of TA-AgNPs-treated HSV-2 upon PD-L1 
expression with PD-L1 expression increasing together with the 
size of AgNPs used for HSV-2 inactivation (p ≤ 0.01) (Figure 9F). 
Interestingly, treatment of HSV-2 with S/M TA-AgNPs led to 
PD-L1 expression which was lower than that this observed on 
HSV-2 infected DCs (p ≤ 0.05) (Figure 9F). For AuNPs-treated 
HSV-2, we observed a reversed correlation—PD-L1 expression 
decreased with the increasing size of AuNPs and the highest 
expression of PDL-1 was detected in S AuNPs-HSV-2-treated 
cells (Figure 9F). Furthermore, only M and L TA-AuNPs-treated 
HSV-2 preparations led to PD-L1 expression lower than that this 
observed for HSV-2 infection (p ≤ 0.05) (Figure 9F).

Polymyxin B had no significant influence upon expression 
of MHC I, MHC II, CD80, CD86 in DCs subjected to TA-NPs-
treated HSV-2, except for CD40, expression of which was signifi-
cantly down-regulated upon polymyxin B addition (Table S2 in 
Supplementary Material). Significant decrease in CD40 expres-
sion was observed for HSV-2 treated with TA-AgNPs, and 63 nm 
TA-AuNPs (p ≤ 0.05) (Table S2 in Supplementary Material).

effect of nPs and nPs Treated hsV-2 on 
cytokine secretion
During activation and maturation, DCs change the profile of 
produced cytokines. We measured secretion of IL-10, IL-17A, 
TNF-α, IFN-γ, IL-6, IL-4, and IL-2 by JAWS II subjected to 
HSV-2 treated with TA-Ag/AuNPs using the CBA. We were not 
able to detect IL-10, IL17A, IFN-γ, IL-4, or IL-2 in the superna-
tants from stimulated or control cells. Exposure to all NPs did not 
cause any significant change in TNF-α secretion in comparison 
to untreated control (Figure  10A) (p  ≥  0.05). IL-6 measure-
ment showed a significant decrease upon treatment with S, M, 
and L TA-AgNPs (19.85 ± 0.55 pg/ml, 18.94 ± 0.69 pg/ml, and 
19.2 ± 1 pg/ml, respectively) in comparison to untreated control 
cells (28.19 ± 3.22 pg/ml) (p ≤ 0.01) (Figure 10B).

HSV-2 infection of JAWS II significantly increased TNF-α pro-
duction to 342.23 ± 37.59 pg/ml in comparison to 42.34 ± 5.89 pg/
ml produced by untreated control cells (p = 0.0007) (Figure 10C). 
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FigUre 11 | Nanoparticles (NPs) enhance the ability of dendritic cells (DCs) to activate T cells in vitro. Percentage of divided CD4+ (a) and CD8+ T cells (b). 
Representative dot plots and histogram plots of CD69+ CD4+ (c) and CD69+ CD8+ (D) divided T cells. Percentage of CD69+ divided CD4+ (e) and CD69+ divided 
CD8+ T cells (F). Percentage of IFN-γ+ CD4+ (g) and IFN-γ+ CD8+ T cells with or without 10 µg/ml polymyxin B (h). Percentage of CD44+ CD8+ T cells with or 
without 10 µg/ml polymyxin B (i). Each bar represents the mean from 3 experiments (N = 3) ± S.E.M. *Significant differences with p ≤ 0.05, **p ≤ 0.01 in relation to 
untreated control, ‡p ≤ 0.05, and ‡‡p ≤ 0.01 calculated in relation to the HSV-2 infected control. ¤p ≤ 0.01 calculated in relation to the inactivated HSV-2.
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FigUre 12 | Direct effect of nanoparticles (NPs) on proliferation of T cells. T cell cultures with or without concanavalin A (ConA) were cultured with 2.5 µg/ml of 
(a) 10 nm (S), 37 nm (M), 59 nm (L) TA-AgNPs and (b) 10 nm (S), 34 nm (M), 62 nm (L) TA-AuNPs for 72 h. Each bar represents the mean from 3 experiments 
(N = 3) ± S.E.M. *Significant differences with p ≤ 0.01, ††p ≤ 0.01 calculated in relation to concanavalin A-treated control.
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We did not observe any significant changes in TNF-α secretion 
upon stimulation with HSV-2 (p ≥ 0.05). Exposure to TA-AgNPs-
treated HSV-2 caused significantly higher secretion of TNF-α, 
for all NPs sizes, in comparison to non-stimulated control 
(p ≤ 0.05), but it was significantly lower for all tested TA-AgNPs 
sizes in comparison to HSV-2 infected cells (71.01  ±  7.26  pg/
ml for S, 64.18 ± 4.16 for M, and 74.32 ± 574 pg/ml for L TA- 
AgNPs-HSV-2) (p ≤ 0.01). On the other hand, stimulation with 
TA-AuNPs-treated HSV-2 significantly increased secretion of 
TNF-α at similar levels for all tested sizes (p ≤ 0.01). The observed 
increase was higher in TA-AuNPs-HSV-2 than in TA-AgNPs-
HSV-2-treated cells. Interleukin 6 was produced during HSV-2 
infection (656.45  ±  10.06  pg/ml), although at the level lower 
than in poly I:C stimulated control cells (8,250.42 ± 886.99 pg/
ml) (p = 0.0000) (Figure 10D). In comparison to HSV-2 infected 
cells, all TA-AgNPs-HSV-2 preparations decreased IL-6 produc-
tion (p ≤ 0.01) to the level observed in the unstimulated control 
(Figure 10D). TA-AuNPs-treated HSV-2 caused strong IL-6 pro-
duction in comparison to untreated cells (p ≤ 0.01) (Figure 10D). 
Only S and L TA-AuNP-HSV-2 preparations significantly 
decreased production of IL-6 in comparison to HSV-2 infected 
cells (p ≤ 0.05) (Figure 10D).

nPs enhance the ability of Dcs to activate 
antigen-specific T cells In Vitro
Development of adaptive immune response depends on the effec-
tive antigen presentation by APCs to naïve T cells. Here, we exam-
ined the ability of JAWS II exposed to TA-NPs-treated HSV-2 
to activate splenic CD4+ and CD8+ T  cells isolated from mice 
challenged with UV-inactivated HSV-2 (Figure 11). Treatment of 
JAWS II cells with untreated HSV-2 and heat inactivated HSV-2 
resulted in induction of CD4+ and CD8+ T cells proliferation, with 
higher induction of CD4+ T cells than CD8+ T cells (p ≤ 0.01) 
(Figures 11A,B). Significant increase of CD4+ cells was observed 
if JAWS II were exposed to S and L TA-AgNPs-treated HSV-2 
in comparison to HSV-2 infection (p  ≤  0.05) (Figure  11A).  
M TA-AgNPs-treated HSV-2 induced CD4+ T cells proliferation 
(p ≤ 0.05) (Figure 11A), albeit only in comparison to uninfected 
cells. JAWS II stimulated with all TA-AuNPs-treated HSV-2 
induced significant proliferation of CD4+ cells in comparison to 
HSV-2 infected cells (p ≤ 0.05) (Figure 11A).

JAWS II cells exposed to all TA-NPs-HSV induced significantly 
higher proliferation of CD8+ cells in comparison to HSV-2 infected 
control (p ≤ 0.05) (Figure 11B). CD69 was used as a marker of early 
T cell activation in the population of divided cells. Dendritic cells 
subjected to all TA-NPs-HSV significantly induced expression of 
CD69 in divided CD4+ and CD8+ T cells in comparison to HSV-2 
infected control cells (p  ≤  0.01) (Figures  11C–F). Furthermore, 
JAWS II cells exposed to all sizes of TA-AgNPs-HSV and L TA-AuNPs 
induced significantly higher percentages of IFN-γ CD4+  and 
CD8+ T cells in comparison to HSV-2 infected control or control 
cells treated with inactivated HSV-2 (p ≤ 0.05) (Figures 11G,H). 
Also, percentages of memory CD44+ CD8+ T cells in co-cultures 
with DCs exposed to all NPs-HSV-2 were significantly increased 
in comparison DCs stimulated with inactivated HSV-2 (p ≤ 0.05) 
(Figure  11I). However, only treatment of DCs with all sizes of 
TA-AgNPs-HSV and L TA-AuNPs induced significantly higher 
percentages of CD44+  CD8+  T  cells in comparison to HSV-2 
infected control (p ≤ 0.05) (Figure 11I). Treatment with polymyxin 
B significantly blocked activation of T cells.

DirecT eFFecT OF nPs anD T cells

In our experiments with co-culture of DCs with T  cells, the 
NPs were not present—they were washed out before addition of 
T cells. However, taking into account possibility of T cells coming 
into contact with NPs, we checked direct effects of TA-Ag/AuNPs 
on T cells. For T cells exposed to TA-modified 10 nm, 37 nm, and 
59 nm AgNPs, the EC50 values were as follows: 11.22 ± 1.41 µg/
ml, 17.85 ± 1.46 µg/ml, and 27.69 ± 4.77 µg/ml, respectively. For 
exposure of T cells to TA-modified 10 nm, 34 nm, and 62 nm 
AuNPs, EC50 values were 29.03 ± 2.95 µg/ml, 16.69 ± 0.15 µg/
ml and 17.93  ±  0.55  µg/ml, respectively. To access how direct 
contact with NPs may influence T cell proliferation, we cultured 
T cells for 72 h with or without concanavalin A in the presence 
of 2.5  µg/ml TA-Ag/AuNPs and accessed T  cell proliferation. 
Our data show that although all sizes of TA-AgNPs significantly 
decrease spontaneous proliferation of T cell cultures (p ≤ 0.01) 
(Figure 12A), only 10 nm TA-AgNPs can significantly decrease 
proliferation induced by concanavalin A (p ≤ 0.01) (Figure 12A). 
No significant influence of TA-AuNPs upon spontaneous or 
concanavalin-induced proliferation was observed (Figure 12B).
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DiscUssiOn

Taking into account an increasing interest in NPs as a new class of 
microbicides, the aim of this work was to check whether anti-viral 
activity of TA-AgNPs is followed by an adjuvant and immune-
stimulatory effect. Various papers have demonstrated that metal 
NPs such as silver, gold, and iron oxide enhance the immuno-
genicity of antigens (9, 13, 20, 29). Therefore, apart from other 
applications of NPs, they can also be used as immune modulators. 
The material from which an NP is made as well as size, shape, 
and surface coating has a direct influence on the functions of 
APCs (9). Most studies use negatively charged citrate-coated 
NPs (9, 29), but the higher hydrophobicity of AuNP was shown 
to activate the innate immune system (TNF-α secretion) (30). 
Tannins are water-soluble phenol derivatives naturally synthe-
sized and accumulated by higher plants as secondary metabolic 
products. Tannic acid (penta-m-digalloyl glucose) is the simplest 
and principal hydrolyzable tannin shown to exert anti-oxidative, 
anti-inflammatory, and antiviral properties (31, 32). It is known 
that the polyphenolic nature of tannic acid (hydrophobic core 
and hydrophilic shell) is the feature responsible for its interac-
tion with cellular surface proteins (33). In our previous work, 
we showed that TA-AgNPs induced production of cytokines and 
chemokines by keratinocytes and macrophages (16), but also 
decreased inflammatory response induced by TNF-α and LPS 
(17). Additionally, TA-AgNPs directly interact with the surface 
of HSV-2 leading to a significant decrease in viral titers during 
both in vitro and in vivo infections (15). Treatment of the HSV-2 
infected mucosal tissue with TA-AgNPs resulted not only in the 
decreased viral titers (15) but also in higher anti-HSV-2 antibody 
titers during recovery stage as shown by seroneutralisation tests 
(unpublished data). For HSV-2, the submucosal DCs present 
viral antigens to CD4+ T cells in the draining lymph nodes and 
help to generate the protective immune responses (28). HSV-2 
treated in the mucosal tissue with TA-AgNPs may be effectively 
internalized by migratory DCs and activate them to present and 
prime CD4+ T cells.

Therefore, we used TA-AgNPs and -AuNPs of similar sizes to 
compare their immune-stimulatory and adjuvant effects in JAWS 
II mouse DCs exposed to TA-Ag/AuNPs, but also to NPs-treated 
HSV-2. This cell line has stable characteristics of DCs and is able 
to grow at high density without limitations of BMDCs cultures 
(34).

Gold nanoparticles are inert and non-toxic, while AgNPs are 
known to release silver ions, which can further influence cellular 
metabolism (35–39). Both types of NPs can be easily taken up 
by DCs and other phagocyting cells leading to their activation. 
As shown previously, toxicity of NPs modified with tannic acid 
can vary with the cell type, cellular uptake, and size (16, 17). 
Here, we show that TA-AgNPs and TA-AuNPs also demonstrate 
material- and size-dependent toxicity against JAWS II cells 
with AgNPs being more toxic than AuNPs. Similar tendency 
was observed in HECa10 cells, which showed relatively small 
toxicity starting from 5 µg/ml, proving TA-NPs > 30 nm safety 
for the local use such as injections. These results are consistent 
with previous reports (38, 39) and the data showed for RAW 
264.7 mouse monocytic cell line exposed to TA-AuNPs (40). 

Toxicity of TA-AuNPs was previously observed for concentra-
tions starting from 10 µg/ml (40). Postulated by Park et al. the 
Trojan-horse mechanism of AgNPs cytotoxicity involves release 
of silver ions from the surface of NPs in acidified compartments. 
The released ions induce ROS production triggering activation 
of immune cells through stress signals and secreted cytokines 
(i.e., TNF-α) (39). In our study, all TA-AgNPs showed reduced 
sizes in TEM images in comparison to their initial dimensions, 
indicating partial decomposition of TA-AgNPs by JAWS II cells 
and release of silver ions. Interestingly, when compared with the 
toxicity observed in RAW 264.7 mouse monocyte line exposed 
to TA-AgNPs, the same NPs demonstrate lower toxicity against 
DC line and no production of TNF-α (16). This may be due to a 
lower acidification of compartments occupied by NPs leading to 
a lower release of silver ions in DCs.

Nanoparticles have been shown to enter the cell via four 
types of pathways: clathrin/caveolar-mediated endocytosis, 
phagocytosis, macropinocytosis, and pinocytosis. JAWS II DCs 
treated with both AgNPs and AuNPs demonstrated activated 
morphology with numerous microvilli and funnel configured 
lamellipodia decorated with NPs, characteristic for macropinocy-
tosis and endocytosis (41, 42). Since JAWS II express receptors for 
negatively charged molecules (i.e., DEC-205) (42) and all tested 
NPs have negative charge, JAWS II cells utilize receptor-mediated 
endocytosis for NP internalization, a pathway important for DC 
activation (41, 42). Furthermore, we found that inhibitor of 
clathrin-mediated endocytosis blocked uptake of TA-Ag/AuNPs. 
Clathrin- and caveolin-mediated endocytosis and phagocytosis 
are believed to be typical pathways for uptake of NPs by actively 
phagocyting cells such as DCs (43). After 24  h exposure, NPs 
were localized mainly within electron-dense vacuoles attached 
to the inner vacuole membrane. Such pattern was also observed 
by Yen et al., but only for AuNPs (44). Internalization of TA-Ag/
AuNPs was also influenced by CChD, an inhibitor of phagocy-
tosis and macropinocytosis. The macropinocytosis pathway is a 
non-specific process to internalize fluids and particles together 
into the cell. The phagocytosis pathway is actin-dependent and 
restricted to professional phagocytes, such as macrophages, DCs, 
and neutrophils. Phagocytosis is used to internalize particles 
bigger than 0.5  µm. Most NPs tend to aggregate in biological 
solutions, increasing their overall size. Thus, we cannot exclude 
that tannic acid-modified NPs used in this study form aggregates 
in biological fluids. However, by forming aggregates with viral 
antigens, tannic acid-modified NPs may help to internalize viral 
antigens and help to present them to immune competent cells.

Efficient antigen presentation requires presence of the MHC 
class I or II, but also a second signal from the co-stimulatory 
molecules (45). Here, JAWS II exposed to non-toxic doses of all 
tested NPs decreased MHC class I expression and up-regulated 
MHC class II. The MHC II molecules are essential for the antigen 
presentation by APC to the naive T cell, which is followed by the 
activation of the adaptive immune response. Xu et al. (13) showed 
that non-toxic doses of AgNPs up-regulated MHC II expression 
on murine macrophages, while in the study by Tomić et al. (46) 
unmodified AuNPs of 10 and 50 nm had no effect upon CD83, 
CD86, and MHC II activation and suppressed LPS-induced up-
regulation of MHC II, CD83, and CD86. When an NP enters a 
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biological environment, it comes into contact with a biofluid that 
contains a diverse mixture of proteins. A subset of these proteins 
will adsorb to its surface, forming a protein “corona” (47). It is 
believed that composition of this corona largely defines the 
biological identity and activity of the particle (47). In this study, 
we used tannic acid-modified NPs, which can result in different 
composition of the protein corona and thus different reaction of 
immune competent cells, in comparison to unmodified AgNPs or 
AuNPs. Interestingly, stimulation of JAWS II cells with all tested 
TA-AgNPs increased expression of CD40 and CD86, while only 
10 nm AuNPs increased CD86 expression. In contrast, all tested 
NPs down-regulated expression of CD80. The experiments with 
endocytosis and phagocytosis inhibitors showed that contact 
with the surface of tannic acid-modified NPs is important for 
early down-regulation of MHC I expression but does not lead 
to early activation of DCs. Internalization of TA-Au/AgNPs is 
clearly important for further activation of DCs. Therefore, we can 
hypothesize that later changes in CD40, CD80, CD86, and MHC 
II expression and activation status is related with the metal type 
and size and requires NPs internalization. As mentioned above, 
AgNPs can undergo decomposition in acid cellular compart-
ments and thus influence DCs activation.

The follow-up experiments with BMDCs cultures obtained 
from C57BL/6 mice generally followed the pattern observed for 
JAWS II cells (Figure S1 in Supplementary Material). However, 
we did not detect any differences for CD86 expression and a high 
distribution of individual results for CD80. This confirms utility 
of JAWS II cell line for studies of DCs biology.

Previously, we have shown that TA-AgNPs exert a size-
dependent inhibition of infection by blockage of HSV-2 attach-
ment and penetration, with small NPs being the most effective 
(15). JAWS II cells exposed to HSV-2 treated with 10 and 37 nm 
TA-AgNPs internalized HSV-2 antigens more efficiently than live 
or inactivated HSV-2. Here, the NPs are modified with tannic 
acid, which further increases their interaction with proteins and 
apparently helps to form aggregates with viral proteins, which are 
further internalized. Furthermore, silver NPs better exposed viral 
antigens to host receptors than AuNPs of the same size, which 
suggest the effect of the silver upon antigens internalization. This 
is in contrast to the paper by Xu et al. reporting that AgNPs did 
not act as a cargo for the cellular delivery of the antigens to mac-
rophages, and the adjuvant effect of AgNPs was mainly ascribed 
to the recruitment and activation of local leukocytes (13). Again, 
AgNPs used by Xu et al. are unmodified NPs (13).

Toll-like receptors belong to the pattern-recognition receptors 
(PRRs) and are crucial during recognition of pathogens by DCs to 
trigger adaptive immune response (27, 48). HSV-2 is detected by 
PRRs through glycoproteins, RNA, and genomic DNA (49). TLR9 
is expressed mainly within endosomal compartment and recognizes 
CpG motifs in viral DNA and it has been demonstrated that it is 
involved in HSV recognition (49). Response to CpG-DNA recog-
nized by TLR9 leads to up-regulation of MHC class II and CD40, 
CD80, and CD86 co-stimulatory molecules (27, 48). In this study, 
elevated levels of TLR9 mRNA were found during stimulation with 
all TA-AgNPs and 34 nm TA-AuNPs alone. Only TA-AgNPs-treated 
HSV-2 was able to activate TLR9 expression indicating that AgNPs 
rather than AuNPs allow for better recognition of viral DNA.

While HSV-2 infection of DCs inhibits their maturation 
and thus results in a poor development of the specific immune 
response, inactivated HSV-2 has also been shown to be a poor 
antigen for immature DCs (19). In our studies, HSV-2 infection of 
JAWS II mouse DC line resulted in down-regulation of CD40 and 
MHC class II but not CD86 or CD80, while inactivated HSV-2 
had little influence on activation of DCs. As shown in Figure 9, 
both AgNPs and AuNPs can help to present viral antigens through 
MHC class II, while AgNPs can help to cross-present viral antigens 
to CD8+ T cells though stimulation of MHC I expression. HSV-2 
treated with TA-AgNPs of all sizes and small TA-AuNPs were bet-
ter stimulants of MHC I expression than bigger TA-AuNPs. MHC 
class I is present on all nuclear cells presenting self-antigens. 
However, DCs are able to cross-present captured antigens in the 
context of MHC class I to CD8+ T-cells, which is of importance 
for anti-HSV-2 response (49–51). Furthermore, all preparations 
of HSV-2 treated with NPs up-regulated expression of MHC class 
II in comparison to cells infected with live or inactivated virus.

