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Abstract

The formation and accumulation of crystalline material in tissues is a hall-
mark of many metabolic and inflammatory conditions. The discovery that
the phase transition of physiologically soluble substances to their crystalline
forms can be detected by the immune system and activate innate immune
pathways has revolutionized our understanding of how crystals cause in-
flammation. It is now appreciated that crystals are part of the pathogenesis
of numerous diseases, including gout, silicosis, asbestosis, and atheroscle-
rosis. In this review we discuss current knowledge of the complex mecha-
nisms of crystal formation in diseased tissues and their interplay with the
nutrients, metabolites, and immune cells that account for crystal-induced
inflammation.
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1. INTRODUCTION

The formation of crystalline materials is a common phenomenon in biological systems, and its
precise regulation is important for physical, chemical, and biological processes. Examples include
the crystallization of inorganic minerals that mollusks use to form their shells, and the formation
of bones and teeth in vertebrates. Crystal formation is essential in many multicellular organisms
for the development of (exo)skeletons and for orientation, navigation, and homing, whereas other
organisms use crystals to detoxify metabolically harmful heavy metals.

Crystallization usually occurs through nucleation, a stochastic process in which a preaggre-
gated seed serves as a template for a self-perpetuating aggregation within a biological system. In
nucleation, each molecular layer serves as a matrix for the deposition of the next one. Nucleation
plays a pivotal role in the determination of crystal structure, size, and distribution, and its precise
regulation allows the formation of structures that are essential to life, such as the exoskeleton in
invertebrates. To form such vital crystalline structures with specific sizes, shapes, and layering,
the precipitation of soluble material must be tightly regulated. Crystals can break and replicate
as they grow, disseminate, and seed new crystals. They can also catalyze chemical reactions by
binding to organic molecules. Tiny changes in their structures, shape, and distribution can lead
to altered adhesiveness, dissolution, and diffusion through tissues, as well as uncontrolled crystal
growth, and such changes can also influence their potential immunogenicity (1).

Organic molecules such as proteins, lipids, and organic minerals can also form crystals, and
this process often involves the heterogeneous precipitation of several components, such as min-
erals and proteins, minerals and lipids, or lipids and proteins (2). Nucleation can also occur in
proteinaceous material, which can form crystal-like amyloids or glass-like amorphous aggregates
(3). Indeed, several proteins and peptide hormones are stably stored as amyloids to develop their
physiological functions (4). Amyloid fibrillation resembles crystallization in two ways (5, 6): Firstly,
both amyloid fibrils and crystals form by nucleation and similar growth mechanisms; secondly,
both amyloid fibrils and crystals grow instantly from preaggregated seeds. The amorphous aggre-
gation of proteins is similar to the glass transition, in which heterogeneous conformations are fixed
by attractive forces from various sites of interaction. Glass-like states of proteins can be produced
by adding high concentrations of salt, such as ammonium sulfate or sodium chloride (a procedure
known as salting-out).

Aging, dietary changes, exposure to environmental insults, infections, inflammatory reactions,
and various disease states can disturb the balance of mineral/protein precipitation, causing patho-
logical mineralization. Aberrant crystallization can result in the formation of pathological crystals
within the human body, leading to diverse disease states (Figure 1). Likewise, peptides or proteins
can aggregate erroneously, giving rise to pathological conditions ranging from neurodegenerative
disorders to systemic amyloidosis. Several studies highlight the formation and pathogenesis of
protein aggregates (7, 8), and this topic will not be discussed further here. In this review we sum-
marize our current knowledge about crystal formation and how crystal deposition can progress to
disease. We focus on inflammation-related crystals and on how inflammation can contribute to
pathological crystallization.