Furthermore, NPs can also help to overcome inhibition of 
DCs maturation by live or inactivated virus due to up-regulation 
of co-stimulatory molecules, necessary for effective antigen 
presentation. All NPs-treated HSV-2 retained CD86 expression 
and down-regulated CD80 expression in comparison to infec-
tion with live HSV-2. Down-regulation of CD40 expression in 
HSV-2 infection of DCs was overcome when HSV-2 was treated 
with NP sized >30 nm. Ligation of PD-L1 to its receptor PD-1 
inhibits activation and expansion of CD8+  T  cells, rendering 
them dysfunctional. Infection of DCs with live HSV-2 leads to 
an up-regulation of PD-L1 expression, as shown by Krzyzowska 
et al. (52). Here, PD-L1 expression was conversely related with 
TA-AgNPs size, while an opposite effect was observed for 
TA-AuNPs.

Interestingly, TA-AgNPs-treated HSV-2 elicited significantly 
lower TNF-α inflammatory response as well as decreased IL-6 
production in comparison to live HSV-2 (Figure 10). Reduced 
secretion of IL-6 during antigen presentation may lead to devel-
opment of CD4+  Th2-dependent response which is important 
during infection of mucous membranes (53). It has been shown 
that high titers of specific anti-HSV antibodies decrease the risk 
of recurrent intravaginal infection (54).

Co-culture of HSV-2 infected JAWS II cells with T  cells 
obtained from UV-HSV-2 challenged mice confirmed inhibi-
tory effects of HSV-2 infection on JAWS II maturation. HSV-2 
infected DCs showed the lowest ability to stimulate proliferation 
of antigen-specific T  cells in comparison to heat-inactivated 
HSV-2. In contrast, treatment of HSV-2 with all tested NPs 
stimulated JAWS II DCs to induction of T  cell proliferation. 
We can therefore conclude that tannic acid NPs-treated HSV-2 
help to present viral antigens to antigen-specific memory 
T cells and effectively activate both CD4+ and CD8+ T cells. 
Upon T cells activation, CD69 is usually expressed only up-to 
48 h, then rapidly down-regulated. However, we still observed 
up-regulation of CD69 on T cells after 72 h of co-culture with 
NPs-HSV stimulated JAWS II. These data are in agreement with 
those obtained by Fazekas De St Groth showing that T  cells 
destined to divide will express CD69 (55). Furthermore, co-
cultures of antigen-specific T cells with DCs stimulated with 
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NPs-treated HSV-2 showed that TA-AgNPs of all sizes and 
only large TA-AuNPs lead to significant increase in CD4+ IFN-
γ+  cells, indicating that TA-NPs can help to stimulate Th1 
response. This was followed in this study by a significant 
increase in CD8+  IFN-γ+  T  cells, important for cytotoxic 
response to virus-infected cells. Additionally, we found that 
all TA-NPs were better stimulants of memory CD8+ T cells in 
comparison to inactivated HSV-2, while all AgNPs and only 
large AuNPs were better stimulants of memoryCD8+  T  cell 
proliferation than live HSV-2. Recent study by Srivastava et al. 
showed that mobilization of functional protective memory 
CD8+ T cells within the site of infection protects from acute and 
recurrent genital herpes infection (56). CD8+ T cell response 
to HSV infection requires CD4+  T  cells and CD40L-CD40 
interactions with DCs cells (57). The presence of polymyxin 
B sulphate influenced induction of CD40 expression on DCs 
upon TA-NPs-HSV-2 treatment. Since this antibiotic consists 
of a cyclic heptapeptide tripeptide side chain and a fatty acid 
tail, it can interact with hydrophobic moieties of tannic acid. 
However, the exact character of polymyxin B–TA-NPs-HSV-2 
interaction is unknown and probably complex.

Interestingly, TA-Ag/AuNPs added directly to T cell cultures, 
had no effect upon proliferation of activated T  cells, except 
for 10 nm AgNPs. This is in contrast to the results of work by 
Devanabanda et al., where gold and silver sized 30 and 60 nm 
significantly affected concanavalin A stimulated responses of 
murine splenic lymphocytes (58). However, concentrations 
used in this study were approximately 10 times lower. This 
indicates that TA-AgNPs or TA-AuNPs do not inhibit activated 
T cells.

For HSV-2, the pathway to antigen presentation is complex 
involving multiple types of DCs. The virus first infects LCs, which 
undergo apoptosis and are taken up by bystander DCs. The migra-
tory DCs carry HSV antigen out of the tissue and are essential 
for T-cell priming in the lymph node (28). Taking into account 
the use of TA-AgNPs as microbicides, we can therefore conclude 
that upon treatment of primary infection, AgNPs-treated HSV-2 
may be effectively internalized by migratory DCs, activate them 
to present and prime CD4+ and CD8+ T cells. During second-
ary infection, NPs-treated HSV-2 antigens can effectively activate 
antigen-specific memory T cells.

We found TA-AgNPs as better stimulators of DCs maturation 
than TA-AuNPs which is probably due to their higher bioactiv-
ity. There are also many studies showing that AgNPs directly 
stimulate the innate immune system (30, 47). Another possibility 
is that both metals activate different cellular pathways related 
with antigen presentation and DC activation as shown here for 
expression of cytokines and TLR9. Furthermore, we also showed 
for the first time that tannic acid modification of AgNPs indeed 
helped to internalize antigens.

In summary, increased immunogenicity of NPs-treated 
HSV-2 may contribute not only to a faster healing of mucous 
membrane infection after treatment with TA-AgNPs but also 
for better development of specific immune response which may 
cause higher resistance to recurrent infection. Since mucous 
membranes are attractive targets for vaccines and AgNPs or 
AuNPs are relatively biocompatible, we can speculate that our 
results may provide data for preliminary studies on nano-metal-
based class of nano-adjuvants.
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Extracellular vesicles (EVs) are released by all cells within the tumor microenvironment, 
such as endothelial cells, tumor-associated fibroblasts, pericytes, and immune system 
cells. The EVs carry the cargo of parental cells formed of proteins and nucleic acids, 
which can convey cell-to-cell communication influencing the maintenance and spread 
of the malignant neoplasm, for example, promoting angiogenesis, tumor cell invasion, 
and immune escape. However, EVs can also suppress tumor progression, either by 
the direct influence of the protein and nucleic acid cargo of the EVs or via antigen 
presentation to immune cells as tumor-derived EVs carry on their surface some of the 
same antigens as the donor cells. Moreover, dendritic cell-derived EVs carry major 
histocompatibility complex class I and class II/peptide complexes and are able to prime 
other immune system cell types and activate an antitumor immune response. Given the 
relative longevity of vesicles within the circulation and their ability to cross blood–brain 
barriers, modification of these unique organelles offers the potential to create new bio-
logical-tools for cancer therapy. This review examines how modification of the EV cargo 
has the potential to target specific tumor mechanisms responsible for tumor formation 
and progression to develop new therapeutic strategies and to increase the efficacy of 
antitumor therapies.

Keywords: extracellular vesicles, tumor microenvironment, tumor cells, immune cells, stromal cells, vaccination, 
cancer therapy

inTRODUCTiOn

Extracellular vesicles (EVs) are of particular interest due to their ability to mediate intercellular 
communication, influencing multiple cellular processes. EVs can be categorized based upon their 
biogenesis and divided into exosomes, microvesicles (MVs), and apoptotic bodies (ABs) (1, 2). 
Exosomes are small vesicles 40–100  nm in diameter, formed as part of the endocytic pathway. 
Exosomes carry the donor cell cargo, represented by various proteins and nucleic acids [DNA, 
mRNA, miRNA, and other non-coding RNAs (ncRNAs)] (Figure 1C) (3, 4). Exosomes are stable in 
biological fluids and small enough to pass through the blood–brain barrier (5). MVs have a diameter 
of 100–1,000 nm and are released by directly budding from the plasma membrane (6). MVs also 
carry cargos of proteins and nucleic acids, although their functional roles in cell-to-cell communica-
tion remains less well studied than the exosome population (7). In contrast to exosomes and MVs, 
which are formed continuously by cells, ABs are formed as part of the fragmentation process of cells 
undergoing apoptosis, the process of programmed cell death (1) (Figure 1A).
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FiGURe 1 | Extracellular vesicle (EV) properties and application in antitumor treatment. (A) EVs can be classified based upon their biogenesis and are divided into 
exosomes, microvesicles (MVs), and apoptotic bodies (ABs). Exosomes are formed as part of the endocytic pathway by inward budding of endosomal membranes, 
resulting in accumulation of early endosomes and formation of large multivesicular bodies (MVBs) which release their contents (exosomes) into the extracellular 
space. MVs are released by directly budding from the plasma membrane. ABs are formed as part of the fragmentation process of cells undergoing apoptosis.  
(B) EVs derived from native or primed/genetically modified cells can be used in antitumor treatment. (C) Different types of EVs contain various proteins, lipids, and 
nucleic acids and have specific membrane markers. Exosomes have tetraspanin (such as TSPAN29 or TSPAN30), endosomal sorting complex required for transport 
(ESCRT) components, milk fat globule-EGF factor 8 protein (MFGE8), programmed cell death 6 interacting protein (PDCD6IP), tumor susceptibility gene 101 protein 
(TSG101), and flotillin molecules on their surface. Exosome content include mRNAs, microRNAs, and other non-coding RNAs (ncRNAs), cytoplasmic and membrane 
proteins including receptors and major histocompatibility complex (MHC) molecules. MVs carry integrins, selectins, and CD40 ligand on their surface, and also 
contain mRNAs, microRNAs, ncRNAs, cytoplasmic and membrane proteins. ABs have extensive amounts of phosphatidylserine and contain various parts of the 
apoptotic cell such as proteins, lipids, nuclear fragments, and cell organelles. Cargo and biogenesis of EVs have been comprehensively discussed elsewhere (8, 9).
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The tumor microenvironment is often a very complex and 
dynamic niche containing not only neoplastic cells but also a 
multitude of non-malignant stromal cells such as endothelial 
cells, tumor-associated fibroblasts, pericytes, and immune 
cells (10). In addition to stromal cells, the extracellular matrix 
and surrounding tumor adipose tissue also make an important 
contribution to tumor progression as they contain adipocytes 
and progenitor cells [preadipocytes and mesenchymal stem cells 
(MSCs)] (10, 11), as well as a variety of soluble cytokines, growth 
factors, and metabolites produced the stromal cells within the 
tumor microenvironment (10, 12). As EVs are believed to medi-
ate cell-to-cell communication in the tumor microenvironment 

and induce phenotypic modification in recipient cells, there is 
a growing interest in the potential role of EVs as key mediators 
of tumor progression and the spread of malignant neoplasm 
(13–16). Since EV functions are related to the donor cell type and 
the imparted cargo of proteins and nucleic acids, EVs of different 
origins exhibit different features. However, as these have been 
comprehensively discussed elsewhere (17), this review focuses on 
the use and efficacy of EVs as antitumor therapies. For instance, 
as a result of the unique properties of MSCs, the EVs produced 
by stem cells retain the ability to migrate toward tumor niches 
(18), they also posses the same low immuno genicity of the donor 
MSCs (19). Therefore, the use of MSC-derived EVs as non-cell 
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structures, in place of MSCs themselves, allows the avoidance of 
the risk of unlimited cell growth, undesirable transformation, and 
potential tumor formation (20). The ability to act as multi-signal 
messengers makes EVs a prospective new class of therapeutic 
agents to modulate the processes occurring in the tumor micro-
environment (21) (Figure 1B).

TUMOR CeLL-DeRiveD evs

Intercellular EV-mediated signaling by tumor cells has been 
linked with maintain angiogenesis, invasion, immune escape (22) 
and to develop an aggressive phenotype and chemo- and radio-
therapy resistance (16, 23–25). The extent of the contribution of 
EVs in tumor maintenance has been demonstrated through the 
study of EV inhibition, following which malignancy is suppressed 
and cancer cells show enhanced sensitivity to proton-pump 
inhibitor (omeprazole) and cisplatin (26, 27). As EV traffic is 
regulated by an acidic microenvironment, a common feature of 
all solid tumors, altering intracellular pH is an effective means of 
modulating exosome release. Changes in intracellular pH alters 
the lipid composition of the cells membrane and subsequently 
modulates both exosome release and fusion/uptake (28). In addi-
tion, the lower extracellular pH can promote tumor resistance to 
cytotoxic drugs through neutralization of those antitumor drugs 
that are weak bases or isolating drugs in acidic vesicles and/or 
eliminating them through an exocytotic pathway (29).

Extracellular vesicles may also promote tumor progression 
through the transfer of their specific cargos, for example, dur-
ing the formation of a pre-metastatic niche (PMN), where the 
transfer of EV-cargos to stromal cells, induce molecular and 
cellular changes that promote PMN development (30, 31). For 
example, the tumor exosomal transport of miR-494 and miR-
542p to stromal cells and lung fibroblasts leads to cadherin-17 
downregulation and matrix metalloproteinase upregulation 
(30), while proangiogenic RNAs contained within MVs trigger 
angiogenesis to promote PMN formation (32).

The ability of tumor cell-derived EVs to fuse with recipient cells 
through endocytosis and release their cargo into the recipient cell 
cytoplasm makes EVs a promising biological vector for targeted 
delivery of various antitumor agents (33). This is exemplified by 
the use of EVs derived from LNCaP and PC-3 prostate cancer 
cell lines modified to transport paclitaxel (PTX) into recipient 
cells through the endocytic pathway, significantly increasing 
PTX cytotoxicity in  vitro (33). Furthermore, U-87 MG (brain 
neuronal glioblastoma–astrocytoma) derived EVs primed with 
doxorubicin (DOX) or PTX significantly decreased the viability of 
recipient U-87 MG cells by 70 and 50%, respectively, at the highest 
tested concentration of exosomes (200 µg/mL) in vitro (34).

Tumor-derived EVs can be used for therapeutic drug delivery 
to reduce systemic toxicity by targeting the tumor microenviron-
ment. It was shown that in vitro and in vivo, doxorubicin-loaded 
exosomes (exoDOX) derived from MDA-MB-231 (breast 
adenocarcinoma) and HCT-116 (colorectal carcinoma) cell lines 
did not reduce DOX efficacy. Simultaneously, exoDOX treated 
nude mice did not show the cardiotoxicity observed in their free-
DOX-treated counterparts. Mass spectrometry confirmed that 
DOX accumulation in the heart was reduced by approximately 

40% when DOX was delivered via exosomes (exoDOX) (35). The 
reduced cardiotoxicity achieved when delivering DOX via modi-
fied exosomes would allow for a higher concentration of exoDOX 
to be used, thus offering the potential to increase DOX efficacy. 
Similar findings have also been reported for in  vivo models of 
breast (MDA-MB-231) and ovarian (STOSE) cancer (36).

Tumor cell-derived EVs carry on their surface the same 
antigens as the cell that produced them (the donor cell), such 
as HER2/neu, melan-A, Silv, carcinoembryonic antigen (CEA), 
mesothelin, and others (37). Thus, they can act to prime immune 
cells by antigen presentation. The delivery of dendritic cells (DCs) 
in vitro primed with exosomes isolated from the mesothelioma 
cell line AB1 within a BALB/c mouse mesothelioma model, 
resulted in increased mean and overall survival times in vivo (38). 
Similarly, DCs primed with exosomes isolated from rat glioblas-
toma cells, induced a strong antitumor response and significantly 
increased median survival times in glioblastoma-bearing rats 
when used in combination with α-galactosylceramide (39).

The efficacy of priming immune cells can be improved by com-
bining their use with immune cell stimulating drugs. For instance, 
exosomes derived from the pancreatic cancer cell line UNKC6141 
were co-delivered with DCs (DCs/Exo) to UNKC16141 xenograft 
mice. Tumor onset was delayed in these animals and subsequently 
a significant increase in survival was observed. When the same 
assay was repeated, but with the inclusion of all-transretinoic 
acid (ATRA) alongside the delivery of DCs/Exo, increased lym-
phocyte proliferation within lymph nodes was reported which 
coincided with increased cytotoxic T-cell activity in comparison 
with untreated or DCs/Exo only treated animals. However, the 
inclusion of ATRA had no further effect on prolonging survival 
and only modest changes in metastasis to distant organs were 
observed. The combination of DCs/Exo with sunitinib in these 
animal models also led to an increase in cytotoxic activity which 
in these assays did lead to significantly prolonged survival times 
in DCs/Exo/sunitinib compared to animals treated only with 
free sunitinib therapy. Similar increases in survival time and a 
reduction in metastatic spread was also observed when DCs/Exo 
use was combined with gemcitabine treatment (40).

To increase the therapeutic potential and immunogenicity of 
EV-based tumor vaccines, tumor cells producing the EVs can be 
modified to express specific cytokine/chemokine genes that have 
an immunomodulating effect. Dai et  al. reported that exosomes 
derived from LS-174T cells genetically modified to express IL-18 
CEA (Exo/IL-18), had a more pronounced effect on specific 
antitumor immunity when compared with exosomes from native 
LS-174T  cells. Exo/IL-18 promoted proliferation of peripheral 
blood mononuclear cells and induced cytokine secretion by 
T-lymphocytes and DC in vitro, as well as inducing the phenotypic 
and functional maturation of DCs (41). Similar results were obtained 
by Yang et al. using in vivo experiments, whereby exosomes were 
derived from IL-2-modified ovalbumin (OVA)-expressing EL-4 
lymphoma cells (Exo/IL-2). Vaccination of C57BL/C mice with 
Exo/IL-2 more effectively inhibited tumor growth (42).

The modification of tumor cells through the aberrant expres-
sion of tumor suppressor genes, apoptosis inductors, and ncRNAs 
has also been shown to impart a potential therapeutic benefit to 
the resulting EVs. YUSAC 2 melanoma cells were engineered 
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to overexpress a dominant-negative mutant form of Survivin 
(Survivin-T34A). Exosomes derived from Survivin-T34A- 
modified YUSAC 2 cells, in combination with gemcitabine, sig-
nificantly increased apoptosis in pancreatic adenocarcinoma MIA 
PaCa-2 cells in comparison with gemcitabine alone (43). Rivoltini 
et  al. showed that exosomes derived from K562 leukemia cells 
modified with TNF-related apoptosis-inducing ligand (TRAIL) 
[TRAIL(+) exosomes], induced apoptosis in TRAIL-death recep-
tor (DR)5(+) SUDHL4 lymphoma and INT12 melanoma cells 
in vitro. In in vivo experiments of TRAIL(+) exosomes demon-
strated homing of the exosomes to the tumor sites and significant 
suppression of tumor growth by 58% in SUDHL4-B-cell lym-
phoma bearing mice (44). Li et al. investigated exosomes derived 
from glioblastoma multiforme (GBM) cells with overexpression 
of the tumor suppressor gene LRRC4 (Exo/LRRC4). Exo/LRRC4 
induced significant chemotaxis and expansion of CD4+CCR4+ 
T cells, inhibited the proportion of Ti-Treg cells, and promoted 
Ti-Teff cell expansion through cytokines release in vitro (45).

The Rab GTPases control many stages of membrane traffick-
ing, including the formation and release of vesicles. Ostrowski 
et al. identified Rab GTPases Rab2b, Rab9a, Rab5a, Rab27a, and  
Rab27b that promote exosome secretion in HeLa cells (46), 
indicating the possibility of manipulating the secretion of Rab 
proteins to control exosome production. Exosomes, derived 
from Rab27a-overexpressing A549 cells (exo/Rab27a), exhibited 
the ability to regulate major histocompatibility complex (MHC) 
class II molecules and co-stimulatory molecules CD80 and CD86 
on DCs. Furthermore, DCs primed with exosomes derived from 
Rab27-overexpressing A549 cells significantly increased CD4+ 
T  cell proliferation in  vitro. In vivo immunization with exo/
Rab27a inhibited tumor growth in a tumor mouse model (47).

At present ncRNAs are actively being studied as potential anti-
tumor agents. However, when developing miRNA-based therapies 
there are problems with specific targeting of tumor cells and target 
cells within the tumor microenvironment. Tumor-derived EVs can 
be used for delivering a variety of potentially therapeutic ncRNAs, 
for instance miR-134 (48), miR-29a, and miR-29c microRNAs 
(49), as well as short interfering RNAs (siRNAs) (50) (Table 1).

iMMUne CeLL-DeRiveD evs

Exosomes from immature dendritic cells (imDCs) can be used 
to deliver chemotherapeutic agents such as DOX. For instance, 
imDCs were modified to express lysosome-associated membrane 
protein 2 (Lamp2b) fused to the αv-integrin-specific iRGD pep-
tide. It was shown that modified imDC-derived exosomes (Exo/
iRGD) loaded with DOX, effectively targeted and delivered DOX 
to αv-integrin+ MDA-MB-231 breast cancer cells in vitro. Exo/
iRGD intravenous injection in BALB/c mice led to inhibition of 
breast tumor cell growth without any apparent toxic effects (52).