2. PHYSIOLOGICAL CRYSTALS

Every living organism consists of organic and inorganic materials that can combine to fulfill var-
ious purposes, such as defense against predators, maintenance of body structure, orientation and
balance, storage of certain elements, enzymatic reactions, and detoxification of heavy metals. Ex-
amples of the uses of these biominerals include the exoskeletons of crustaceans, the gastroliths
of crayfishes, the otoliths in the inner ear of vertebrates, fish scales, mollusk shells, and coral
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Figure 1
Physiological and pathological crystals. Crystals form within the human body and have a role in many cellular and physiological
processes; the otolith crystals in the vestibular apparatus, for example, provide a sense of balance. Osteoblasts produce and deposit a
calcium- and phosphate-based mineral into a collagen organic matrix in a precise regulated manner to form and repair bones. Aberrant
crystallization, however, often occurs and can lead to several disease states. Free cholesterol in the blood can crystalize and accumulate
in arterial walls, forming atherosclerotic plaques that limit the flow of oxygen-rich blood to organs; excess uric acid forms needle-
shaped crystals that accumulate in the joints, causing gout. Perturbations in calcium mineralization can give rise to pathological
conditions, including kidney stones. Plasmodium falciparum, the main cause of human malaria, digests the contents of red blood cells to
produce free heme, which crystallizes within the parasites’ digestive vacuoles into hemozoin, known as the malaria toxin because of its
inflammatory potential. Exposure to environmental pollutants, such as silica, results in accumulation of crystals in the lungs and
elsewhere and, in turn, inflammation. Finally, vaccine adjuvants and nanomedicine rely on the diffusion and inflammatory activity of
crystals for efficient drug delivery and to elicit a protective immune response. Abbreviation: MSU, monosodium urate.
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skeletons, among others. Hence, the crystallization of biomaterial is a physiological process that
does not cause immune activation under homeostatic conditions. For example, the hardness of
an exoskeleton is maintained by the deposition of calcium carbonate supplied by the epithelium,
which is in close contact with the exoskeleton. Thus, the homeostasis of epithelial cells should
not be disturbed by crystal deposition. Another example of the physiological interplay between
immune competent cells and crystalline material is the interface between bone structures and
cells involved in their remodeling, such as osteoclasts and osteoblasts. Under physiological condi-
tions the interaction between these cells and crystalline material does not cause an inflammatory
reaction. Furthermore, orientation, navigation, and homing are critical for the survival of many
organisms, ranging from bacteria to vertebrates. In some species, these traits rely on sensitivity to
magnetic fields, which is provided by a highly fine-tuned sensory system based on minute crys-
tals of single-domain magnetite (Fe3O4) or greigite (Fe3S4) (9). This system is essential for the
orientation of some magnetotactic organisms and was among the first sensory systems to evolve.

The precise, controlled nucleation of crystals is also important in our inner ear organ, where
the sense of balance and orientation is driven by an intricate system in the vestibular labyrinth
known as the otolith organs (from the Greek oto, for ear, and lithus, for stone). This system is com-
posed of semicircular canals; the utricle, which gives us the sense of horizontal movement; and the
sacs (saccule), a bed of sensory cells that gives information about vertical acceleration. The otolith
organs, present in all vertebrates, use microscopic stones and viscous fluid to stimulate hair cells
to detect motion and orientation, monitoring balance, movement, and direction. These stones are
small particles, composed of a combination of a gelatinous matrix and calcium carbonate, and they
are found in the viscous fluid of the saccule and utricle. The movement of these particles causes
them to stimulate hair cells connected to sensory nerves when the head moves, giving the percep-
tion of motion. Hence, crystalline materials fulfill a range of functions, and under physiological
conditions and in specialized areas of our bodies, they are tolerated by the immune system.

3. PATHOLOGICAL CRYSTALS

Although numerous examples exist in which physiological crystals do not provoke the immune
system, aberrant crystallization of organic materials within the body, or exposure to external
crystalline material, can cause an inflammatory response that is associated with pathogenesis in
various diseases. The phase transition of normally soluble material into crystalline substances
can act as a danger signal that triggers an immune response. Recent studies have demonstrated
that material from environmental sources, dietary sources, and infectious organisms, or material
introduced in the course of therapy, can cause inflammation through immune recognition of
crystals (Figure 1). These pathological crystalline materials are recognized by the immune system
as danger signals, leading to an inflammatory reaction that, if it persists, leads to pathologies in
various diseases.