A new approach for cancer immunotherapy is the combina-
tion of exosomes and the invariant NKT immune cell ligand 
α-galactosylceramide (αGC) (53). Loaded with αGC and OVA-
model antigen exosomes induced potent NK and γδ T-cell innate 
immune responses in  vitro and in  vivo. In an OVA-expressing 
mouse model of melanoma treatment of tumor-bearing mice with 
αGC/OVA-loaded exosomes decreased tumor growth, increased 

antigen-specific CD8+ T-cell tumor infiltration, and increased 
median survival, relative to control mice immunized with solu-
ble αGC  +  OVA alone (53). Similarly, exosomes derived from 
α-fetoprotein (AFP)-expressing DCs (DEXAFP) intravenously 
injected into hepatocarcinoma-bearing C57BL6 mice prolonged 
survival to 57 days in 100% of DEXAFP-treated mice (55).

Without modification, DC-derived exosomes alone carry 
MHC class I and class II/peptide complexes capable of leading 
to the priming of CD8+ and CD4+ T cells, respectively, and sub-
sequent T cell-dependent tumor rejection (13, 54). DC-derived 
exosomes have also been reported to trigger NK cell proliferation 
and activation in vitro and in patients, by trans-presentation of 
IL-15 by IL-15Rα. This mechanism of action was shown to signifi-
cantly reduce the number of lung metastases in vivo. Combination 
of DC-derived exosomes with IL-15Rα and rhIL-15 molecules led 
to NK cell proliferation and activation and significantly enhanced 
IFNγ secretion by NK cells in vitro (54).

Phase I clinical trials have demonstrated the safety of using 
DC-derived exosomes in patients with metastatic melanoma (69) 
and lung cancer (70). Phase II trials in non-small cell carcinoma 
patients using modified IFN-γ expressing DCs to produce 
exosomes have reported an increase in NKp30-dependent NK cell 
functions, and 32% of participants experienced stabilization for 
more than 4 months (56).

In addition to DCs, macrophages have also been studied as 
a source of EVs of potential therapeutic benefit. Derived from 
RAW 264.7 macrophages, vesicles loaded with PTX (exoPTX) 
were reported to significantly increase drug cytotoxicity (more 
than 50 times) in multidrug resistance (MDR) MDCKMDR1, 
MDCKwt, and 3LL-M27 cells in vitro. Furthermore, when deliv-
ered into the airway of mice modeling Lewis lung carcinoma 
pulmonary metastases, exoPTX were found to have a potent 
anticancer effect (57). For PTX targeted delivery macrophages 
can be modified with aminoethylanisamide-polyethylene glycol 
(AA-PEG) a vector moiety to target the σ-receptor which is 
overexpressed by lung cancer cells (58). Jang et al. developed a 
bioinspired exosome-mimetic nanovesicles that can be modi-
fied to deliver DOX, gemcitabine, or carboplatin to the tumor 
tissue after systemic administration. Chemotherapeutic-loaded 
nanovesicles, derived from monocytes or macrophages, induced 
TNF-α-stimulated endothelial cell (HUVECs) death in a dose-
dependent manner in vitro. DOX-loaded nanovesicles increased 
apoptosis and reduced the number of proliferating cells in CT26 
colorectal cancer murine models (59) (Table 1).

MSC-DeRiveD evs

Extracellular vesicles released from MSCs have been reported to 
exhibit variable effects on tumor growth, indicating the influence 
of EVs is dependent on cargo and the donor cell type (71, 72). 
Delivered by MSC-derived exosomes molecules of different types 
of RNA can induce adipogenesis, angiogenesis, apoptosis, and 
proteolysis in recipient cells (15). Exosomes from gastric cancer-
derived MSCs were found to deliver miR-221 to HGC-27 gastric 
cancer cells, promoting their proliferation and migration in vitro 
(73). Other biomolecules carried by exosomes such as onco-
genic proteins, cytokines, adhesion molecules, and anti-apoptotic 
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TABLe 1 | The use of extracellular vesicles (EVs) with or without modified cargo for antitumor therapy.

vesicle source vesicle type Purification strategy Cargo Mechanism of action Model Reference

Cancer cells

Glioblastoma–
astrocytoma U-87 
MG cells

Exosomes Exosome isolation reagent 
(Invitrogen)

DOX or PTX Cell viability decrease In vitro U-87 MG cell culture (34)

LNCaP and PC-3 
prostate cancer 
cells

Exosomes 
and 
microvesicles

Differential centrifugation PTX PTX cytotoxic effect increase In vitro PC-3 and LNCaP cell culture (33)

MDA-MB-231 and 
HCT-116 cell lines

Exosomes ExoQuick-TC™ solution (System 
BioSciences)

DOX Cardio toxicity decrease, DOX efficacy increase MDA-MB-231 cell mice model in vivo (35)

MDA-MB-231 and 
STOSE cell lines

Exosomes AB cell culture-nanovesicles 
solution (AB ANALITICA)

DOX Breast MDA-MB-231 and ovarian 
STOSE mouse tumors in vivo

(36)

Oral cancer cells Exosomes Ultrafiltration and affinity 
chromatography

Tumor-associated antigens NK cell proliferation and NK cell cytotoxicity increase In vitro NK cell culture (51)

Mouse malignant 
mesothelioma 
(MM) AB1 cells

Exosomes Stepwise ultracentrifugation Tumor-associated antigens Exosome-loaded dendritic cell (DC) increased median 
and overall survival

AB1 tumor BALB/c mice model in vivo (38)

Rat glioblastoma Exosomes ExoRNeasy Serum/Plasma Maxi 
Kit (Qiagen)

Tumor-associated 
antigens + α-galactosylceramide

Exosomes pulsed DCs increased median survival time Glioblastoma-bearing rat model in vivo (39)

UNKC6141 
(pancreatic cancer) 
cells

Exosomes Sucrose gradients 
ultracentrifugation

Tumor-associated antigens Exosome-loaded DCs delayed tumor onset and 
increased survival time

UNKC6141-bearing mice (40)

DCs/Exo + all-transretinoic acid increased proliferation 
of lymph node cells and cytotoxic T cell activity

DCs/Exo and sunitinib prolonged survival time

DCs/Exo + gemcitabine prolonged survival time

Carcinoembryonic 
antigen (CEA)-
expressing 
LS-174T tumor 
cells

Exosomes Sucrose gradients 
ultracentrifugation

IL-18 Maturation of DCs and induction of CEA-specific  
CD8+ CTL

DCs and CTL cells in vitro (41)

OVA-expressing 
EL-4 lymphoma 
cells

Exosomes Sucrose gradients 
ultracentrifugation

IL-2 Immune response induction and tumor growth 
inhibition

C57BL/C mice model in vivo (42)

YUSAC 2 
melanoma cells

Exosomes Sucrose gradients 
ultracentrifugation

Survivin-T34A (Survivin blocking 
protein)

Caspase activation and apoptosis induction Pancreatic cancer cells in vitro (43)

K562 leukemia 
cells

Exosomes Differential centrifugation TNF-related apoptosis-inducing 
ligand (TRAIL)

TRAIL-related apoptosis induction SUDHL4 lymphoma and INT12 
melanoma cells in vitro

(44)

Tumor growth inhibition SUDHL4-bearing mice

A549 cells Exosomes Differential centrifugation Rab27a Maturation of major histocompatibility complex  
(MHC) class II molecules, CD80 and CD86.  
Inhibition of tumor growth

DCs in vitro, BALB/c mice model in vivo (47)

(Continued)
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vesicle source vesicle type Purification strategy Cargo Mechanism of action Model Reference

Glioblastoma 
multiforme (GBM) 
cells

Exosomes Differential centrifugation LRRC4 Chemotaxis and expansion of CD4+ CCR4+ T cells GBM cells in vitro (45)

Hs578T and 
Hs578Ts(i)8 cells

Exosomes Filtration and ultracentrifugation miR-134 Cellular migration and invasion reduction, drugs 
sensitivity enhancement

Hs578Ts(i)8 cells in vitro (48)

SGC7901 cells Microvesicles Differential centrifugation miR-29a and miR-29c Angiogenesis and tumor growth suppression Implanted with SGC7901 cells BALB/c 
mice in vivo

(49)

HeLa and HT1080 
cells

Exosomes Differential centrifugations and 
micro-filtration

Short interfering RNAs (siRNAs) 
against RAD51 and RAD52

Accumulation of the cells in S and G2/M phases  
of cell cycle and recipient cell death induction

HeLa cells in vitro (50)

immune cells

DCs Exosomes Sucrose gradients 
ultracentrifugation

Lamp2b + iRGD + DOX Tumor growth inhibition MDA-MB-231 injected BALB/c nude 
mice model in vivo

(52)

DCs Exosomes Differential centrifugation αGC + OVA NK and γδ T-cell immune responses induction Invariant NKT cells in vitro (53)

Tumor growth decrease B16/OVA melanoma tumor model 
in vivo

DCs Exosomes Ultrafiltration/diafiltration 
and sucrose gradients 
ultracentrifugation

MHC class I and class II NK cell proliferation and activation, IFNγ  
secretion enhancement

NK cells in vitro (54)

MHC class I and class II NK cell proliferation and activation by trans-
presentation of IL-15 by IL-15Rα, number of 
metastases reduction

Mouse model in vivo

DCs Exosomes Differential centrifugation AFP Survival rate prolongation Tumor-bearing C57BL6 mice model 
in vivo

(55)

DCs Exosomes Ultrafiltration/diafiltration 
and sucrose gradients 
ultracentrifugation

IFN-γ NKp30-dependent NK cell function  
enhancement

Advanced non-small cell lung cancer 
patients

(56)

RAW 264.7 
macrophages

Exosomes ExoQuick-TC™ solution (System 
BioSciences)

PTX Drug cytotoxicity increase, inhibition of  
metastases growth

Resistant multidrug resistance cell 
culture in vitro, Lewis lung carcinoma 
mouse model in vivo

(57)

AA-PEG + PTX Suppression of metastases growth and survival  
time increase

In vivo C57BL/6 mice lung cancer 
model

(58)

Monocytes or 
macrophages

Exosome-
mimetic 
nanovesicles

Iodixanol gradients 
ultracentrifugation

DOX Apoptosis increase and number of proliferating  
cells reduction

In vivo model of mouse CT26 colorectal 
cancer

(59)

Mesenchymal stem cells (MSCs)

MSCs Exosomes Differential centrifugation Anti-miR-9 Temozolomide sensitivity increase Temozolomide-resistant GBM cell 
culture in vitro

(60)

TABLe 1 | Continued
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proteins can also promote tumor progression (74–76), as well as 
increase tumor resistance to chemotherapy drugs (77).

Exosomes from bone marrow MSCs (BM-MSCs) can transfer 
miRNAs from the BM, particularly miR-23b, which promote dor-
mancy in bone marrow-metastatic human breast cancer through 
the suppression of a target gene, MARCKS in vivo (78). In support 
of this, Lee et al. showed that MSC-derived exosomes can sup-
press human breast cancer angiogenesis by downregulating the 
expression of VEGF in tumor cells in vitro and in vivo (79).

In addition to the endogenous effects of MSC-EVs, MSC-
derived MVs can be used as delivery vehicles for a variety of 
potential therapeutic agents, in particular ncRNAs. For example, 
injection of exosomes derived from miR-146-expressing MSCs 
into xenograft gliomas in primary brain tumor rat models cause 
a significant reduction in tumor growth (61). Treatment with 
MSC-derived exosomes containing miR-124a reduce the viability 
and clonogenicity of glioma stem cell lines in vitro and increase 
the survival rate in glioma mouse models up to 50% by silencing 
FOXA2 (62), while the loading of MSC exosomes with miR-143 
acts to significantly reduce the migration of 143B osteosarcoma 
cells (80). Transfection of bone marrow stromal cells with miR-
340 generates exosomes capable of inhibiting tumor angiogenesis 
via the HGF/c-MET signaling pathway in endothelial cells (63). 
MSC-derived EVs can also be used to alter the chemosensitivity 
of tumor cells. Delivery of anti-miR-9 to temozolomide-resistant 
GBM cells increases cell sensitivity to this drug (60). The sensitiv-
ity of hepatocellular carcinoma cells to chemotherapeutic agents 
(5-fluorouracil and sorafenib) can similarly be altered through 
the use of miR-122 loaded MSC exosomes in  vivo (65). MSC-
derived MVs can also be loaded with various siRNAs that target 
key genes driving tumorigenesis, for example, MSC exosomes 
carrying siRNAs against polo-like kinase 1 significantly reduce 
bladder cancer cell proliferation in vitro (64).

In addition to biomolecules, MSC-derived vesicles can be 
loaded with chemotherapeutic drugs. BM-MSC-derived MVs 
primed with high-dose PTX inhibited cell growth by 50% in 
human CFPAC-1 pancreatic adenocarcinoma cells in vitro (66). 
This finding was supported by the recent studies of Cocce et al., 
which showed antitumor activity of MSCs MVs loaded with PTX 
or gemcitabine (GCB) on pancreatic cancer cells in vitro (67).

Recent studies have also highlighted the potential to deliver 
TRAIL by MSC-EVs (MSCT). MSCT-EVs induced apoptosis 
in 11 cancer cell lines in a dose-dependent manner but showed 
no cytotoxicity in human bronchial epithelial cells in  vitro. 
Interestingly TRAIL-primed EVs that contain 3.88  ng TRAIL/
mL induced significantly more apoptosis in M231 breast cancer 
cells compared with 100 ng/mL of recombinant TRAIL. TRAIL 
delivery by MSC-EVs induced significant apoptosis in TRAIL 
resistant A549 lung adenocarcinoma cells in a dose-dependent 
manner in vitro (68) (Table 1).

COnCLUSiOn

Extracellular vesicles, which include groups of differing origins 
such as exosomes and MVs, are released by all cells within the 
tumor microenvironment during normal cellular activity. EVs 
carry variable cargos that reflect the composition of the donor 
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cells, these cargos can be transferred to neighboring cells and 
thus affect the processes occurring in those recipient cells and 
subsequently the tumor microenvironment as a whole. In addi-
tion to their endogenous ability to influence tumor progression, 
the ability to modify the EV content makes them a promising tool 
for cancer therapy. Surface antigens of tumor cell-derived vesicles 
can be used for immune cell priming. They can also be modified 
with various agents to directly affect tumor cells or modulate anti-
tumor immunity. Genetic modifications can also be performed 
on MSC-derived vesicles, the main advantage of which is targeted 
cargo delivery to the tumor microenvironment. From priming 
the immune response to delivering ncRNAs and antitumor  
drugs, EVs provide a unique biological means of targeting tumors 
and their microenvironments, minimizing cytotoxic effects, and 
increasing the efficacy of treatments at lower drug doses (Table 1). 
However, despite these many advantages, EVs can have variable 
effects on tumor progression and the tumor microenvironment 
dependent upon their protein and nucleic acid cargos. One of 
the limitations of EV usage is the heterogeneity of the isolated 
population, since the size of exosomes and MVs overlap, and as 
yet it is not clear which population carries the greatest potential to 
elicit functional changes. Furthermore, the inconsistency of the 

EV cargo adds an additional caveat to their study and therapeutic 
use (81). In the case of drug loading, disadvantages include a low 
transfection efficiency, and, in the case of cell manipulation, there 
is a high dependence on cell division (82). Therefore, progressing 
their use as therapeutic tools requires full characterization of 
such disadvantages and limitations before the promise of MVs in 
clinical practice is achieved.
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Epidemiological studies have confidently linked occupational crystalline silica exposure 
to autoimmunity, but pathogenic mechanisms and role of genetic predisposition remain 
poorly defined. Although studies of single inbred strains have yielded insights, under-
standing the relationships between lung pathology, silica-induced autoimmunity, and 
genetic predisposition will require examination of a broad spectrum of responses and 
susceptibilities. We defined the characteristics of silicosis and autoimmunity and their 
relationships using the genetically heterogeneous diversity outbred (DO) mouse popula-
tion and determined the suitability of this model for investigating silica-induced autoim-
munity. Clinically relevant lung and autoimmune phenotypes were assessed 12 weeks 
after a transoral dose of 0, 5, or 10 mg crystalline silica in large cohorts of DO mice. Data 
were further analyzed for correlations, hierarchical clustering, and sex effects. DO mice 
exhibited a wide range of responses to silica, including mild to severe silicosis and impor-
tantly silica-induced systemic autoimmunity. Strikingly, about half of PBS controls were 
anti-nuclear antibodies (ANA) positive, however, few had disease-associated specificities, 
whereas most ANAs in silica-exposed mice showed anti-ENA5 reactivity. Correlation and 
hierarchical clustering showed close association of silicosis, lung biomarkers, and anti-
ENA5, while other autoimmune characteristics, such as ANA and glomerulonephritis, 
clustered separately. Silica-exposed males had more lung inflammation, bronchoalveolar 
lavage fluid cells, IL-6, and autoantibodies. DO mice are susceptible to both silicosis and 
silica-induced autoimmunity and show substantial individual variations reflecting their 
genetic diverseness and the importance of predisposition particularly for autoimmunity. 
This model provides a new tool for deciphering the relationship between silica exposure,  
genes, and disease.

Keywords: silica, diversity outbred, autoimmunity, silicosis, autoantibody, inflammation, lung, environmental 
autoimmunity

inTrODUcTiOn

Crystalline silica is an abundant mineral found in rock, sand, and soil, and exposure is an environ-
mental or occupational hazard in construction, mining, and other dusty trades (1, 2). Silicosis results 
from the inhalation and deposition of respirable crystalline silica in the lungs, which causes a range 
of pathologies, including inflammation, tissue damage, necrosis, and fibrosis (1–3). Silica exposure 
is also associated with autoimmunity [systemic lupus erythematosus (SLE), rheumatoid arthritis 
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(RA), and scleroderma] in humans, however, little is known of 
the mechanisms responsible (2, 4–11). Although these diseases 
occur predominantly in females (12), silica-induced autoimmun-
ity is most often described following occupational exposure in 
males (8). While several human studies have found an association 
between the intensity of silica exposure with autoimmune disease 
and autoantibodies, silica-induced autoantibody production can 
occur without significant lung damage (13–15). Silica exposure 
results in more pronounced lung responses and exacerbates auto-
immunity in susceptible mice; however, the limited animal stud-
ies of silica-induced autoimmunity have revealed little regarding 
the mechanisms involved (9, 16–19). This paucity of information 
is a significant barrier to furthering our understanding of how 
silica-mediated pathology leads to autoimmunity.

Genetic predisposition and environmental exposure to silica 
likely interact to drive susceptibility or resistance to silicosis and 
silica-induced autoimmunity. Disease features associated with 
silica exposure occur with variable frequency in humans suggesting 
a significant gene–environment interaction in both silicosis and 
silica-induced autoimmunity (2). A similar spectrum of disease 
features are found in murine silicosis, which exhibits a clear dose 
response (16, 20), however variation among inbred mouse strains 
suggests a strong genetic component. Although this variability of 
disease phenotypes is observed when multiple inbred mouse strains 
are exposed to silica, it is not found in any single inbred mouse 
strain because the restricted genetic content recapitulates only 
some features of disease (9, 16, 20). These animal studies suggest 
that many of the pathological features described in human silicosis 
and silica-induced autoimmunity are heavily influenced by genetic 
background. However, studies to elucidate the genetic contribution 
to disease have been hampered by the lack of animal models that 
exemplify the genetic heterogeneity of human populations.

One approach to broaden the genetic heterogeneity in murine 
studies is to use outbred strains, such as the diversity outbred (DO) 
mouse (21–24). The DO mouse is a heterogeneous stock derived 
from eight founder strains (A/J, C57BL/6J, 129S1/SvImJ, NOD/
ShiLtJ, NZO/HiLtJ, CAST/EiJ, PWK/PhJ, and WSB/EiJ) that is 
maintained by randomized breeding. The DO exhibits significant 
phenotypic variability because it captures the same set of allelic 
variants as the eight founder strains (25) and is, therefore, well 
suited to model the range of immunological responses that fol-
low exposure to environmental agents known to induce disease 
in humans (26, 27). The DO mouse also provides a powerful tool 
for genome-wide association studies that could better model the 
genetic heterogeneity of human populations than inbred mice for 
the study of silicosis and silica-induced autoimmunity.

In this study, we sought to determine if DO mice could be 
used to model the diversity of immunological and pathological 
changes found in human silicosis and silica-induced autoimmun-
ity. Here, we identify biomarkers of silica-induced lung pathology 
and autoimmunity and describe the range of responses to silica 
in the DO mouse establishing it as a model of population-based 
silicosis and silica-induced autoimmunity. Biomarkers associated 
with human pulmonary silicosis, bronchoalveolar lavage fluid 
(BALF) cell numbers and protein, TGF-β, TNF-α, and lactate 
dehydrogenase (LDH) activity, were increased in silica-exposed 
mice. Silica-induced autoimmunity, including serum IgM, IgG, 

anti-nuclear antibodies (ANA), and anti-ENA (RNP and Sm) 
specificity were increased with silica exposure along with lupus-
like glomerulonephritis. Significantly, our findings also suggest 
that expression of some features of autoimmunity do not closely 
reflect silica-induced lung pathology, and that male mice can 
display more severe parameters of both silicosis and autoim-
munity. Finally, these results provide a new model to study the 
effects of genetic diversity on the pathogenesis of silicosis and 
silica-induced autoimmunity.

MaTerials anD MeThODs

Mice
Male and female DO mice (J:DO, Stock No: 009376) were pur-
chased from Jackson Laboratory (Bar Harbor, ME, USA) and 
have been described previously (22). Handling and maintenance 
were performed under specific pathogen-free conditions at 
TSRI’s Animal Facility. Experiments were carried out with 8- to 
10-week-old animals. Animal rooms were kept at 68–72°F and 
60–70% humidity, with a 12/12  h light–dark cycle, and steri-
lized cages were replaced each week with fresh water and food 
(autoclaved standard grain diet 7012, Teklad, Envigo, Madison, 
WI, USA) to which the mice had access ad libitum. Behavioral 
enrichments, such as paper breeder huts, goat chow, and nylabo-
nes, were provided as needed. All procedures were approved by 
The Scripps Research Institute Institutional Animal Care and Use 
Committee (IACUC).

exposure to crystalline silica
Mice were exposed to a single dose of crystalline silica (Min-
U-Sil-5, average particle size 1.5–2  µm; U.S. Silica Company, 
Frederick, MD, USA) by transoral (or oropharyngeal) instillation 
in a volume of 25 μl of PBS under isoflurane anesthesia. Briefly, 
mice were anesthetized and the tongue pulled forward and to 
the side (to block the swallow reflex) so that the silica solution 
is delivered into the back of the throat and aspirated into the 
lungs (28). A total of 210 8- to 10-week-old mice were exposed 
to crystalline silica, of which 90 received 5 mg and 120 received 
10 mg. These doses were chosen based on calculations of human 
lifetime exposure to respirable crystalline silica and an equivalent 
exposure for mice, and represent approximately 60–120% of a 
human lifetime exposure at the recommended NIOSH exposure 
limit (19). A single instillation was used because of evidence 
of an association between the intensity of silica exposure and 
autoimmunity (8). A control group of 70 mice received PBS 
alone. Each treatment group consisted of equal numbers of male 
and female mice. Silica was acid washed in 1 M HCl at 100°C 
for 2 h and then autoclaved for 1 h at 121°C and allowed to dry 
(29). Immediately prior to use silica was disbursed by sonication. 
Use of crystalline silica was approved by The Scripps Research 
Institute Department of Environmental Health and Safety.

Bronchoalveolar lavage and lung 
histology
Mice were sacrificed at 12 weeks post-exposure and BALF was 
collected. Total cell counts were determined using a Countess II 
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FL Automated Cell Counter (Thermo Fisher Scientific, Waltham, 
MA, USA) before BALF was stored at −80°C. Lungs were 
excised and fixed for 24 h in zinc formalin. Paraffin-embedding, 
sectioning (5  µm), and staining (hematoxylin and eosin and 
trichrome) were done by TSRI’s Histology Core. Formalin fixed 
paraffin-embedded slides were scanned and images stored on 
Digital Image Hub (Slidepath, Dublin, Ireland). Lungs were 
scored under blinded conditions. The four right lobes and the 
single left lung was scored for the percent of the lobe affected 
by alveolitis (maximum score of 500) as well as peribronchitis 
and perivasculitis (maximum score of 500). A total lung score 
(TLS) (maximum score of 1,000) was determined by combining 
the amount of alveolitis, peribronchitis, and perivasculitis. The 
presence of silicosis was defined as a TLS greater than the mean 
plus 2 SDs of the PBS controls (9.6).

immunofluorescence and elisas for 
serum immunoglobulins and 
autoantibodies
Blood was collected from the retro-orbital sinus pre-silica 
exposure and at 4, 8, and 12 weeks post-exposure. Serum ANA 
were detected as previously described (30) using a 1:40 dilu-
tion of serum on Hep2 ANA slides as an initial screen (Innova 
Diagnostics, San Diego, CA, USA). Bound antibody was detected 
with goat anti-mouse IgG Alexa Fluor 488 (Life Technologies, 
Carlsbad, CA, USA). Slides were mounted using Vectashield 
Mounting Medium containing DAPI (Vectorlabs, Burlingame, 
CA, USA), and observed using an Olympus BH2 microscope. 
Digital images of ANA patterns were captured using a LEICA 
DFC 365 FX camera and analyzed using Leica Application Suite 
AF software (Leica Microsystems, Buffalo Grove, IL, USA).

Total serum IgG and IgM were measured by ELISA (30) 
as specified by the manufacturer (Immunology Consultants 
Laboratory, Portland, OR). To measure autoantibodies in the 
serum, ENA5 (designed for the detection of anti-Sm, -RNP, -SS-A 
(60 and 52 kDa), -SS-B, and -Scl-70 antibodies), anti-chromatin, 
anti-dsDNA, anti-SSA, anti-SSB, anti-RNP, and anti-Sm ELISA 
kits (QUANTA Lite ELISA Inova Diagnostics, San Diego, CA, 
USA) were modified to detect murine samples using a goat-anti 
mouse IgG HRP antibody (Thermo Fisher #62-6520). As cali-
brated mouse IgG of defined ANA specificities are not available 
the determination of antibody units in DO mice sera was achieved 
using human negative, low positive, and high positive controls and 
anti-human IgG HRP as described by the manufacturer (Innova 
Diagnostics). The units for each sample were calculated by divid-
ing the average OD of the DO mouse sample by the average OD of 
the human Low Positive. The result was multiplied by the number 
of units assigned (by the manufacturer) to the human Low Positive 
(25 Units). Serum from MRL-FasLpr mice was used as positive 
controls for reactivity of mouse sera for all ELISAs and a murine 
monoclonal antibody against chromatin, MoAb 2–3 (courtesy of 
Dr. Marc Monestier, Temple University, Philadelphia, PA, USA) 
was additionally used for the anti-chromatin ELISA. For the 
measurement of IgM RF, a sandwich ELISA was performed by 
coating IgG1κ (BD Pharmingen, San Diego, CA, USA) at 1 μg/ml 
onto NUNC plates (Thermo Fisher Scientific) and blocked with 

PBS containing 1 mg gelatin/ml. Serum was diluted 1:200, and 
bound RF detected with goat anti-mouse IgM HRP (Invitrogen, 
Carlsbad, CA, USA) at 1:1,000.

elisa for Biomarkers in BalF
TNF-α (BioLegend, San Diego, CA, USA), IL-6 (BioLegend, 
San Diego, CA, USA), and activated TGF-β (R&D Systems, 
Minneapolis, MN, USA) were determined by ELISA according 
to the manufacturer’s instructions. LDH activity was measured 
using a colorimetric assay (Sigma-Aldrich, St. Louis, MO, USA). 
Protein in BALF was determined using the Pierce BCA Protein 
Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA).

renal Pathology
Kidneys were fixed for 24 h in zinc formalin then paraffin sec-
tions (5 µm) were stained with Periodic Acid–Schiff (PAS). Slide 
images were stored on Digital Image Hub (Slidepath, Dublin, 
Ireland). Glomerulonephritis was scored on a 0–4 scale under 
blinded conditions (31). Proteinuria was determined using Roche 
Diagnostics Chemstrip 2 GP Urine Test Strips (Fisher Scientific).

statistical analysis
Unless otherwise noted, data are expressed as mean and SE. 
Statistical analysis was performed with GraphPad Software V6 
(San Diego, CA, USA). Comparisons were performed using 
Kruskal–Wallis test or two-way ANOVA with Sidak’s multiple 
comparisons. Correlations were calculated using pairwise 
deletion and reported in Spearman’s correlation coefficient (rs). 
Hierarchical Cluster Analysis was done using Cluster 3.01 and 
Java TreeView2 using a relative change value for each pheno-
type. Briefly, relative change values were calculated using the 
equation: s s

s
− avg

avg
, s  =  sample data point and savg  =  the average 

of the combined treatment samples (0, 5, and 10  mg). A one-
dimensional self-organizing map was constructed along each 
axis (x-axis =  samples, 20,000 iterations; y-axis =  phenotypes, 
100,000 iterations) followed by binary, agglomerative, hierarchi-
cal clustering using the Spearman Rank Correlation similarity 
metric, and a complete linkage clustering method. P < 0.05 was 
considered significant.

resUlTs

silica exposure and lung Pathology
To determine the association of silicosis with autoimmunity, 
mice were given a single exposure to 0, 5, or 10 mg of crystalline 
silica and analyzed after 12 weeks. Silica exposure was well toler-
ated with no evidence of increased morbidity or any significant 
changes to whole body weight. Five animals died post exposure. 
Of these, two were PBS animals that died with mortal fighting-
related wounds and three were silica-exposed animals with no 
fighting-related wounds, but all had high ANA positivity. One 

1 http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm (Accessed: July 6, 2017).
2 http://jtreeview.sourceforge.net/ (Accessed: July 6, 2017).
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FigUre 1 | Indices of silica-induced lung pathology in diversity outbred mice. Mice were exposed transorally to 0 mg (n = 70), 5 mg (n = 90), or 10 mg (n = 120)  
of crystalline silica in PBS for 12 weeks before H&E stained lung sections were reviewed and scored for (a) total lung score, (B) alveolitis, and (c) peribronchitis  
and perivasculitis. Images of slides with (D) H&E staining of the left lung lobe from mice exposed to 0 (left), 5 (middle), and 10 mg (right) of crystalline silica in PBS. 
Trichrome staining of the (e) left lung lobe and (F) tracheobronchial lymph node with white arrows indicating granulomas containing lattice-like fibrous connective 
tissue (inset with red outline).
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silica-treated animal exhibited extreme morbidity and edema 
during the exposure period and was sacrificed early. Mice 
exposed to either dose of silica developed prominent alveolar, 
peribronchial, and perivascular inflammatory cell infiltrates 
containing varying amounts of lymphocytes, macrophages, and 
neutrophils. Accordingly, the total lung, alveolitis, and perivas-
culitis/bronchitis pathology scores in silica-exposed mice were 
much greater than unexposed controls and exhibited a strong 
dose response (Figures 1A–D). Furthermore, there was a wide 
range of responses to the silica consistent with the genetic diver-
sity of DO mice.

Several pathologic findings occurred in only subsets of 
silica-exposed DO mice, including fibrosis, granulomas, and 
enlarged tracheobronchial lymph nodes. Fibrosis was seen in 
both the lungs and the draining tracheobronchial lymph nodes of 
silica-exposed mice primarily within granulomas (Figures 1E,F). 
Tracheobronchial lymph node hypertrophy was not observed in 

PBS mice, but was observed in 23% of mice receiving 10 mg silica 
(p = 0.001). The frequency and size of granulomas varied widely 
within each dosage group, but was much more frequent at the 
higher dose.

BalF characteristics and Biomarkers  
of silicosis
When corresponding BALF was examined, mean cell numbers 
and the percent of mice with elevated cell counts (greater than 
the mean + 2SD of PBS group) were substantially elevated in mice 
given 5 or 10 mg silica compared to PBS (Figure 2A; Table S1 
in Supplementary Material). Furthermore, while the mean cell 
number was higher for the 10 versus 5 mg group, this did not 
reach statistical significance. Contrastingly, mean BALF protein 
levels and percent of mice with elevated protein levels were only 
increased in mice exposed to 10 mg of silica and unexpectedly 
mice receiving 5  mg of silica had slightly lower BALF protein 
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FigUre 2 | Biomarkers of inflammation and fibrosis in bronchial alveolar lavage fluid (BALF) of silica-exposed diversity outbred mice. Mice were exposed transorally 
to crystalline silica in PBS (see Figure 1) before BALF was collected for the measurement of (a) BALF cell number, (B) BALF protein levels, (c) lactate 
dehydrogenase activity, (D) TNF-α, (e) TGF-β, and (F) IL-6.
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levels than controls (Figure 2B). Thus, lower amounts of silica 
are sufficient to stimulate BALF cell increases, while higher doses 
are required to increase BALF protein levels.

We next determined whether BALF biomarkers of human 
silicosis (32) were also represented in silica-exposed DO mice. 
Indeed, mean levels of LDH activity, TNF-α, and TGF-β, but not 
IL-6 were elevated in mice exposed to silica (Figures 2C–F; Table 
S1 in Supplementary Material). Mean LDH activity increased 
with dose of silica, but only reached statistical significance with 
the 10 mg dose. Likewise, the percent of mice with elevated LDH 
activity was significantly higher in the 10 mg group. Similar find-
ings were observed for TNF-α, however, the increases in mean 

values were only modest. In contrast, mean TGF-β levels were 
substantially higher in both silica dose groups. Taken together, 
our findings show that three of four reported BALF biomarkers for 
human pulmonary silicosis were elevated in a significant percent-
age of silica-exposed DO mice particularly at the higher exposure.

autoimmunity
To assess the frequency of systemic autoimmunity induced by silica 
exposure in the DO population, we examined immunoglobulin 
and autoantibody levels, spleen size, and kidney pathology. Mean 
serum IgM and IgG levels were significantly elevated 12 weeks after 
exposure in mice given 10, but not 5 mg of silica when compared 
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FigUre 3 | Indices of silica-induced autoimmunity in diversity outbred mice. Mice were exposed transorally to crystalline silica in PBS (see Figure 1) before blood 
was collected for determination of serum (a) IgG and (B) IgM and (c) spleen weight. (D) Glomerulonephritis was determined by reviewing and scoring Periodic 
Acid–Schiff-stained kidney sections and (e) proteinuria was measured in the urine using Chemstrips. (F) Blood was collected prior to exposure and every 4 weeks 
thereafter for determination of serum anti-nuclear antibodies by immunofluorescence.
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to PBS controls, consistent with greater activation of the adaptive 
immune response with higher silica exposure (Figures  3A,B; 
Table S2 in Supplementary Material). Serial ANAs were measured 
prior to and every 4 weeks after PBS or silica exposure. Strikingly, 
45% of mice in the PBS group became positive for ANA (≥1+) at 
4 weeks (12–14 weeks of age) despite only two mice being ANA 
positive (both 1+) at the start of the experiment (Figure 3F; Table 
S2 in Supplementary Material). By 12 weeks, a similar 50% of PBS 
mice were ANA positive, however, the average ANA score was 
increased compared to 4 weeks (p < 0.0001). The 5 mg-exposed 
mice were 77% ANA positive at 4 weeks and 66% at 12 weeks. 
Mean ANA scores also increased over the course of the 12 weeks 
exposure (p < 0.0001) and were significantly higher than the PBS 

group (p = 0.006). In contrast, mice exposed to 10 mg of silica 
exhibited ANA positivity (50 and 53%, 4 and 12 weeks) and scores 
that were not significantly different from PBS controls.

Anti-nuclear antibodies specificities were further examined 
for IgG anti-chromatin and anti-ENA5 (Sm, RNP, SS-A 60 and 
52 kDa, SS-B, and Scl-70). Anti-chromatin antibodies at 12 weeks 
were detected in only 3% (2/68), 16% (14/86), and 4% (5/118) of 
mice in the 0, 5, and 10 mg groups, respectively, a much lower 
percentage than ANAs (Figure 4A; Table S2 in Supplementary 
Material). In contrast, when ANA-positive mice were examined, 
silica exposure was associated with substantially higher levels and 
percentages of anti-ENA5 antibodies compared to unexposed 
controls (p < 0.0001) (Figure 4C). Most of the ENA5 reactivity 
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FigUre 4 | Serum autoantibodies in silica-exposed diversity outbred mice. Mice were exposed transorally to crystalline silica in PBS (see Figure 1) before blood 
was collected for determination of serum autoantibodies: (a) IgG anti-chromatin, (B) IgM rheumatoid factor, (c) ENA5 [designed for the detection of IgG anti-Sm, 
-RNP, -SSA (60 and 52 kDa), -SSB, and -Scl-70 IgG antibodies], (D) IgG anti-RNP, (e) IgG anti-Sm, (F) IgG anti-SSA, (g) IgG anti-SSB, and (h) IgG anti-dsDNA.
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was to RNP (85 and 96% for 5 and 10 mg exposures) and Sm (58 
and 84%), whereas anti-SSA (60 and 52 kDa) (12 and 20%) and 
anti-SSB (15 and 28%) specificities were present, but occurred 
less frequently (Figures 4D–G). IgM rheumatoid factor (RF) and 
anti-dsDNA were also elevated in a subset of silica-exposed mice 
with higher levels present in mice exposed to the lower dose of 
silica (Figures 4B,H).

In addition to the serological changes, a modest increase in 
spleen weight was observed in both groups of silica-exposed mice 
compared to controls (Figure 3C). Glomerulonephritis ranging 
from mild to severe was also observed by histology in a few 
silica-exposed mice at both doses, but in none of the PBS mice 
(Figure 3D). Two of the mice with glomerulonephritis developed 
significant proteinuria at 12 weeks (Figure 3E).

correlations Between lung Pathology, 
Biomarkers of silicosis, and autoimmunity
We next looked for correlations between the severity of silica-
induced lung pathology, biomarkers of silicosis in BALF, and 
autoimmune disease manifestations in silica-exposed mice at 
12  weeks. A significant correlation with TLS was found for all 
biomarkers, except IL-6, with TGF-β and TNF-α having strong 
and LDH activity moderate Spearman’s correlation coefficient 
(rs) values (Figure  5A; Table S3 in Supplementary Material). 
Similarly, several immune parameters, including total IgG and 

IgM, anti-ENA5, and anti-chromatin exhibited moderate correla-
tion with lung pathology (Figure 5A; Table S4 in Supplementary 
Material). As expected, the anti-ENA5 response was strongly 
correlated with anti-RNP and anti-Sm, the most common ENA5 
autoantibodies induced by silica (Figure 5A).

Hierarchical clustering analysis was also performed to deter-
mine unbiased relationships between biomarkers of silicosis, 
BALF and lung pathology, and autoimmunity, as well as between 
PBS and silica-exposed DO mice. Accordingly, DO mice showed 
clear distinction between the 10 mg dose and other groups due in 
large part to greater severity of lung pathology, BALF cytokines, 
immunoglobulin levels, and ENA5 antibodies, while there was 
less demarcation of the 0 and 5 mg silica groups (Figure 5B, hori-
zontal clustering). The pulmonary and autoimmune phenotypes 
were divided into four main groups: RF, pre-bleed ANA, and 
proteinuria (cluster a); ANA, anti-dsDNA, anti-SSA, anti-SSB, 
and glomerulonephritis (cluster b); BALF protein and IL-6, 
and serum IgG, IgM, and anti-chromatin (cluster c); and lung 
pathology, BALF cell numbers, TGF-β, TNF-α, LDH activity, and 
antibodies to ENA5, Sm, and RNP (cluster d) (Figure 5B, vertical 
clustering). These results confirmed the connection between lung 
and BALF pathology and with the development of anti-ENA5, 
specifically anti-RNP and anti-Sm (cluster d). The separate cluster 
c contained mainly other immunopathologic consequences of 
pulmonary silicosis and inflammation. Finally, cluster b consisted 
of manifestations associated with systemic autoimmune diseases, 

FigUre 5 | Continued
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FigUre 5 | Correlations of biomarkers in silica-exposed diversity outbred mice. (a) Correlation matrix of Spearman’s correlation coefficient (rs) values for mice 
exposed transorally to 5 or 10 mg of crystalline silica. Spearman’s rs values were calculated using pairwise deletion and represented by a color gradient scale with 
red = 1, yellow = 0, and green = −1. (B) Hierarchical cluster analysis of phenotypes and samples using a complete linkage clustering method and Spearman Rank 
Correlation as the similarity metric. Values are reported as relative change from the average of all samples for each phenotype with red = positive relative change, 
black = no difference, green = negative relative change, and gray = no data available. Dose groups are indicated by the color bar below the sample cluster with 
blue = 0 mg, purple = 5 mg, and yellow = 10 mg. Separate clusters are defined by a, b, c, and d. Abbreviations: TLS, total lung score; Peri, perivasculitis and 
peribronchitis; Alv, alveolitis; BALF cell, bronchial alveolar lavage fluid (BALF) total cell number; BALF Prot, BALF protein levels; LDH, lactate dehydrogenase (LDH) 
activity; SPW, spleen weight; ANA12, anti-nuclear antibody (ANA) score after 12 weeks of exposure; ENA5, designed for the detection of anti-Sm, -RNP, -SS-A 
(60 kDa and 52 kDa), -SS-B, and -Scl-70 IgG antibodies; RNP, anti-RNP IgG; Sm, anti-Sm IgG; SSA, anti-SSA IgG; SSB, anti-SSB IgG; dsDNA, anti-dsDNA IgG; 
Chrom, anti-chromatin IgG, ANA4, ANA score after 4 weeks of exposure; ANA8, ANA score after 8 weeks of exposure; ANAPre, ANA score before exposure; BW, 
body weight; GN, glomerulonephritis; ProtStrip, urine protein using ChemStrip assay.
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such as lupus, but was more separated from silica-induced lung 
pathology. Thus, in DO mice certain autoimmune manifesta-
tions, such as anti-Sm and -RNP, are more strongly associated 
with the severity of pulmonary silicosis whereas others such as 
anti-dsDNA and glomerulonephritis are also dependent on other 
factors, possibly genetic predisposition.

sex effects
We next looked for potential sex effects on lung pathology, bio-
markers of silicosis in BALF and autoimmunity. Using a two-way 
(sex and dose) ANOVA with Sidak’s multiple comparisons we 
found a significant sex effect in BALF cell number (p  <  0.01), 
ENA5 (p  <  0.05), urine protein levels (p  <  0.0001), and body 
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FigUre 6 | Sex differences in silica-exposed diversity outbred mice. Mice were exposed transorally to crystalline silica in PBS (see Figure 1) and females and males 
analyzed separately for sex effects by two-way ANOVA using Sidak’s multiple comparisons. Males exposed to 10 mg were found to have higher (a) alveolitis, (B) 
bronchoalveolar lavage fluid (BALF) cell number, (c) BALF IL-6, and (D) ENA5 autoantibodies compared to females at the same dose.
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weight (p < 0.0001). Additionally, males had significantly higher 
alveolitis, BALF cell numbers, BALF IL-6, and ENA5 autoanti-
bodies than females in the 10 mg dose group (Figures 6A–D). 
Therefore, major sex differences are reflected in greater lung 
inflammation, BALF cells and IL-6, and silica-induced anti-ENA5 
autoantibodies in male DO mice.