4. MECHANISMS OF CRYSTAL-INDUCED INFLAMMATION

Frustrated Phagocytosis and Lysosomal Damage

Although crystal contact with cellular membranes can, in some instances, be sufficient to trigger
inflammation (10), a great part of the inflammation caused by pathological crystals depends on their
phagocytosis by immune cells. Phagocytosis is an actin-based process involving adhesion, receptor
clustering, and tyrosine phosphorylation. Receptor clustering at the attachment site leads to local
polymerization of actin filaments and particle internalization. This usually results in trafficking of
the phagocytosed material to phagolysosomes and the breakdown of the engulfed target, resulting
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in little or no inflammation. Nevertheless, phagocytosis can go awry depending on the physical
parameters of the particle being phagocytosed. This process is termed frustrated phagocytosis and
can dictate the extent of the immune reaction (Figure 2).

Phagocytosis of larger particles can damage lysosomal membranes, causing lysosomal damage
(LD) (Figure 2). LD is a common outcome of the phagocytosis of many physicochemically
different crystals, such as silica (11, 12), asbestos (12), cholesterol (13), alum (11), and monosodium
urate (MSU; 14) crystals (Figure 2b). Lysosomes store high concentrations of hydrolytic enzymes,
which makes them potentially harmful to the cell. Crystalline material, among other substances,
can cause LD, resulting in leakage of lysosomal proteases (e.g., cathepsins) into the cell cytosol,
where they digest vital proteins and affect other organelles, such as the mitochondria.

Immune cells have intricate mechanisms that detect alterations in both actin rearrangement
and the stability of lysosomes and mitochondria. Hence, either the direct crystal engagement of
cellular membranes in the absence of phagocytosis or the phagocytosis of crystals can result in
inflammation.

Cathepsins released following LD can damage mitochondria and cause mitochondrial outer
membrane permeabilization–dependent cell death. This results in proapoptotic molecules such as
cytochrome c being released into the cytosol and activates caspases, the main drivers of cell death
(15; Figure 3). Thus, the extent of LD can determine whether cells undergo necrosis or enact a
caspase activation cascade (15, 16).

Depending on their type and morphology, crystals can mediate the release of a myriad of
proinflammatory mediators. This includes cytokines, but also inflammatory lipid mediators (17,
18). Despite the large number of proinflammatory molecules released by crystal-induced LD, the
release of the proinflammatory cytokines of the interleukin-1 family (IL-1β, IL-18, and IL-1α)
is a central mechanism connecting all crystal-induced pathologies. IL-1 cytokines exert a host
of immunological activities and have a well-established role in autoinflammatory diseases (19).
As will be discussed further, IL-1 cytokines are, in several instances, the main drivers of crystal-
induced pathology (20–25). Expression of IL-1 cytokines is tightly regulated, and most IL-1 family
members lack a signal peptide and require proteolytic cleavage to exhibit biological effects (19).
Three major pathways have been identified that result in the release of IL-1 cytokines in crystal
diseases.

Inflammasome Activation by Crystals

One of the most studied mechanisms of crystal-induced inflammation is crystals’ ability to activate
the cytosolic receptor complex called the NACHT, LRR, and PYD domains–containing protein
3 (NLRP3) inflammasome (26; Figure 3). NLRP3, a member of the NOD-like receptor (NLR)
family, is the best-characterized NLR family member capable of forming an inflammasome. Fol-
lowing activation of NLRP3, the adaptor molecule apoptosis-associated speck-like protein con-
taining a caspase recruitment domain (CARD) (ASC) is recruited to NLRP3, which induces the
formation of ASC filaments (27, 28). ASC provides a molecular platform for the recruitment of
procaspase-1 via CARD/CARD interactions. Recruitment of procaspase-1 to ASC filaments re-
sults in autoproteolytic caspase-1 activation. Active caspase-1, in turn, cleaves the precursors of
IL-1β and IL-18 cytokines and mediates their release from cells.

Many triggers, including bacterial pore-forming toxins, extracellular ATP acting on P2X7
receptors, and a range of crystalline or protein aggregates can activate NLRP3 (29). These signals
may also act in concert, as crystal-induced LD causes mass release of danger-associated molecular
patterns (DAMPs) through necrosis and plasma membrane rupture, which can potentiate crystal-
induced inflammation (30). ATP, which is among the triggers that can activate NLRP3 and is
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presumably released from cells that have phagocytosed crystals, contributes to crystal-induced
inflammation (31).