DiscUssiOn

In this study, we characterized the range of crystalline silica-
associated pathology in the genetically heterogeneous DO mouse 
population to determine whether this model was suitable for 
defining causal mechanisms of both pulmonary silicosis and silica-
induced autoimmunity. Indeed, a number of novel observations 
from this study provide strong support for that premise. First, DO 
mice were found to exhibit a wide variation in lung involvement, 
cytokine production, and importantly systemic autoimmune 
disease manifestations after a single inhalation exposure to silica. 
Second, cytokine and enzyme biomarkers associated with human 
pulmonary silicosis were also increased in silica-exposed mice. 
Third, circulating immunoglobulins and ANAs were increased 
with silica exposure along with the acquisition of anti-ENA 
specificity. Fourth, hierarchical clustering revealed that while 
anti-ENA5, -Sm, and -RNP responses are linked to lung pathol-
ogy, other autoantibody responses (anti-DNA, -SSA, -SSB) as 
well as GN, are more distantly linked to the effects of silica on 
the lung. Additionally, about half of PBS-treated DO control 
mice were also ANA positive, but in contrast to silica-exposed 
mice, almost all lacked reactivity to common RNA and DNA 
antigens associated with autoimmune disease. Fifth, lupus-like 

glomerulonephritis although uncommon, only developed in 
silica-exposed mice. Finally, unlike the female bias of idiopathic 
systemic autoimmunity (33), sex effects of silica exposure on DO 
mice were more evident in males. These findings provide new 
insights into the effects of genetic diversity on the pathogenesis 
of silicosis and silica-induced autoimmunity.

In this study, a single dose of 5 and 10 mg of silica was used, 
which might be considered high when compared to calculated 
human exposures (19). However, in the absence of a standardized 
dose and method of administration (1, 3, 8, 16, 19, 20, 34), we 
selected, after comparing different routes and doses, amounts of 
silica in the range that produced lung pathology similar in sever-
ity to chronic human silicosis. Furthermore, the single dose by 
transoral instillation resulted in the most uniform presence of 
silica in the lung (data not shown) and reprodu cibility.

Silica exposure resulted in a range of lung pathologies, from 
mild to severe with varying degrees of peribronchial, perivascu-
lar, and alveolar inflammation even within a single dosage group. 
There was also a clear dose response with the 10 mg exposure 
group having significantly greater lung involvement and sever-
ity. These findings are consistent with previous studies in a few 
mouse strains that documented significant differences in the 
severity and type of pulmonary lesions after inhalation of silica-
containing particles (9, 16, 19, 35). Less responsive strains include  
C57BL/6, BALB/c, and NZW while more responsive strains 
include C3H/HeN, MRL/MpJ, NZB, NZM2410, and (NZBxNZW)
F1 (9, 16, 20), many of which are predisposed to lupus. Among 
the reported strains, only the less susceptible C57BL/6 is 
included in the DO founders. These findings are consistent 
with the variations observed in human exposures (2, 4–11) and 
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support the importance of genetic influences on susceptibility to  
silicosis.

Several potential biomarkers of human silicosis identified 
in human exposure studies, TGF-β, TNF-α and LDH (3, 32, 
36), were also elevated in the BALF of silica-exposed DO mice. 
Among these, TGF-β appeared to be the most robust as it was 
increased in both low and high dose silica exposure groups and 
had the strongest association with lung pathology score. In con-
trast, IL-6, which was only elevated in a small subset of, mainly 
male, DO mice exposed to the higher dose, may not be a suitable 
marker of silicosis, but might indicate extreme exposure. Taken 
together, these results are consistent with similar silica-mediated 
inflammatory mechanisms occurring in the lungs of humans and 
DO mice.

Silica-induced autoimmunity in DO mice included mild sple-
nomegaly, autoantibodies to nuclear antigens commonly detected 
in lupus and mixed connective tissue disease, and glomerulo-
nephritis. Autoimmunity was slightly more severe in the lower 
silica dose group, with higher levels of ANA, anti-chromatin, 
anti-dsDNA, RF, and glomerulonephritis than both the PBS and 
higher dose groups. Interestingly, and of significance in studying 
autoimmunity in the DO mouse, was the high prevalence (~50%) 
of ANAs in PBS-controls, which suggests the presence of ANA-
promoting variants in many of the founder strains. Indeed, 
although lupus is not a major characteristic of any DO founders, 
lupus-predisposing loci have previously been identified in three 
strains, B6, 129, and NOD (37, 38). Moreover, treatment of predia-
betic NOD mice with a single dose of intravenous Mycobacterium 
bovis (M. bovis) suppresses diabetes and induces lupus-like 
manifestations, including autoimmune hemolytic anemia, 
ANAs, and immune complex-mediated glomerulonephritis (39). 
Consequently, as silica exposure substantially enhances lupus in 
mainly susceptible strains (9, 19), the aforementioned predispos-
ing loci responsible for spontaneous and M. bovis-induced lupus 
are also likely relevant to silica-induced autoimmunity. Thus, the 
DO model provides the means to identify common and unique 
genetic variants predisposing to spontaneous and silica-induced 
autoimmunity spanning a broad repertoire of laboratory and wild 
mouse-derived genomes.

Another striking finding was the high frequency of ENA 
reactivity of ANAs in both silica-exposed groups compared to 
PBS controls (~50 vs 6%), which included antibodies to mainly 
RNP and Sm, but also to SSA and SSB. In contrast, nearly all ANA 
positive PBS-treated mice lacked reactivity to any of the com-
mon lupus-associated autoantigens tested despite only slightly 
lower ANA scores than mice in the silica-exposed groups. 
Such DNA and ENA-negative ANAs have been associated with 
nonpathogenic autoantibodies such as anti-DFS70 and reduced 
incidence of systemic autoimmune rheumatic disease (40). Thus 
in DO mice, silica-induced ANAs can be distinguished from 
spontaneous ANAs by the presence of anti-ENA specificity, 
which studied in mice indicate that it is primarily mediated by 
TLR7 signaling (41). Similarly, anti-ENA specificities analyzed 
in ~1,800 uranium miners exposed to silica dust found increased 
prevalence of anti-SSA and anti-SSB antibodies particularly 
in miners with SLE or heavy exposures, however, antibod-
ies to RNP and Sm were uncommon (42). Taken together, 

these findings are consistent with both genetic variation and 
silica exposure influencing the development of ANAs and ANA  
specificities.

Correlation and hierarchical clustering analyses of silica-
exposed DO mice further documented the connections between 
lung pathology and BALF biomarkers (TGF-β, TNF-α, and 
LDH activity) as well as the association of these pulmonary 
pathologies with anti-RNP and anti-Sm. The dependence of 
anti-ENA5 ANAs on silica exposure is not simply secondary to 
inflammation, since autoimmunity induced by chronic mercury 
exposure leads to autoantibodies to other nuclear antigens, but 
not anti-ENA (43). The development of anti-ENA in nearly all 
ANA-positive DO mice suggests a high frequency of genetic 
variants predisposing to this specificity among DO founders or 
less likely that anti-ENA induction by silica is independent of 
background. In contrast, other autoimmune manifestations, such 
as ANA, anti-dsDNA, anti-SSA/SSB, and glomerulonephritis 
clustered together and were less associated with silica-induced 
lung pathology. These autoimmune traits are likely more depend-
ent on genetic susceptibility than anti-ENA5 in DO mice or the 
responsible genetic variants are less common. Nevertheless, in 
either situation, our findings indicate that these autoimmune 
manifestations are enhanced by silica exposure similar to the 
early induction of severe autoimmune disease in lupus-prone 
strains (9, 19). Moreover, these findings argue that silica exposure 
in itself without the development of silicosis can contribute to 
autoantibody production, a finding consistent with the presence 
of autoantibodies in silica-exposed, but silicosis-free, humans (8). 
Taken together, these findings establish a new definable model to 
investigate genetic and pathogenic mechanisms of silica-induced 
autoimmunity.

Here, we document a wide variation in lung inflammatory and 
autoimmune disease phenotypes within the DO mouse popula-
tion following inhalation of crystalline silica and also define 
their major associations. Consequently, our results indicate the 
presence of both silica-specific as well as genetically imposed 
autoimmune manifestations, such as anti-ENA and ANA positiv-
ity. Thus, exposure of the DO mouse to silica provides a model of 
the diverse pathologic and autoimmune responses of the human 
population to environmental silica. Accordingly, the DO system 
provides a unique opportunity to investigate the genetic pathways 
and pathophysiologic mechanisms critical for promoting silica-
associated autoimmune disease and supports the application 
of this model in investigating population wide environmental 
effects.
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Extracellular vesicles (EVs) are released from nearly all mammalian cells and different EV 
populations have been described. Microvesicles represent large EVs (LEVs) released from 
the cellular surface, while exosomes are small EVs (SEVs) released from an intracellular 
compartment. As it is likely that different stimuli promote the release of distinct EV popula- 
tions, we analyzed EVs from human lymphocytes considering the respective release 
stimuli (activation Vs. apoptosis induction). We could clearly separate two EV populations, 
namely SEVs (average diameter <200 nm) and LEVs (diameter range between 200 and 
1000 nm). Morphology and size were analyzed by electron microscopy and nanoparticle 
tracking analysis. Apoptosis induction caused a massive release of LEVs, while activated 
T-cells released SEVs and LEVs in considerably lower amounts. The release of SEVs 
from apoptotic T-cells was comparable with LEV release from activated ones. LEVs 
contained signaling proteins and proteins of the actin-myosin cytoskeleton. SEVs carr-
ied cytoplasmic/endosomal proteins like the 70-kDa heat shock protein 70 (HSP70) or 
tumor susceptibility 101 (TSG101), microtubule-associated proteins, and ubiquitinated 
proteins. The protein expression profile of SEVs and LEVs changed substantially after 
the induction of apoptosis. After apoptosis induction, HSP70 and TSG101 (often used 
as exosome markers) were highly expressed within LEVs. Interestingly, in contrast to 
HSP70 and TSG101, gelsolin and eps15 homology domain-containing protein 3 (EHD3) 
turned out to be specific for SEVs irrespective of the stimulus causing the EV release. 
Finally, we detected several subunits of the proteasome (PSMB9, PSMB10) as well as 
the danger signal HMGB1 exclusively within apoptotic cell-released LEVs. Thus, we 
were able to identify new marker proteins that can be useful to discriminate between 
distinct LEV subpopulations. The mass spectrometry proteomics data are available via 
ProteomeXchange with identifier PXD009074.

Keywords: apoptosis, exosomes, extracellular vesicles, microvesicles, stimulus-dependent release

217

http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2018.00534&domain=pdf&date_stamp=2018-03-15
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2018.00534
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:christinetucher@freenet.de
https://doi.org/10.3389/fimmu.2018.00534
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00534/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00534/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00534/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00534/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00534/full
http://loop.frontiersin.org/people/491109
https://loop.frontiersin.org/people/38440
https://loop.frontiersin.org/people/55543
https://loop.frontiersin.org/people/536160


Tucher et al. EVs Carry Stimulus-Dependent Proteins

Frontiers in Immunology | www.frontiersin.org March 2018 | Volume 9 | Article 534

inTrODUcTiOn

Extracellular vesicles (EVs) are released from a variety of mam-
malian cells. These vesicles can be discriminated by size or mole- 
cular composition and two main EV populations have been 
described. To date, a population of large EVs (LEVs)—released 
from the cellular surface—is distinguished from a population 
of small EVs (SEVs), which is released from an intracellular/
endosomal compartment, the multivesicular body. These EV 
populations have been termed microvesicles (considering LEVs) 
and exosomes (considering SEVs, respectively). Microvesicles are 
large vesicles with varying sizes in a diameter range from 200 up 
to 1,000 nm. These vesicles carry receptors and surface molecules 
from the cell of origin (1–6). The release of microvesicles results 
from reorganization of the actin-myosin cytoskeleton, and 
occurs by direct budding of the outer cellular membrane (7–9). 
Exosomes are vesicles smaller than 200 nm and are released from 
an intracellular/endosomal compartment, called multivesicular 
body (4, 10). Due to their endosomal origin exosomes carry 
endosome-associated proteins, such as Rab GTPases, Alix, or 
tumor susceptibility 101 (TSG101) (11–13). Exosomes and 
their molecular composition have intensively been studied and 
TSG101, the 70-kDa heat shock protein 70 (HSP70) or tetraspa-
nins (e.g., CD63, CD81) have been reported as exosome marker  
proteins (14–19).

Beside analyses of their protein cargo, EVs have been reported 
to carry DNA or distinct RNAs and they are able to transfer genetic 
information from cell to cell (20–26). Thus, EVs are incr easingly 
recognized as mediators of intercellular communication (27–30), 
and their role in the pathogenesis of autoimmune diseases or 
tumor growth has been discussed (3, 31–36). However, while the 
EV field is rapidly expanding, there is an urgent need to better 
define vesicle subpopulations. Meanwhile, the heterogeneity of 
EVs is a well-known fact and it has become evident that SEVs 
(often called exosomes) consist of diverse subpopulations. A diver-
sity that applies for LEVs (often referred to as microvesicles or 
apoptotic bodies) as well (5, 17, 37).

The release of EVs can be triggered by many stimuli like cell- 
ular activation or apoptosis induction (5, 38). Thus, it seems obvious 
that different stimuli might favor the release of a distinct EV type. 
Recently, a first systematic study by Théry and co-workers analyzed 
and directly compared the protein content of exosomal and non-
exosomal EVs released from primary human monocyte-derived 
dendritic cells was analyzed (39). Nevertheless, a comparative study, 
which systematically analyzes EVs, released after different stimu-
lation conditions (i.e., cellular activation or apoptosis induction)  
is still needed. To address this issue, EVs were isolated from 
primary human T-lymphocytes. Activated T-lymphocytes were 
generated by PHA/IL-2 stimulation of PBMCs resulting in >95% 
CD3 positive T-cells (23, 40–42) (for details see Materials and 
Methods). These activated T-cells were then further stimulated 
with IL-2 or induced to undergo apoptosis by UV-B irradiation. 
LEVs were isolated by filtration following an ultracentrifugation 
at 10,000 × g. In a further ultracentrifugation step (100,000 × g),  
SEVs were isolated.

Both vesicle populations (SEVs and LEVs, respectively) were 
isolated either after cellular activation or after the induction of 

apoptosis. SEVs and LEVs were quantified, morphologically  
analyzed, and the protein content of each distinct EV population 
was investigated. We could show that apoptosis induction is the 
most potent stimulus for the release of LEVs. SEVs and LEVs were 
released in considerably lower amounts from activated T-cells. 
SEV release from apoptotic T-cells was comparable to LEV release 
from activated ones. Moreover, we demonstrated that the protein 
cargo of SEVs and LEVs is tightly regulated and dependent on the 
stimulus causing EV release, with apoptosis induction dramati-
cally changing the protein cargo of both vesicle populations. As 
an example, when analyzing vesicles released from viable T-cells, 
TSG101 (a classically used exosome marker) is exclusively found 
within SEVs. After apoptosis induction, the same protein was 
detected within LEVs and was virtually excluded from the SEVs 
population. Similar changes were also observed, when we ana-
lyzed protein modifications, such as ubiquitination. By means of 
two dimensional difference gel electrophoresis (DIGE) followed 
by mass spectrometry, we were able to identify 24 proteins which 
are differentially expressed and regulated within SEVs and LEVs 
after cellular activation or apoptosis induction.

Finally, we have gained insight into the release mechanisms 
of EVs. We observed proteins of the actin-myosin cytoskeleton 
(actin, ezrin) within LEVs, whereas microtubule-associated pro-
teins [gelsolin (GSN) or eps15 homology domain-containing 
protein 3] are exclusively and specifically found within SEVs. 
Importantly, these two proteins were specific markers for the SEV 
population even after the induction of apoptotic cell death. Our 
findings indicate that the release of LEVs is dependent on the acti-
vation of the actin-myosin cytoskeleton, suggesting a release from 
the cellular surface. SEVs, however, seem to be mainly released 
from inside the cell, and their release is associated with the micro-
tubule apparatus. Furthermore, we observed an accumulation of 
proteasome subunits within LEVs and showed that the protea-
some is involved in the regulation of LEV release. Interestingly, 
the inducible proteasomal subunits as well as the danger signal 
protein HMGB1 accumulated in LEVs released from apoptozing 
T-cells. These proteins can be used as new markers to identify 
distinct LEV subpopulations.

MaTerials anD MeThODs

cell culture
Healthy donors were participated in this study after having given 
informed consent. The study, approved by the ethics committee 
of the University of Heidelberg, was conducted according to the 
ethics guidelines of our institution and those of the Declaration 
of Helsinki.

Peripheral blood mononuclear cells (PBMCs) were isolated by 
density gradient centrifugation (LSM 1.077, Merck, Darmstadt, 
Germany) out of heparinized venous blood from normal healthy 
donors. PBMCs were washed twice in phosphate-buffered saline 
(PBS, Sigma, Taufkirchen, Germany) and were cultured in 
RPMI 1640 (Life Science Technologies, Darmstadt, Germany) 
supplemented with 10% (v/v) heat inactivated fetal calf serum 
(Gibco-BRL, Eggenstein, Germany) 10 mM HEPES buffer, 4 mM 
l-glutamine and penicillin-streptomycin (Sigma, Taufkirchen, 
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Germany). Cell viability was checked by trypan blue exclusion 
test. To generate activated T-lymphocytes 1 µg/ml phytohemag-
glutinine (Sigma, Taufkirchen, Germany) and 0.5  U/ml IL-2 
(Roche, Mannheim, Germany) were added to the culture media 
for 5  days, leading to activation and marked proliferation of 
T-cells. These PHA/IL-2 activated lymphocytes are >95% CD3 
positive (23, 40–44). Cells were then washed and stimulated with 
additionally 0.5 U/ml IL-2 to further expand T-cells.

isolation of leVs and seVs
Extracellular vesicles-depleted culture medium was prepared 
overnight by centrifugation at 100,000 × g in a 70Ti rotor (Beckman 
Coulter, Krefeld Germany). To isolate EVs, T-cells were washed 
with PBS and plated into cell culture dishes with up to 100 × 10^6 
T-cells per 30  ml EV-depleted culture medium. T-cells were 
either activated by the addition of IL-2 or induced to undergo 
apoptosis by UV-B irradiation for 30  s (90  J/cm2). Afterward 
T-cells were cultured for 20 h, LEVs and SEVs were isolated by 
differential ultracentrifugation. Before EV isolation, cell vitality 
was always assessed by staining with AnnexinV (AxV, Böhringer, 
Mannheim, Germany) and propidiumiodide (PI, Sigma,  
Taufkirchen, Germany). In short, T-cells were incubated with 
200 ng of AxV-FITC and 500 ng PI in 500 µl Ringer’s solution 
(B. Braun, Melsungen, Germany) for 30 min at 4°C and analyzed 
by flow cytometry. To deplete whole T-cells or apoptotic cellular 
remnants before EV isolation the cell suspension was centrifuged 
at 300  ×  g, 5  min and the remaining supernatant was passed 
through a 1.2 µm non-pyrogenic, hydrophilic syringe filter into 
ultracentrifuge tubes (Beckman Coulter). Subsequently, EVs 
were isolated by centrifugation at 10,000 × g for 45 min at 10°C in 
a 70Ti rotor (Beckman Coulter) to receive LEV pellets. The result-
ing supernatant was then centrifuged at 100,000 × g for 45 min at 
10°C to receive SEV pellets. All pellets were resuspended in either 
50 µl sterile PBS for nanoparticle tracking analysis (NTA) or in 
10  µl RIPA-lysis buffer (c-c-pro, Neustadt, Germany) supple-
mented with protease inhibitors for protein analysis (complete 
Mini, Böhringer, Mannheim, Germany).

nanoparticle Tracking analysis
A NS300 NTA machine (Malvern, Amesbury, United Kingdom) 
was used to analyze isolated EVs. Following camera settings were 
used: camera level 13/14, screen gain 1.0, and threshold 6. For each 
sample, a quick measurement for 60 s was performed to ensure 
right dilution factor and camera settings. Standard measurement 
was performed by taking at least three videos with 60  s, with  
more than 500 tracks per video.

immunoblot analysis
Extracellular vesicles pellets were resuspended and lysed in 
RIPA-lysis buffer (c-c-pro, Neustadt, Germany) supplemented 
with proteases inhibitor cocktail (complete Mini, Böhringer, 
Mannheim, Germany) for 30 min on ice. Lysates were centrifuged 
by 16,000 × g for 10 min at 4°C. Afterward, the supernatant of each 
probe was transferred into a new microfuge tube and the protein 
concentration was quantified by BCA assay (Life Technologies, 
Darmstadt, Germany). 15 µg protein of each probe was diluted 

in loading buffer and loaded onto a 12.5% SDS-PAGE. After 
transfer to PVDF membranes, proteins were detected by using 
the following antibodies:

Rabbit polyclonal anti-human: Actin (Sigma, Taufkirchen, 
Germany), ERK1 (K-23), HSP90 (Santa Cruz, Heidelberg, 
Germany), LAT (Upstate Biotechnology, New York, NY, USA), 
PSMA1 (clone N1C3, Biozol, Eching, Germany), ZAP70 
(Epitomics, Burlingame, Canada). Goat polyclonal anti-human: 
Ezrin (C-19), GSN (N-18) (Santa Cruz, Heidelberg, Germany), 
PSMB10 (Biotechne, Wiesbaden-Nordenstadt, Germany). 
Mouse monoclonal anti-human: pERK (E-4), EHD3, HSP70, 
Ubiquitination (Santa Cruz, Heidelberg, Germany), LCK (clone 
28, BD Pharmingen, Heidelberg, Germany), anti-TSG101 
(clone 4A10), PSMB9 (clone 792520, Biotechne, Wiesbaden-
Nordenstadt, Germany). Blots were treated with species-specific 
horseradish peroxidase-labeled antibodies (Dianova, Hamburg, 
Germany) and signals were detected with enhanced chemilumi-
nescence (Amersham Biosiences, Freiburg, Germany).

Two Dimensional Dige
Isolated EVs obtained from activated and apoptozing 
T-lymphocytes (three normal healthy donors) were lysed in THC  
buffer supplemented with 1 µg/ml Aprotonin, Leupeptin, Peps-
tatin, and 200 mM PMSF (Merck, Darmstadt, Germany). Lysates 
were sonicated (program: 1  s pulse and 5  s pulse off, 3  min, 
amplitude: 90%) two times at 4°C and centrifuged at 20,000 rpm 
for 15 min at 4°C. The supernatant was transferred into a new 
microfuge tube and protein concentration was determined by 
Bradford assay. Afterward each probe was divided into three 
parts with equal protein amounts of 5 µg. Each part was labeled 
with a specific dye for DIGE preparations (CYDYE DIGE Fluor 
CY3/CY5, VWR, Darmstadt, Germany). An internal standard 
was generated through mixing 5 µg protein of each probe and 
labeling with CY2 (CYDYE DIGE Fluor, VWR, Darmstadt, 
Germany). After labeling, probes were loaded onto pH stripes 
(VWR, Darmstadt, Germany) for the protein separation in the 
first dimension (isoelectric point). Then proteins were separ- 
ated in the second dimension (molecular weight, standard  
SDS-PAGE). The experiments were performed in triplicates. 
Including the standards, 36 gels were obtained. To identify protein 
spots, 2D-gels were scanned (IPGphor3, GE Healthcare, Freiburg, 
Germany) and analyzed by a DIGE DeCyder machine and  
software (V7.0).

Mass spectrometry
After the analysis by the DIGE DeCyder machine and software 
(GE Healthcare, Freiburg, Germany) we selected 24 protein 
spots, for identification of the proteins by mass spectrometry. 
Selected protein spots were picked out of the SDS-gels using an 
Ettan spot picker (GE Healthcare, Freiburg, Germany) and ana-
lyzed by mass spectrometry (LC-MS/MS). Mass spectrometry 
was performed at the Core Facility for Mass Spectrometry in the 
ZMBH in Heidelberg. The mass spectrometry proteomics data 
have been deposited to the ProteomeXchange Consortium via 
the PRIDE (45, 46) partner repository with the dataset identifier 
PXD009074 and 10.6019/PXD009074.
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Transmission electron Microscopy (TeM)
Isolated and pelleted EVs were fixed in glutaraldehyde-PBS (2% 
final). After washing and post-fixing in osmium tetroxide (2%) 
and K4[Fe(CN)6] (1.5%), samples were totally enclosed in contrast 
solution uranyl acetate, dehydrated with a graded dilution series  
of ethanol, and finally embedded into glycid-ether-100-based 
resin. Ultrathin sections were cut (Reichert Ultracut S ultrami-
crotome, Leica Microsystems). Slices were contrasted and analyzed  
with a Zeiss EM 10 CR electron microscope.

Proteasome inhibition assay
Activated T-lymphocytes were induced to undergo apoptosis  
by UV-B irradiation for 30  s (90  J/cm2) in the presence or 
absence of 1 nM bortezomib (Santa Cruz, Heidelberg, Germany) 
or 10 µM Y27632 (Merck, Darmstadt, Germany). After 20 h, the 
amount of released LEVs was quantified by flow cytometry (FSC/
SSC analysis), using an EPICS XL™ flow cytometer (Coulter, 
Hialeah, Fl, USA). Cell viability was assessed by AxV/PI staining 
as described above.

statistics
Paired two-tailed Student’s t-tests was used to perform statisti-
cal analysis. Experiments, in which cells of the same donor were 
treated with different conditions, and the respective experiment 
was repeated n-times with different donors, paired two-tailed 
Student’s t-tests was performed. All statistical analyses, exclu-
ding DIGE analysis, were performed using the statistical soft- 
ware GraphPad Prism 5.0 (GraphPad Software, Inc., San Diego,  
CA, USA).

Statistical analysis for DIGE analysis was performed using 
DIGE DeCyder software V7.0 (GE Healthcare, Freiburg, 
Germany). Statistical level of significance was determined as a 
p-value of <0.05.

resUlTs

Morphologic characterization of eVs 
released From activated or apoptozing 
human T-lymphocytes
The morphology and molecular composition of EVs have inten-
sively been studied since their discovery. However, vesicle prepa-
rations have been analyzed using different cellular models and 
distinct stimuli causing EV release (22, 47). So far, no study has 
analyzed different EV populations and simultaneously consid-
ered the respective release stimulus. Therefore, we characterized 
and compared different EV populations released either after 
cellular activation or after apoptosis induction.

Large EVs and SEVs were isolated from the supernatant of acti-
vated or apoptozing primary human T-lymphocytes. After apop-
tosis induction, the amount of AxV+ positive and PI− negative  
T-cells was markedly increased (90% increase, p  =  0.00004, 
Figure 1C). The percentage of necrotic T-cells (AxV+/PI+ posi-
tive ones) was only slightly increased (8.7% increase, p = 0.004, 
Figure  1C). The isolation of EVs was performed by filtration  
followed by differential ultracentrifugation. Collected EVs were 
analyzed by TEM, NTA, and BCA assay. TEM preparations showed 

LEVs, released from viable and apoptozing T-cells, as membrane 
enveloped vesicles in sizes from 200 to 1000  nm in diameter 
(Figure 1A). SEVs, released from viable and apoptozing T-cells, 
occurred as membrane-coated vesicles, but differed dramatically 
in size with an average diameter from 50 to 200 nm. Isolated EVs 
were also analyzed by NTA as shown in Figure  1B. For LEVs 
isolated from viable T-cells a mean size of 330  nm was calcu-
lated, whereas LEVs released from apoptozing T-cells appeared 
somewhat larger (100–750 nm) with an average size of 390 nm. 
In contrast, SEVs appeared as smaller vesicles with an average 
size of 190 nm for SEVs released from viable T-cells. Again, SEVs 
released after apoptosis induction appeared somewhat larger  
when compared to those released from activated T-cells.

Next, we compared the amount of vesicles (SEVs and LEVs) 
released either after cellular activation or after apoptosis induction. 
The release of LEVs was massively triggered after apoptosis induc-
tion. Here, the LEV concentration rose up to a 10-fold level from 
38 to 388*109 vesicles/ml (p = 0.00009, Figure 2A). Further, we 
observed a slight increase of SEVs released from apoptozing T-cells 
(p =  0.045, Figure 2A). Activated T-cells released slightly more 
LEVs when compared to SEVs (p = 0.043, Figure 2A). In parallel, 
we analyzed the amount of protein released within the different 
vesicle populations and obtained very similar results (Figure 2B). 
Further, a protein/vesicle ratio was calculated by division of protein 
content through the vesicle concentration (Figure 2C). The high-
est protein/vesicle ratio was found in SEVs released from activated 
T-cells (ratio score = 4.5, Figure 2C). Apoptotic SEVs and activated 
LEVs showed an equal protein/vesicle ratio (ratio score  =  2.3, 
respectively 2.1, Figure 2C). The lowest protein/vesicle ratio was 
observed by the apoptotic LEVs (ratio score = 1.2, Figure 2C).

As suggested previously by the international society of EVs 
(48) we have analyzed a set of proteins, which either should be 
present in or excluded from distinct EV populations. Proteins 
associated with compartments other than plasma membrane 
or endosomes should not be detectable within SEVs. In fact, we  
were able to show, that the mitochondrial protein Bcl-2 is excl- 
uded from all EV fractions (LEVs and SEVs) and only present 
within whole cells. The proteins calnexin and calreticulin (endo-
plasmatic reticulum related) were detected in whole cells, to a 
lesser extent also in LEVs, but were excluded from the SEV frac-
tion. Annexin I, a protein which is expected to be present within 
EVs (48), was in fact detected in whole cells as well as in all EV 
fractions (Figure S1 in Supplementary Material).

Protein Profile of leVs and seVs released 
From activated or apoptozing human 
T-lymphocytes
After the characterization of the morphology of EVs, we were 
interested in the proteins present in distinct vesicle populations. 
To this aim, we used two dimensional DIGE and western blot 
analysis. For DIGE analysis, SEVs and LEVs were isolated from 
apoptozing or activated T-cells. One representative gel for each 
condition (activated LEVs, apoptotic LEVs, activated SEVs, and 
apoptotic SEVs) is depicted in Figure 3A. Using the DIGE DeCyder 
2D software we could map 11,364 protein spots (100%). We identi- 
fied 9,583 protein spots (84.33%) that did not significantly differ 
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FigUre 1 | Morphology of large EVs (LEVs) and small EVs (SEVs). (a) Large pictures on the left show a representative T-cell either after cellular activation  
(upper picture) or after apoptosis induction (lower picture). The corresponding extracellular vesicles are shown on the right side (active LEVs: LEVs released from 
activated T-cells; active SEVs: SEVs released from activated T-cells; apo LEVs: LEVs released from apoptozing T-cells; apo SEVs: SEVs released from apoptozing 
T-cells). (B) Three representative size distribution graphs with the corresponding mean values obtained by nanoparticle tracking analysis (NTA) measurements are 
shown. On the x-axis, size distribution (nm) is depicted; the y-axis outlines vesicle concentration (106 vesicles/ml). (c) The graph shows the percentage of viable 
T-cells (AxV+/PI−), apoptotic T-cells (AxV+/PI−), and necrotic T-cells (AxV+/PI+). Activated or UV-B irradiated T-cells were analyzed by flow cytometry after AxV/PI 
staining. Data were obtained from five independent experiments (mean values + SEM). (D) The graph shows mean values of vesicle size distribution (NTA analysis) 
obtained from 10 independent experiments. Mean values + SEM are shown. Statistical significance was calculated employing the Student’s t-test.
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in their expression levels. However, 1,781 protein spots (15.67%) 
showed either a different expression level in SEVs and LEVs or a 
significant change in expression after the induction of apoptosis. 
To evaluate the expression profile in a more detailed way we 
divided the protein spots into two major categories:

(1) Spots showing a different expression level when comparing 
LEVs and SEVs. Based on a p-value ≤0.05 we found 930 
spots that were significantly higher expressed within LEVs 
(8.20%), while 846 protein spots showed a higher expression 
in SEVs (7.47%, Figure 3B, left pie chart).

(2) Spots that were up- or downregulated within distinct EV 
populations after apoptosis induction. These spots were either 
regulated in parallel or in opposing directions when comparing 
LEVs and SEVs. Here, 701 protein spots showed a simultane-
ous upregulation in LEVs and SEVs (39.85%), while 580 pro-
tein spots were simultaneously downregulated in both vesicle 
populations (32.97%, Figure 3B, right pie chart). 143 protein 
spots were upregulated in LEVs and downregulated in SEVs  
(8.13%) and 335 spots were regulated vice versa (19.04%).

Finally, we selected 24 protein spots which were either strongly 
regulated after the induction of apoptosis or which showed a 
significantly different expression in SEV and LEV preparations. 
Those spots were then identified by mass spectrometry (Figure 4).

Figure  4A shows proteins which were upregulated in LEVs  
and SEVs after apoptosis induction. Here we identified gamma- 
actin (ACTG1), beta-actin (ACTB), 14-3-3 protein theta 
(YWHAQ), stress-induced phosphoprotein 1, eukaryotic trans-
lation initiation factor three subunit H (EIF3H), myosin heavy 
chain 9 (MYH9) (Figure 4A).

The proteins shown in Figure 4B were also upregulated after 
apoptosis induction, but showed different expression levels  
when comparing LEVs and SEVs. These proteins are: protein 
phosphatase 1 regulatory subunit 7 (PPP1R7), major vault pro-
tein, eps15 homology domain-containing protein 3 (EHD3).

The proteins shown in Figures 4C,D showed a downregula-
tion after apoptosis induction. These proteins are: proteasome 
subunit beta type-4 (PSMB4), enoyl-CoA hydratase 1, septin 9 
(SEPT9), voltage-dependent anion-selective channel 1, guanine 
nucleotide-binding protein subunit beta-2-like 1 (GNB2L1), 
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FigUre 3 | Protein expression and regulation pattern of large EVs (LEVs) 
and small EVs (SEVs) after apoptosis induction. (a) One representative gel is 
shown for bidimensional electrophoresis of activated and apoptotic LEVs and 
SEVs. (B) The pie charts on the left indicate the percentage of proteins 
showing a different expression level within LEVs or SEVs. LEVs high SEVs 
low is shown in black (8.20%), LEVs low SEVs high is shown in white 
(7.47%). Proteins showing no significant differences in their expression within 
the respective EVs are shown in gray (84.33%). The right pie chart indicates 
the percentage of proteins which have been differentially regulated after 
cellular activation or apoptosis induction. LEVs high/SEVs high is shown in 
black (39.85%); LEVs low/SEVs low is shown in white (32.97%); LEVs high/
SEVs low is shown in dark gray (8.13%); LEVs low/SEVs high is shown in 
light gray (19.04%). Results are calculated out of three independent 
experiments and statistical significance (p ≤ 0.05) was calculated employing 
the Student’s t-test.

FigUre 2 | Vesicle concentration and protein content of large EVs (LEVs) 
and small EVs (SEVs). LEVs and SEVs were isolated after activation of  
T-cells or after apoptosis induction (active LEVs: LEVs released from 
activated T-cells; active SEVs: SEVs released from activated T-cells; apo 
LEVs: LEVs released from apoptozing T-cells; apo SEVs: SEVs released  
from apoptozing T-cells). (a) The concentration of isolated extracellular 
vesicles (EVs) was quantified by nanoparticle tracking analysis (NTA).  
(B) The total protein content of isolated EVs is shown. The graphs show 
mean values out of eight independent experiments + SEM. Statistical 
significance was calculated employing the Student’s t-test. (c) The graph 
shows the ratio calculated by division of protein content through vesicle 
concentration [protein content (μg) divided by vesicle concentration 
(×109 vesicles/ml)]. Active LEVs: ratio score = 2.1; active SEVs: ratio 
score = 4.5; apo LEVs: ratio score = 1.2; apo SEVs: ratio score = 2.3.
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nascent-polypeptide-associated complex alpha polypeptide 
(NACA), and the heat shock 60 kDa protein 1 (HSPD1).

Figures 4E,F show proteins, which are differentially regulated 
and expressed (comparing LEVs and SEVs) after apoptosis 

induction. The proteins are: adenosylhomocysteinase, leucine 
aminopeptidase 3, alpha-enolase 1, proteasome subunit alpha type 
1 (PSMA1), phosphoglycerate kinase 1, DNA damage-binding 
protein 1 (DDB1), GSN, and the 40 S ribosomal protein SA.

Our findings demonstrate that the protein content of distinct 
EV populations is tightly regulated and dependent on the stimulus 
causing EV release. Apoptosis induction had a significant impact 
on the protein load of LEVs as well as that of SEVs. However, 
some proteins (DDB1, EHD3, and GSN) had a high and stable 
expression within SEVs despite the induction of apoptotic cell 
death. Thus, we suggest that distinct protein groups might be 
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FigUre 4 | Continued
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specific for a particular EV type (e.g., EHD3 and GSN for SEVs). 
On the other hand, some proteins might be specific for EVs 
released from T-cells undergoing apoptosis (e.g., proteins of the 

actin-myosin cytoskeleton, like ACTG1, ACTB, and MYH9). 
To further substantiate this, we investigated several proteins by 
western blot analysis. Here, we analyzed membrane associated 
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FigUre 5 | Immunoblot analysis of proteins present in distinct extra-
cellular vesicles (EV) populations. Large EVs (LEVs) and small EVs  
(SEVs) were isolated from activated T-cells (Ø) and T-cells induced  
to undergo apoptosis (UV). Analyzed proteins included: (a) proteins  
related to the T-cell receptor signaling, (B) cytoskeletal proteins,  
(c) proteasomal subunits and HMGB1, (D) cytosolic/endosomal  
proteins, and (e) microtubule-related proteins.

FigUre 4 | Differential expression pattern of proteins in large EVs (LEVs) and small EVs (SEVs) isolated after cellular activation or apoptosis induction.  
The graphs show the expression level of proteins that have been identified by mass spectrometry. Results obtained from analysis of the 2D-gels using the  
difference gel electrophoresis (DIGE) DeCyder machine and software are shown (standardized protein abundance on the y-axis). Protein expression levels of  
LEVs or SEVs isolated either after cellular activation (Ø) or after the induction of apoptosis by UV-B irradiation (UV) are indicated. (a,B) Expression levels are  
shown of proteins that have been upregulated in both extracellular vesicles (EV) fractions after the induction of apoptosis. (c,D) Graphs show proteins that have 
been downregulated in LEVs and SEVs. (e,F) Graphs show proteins with a different expression and regulation in LEVs and SEVs. EV preparations were obtained 
from three healthy donors. Statistical analysis (p-value and AV-ratio) was done using the DIGE DeCyder software.
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proteins of the T-cell receptor (TCR) signaling cascade (LAT, 
LCK, ZAP70, ERK1, and pERK). As shown in Figure 5A, these 
proteins turned out to be specific for LEVs. Similar results were 
obtained when we analyzed actin and ezrin as proteins of the 
actin-myosin cytoskeleton (Figure 5B).

In DIGE analysis, the expression of the proteasome subunits 
PSMA1 and PSMB4 appeared higher in LEVs when compared 
to SEVs. Therefore, we investigated subunits of the proteasome 
also by western blot analysis. As shown in Figure 5C PSMA1 
was detected mainly in LEVs and strongly induced after induc-
tion of apoptosis (this expression profile matched with the data 
obtained from DIGE analysis). The proteasome subunit beta-9 
(PSMB9) and proteasome subunit beta-10 (PSMB10) were 
specific for LEVs released from apoptozing T-cells.

A further protein that was detected within apoptotic cell- 
derived LEVs is the high mobility group box protein B1 (HMGB1). 
HMGB1 (a nuclear protein involved in structural DNA organiza-
tion) can be released from necrotic cells or upon cellular acti-
vation. After this release into the extracellular space, HMGB1 
serves as a mediator of inflammation (49). Interestingly, HMGB1 
accumulated nearly exclusively within apoptotic cell-derived 
LEVs and seemed to be excluded from other EV subpopulations 
(Figure 5C).

We then analyzed cytosolic/endosomal proteins which have 
classically been used as exosome markers. These included the 
proteins TSG101 and HSP70, as well as the analysis of protein 
ubiquitination. When analyzing SEVs released from viable 
T-cells, TSG101, and HSP70 as well as ubiquitination of proteins 
appeared rather specific for isolated SEVs. However, after the 
induction of apoptosis, TSG101 and HSP70 were found mainly 
in LEVs, while protein ubiquitination was to be observed in both 
EV populations (Figure 5D).

Finally, as we had already observed a specific expression of 
the microtubule-associated proteins GSN and EHD3 in SEVs, 
released from activated as well as from apoptozing T-cells, we were 
able to validate these results by western blot analysis (Figure 5E). 
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FigUre 6 | Release of large EVs (LEVs) is impaired by bortezomib. Activated T-lymphocytes were irradiated with UV-B irradiation (90 mJ/cm2) to induce  
apoptosis in presence of 1 nM bortezomib and 10 µM Y27632. After 20 h the amount of released vesicles was analyzed by flow cytometry. (a) The amount  
of released vesicles is shown in the graph. Mean values + SEM are shown. Vesicle release was inhibited by bortezomib. (B) The amount of released vesicles  
is shown (mean values + SEM). Y27632 was used to inhibit LEV release. (c) The graph shows the percentage of apoptozing T-cells (analyzed by AxV/PI staining). 
(D) The graph shows the percentage of necrotic T-cells (AxV+/PI+, analyzed by AxV/PI staining). Data were obtained from four independent experiments and 
statistical significance was calculated employing the Student’s t-test.
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Thus, these proteins can be used as specific markers for SEVs even 
after the induction of apoptotic cell death.