The precise mechanism of crystal-induced NLRP3 activation is debated. One accepted model
however, involves crystal-mediated LD (11, 32), although it remains unclear how exactly this
process initiates NLRP3 activation. Lysosomal calcium release, proteolysis by cathepsin B, and
mitochondrial reactive oxygen species (ROSs) have all been implicated in the process, but the
individual contributions of each of these mechanisms remain unknown (11, 12, 33–36; Figure 3).
A recent report suggested that the stress-responsive MAP kinase JNK is activated after LD and
that inhibition or knockdown of JNK blocks NLRP3 activation. It was further demonstrated that
LD induces a calcium-dependent pathway upstream of NLRP3 (37).

LD is a common NLRP3 trigger induced by many different crystals (11–14, 34, 38). Thus, it
seems that the NLRP3 inflammasome monitors the integrity of the lysosomal compartment and
thereby detects LD caused by crystals, protein aggregates, invading microbes, and, potentially,
imbalances in osmotic pressure. Crystals and other aggregates that directly damage lysosomes
can cause NLRP3 activation. For example, depletion of zinc in macrophages causes LD, activates
NLRP3, and induces IL-1β secretion (39). Hence, it will be interesting to test whether noncrys-
talline substances that destabilize lysosomes are also NLRP3 activators, and whether factors that
prevent LD can reduce levels of NLRP3 activation. Interestingly, a recent study suggests that
probenecid, used in the treatment of gout, can reduce levels of LD following reperfusion injury
of the brain (40).

Another mechanism suggested to be involved in crystal-induced NLRP3 activation is the
crystals’ ability to induce ROSs, which are generated on exposure of macrophages to crystals
(12, 38, 41). The source of ROSs remains controversial. Although both the knockdown of
NADPH oxidase, an essential enzyme for ROS production, and the use of antioxidants inhibit
different crystals from activating NLRP3 (12), genetic NADPH deficiency does not prevent
NLRP3-dependent caspase-1/IL-1β activation (42–45). NLRP3 activation by crystals or other
triggers in macrophages typically requires cell priming by a proinflammatory stimulus, such as
a Toll-like receptor agonist, cytokines, or other NF-κB activators (46, 47). A model has been
proposed by which the inflammasome requires at least two signals: Signal 1 provides the priming
signal for cells, whereas signal 2 leads to inflammasome assembly (Figure 4). Recent work has
demonstrated that crystals can provide both signal 1 and signal 2. Crystals can be recognized
by the complement system, which results in the production of the proinflammatory mediator
C5a. C5a is sufficient to provide the priming signal for subsequent inflammasome activation by
the crystals (48–50; Figure 4). In other settings, such as atherosclerosis, oxidized low-density
lipoprotein is recognized at the cell surface by TLR4/6 and the scavenger receptor CD36 (51),
leading to macrophage priming. Hence, several innate immune signaling pathways cooperate in
the recognition of certain crystals and provoke an inflammatory response.

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 2
Frustrated phagocytosis and lysosomal damage (LD). (a) Physiological phagocytosis requires protein phosphorylation, actin
polymerization, and efficient internalization and destruction of the targeted particle. This usually results in a localized and controlled
immune response with little or no inflammation. Phagocytosis of crystals can go awry and cause aberrant actin polymerization or LD,
such that the lysosome’s contents leak into the cell cytosol. (b,c) LD is a common outcome of the phagocytosis of alum, silica,
monosodium urate (MSU), and cholesterol crystals. LD can be assessed with lysosomotropic probes such as (b) acridine orange (AO), a
molecular probe used to measure the functional state of lysosomes, and (c) fluorescent ovalbumin (DQ-Ova), a quenched conjugate
consisting of a pH-insensitive dye and ovalbumin.
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Figure 3
Inflammasome activation by crystals. Interleukin-1 (IL-1) cytokines are central to most, if not all, crystal-induced inflammation.
Expression of IL-1 cytokines requires signaling through the Toll-like receptor (TLR) or IL-1R (signal 1; blue arrow). This results in
production of immature procytokines that need further activation by caspase-1. NACHT, LRR, and PYD domains–containing protein
3 (NLRP3) patrols the cytosol and senses disturbances in lysosomal membranes and the mitochondria. Activated NLRP3 oligomerizes
with apoptosis-associated speck-like protein containing a CARD (ASC) to form a caspase-1–activating scaffold. Active caspase-1
subsequently cleaves IL-1β and IL-18 into their bioactive forms and causes pyroptosis, an inflammatory type of cell death. The precise
molecular mechanism of crystal-induced NLRP3 activation remains unknown. Release of the lysosomal contents, including cathepsins,
LAPF, and ATP, into the cytosol has been proposed. Furthermore, lysosomal damage (LD) can cause mitochondrial outer membrane
permeabilization (MOMP), which results in release of proapoptotic molecules such as cytochrome c into the cytosol, and further
contributes to the activation of cell death–mediator caspases. MOMP also boosts reactive oxygen species (ROS) generation and
contributes to NLRP3 activation directly and indirectly by inducing further LD.