The Proteasome is involved in the 
regulation of leV release
As described above we detected the proteasome subunits PSMA1, 
PSMB4 within LEVs. Moreover, we could detect the functional 
catalytic subunits, PSMB9 and PSMB10 exclusively in LEVs 
released after apoptosis induction (see Figure 5C). Thus, we ques-
tioned whether the proteasome might play a role in the release 
of LEVs from apoptozing T-cells. To analyze this, T-cells were 
induced to undergo apoptosis in the presence of the proteasome 
inhibitor bortezomib. The amount of released LEVs was then 
quantified by flow cytometry. In parallel, we analyzed the LEV 
release from apoptozing T-cells treated with Y27632, a rho-kinase 
inhibitor known to prevent the budding of the plasma membrane 
and the release of LEVs (23, 50–52). FACS analyses showed a 
significant increase of LEV release after apoptosis induction, 
which was significantly reduced in the presence of bortezomib 
(Figure 6A) as well as in the presence of Y27532 (Figure 6B). 
Importantly, the total amount of apoptozing T-cells (AxV+/
PI−) was not affected by the bortezomib treatment (p  =  0.07, 
Figure 6C) and we did not observe any changes in the amount of 
necrotic T-cells (AxV+/PI+, p = 0.4, Figure 6D). Thus, blocking 
of the proteasome function in fact reduced the release of LEVs 
from apoptozing T-cells.

DiscUssiOn

The EV research field has been rapidly growing during the past 
years and various EV subtypes have been described. To date, the 
heterogeneity of EVs is a well-known fact and it has been shown 
that SEVs (often called exosomes) as well as LEVs (often referred 
to as microvesicles or apoptotic bodies) consist of diverse EV 
subpopulations (5, 17, 37, 39). LEVs are mainly released from  
the cellular surface and distinct LEV subtypes (such as microve-
sicles and apopototic bodies) share similar release mechanism  
(e.g., blebbing of the outer cellular membrane). The discrimina-
tion between different LEV populations, however, is very difficult 
and well-defined discrimination markers are needed.

Distinct EVs subtypes are released in response to a variety 
of stimuli (5, 38) and it seems likely that a distinct stimulus can 
trigger the release of a typical EV subtype. As a first of its kind, in 
this study we systematically analyzed and compared different EV 
populations released either from activated or from apoptozing 
human T-lymphocytes.

Isolation of EVs was done by filtration followed by differential 
ultracentrifugation at 10,000 and 100,000 × g. We were able to 
isolate two EV populations (LEVs and SEVs) from activated or 
apoptozing T-cells. As expected these EV populations clearly 
differed in size (Figure 1) and apoptosis induction turned out to 
be the most potent stimulus for the release of LEVs (Figure 2). 
Interestingly, the amount of protein per vesicle was diminished 
after the induction of apoptosis when analyzing LEVs (Figure 2C).  

225

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


FigUre 7 | Extracellular vesicles (EV) subtypes are characterized by distinct 
protein profiles. The upper diagram indicates the distribution of proteins 
characteristic for large EVs (LEVs), comparing activated and apoptotic LEVs. 
The diagram below shows the distribution of proteins characteristic for small 
EVs (SEVs) comparing activated and apoptotic SEVs. Proteins identified by 
Western blot analysis are shown in bold, proteins identified by western blot 
as well as mass spectrometry are shown in bold plus frame. Proteins 
identified by mass spectrometry are shown in italics.
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This might be explained by diminution of protein synthesis and  
the degradation of proteins during apoptotic cell death (e.g., 
caspase-dependent cleavage of proteins).

Beside their characteristic differences in size we were also 
able to demonstrate, that each EV population carries specific 
proteins, schematically summarized in Figure 7. LEVs released 
from activated T-lymphocytes carried proteins associated with 
TCR signaling (like LAT, LCK, ZAP70, ERK1, and pERK) and 
proteins related to the actin-myosin cytoskeleton (actin and 
ezrin). SEVs released from activated T-lymphocytes carried the 
cytosolic and endosomal proteins TSG101 and HSP70, proteins 
related to the microtubule apparatus (EHD3 and GSN), and the 
protein DDB1. These observations support the idea, that LEVs 
are mainly released by budding of the plasma membrane, while 
SEVs are mainly released from intracellular compartments.

Importantly, the protein content of each vesicle population 
was dependent on the release stimulus and we observed dramatic 
changes in the protein profile of LEVs and SEVs after apoptosis 
induction. While LEVs released after apoptosis induction also 
carried signaling proteins as well as the cytoskeleton-related pro-
teins, the protein pERK appeared to be rather specific for LEVs 
released from activated T-cells. We observed an accumulation of 
the proteasome subunits PSMB9 and PSMB10 exclusively within 
apoptotic LEVs. Another protein, which was highly specific 
for apoptotic LEVs, was the molecule HMGB1. This protein is 
a well-known danger signal, when released into the extracell- 
ular space (49). Thus, the packing of HMGB1 into membrane 
coated vesicles released from apoptotic T-cells might be crucial for 
the non-inflammatory response to apoptosis within multicellular 

organisms (53). This was supported by previous observations  
of our group, having shown, that apoptotic cell-derived memb-
rane vesicles were engulfed by professional phagocytes without 
the induction of an inflammatory immune response (23, 35, 54). 
The release of proteasome subunits within microvesicles or 
so-called apoptotic exosome-like vesicles has been described 
previously (55,  56). Nevertheless, we herein demonstrate that 
apoptosis induction is a specific stimulus for the translocation 
of the inducible proteasome subunits, PSMB9 and PSMB10, and 
the danger signal protein HMGB1 into LEVs. For the first time, 
we present a set of proteins (PSMB9, PSMB10, and HMGB1), 
which were highly specific for LEVs released after the induction 
of apoptosis. These proteins can be used to differentiate between 
apoptotic cell-derived LEVs (or apoptotic bodies) and other LEV 
subpopulations. Moreover, we have shown that PSMB4, PSMB9 
and PSMB10 are specific cargo of LEVs and cannot be found 
within the SEV population. Based on these findings we were 
interested, whether the proteasome function is also involved in 
the regulation of LEV release after apoptosis induction. Using the 
proteasome inhibitor bortezomib, we were able to demonstrate an 
involvement of the proteasome in the regulation of LEV release 
from T-cells induced to undergo apoptosis (Figure 6). Further 
studies will be needed in order to gain a deeper insight into the 
proteasomes role as a regulator of apoptotic cell blebbing and the 
subsequent release of LEVs (or apoptotic bodies).

When analyzing the classically used exosomal marker proteins 
TSG101 and HSP70 in EVs released from apoptozing T-cells we 
obtained very interesting results. As described above, TSG101 
and HSP70 were specific for SEVs when analyzing EVs released 
from activated T-cells. In contrast, both proteins accumulated 
within the LEV fraction after the induction of apoptosis. These 
results are in line with some other studies, which have shown 
that TSG101 can be recruited to the plasma membrane and then 
be released within microvesicles by direct plasma membrane 
budding (57, 58). Only recently, another study demonstrated the 
release of HSP70 not only within SEVs, but also within LEVs iso-
lated by low speed centrifugation. In this study, EVs released from 
human dendritic cells were analyzed (39). We demonstrate here 
for the first time that apoptosis induction causes the release of 
TSG101 and HSP70 within LEVs. Moreover, TSG101 and HSP70 
are rather excluded from the SEV fraction after the induction of 
apoptotic cell death.

Ubiquitination has been reported to be crucial for the incor-
poration of proteins into exosomes (59). Thus, we analyzed the 
ubiquitination profile of proteins within EVs released from acti-
vated or apoptozing T-cells. Analyzing LEVs and SEVs released 
after cellular activation, ubiquitinated proteins were exclusively 
present within the SEV fractions. In contrast to this, both, SEVs 
as well as LEVs contained ubiquitinated proteins when EVs were 
isolated from apoptozing T-cells.

Beside the changes of the EV protein cargo after apoptosis 
induction we identified proteins specific for SEVs, regardless of 
the underlying release stimulus. We detected the proteins EHD3, 
GSN, and DDB1 in all SEV preparations. Interestingly, EHD3  
and GSN have been reported to be regulators of intracellular 
vesicle trafficking by interacting with the microtubule apparatus 
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(60, 61). Moreover, other members of the EHD family (EHD1 
and EHD4) have been identified as SEV-specific proteins in a 
recent study (39). Based on these findings EHD3 and GSN can 
be useful markers for the identification of SEVs which are most 
likely released from intracellular compartments.

Taken together, we identified several proteins which are specific 
for distinct EV populations released from activated or apoptozing 
T-cells. LEVs are characterized by proteins which are associated 
with the actin-myosin cytoskeleton or signaling proteins linked 
to the cellular membrane. We further demonstrated that protea-
some subunits are present in LEV and that proteasomal function 
participates in the regulation of LEV release from apoptozing 
T-cells. SEVs, in contrast, carried proteins linked to endosomal 
and cytosolic compartments and some of these proteins have 
previously been shown to regulate intracellular vesicle traffick-
ing. We observed substantial change of the EV protein cargo after 
apoptosis induction. Our findings are very important as apop- 
totic cell death is present in virtually all tissues as well as in cell 
culture conditions. Thus, when analyzing EVs, the amount of 
apoptozing T-cells must always be considered and some of the 
proteins identified here (Figure 7) may be useful to identify EVs 
released from apoptozing T-cells. Our data present an important 
contribution to the EV field as they provide tools for a better 
characterization of lymphocytic EVs. Moreover, they will sub-
stantially help to standardize isolation procedures, improve purity 
of EV isolates, and enable comparability of various experimental 
projects dealing with EVs.
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Fibrosis, cancer, and autoimmunity developing upon particle exposure have been

exclusively linked with uncontrolled inflammatory processes. The critical role of

inflammation is now challenged by several contradictory observations indicating that

the emergence of these chronic disorders may result from non-inflammatory events.

A growing number of studies reveals that micro- and nano-particles can cause

exaggerated and persistent immunosuppression characterized by the release of

potent anti-inflammatory cytokines (IL-10 and TGF-β), and the recruitment of major

regulatory immune cells (M2 macrophages, T and B regs, and MDSC). This persistent

immunosuppressive environment is initially established to limit early inflammation but

contributes later to fibrosis, cancer, and infection. Immunosuppression promotes

fibroblast proliferation and matrix element synthesis and subverts innate and adaptive

immune surveillance against tumor cells and microorganisms. This review details the

contribution of immunosuppressive cells and their derived immunoregulatory mediators

and delineates the mutual role of inflammatory vs. immunosuppressive mechanisms in

the pathogenesis of chronic diseases induced by particles. The consideration of these

new results explains how particle-related diseases can develop independently of chronic

inflammation, enriches current bioassays predicting particle toxicity and suggests new

clinical strategies for treating patients affected by particle-associated diseases.

Keywords: immunosuppression, inflammation, TGF-β, IL-10, immunosuppressive lymphocytes,

immunosuppressive myeloid cells

MICRO- AND NANO-PARTICLES IN THE TWENTY-FIRST

CENTURY

The toxicity of inhaled particles and the subsequent development of health diseases including
fibrosis, cancer and autoimmunity are recognized since several centuries (1). Unfortunately, the
available scientific knowledge is not yet adequate for monitoring particle exposure-related health
problems, delivering treatment to affected patients, and devising appropriate early recognition of
reactive particles and individuals at risk (2–4). For example, although silicosis has been known for
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decades, exposure to dusts containing free crystalline silica
remains uncontrolled in countless workplaces throughout the
world and clinical cases of chronic diseases caused by inhaled
particles are still frequent (5–7). Despite active research, the
highly lethal disorders caused by silica inhalation continue to
pose major clinical challenges because there are refractory to
current therapeutic strategies (8). In addition, clinical detection
of silica-associated lung diseases is currently dependent on
radiological and lung function tests, which are both late
manifestations of diseases (8). Therefore, effective therapeutic
regimen and early disease detection have yet to be identified and
developed. This problematic is not limited to naturally occurring
mineral dusts. The recent ability to manipulate the structure
and the morphology of particles, allowing the production of
tailor-made dusts with specific size, form and function opens
very attractive avenues in nanobiotechnologies and industries.
However, for the successful application of these new materials
now largely designed and produced worldwide, it is becoming
evident that the biological fate and potential toxicity of these
particles have to be actively determined (9). Hence, it is becoming
vital to understand how complex pathologies (fibrosis, cancer,
and autoimmune disorders) are induced by inhaled particles in
order to reduce their impacts on human health.

INFLAMMATION AS THE DRIVING FORCE

The fundamental concept, usually put forward to explain
the pathogenesis of particle-induced fibrosis, cancer, and
autoimmune diseases, is relatively simple. An unresolved and
chronic inflammatory process, characterized by marked
inflammatory cell accumulation and sustained release
of inflammatory molecules, damages tissues, orchestrates
accumulation of mesenchymal cells and their matrix protein
products, transforms normal cells to tumor cells or activates
adaptive immune responses to self-antigens (10).

A precise cascade of cellular and molecular inflammatory
events has been proposed from an extensive and growing number
of data in human and animal exposed to particles (Figure 1).
First, sentinel (alveolar and interstitial macrophages) and
resident cells (epithelial cells and fibroblasts) actively recognize
particles through sophisticated innate immune platforms
(11, 12). These activated cells release various inflammatory
mediators such as cytokines, chemokines, eicosanoids, and
free radicals (13–16). These mediators induce a marked and
persistent recruitment of inflammatory myeloid or lymphoid
cells (inflammatory M1 macrophages; neutrophils, monocytes,
and effector T lymphocytes) that results in tissue damages.
Persistent inflammation-induced injury is subsequently followed
by an exaggerated reparative phase in which polypeptide
growth factors produced by inflammatory cells stimulate
non-controlled fibroblast recruitment, proliferation, and

Abbreviations: Regulatory T or B lymphocytes, T or B regs; Myeloid

Derived Suppressive Cells, MDSC; Alternatively differentiated macrophages, M2

macrophages; CD4+ T helper lymphocytes,Th; gamma and delta TCR chain

positive T lymphocytes, γδ T cells; Interferon, IFN; Effector T lymphocytes, T eff;

Carbon nanotubes, CNT.

FIGURE 1 | Predominant unresolved inflammation contributes in the

development of chronic diseases related to particle exposure. The pathological

pathway classically described suggests that a predominant and persistent

inflammatory process (in green) orchestrates fibrosis, cancer, and autoimmune

diseases caused by particles (in yellow). Reactive particles induce an

inflammatory cascade, which implies TNF-α, IL-1 α, and β, IFNs (IFN-γ and β),

IL-17, and free radicals (ROS and RNS) and precedes the influx of

inflammatory macrophages (M1 Mφ), inflammatory myeloid cells (iMono,

inflammatory monocytes; iNeut, inflammatory neutrophils), and effector T

lymphocytes (T eff, comprising Th1, γδ T cells, and Th17). When

immunosuppressive activities are insufficient, these pro-inflammatory

mediators and cells persist and result in to uncontrolled cycle of injury.

Pro-inflammatory cytokines are also considered as potent polypeptide growth

factors for mesenchymal cells and ultimately induce fibrosis. Sustained

production of free radicals induces irreversible DNA damage and results in

carcinogenesis. Constant tissue damage and inflammation activate adaptive

immunity, autoantibody production and autoimmunity.

matrix protein production (1). Released reactive oxygen
or nitrogen species (ROS and RNS) play a major role in
the genotoxic activity of particles. Under inflammatory
conditions, free radicals generated from the particle itself
or inflammatory cells induce DNA damage in target cell
populations and participate in the carcinogenic process (17).
Again, tissue damage and inflammation associated to inhaled
particles are the suspected pathological pathway that leads
to immune abnormalities, adaptive immunity activation,
tolerance breaking, antinuclear autoantibody production and
finally systemic autoimmune diseases including lupus and
arthritis (10).

A myriad of inflammatory mediators accompanying
inflammation are linked to scar formation, cell transformation,
and autoimmunity but only few of them are definitively
identified as important in the pathological processes. Among
those, the master pro-inflammatory cytokines TNF-α, IL-1
(mainly produced by M1 macrophages), type I and II IFN
and IL-17 (from effector T lymphocytes as Th1, γδ T cells,
and Th17) are essential in the pathogenesis of particle-
induced diseases (10, 18–21). These inflammatory mediators
are responsible of leukocyte influx in damaged tissues and
orchestrate aggregation of mature phagocytic macrophages
and granuloma formation (22, 23). In addition, they promote
fibroblast activation and differentiation (24), epithelial or
mesothelial cell transformation (13, 25) and immune responses
to self-antigens (26–28). Inflammatory cell accumulation,
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collagen deposition, or malignant mesothelioma in silica- or
asbestos-treated mice was markedly decreased by suppressing
genetically or pharmacologically these key inflammatory
mediators (13, 29). Increased levels of TNF-α, IL-1, IFN-γ,
and IL-17 have been observed in human under conditions of
developing silicosis, asbestosis or mesothelioma (30–33). These
findings convincingly indicate a causal relationship between
excessive or maintained accumulation of pro-inflammatory cells
and cytokines and the establishment of particle-induced chronic
diseases.

RECENT CLINICAL AND EXPERIMENTAL

FINDINGS THAT CHALLENGE THE

INFLAMMATORY DOGMA

Current treatment modalities for treating patients developing
particle-related diseases have been based on the assumption that
these disorders are exclusively related to chronic inflammation
diseases. However, it is becoming evident thatmost available anti-
inflammatory drugs (34, 35) or cytokine inhibitor therapy (36)
are not effective for particle-exposed patients. Human validation
studies have also failed to confirm the use of inflammatory
mediators as biomarkers for univocally detecting the health
effects of particles (37).

Besides the strong evidence of a major role of inflammation
in particle-treated animals, several experimental studies did not
find an evident association between inflammatory responses
and experimental diseases and, thus, have also challenged
this inflammatory dogma. Several studies, conducted in mice,
reported that exacerbated lung inflammation is not always
accompanied by a subsequent increase of fibrosis after silica
or carbon nanotubes (CNT) treatment (38, 39). Inversely,
limited inflammation can be associated to robust silica-induced
long-term lung responses (40). More precisely, it has been
found that a progressive neutrophilic inflammatory process
and a sustained release of pro-inflammatory cytokines did
not accompany instillation of silica or CNT in mice. In this
case, a mild and non-progressive pulmonary inflammation
and a transient production of pro-inflammatory cytokines
such TNF-α and IL-1β was instead observed (22, 41–43).
Additionally, these inflammatory components were dispensable
for the development of particles-induced fibrogenesis since
genetic deficiencies of these master pro-inflammatory cytokines
did not completely limit lung fibrosis while they were efficient to
abrogate inflammation and granuloma formation after silica or
CNT (22, 44–46). Other key pro-inflammatory cytokines such as
type I interferons, IL-12, IL-17, and IL-22 were also dispensable in
the development of silica-induced fibrosis (21, 22, 47). The non-
requirement of inflammation during experimental lung fibrosis
was further supported by the fact that different treatments
with anti-inflammatory molecules such as steroids, cox- or
phosphodiesterase 5-inhibitors strongly reduced inflammation
without modifying, however, collagen deposition (42, 43). The
disconnection between inflammation and particle toxicity is not
limited to fibrosis. In mice, co-exposure to silica and carcinogens
from tobacco smoke resulted in rapid tumor growth in the lungs

that is attenuated in the absence of leukotriene B4 axis. This
mechanism is, however, independent of IL-1 activation, TNF-
α production and chemokine release (48). In addition, early
inflammatory reactions triggered by asbestos required NLRP3
inflammasome activation and IL-1β release, but this pathway
was not critical in the chronic development of asbestos-induced
mesothelioma (49). Recent investigations additionally showed
that non-steroidal anti-inflammatory molecules do not reduce
progression of asbestos-induced mesothelioma in animals (35,
50).

Altogether, these results strongly suggest that other
pathophysiological mechanisms unrelated to inflammation
are operational after particle exposure. There are now emerging
studies from the literature that explain why diseases achieved
by particles are not systematically related to inflammation.
This review covers existing evidence supporting that
immunosuppression represents an alternative pathological
pathway in the development of particle-induced disorders.
The most relevant studies delineating the immunosuppressive
properties of (nano)particles are depicted in the following
sections and commented in Table 1.