NLRP3/Caspase-1–Independent, Crystal-Induced IL-1 Release

Increasing evidence suggests that inflammasomes and caspase-1 are not the only mechanism for
processing IL-1 cytokines (52). Pore-forming toxins and extracellular ATP, both of which are
NLRP3 activators, mediate IL-1β activation and release, as well as pyroptotic cell death through
caspase-1. By contrast, lysosome-disrupting agents require caspase-1 for IL-1β activation but can
induce cell death in a caspase-1–independent manner (16, 53). Many enzymes, including proteases,
lipases, and nucleases, normally reside in the lysosomal compartment and could contribute to
cellular demise following LD. Additionally, calpain-like proteases are activated by calcium released
from damaged lysosomes (54) and specifically induce IL-1α release independently of NLRP3 and
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Figure 4
NACHT, LRR, and PYD domains–containing protein 3 (NLRP3)-dependent and -independent crystal induced inflammation. In
addition to causing the lysosomal damage (LD) that activates NLRP3, crystals provide signal 1 for NLRP3 and interleukin-1 (IL-1)
expression. Furthermore, they activate NLRP3-independent proinflammatory pathways. (a) Calcium released from LD can activate
calpain-like proteases and result in IL-1α production independently of NLRP3. (b) The pyrin inflammasome directly senses
disturbances in actin polymerization during frustrated phagocytosis. (c) Uric acid crystals can directly engage cellular membranes,
without the involvement of any known cellular receptor, and induce proinflammatory cytokine production via the activation of SYK
kinases in dendritic cells. (d ) Oxidized low-density lipoprotein (LDL) can be recognized at the cell surface by Toll-like receptor 4
(TLR4) and the scavenger receptor CD36. Furthermore, members of the complement system C5a and C1q potentiate uric acid or
cholesterol crystals in IL-1β production. (e) Glycophosphatidylinositol (GPI) anchored to the plasma membrane of Plasmodium
parasites activates TLR4/2, and the malaria pigment hemozoin (Hz) carries Plasmodium DNA into the phagolysosomal compartment,
where it activates TLR9, which primes NLRP3 and pro-IL-1 expression. Furthermore, phagocytosis of Hz induces LD and NLRP3
activation and releases parasite DNA into the cytosol, where it activates the AIM2 inflammasome. Abbreviations: IFN, interferon;
RBC, red blood cell.

caspase-1. This demonstrates that calpain-like proteases can be involved in NLRP3-independent
activation of IL-1R signaling downstream of crystal recognition.

Phagocytosis-Independent, Crystal-Mediated Inflammation

Crystal contact with membranes in the absence of phagocytosis can be sufficient to activate NLRP3
in a manner that depends on ion influx (55). The size, shape, and charge of the crystal may
therefore dictate which particular pathway is triggered to activate NLRP3. Pyrin, another member
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of the NLR family that forms an inflammasome with ASC and caspase-1, can detect alterations in
actin rearrangement and induce IL-1 secretion (56). Pyrin directly binds to, and colocalizes with,
polymerizing actin (57–59).

The guanosine triphosphatases (GTPases) of the Rho family are master regulators of cytoskele-
tal organization and phagocytosis, and they are frequent targets of a broad range of mucosal bacte-
rial pathogens (60, 61). The Rho GTPase Rac1 can control inflammasome assembly and caspase-1
activation (60). Importantly, Rac1 is directly involved in mechanosensing of phagocytosed targets
(62). Thus, it is possible that phagocytosis of larger crystalline material results in inflammasome
activation through disruption of actin polymerization and/or GTPase activity. This hypothesis,
however, needs to be experimentally investigated.

5. SOURCES OF PATHOLOGICAL CRYSTALS

The incidence of chronic inflammatory diseases is increasing, both in developed and developing
countries, concomitant with a rise in living standards and the adoption of a western lifestyle.
Economic development has led to an improved food supply and the gradual elimination of di-
etary deficiencies, improving overall nutritional status in many countries. This is especially true
in low- and middle-income countries. However, the rise in living standards and urbanization that
accompanies economic development has had consequences for the lifestyles and dietary patterns
of individuals, not all of which are positive. Modern populations not only consume more energy-
dense food (with a greater ratio of fats and added sugars) than former generations but also have
significantly different patterns of work, leisure, and physical activity. Strong evidence exists that
changes in the nutritional status of western populations contribute to the causal factors under-
lying noncommunicable diseases. Moreover, the pace of these changes seems to be accelerating,
suggesting that more damage is to come. Many endogenous crystals form in our body as a result
of the lifestyle adopted in modern societies.

Endogenous Pathological Crystals

Erroneous crystallization of endogenous proteins, lipids, or minerals can lead to the formation
and accumulation of pathological crystals in the body and drive a wide spectrum of inflammatory
diseases.

Cholesterol crystals and associated diseases. Cholesterol is an essential structural component
of cell membranes. It is required to maintain both membrane integrity and fluidity, and it is also a
precursor for the biosynthesis of hormones, bile acids, and vitamin D. Cholesterol is produced by
cells and acquired through the consumption of food containing animal fat. Although cholesterol
is essential to many cellular processes, increased serum cholesterol levels are strongly associated
with the development and progression of atherosclerosis. Cholesterol molecules are incorporated
in cellular membranes, and excess free cholesterol becomes esterified.

Cholesterol esters are insoluble in water at 37◦C and form lipid droplets, which are abun-
dant in macrophage foam cells. Furthermore, free cholesterol can form cholesterol crystals, and
the deposition of these crystals in the subintimal space of arteries is recognized as a hallmark of
atherosclerotic lesions (63). Macrophages within the arterial wall take up excessive amounts of
cholesterol and transform into foam cells, a process that can impair their function (64). Further-
more, cholesterol crystals can cause inflammation after they are phagocytosed by macrophages,
which results in secretion of IL-1 cytokines (13).
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Cholesterol crystals have also been implicated in diseases other than atherosclerosis, such as
cholecystolithiasis. In this disorder, a biochemical imbalance of lipids and salts in the bile can
mediate precipitation of cholesterol, leading to the formation of gallstones and inflammation in
the gallbladder. Indeed, cholesterol monohydrate crystals form in supersaturated bile and are
regarded as a prerequisite for the development of cholesterol gallstones (65).

Phosphate crystal diseases. In addition to cholesterol, phosphate-containing crystals can de-
posit in the vascular wall within the extracellular matrix of vascular smooth muscle cells. This
leads to Mönckeberg’s sclerosis, a special form of arteriosclerosis characterized by calcification
and ossification of the media of medium-size arteries. Calcium pyrophosphate dihydrate, hydrox-
yapatite, and other crystals are found in the amputated lower legs of patients with Mönckeberg’s
sclerosis (66). Such crystals may cause fibrosis and intimal proliferation, which may contribute to
the progressive occlusion of blood vessels, resulting in ischemic symptoms.

Calcium crystals and associated diseases. Calcium is an essential component in the cellular
physiology of living organisms and the most abundant element by mass in many animals. Calcium
is also a major component of several physiological and pathological mineralized deposits present in
the human body. The main calcium mineralized products (enamel, dentin, and bone) are formed
by well-controlled processes of mineralization. Deregulated calcium mineralization can occur,
giving rise to pathological conditions including dental calculus, urinary stones, arthritic cartilage,
heart valve calcification, and placental calcification, among other disorders. With advanced age,
vascular inflammation, hypertension, and certain metabolic disorders such as type 2 diabetes
(T2D), calcium crystals can accumulate in the arterial microvasculature. Such mineralization
can occur at various sites (cardiac valves, arterial intima or media, capillaries), involve localized or
diffuse widespread calcification, and result from numerous causes that provoke active inflammatory
and osteogenic processes.