INVOLVEMENT OF THE

ANTI-INFLAMMATORY AND

IMMUNOSUPPRESSIVE CYTOKINES

TGF-β AND IL-10

Indubitably, TGF-β is associated with the development of
responses to particles in human and animal. Elevated TGF-
β expression has been observed in patients with asbestosis
or silicosis (67–71). In a variety of animal models, TGF-β
activation has been demonstrated following exposure to silica,
asbestos, or CNT (57, 63, 72, 73). After particles exposure,
TGF-β contributes to fibroproliferative reorganization of organ
tissue by orchestrating myofibroblast differentiation, collagen
overproduction, and scar formation (74, 75). Previous studies
have demonstrated that treatment with TGF-β inhibitors
decreased lung fibrosis in animals exposed to silica (76–
78). Additionally, TGF-β contributes to generate a favorable
microenvironment for tumor growth and metastasis in
mesothelioma, assigning this cytokine as dominant during the
development of cancer induced by particles (79). It is noteworthy
that the main function of TGF-β is immunosuppression
since TGF-β1-deficient mice die from uncontrolled systemic
inflammation and autoreactive T lymphocyte accumulation
(80). The pivotal role of TGF-β argues for the development of
other mechanisms than inflammation after particle exposure
and supports that master immunosuppressive cytokines are also
linked to particle-related diseases.

Because the anti-inflammatory cytokine IL-10 was effective in
the regulation of inflammation, several authors have suggested
that this cytokine could also be active in controlling inflammation
in the early and late responses to mineral particles and thus
plays a beneficial role based on the inflammatory paradigm
(81–83). However, several lines of evidence have demonstrated
that IL-10 (as TGF-β) possesses deleterious and pro-fibrotic
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TABLE 1 | Historical progression of immunosuppression in particle toxicology literature: Summary of the most relevant studies supporting immunosuppressive properties

of (nano) particles.

Authors Highlighted observations Particles Source

Huaux et al. (51) An experimental study revealing for the first time that lung responses to silica are

unexpectedly characterized by the persistent expression of IL-10, a powerful

anti-inflammatory cytokine.

IL-10 was additionally detected after CNT exposure in murine models. Patients

developing silicosis or asbestosis exhibit elevated lung levels of IL-10.

silica

CNT

Am J Respir Cell Mol Biol

18:51-9

1998

references # (37, 52, 53)

Ryan et al. (54) This original study describes the unanticipated anti-inflammatory effects of NP by

negatively regulating allergic inflammation.

This immunosuppressive activity was confirmed in several models of inflammation

with various nanoparticles.

fullerene NP

Oxide and carbon

NP

J Immunol

179:665-72

2007

references # (16, 55, 56)

Mitchell et al. (57) In investigating how CNT suppress immune function, this paper was the first and

perhaps the most convincing to propose that nanoparticles induce

immunosuppression orchestrated by IL-10 and TGF-β.

CNT Nat Nanotechnol

4:451-6

2009

Lo Re et al. (58) This paper was the first indicating that silica-induced lung fibrosis results from

TGF-β-producing regulatory T lymphocytes (T regs).

NP also promote a selective expansion of T regs. The pathological role of T regs was

confirmed in silicosis and mesothelioma.

silica

polystyrene NP

Am J Respier Crit Care Med

184:1270-81

2011

references # (59–61)

Shvedova et al. (62) This manuscript elegantly demonstrated that TGF-β-expressing MDSC (Myeloid

Derived Suppressive Cells) are crucial for tumor development associated to CNT.

MDSC are also implicated in silica-induced lung fibrosis and mesothelioma.

CNT

silica

Small

243:320-30

2013

references # (63, 64)

Murthy et al. (53) A comprehensive study showing that asbestos preferentially polarized M2

macrophages during asbestosis in animal and human.

Other particles promoted accumulation of M2 macrophages.

asbestos

silica and CNT

FASEB

29:3527-36

2015

reference # (65, 66)

Chen et al. (37) This paper indicated that silicosis and silica-induced lung responses (see related

reference #101) are associated with immunosuppressive IL-10-producing B

lymphocytes (B regs).

silica Front Immunol

8:110

2017

CNT, carbon nanotubes; NP, nanoparticles.

functions after particle exposure. First, lung expression of IL-10
was intimately associated to the development of particle-induced
fibrosis and cancer and could explain the absence of chronic
and progressive inflammation in human and mouse models (37,
53, 57, 84–88). Additional data supports that IL-10 participates
in the extension of fibrosis since targeted overexpression of IL-
10 in the murine airways caused, by itself, collagen deposition,
accumulation of mesenchymal cells and airway remodeling with
fibrosis (89, 90). Subsequently, it has been demonstrated that IL-
10 limits inflammatory response but promotes fibrotic reaction.
Indeed, mice deficient for IL-10 developed exaggerated acute
inflammation but limited lung fibrosis in response to silica (51,
91). Conversely, overexpression of IL-10 in the lung, by using
an adenovirus coding for this cytokine, limited the inflammatory
process induced by silica, but increased the fibrotic response
(92). It is now admitted that this potent immunosuppressive
cytokine has direct effects on fibroblasts and matrix protein
release (93). In addition, IL-10 induces the expression of pro-
fibrotic mediators (i.e., TGF-β) by macrophages and limits the
synthesis of anti-fibrotic mediators (i.e., prostaglandin E2) by
epithelial cells (91). The deleterious effect of IL-10 is not limited
to fibrosis development but is also implicated in the carcinogenic
process resulting from particles. Recent results showed that
asbestos exposure restricts effector T lymphocyte activation
and impairs anti-tumor immunity through IL-10 release (69,

94). IL-10-expressing macrophages increased mesothelioma cell
proliferation and resistance to treatment (85, 95). Collectively,
these data additionally challenge the concept that only pro-
inflammatory mediators and inflammation lead to fibrosis
and cancer and conclusively demonstrate a key role of
persistent immunosuppressive mediators in the development
of particle-related disorders in the absence of inflammation
(Figure 2).

CONTRIBUTION OF REGULATORY T AND

B LYMPHOCYTES IN RESPONSE TO

PARTICLES

Based on the immunosuppressive profile of silica-treated mice,
the role of regulatory T lymphocytes (T regs) in the development
of lung responses to particles was investigated. This specialized
thymus-derived sub-population of Th lymphocytes acts to
suppress immune responses, thereby maintaining homeostasis
and self-tolerance. They mediate immunosuppression by
producing the immunoregulatory cytokines IL-10 and TGF-β
(96). Recent results indicated that T regs are progressively and
specifically accumulated in lung tissue of mice treated with silica
where they promote pulmonary immunosuppression and fibrosis
(58, 60) (Figure 2). This hallmark of immunological tolerance
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FIGURE 2 | Pathological functions of persistent immunosuppressive cells and

mediators during long-term responses to particles. Unresolved

Immunosuppression (in blue) represents an alternative event during the

responses to particles. According to this new pathological pathway,

fibrogenesis, and carcinogenesis are governed by a persistent accumulation of

immunosuppressive myeloid (M2 and MDSC) and lymphoid (T and B regs)

cells and a sustained production of their related cytokines (IL-10 and TGF-β).

These immunoregulatory components limit both the recruitment of

inflammatory cells and the activity of pro-inflammatory mediators (in green).

The high amount of immunosuppressive cytokines produced can, in addition

to their anti-inflammatory action, also act as profibrotic mediators, conceivably

by stimulating mesenchymal cells to overproduce collagenase inhibitors and

ultimately matrix elements under non-inflammatory conditions. The persistence

of immunosuppressive cells and mediators is also incriminated in

carcinogenesis and infection by preventing host immune responses directed

against transformed cells and microorganisms.

and immunosuppressive environment was observed with other
particles, detected locally and systemically, and induced by the
Wnt/B-catenin pathway (57, 59, 97, 98). Lung T regs directly
stimulated fibroblast proliferation and collagen deposition after
transfer in non-treated mice (58). The direct profibrotic effects of
T regs were reduced by inhibiting the PDGF-B/TGF-β signaling
pathway, demonstrating that T regs increase tissue fibroblast
numbers, and consequently, amplify collagen deposition. In vitro
and in vivo studies additionally showed that mesotheliomagenic
fibers such as asbestos directly enhance the immunosuppressive
function of T regs and their capacity to release TGF-β and
IL-10 (61, 94). In addition, the marked presence of T regs have
been detected during lung carcinogenesis after silica or asbestos
exposure (99, 100). From these last studies, it has been concluded
that the effect of particles on T regs accumulation and function
induces a maintained tolerant microenvironment counteracting
anti-tumor host innate and adaptive immunity and favoring
tumoral cell evasion and the occurrence of particle-induced
tumors.

More recently, Chen and colleagues have identified an
additional immunosuppressive subpopulation of B lymphocytes
recruited in response to silica in human and animal
(37, 101) (Figure 2). Regulatory B-lymphocytes (B regs) are
immunosuppressive cells releasing IL-10 and TGF-β that support
immunological tolerance and suppress immunopathology by
limiting the expansion of inflammatory T cells. B regs are defined
as the immunosuppressive counterpart of antibody-producing
B2 lymphocytes (or conventional B cells) (102). The regulatory

B-cell subpopulation has been reported to be recruited to the
tumor aggregates and thereby promotes carcinogenesis by
attenuating anti-tumor immune responses (103). Their pro-
fibrotic functions have been attributed to their capacity to release
IL-10 in silica-treated mice (101). As observed in IL-10-deficient
mice, reduction of fibrosis in B reg-depleted mice was associated
with an increased neutrophilic inflammation (101). Interestingly,
IL-10-producing B regs convert T eff into T regs thus increasing
immunological tolerance after particle exposure (104). The
observation that immunosuppressive T and B-lymphocytes
persistently populate damaged tissue strongly suggests that
these cells are crucial immune components explaining the
development of fibrotic and carcinogenic responses to particles
in absence of substantial inflammation.

CRITICAL ROLES OF

IMMUNOSUPPRESSIVE MYELOID CELLS

Infiltrated macrophages in cancer or asthma acquire a particular
phenotype called M2, which provides an immunosuppressive
microenvironment for tumor growth and allergic tolerance (105,
106). Recent studies also revealed a preferential engagement
of immunosuppressive M2 macrophages after inhalation of
particles (Figure 2). There is an increased predominance of
M2-polarized macrophages in patients developing asbestosis
(53). In animal, M2-related mediators such as Arginase 1,
crystallizable protein YM-1 or IL-10 were all increased in
response to reactive particles such as silica, ultrafine amorphous
silica and CNT, appointing M2-polarized macrophages as pivotal
(53, 65, 66, 107–109). Authors have recently incriminated
oxidized phospholipids, IL-4 or IL-13 in the polarization of
M2 macrophages that display enhanced production of TGF-
β. Evidence also showed that this last cytokine explains
the deleterious activities of M2 macrophages after particle
treatment (43, 53, 110–112). These results therefore argue that
the continuous accumulation of M2 macrophages and their
products, initially for counteracting the effects of inflammatory
M1 macrophages, participates in the establishment of the
fibrogenic and mesotheliomagenic lesions generated by particles.

Myeloid-derived suppressor cells (MDSC) represent a
heterogeneous population of immature neutrophilic and
monocytic myeloid cells that displays potent immunosuppressive
activities and inhibits immune effector cell functions in diverse
chronic pathologies such as cancer (113). The accumulation of
immature and immunosuppressive myeloid cells is also a central
event during dust-induced fibrosis and cancer with predominant
immunosuppression (Figure 2). Indeed, recent investigations
have elegantly demonstrated that CNT or asbestos exposure
induces a robust accumulation of MDSC that actively release
TGF-β and promote cancer progression in mice (62, 64, 114).
Fibrotic responses to silica also comprise an accumulation of
monocytic MDSC that possess the intrinsic capacity to promote
release of the collagenase inhibitor TIMP-1 by fibroblasts. The
subsequent elaboration of a non-degrading matrix environment
was attributed to monocytic MDSC-derived TGF-β (63).
These observations newly indicate that immunoregulatory M2
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macrophages andMDSC, along with T and B regs, are implicated
in fibrogenesis and carcinogenesis, especially when these cells
are continuously accumulated and when inflammatory activity is
limited (Figure 2).

NANOPARTICLES INDUCE

IMMUNOSUPPRESSION

The emerging concept that particles orchestrate the
establishment of immunosuppressive responses is consolidated
by several studies exploring the impact of nanoparticles on
the immune system. As mentioned above for micrometric
particles, the major concern in the field of nanotoxicology is
historically related toward the capacity of nanoparticles to induce
inflammation and immunostimulation (115). Nevertheless, this
exclusive view has been revisited and recent attention has
been given to anti-inflammatory and immunosuppressive
properties of these particles (55). There is, indeed, a growing
body of evidence showing that nanoparticles also display strong
immunosuppressive effects (56). In 2007, Ryan and colleagues
were the first to report that fullerene nanoparticles prevented
mast-cell related diseases such as asthma, arthritis, and sclerosis
(54). Other pioneer studies unexpectedly discovered that
dendrimer nanoparticles improved disease scores in animal
models of granulomatous, autoimmune, and edema diseases
(116). Another example illustrating the immunosuppressive
properties of nanoparticles is the study by Rajan (117). Liposomal
nanoparticles possess the ability to elicit an immunosuppressive
cell environment that subsequently suppress anti-tumor
immunity and favor tumor progression.

The particles inducing immunosuppression mainly include
metal (e.g., gold, silver, iron oxide, cerium oxide, and zinc
oxide) and carbon (CNT, fullerenes) nanoparticles (56). The
immunosuppressive effects of nanoparticles also depend on their
physicochemical properties. For instance, small nanoparticles
are more immunosuppressive than large particles (116, 118).
The exact physicochemical determinants accountable for
nanoparticle-induced immunosuppressive activities remain,
however, unclear and require additional investigations. There
is also a crucial need to determine whether molecules enrobing
particles (e.g., LPS) are important for the immunosuppressive
activities of (nano)particles (115).

Interestingly, research in nanotoxicology elucidated different
molecular mechanisms explaining how particles promote
immunosuppression. These mechanisms involve direct
interference of nanoparticles with TLR-, NFκB-, or STAT1-
signaling pathways (55, 119). Iron nanoparticles specifically alter
IL-1β processing by preventing inflammasome assembly (120).
A direct inhibitory interaction between gold nanoparticles and
inflammatory cytokines have been also observed from the study
of Sumbayev (118). Carbon and cerium nanomaterials exhibit
potent free radical-scavenger properties and attenuate oxidant
molecule production by particle-activated immune cells. These
findings confer to these nanoparticles important antioxidant
properties that suppress oxidative stress and inflammatory
responses in vitro and in vivo (119, 121, 122).

Nanoparticles strongly and directly polarize the immune
system and establish a preferentially immunosuppressive
environment. CNT induce the expression of TGF-β and
IL-10 (57) as observed for micrometric silica (see above).
Nanoparticles also facilitate polarization of immunosuppressive
T regs and anti-inflammatory Th2 lymphocytes (98, 123, 124).
Mechanistic studies investigating the effects of nanoparticles on
T-lymphocyte immunosuppressive lineage commitment revealed
that nanoparticles (carbon, grapheme, and iron) directly interfere
with autophagy, ROS production, NFκB-nuclear translocation
or antigen processing by dendritic cells (124–126). While
nanoparticles mainly operated through DC and T cells, they
additionally target macrophages and myeloid cells. Liposomes
reduced inflammatory functions of macrophages and increased
anti-inflammatory mediator expression in myeloid cells (117).

The exact adverse effects of nanoparticle-induced unresolved
immunosuppression are not yet delineated but fibrosis
development caused by CNT or cerium has been linked
to the immunosuppressive cytokines TGF-β and IL-10
(52, 72, 127, 128). Altered host resistance to infection and cancer
represents another possible pathophysiological consequence of
maintained immunosuppression. Administration of titanium
oxide nanoparticles or liposomes inhibited lymphocyte-
and macrophage-related immune responses and increased
susceptibility to tumor growth (117, 129). Augmented viral and
bacterial infections have also been observed after exposure to
carbon nanoparticles (130, 131).

MUTUAL ROLES OF INFLAMMATION AND

IMMUNOSUPPRESSION IN RESPONSES

TO PARTICLES

Taken together, the studies described above and documented
in Table 1 support an additional and alternative pathological
pathway, which is operative during tissue responses to particles.
This new paradigm proposes that fibrogenesis, carcinogenesis,
and infections can develop from persistent immunosuppressive
developments induced by micro- or nano-particles under
non-inflammatory conditions (Figure 3, below). Unresolved
immunosuppression participates in the development of fibrosis
by activating profibrotic factor release and inhibiting matrix
degradation. The immunosuppressive milieu can also favor
cancer and infection progression by facilitating tumor and
microbial escape from immune surveillance.

This new pathological avenue does not overshadow the
relevance of the inflammatory scenario. Indeed, the compelling
findings accumulated over the years indubitably support
that uncontrolled fibroblast growth and genomic instability
rely upon predominant inflammation, especially when
immunosuppressive activity is lacking (Figure 3, above).
The emergence of immune complex deposition and autoimmune
disorders is additionally associated to persistent inflammation
in animal or human exposed to particles. The fact that
particle-related autoimmune diseases are not mechanistically
covered by sustained immunosuppression indicates that
inflammation remains a crucial event in response to particles.
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FIGURE 3 | Mutual roles of inflammatory and immunosuppressive responses

in particle-induced chronic diseases. The classical scenario explaining the

emergence of autoimmune diseases, fibrosis, and cancer after dust exposure

mainly relies on predominant and persistent inflammation (blue). Inflammatory

responses directly promote fibroblast growth and uncontrolled matrix

deposition, trigger genomic instability, and cell transformation, and support

autoantibody and immune complex production. An additional paradigm is now

offered and comprises predominant and unresolved immunosuppression in

response to particles (red). This pathway relies upon a sustained accumulation

of immunosuppressive components that include mediators implicated in

fibroblast activation, tumor cell and microbe evasion. The exclusive or

simultaneous presence of immunoregulatory and immunostimulatory

mechanisms can explain the diversity of immune responses and pathologies

existing in exposed human or animal.

Importantly, the inflammatory process governs the early
accumulation of immunosuppressive cells and mediators by
activating several anti-inflammatory signaling pathways (e.g.,
IL-10) mediated predominantly by NFκB (132). This notion
indicates that inflammation can predispose to a developing
immunosuppressive environment and that inflammation and
immunosuppression are functionally linked.

Altogether, these observations clearly argue for a more
complicated mechanism in particle toxicology, wherein
both types of immune responses (persistent inflammation
and immunosuppression) could promote chronic diseases
after particle inhalation. The mutual roles of inflammation
and immunosuppression well explain the diversity of
particle-induced immune polarization and pathologies
(Figure 3). Interestingly, these apparently opposite processes
are not systematically exclusive and may be, in contrast,
concomitant. The view that uncontrolled immunoregulatory
and immunostimulatory responses can co-exist is supported by
recent human and animal studies showing mixed inflammatory
and immunosuppressive elements (e.g., elevated levels of TNF-α,
IL-1β, IL-10, and TGF-β) during fibrogenesis and carcinogenesis
induced by particles (6, 133, 134).

TOXICOLOGICAL AND CLINICAL

PERSPECTIVES

It remains, however, to learn how to extrapolate and how to
benefit from these observations in predictive toxicology and
translational medicine. Current bioassays testing particle

reactivity are exclusively based on the appreciation of
inflammatory components and suffer from a lack of specificity
(135, 136). These tests could be enriched by considering the
expression of immunoregulatory mediators or signatures. For
instance, release of TGF-β and IL-10 and subsequent abrogation
of IL-1 and TNF-α production by treated macrophages could
be used to identify reactive particles as proposed by the team
of Boraschi and colleagues (137). Furthermore, blockade of
inflammasome machinery or antigen-presenting capacity of
macrophages and DC could be considered as clear sign of
immunosuppressive responses. Inhibition of inflammatory
pathologies in animal models could also reflect ability of particles
to trigger immunosuppression (56).

In recent years, the increase of anti-tumor responses
obtained in clinic trials by blocking the immunosuppressive
environment of tumors have revolutionized cancer treatment.
Monoclonal antibody-based immunotherapies targeting TGF-
β and IL-10 or T cell immune checkpoint receptors (PD-1 or
CTLA4) are now available and confer long-term benefit for
patients (138–140). Additional experimental and clinical studies
are necessary to determine whether this therapeutic option
inhibiting immunosuppressive responses is also promising for
the treatment of patients affected by particle-associated disorders.

The existence of at least two different pathogenic routes
may explain why existing therapies are controversial and
disappointing with a strong differential effect in specific
subgroups of patients (141, 142). The opportunity to distinguish
the prevailing immune response or profile (inflammation and
immunosuppression) existing in patients should also help
the clinician to categorize patients, assess disease progression
and select the most appropriate therapy to inhibit key
effector cells and mediators of inflammation (steroids) and/or
immunosuppression (immunotherapy). This possibility has been
already observed in available animal models. Silica-induced
lung fibrosis in rats (associated with chronic inflammation)
can be reverted by anti-inflammatory treatment while in
mice (developing preferentially unresolved immunosuppressive
responses), silicosis is resistant to anti-inflammatory therapy but
prevented by T regs neutralization (43, 60). The enthusiasm
for the discovery of novel drug targets to treat particle-
related diseases should be tempered as inflammation and
immunosuppression are extremely imbricated with each other,
leading to the fact that inhibition of one response may be
compensated by the extension of the other (22, 58).
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