Vascular calcification is a form of ectopic calcification that commonly occurs in atheroscle-
rosis. Atherosclerosis and vascular calcification are closely related and often coexist in patients
with chronic kidney disease (CKD). Atherosclerosis is considered the main cause of the elevated
cardiovascular risk associated with CKD (67). Vascular calcification, part of the atherosclerotic
process, occurs via the deposition in the arterial intima of basic calcium phosphate crystals, primar-
ily consisting of calcium hydroxyapatite [Ca10(PO4)6(OH)2], similar to the crystals that mineralize
bones. These calcium phosphate crystals are phagocytosed by macrophages, resulting in secretion
of proinflammatory cytokines, including TNF-α, IL-1, and IL-8 (68).

Deposits of two types of calcium crystals can cause sudden attacks of painful inflammation
in and around joints: (a) calcium pyrophosphate crystals, which deposit within the joints and
can cause acute crystal arthritis (also known as pseudogout), and (b) apatite crystals, which can
occur inside joints but are also deposited in tendons and cause acute calcific tendinitis. Calcium
pyrophosphate crystals induce strong IL-1β responses (14), and patients with pseudogout respond
well to IL-1–blocking therapies (69).

Placental calcification is a common pathological condition in obstetrics. A study by Lu and
colleagues (70) indicates that infection with a species of nanobacterium is related to placental
calcification. The authors identified the 16S ribosomal DNA of the nanobacterium strain X98418
in nanobacteria-like particles from 16 cases of placental calcification.

Medial artery calcification (MAC) can be identified in patients with CKD and T2D (71). MAC
is a characteristic feature of diabetes and a strong predictor of cardiovascular disease in patients
with diabetes (71, 72). In T2D, MAC significantly increases the risk of mortality and amputa-
tion. Multiple factors contribute to the induction and progression of diabetic MAC, including
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inflammation, oxidative stress, adiposity, insulin resistance, advanced glycation end products, and
hyperphosphatemia (73). Diabetes and dyslipidemia induce oxidative stress, low-grade inflamma-
tion, and angiogenesis in the adventitia of diabetic arteries.

Hydroxyapatite crystal disease. Hydroxyapatite, an essential mineral component of normal
bones and teeth, can also cause disease by forming microscopic crystals that accumulate in or
around joints, tendons, and ligaments, resulting in inflammation and pain. Hydroxyapatite crystals
have been described as a cause of inflammation in rotator cuff disease, which is caused by damage
to any of the four tendons that stabilize the shoulder joint. Current treatments for hydroxyapatite
crystal disease rely on anti-inflammatory and pain relief measures. Macrophages may promote a
vicious cycle of inflammation and calcification in the vessel wall by ingesting neointimal calcific
deposits (predominantly hydroxyapatite) and secreting TNF-α (68). This creates a degenerative
cycle, as TNF-α itself is a vascular calcifying agent and further aggravates the vascular calcification
in diseases such as atherosclerosis (74).

Kidney stones. Renal calculi are mineral deposits present in the urine that accumulate in the
kidneys. The renal tubular fluid in the distal nephron of the kidney is supersaturated with calcium
oxalate (CaOx), which crystallizes in the tubules as either calcium oxalate monohydrate (COM),
or calcium oxalate dehydrate (COD). These aggregates are known as kidney stones, and their
primary inorganic constituent is most often COM microcrystals. They also contain small amounts
of embedded proteins, which are thought to serve as adhesive bridges between crystals (75).

Kidney stones usually form when urine becomes supersaturated. This occurs when the balance
of solute and solvent in urine is disturbed, either by pH- or diet-related changes in mineral com-
position. Supersaturation, often expressed as the ratio of urinary CaOx, or calcium phosphate,
concentration to solubility, is the driving force in kidney stone formation. At levels of supersatu-
ration below 1, crystals dissolve, whereas at supersaturation levels above 1, crystals nucleate and
grow, promoting stone formation. Approximately 80% of stones are composed of CaOx with vari-
able amounts of calcium phosphate. Kidney stones typically leave the body via passage in the urine
stream, and many stones form and pass without causing symptoms. However, when stones reach
a size that obstructs the ureter or renal pelvis, they cause excruciating, intermittent pain, known
as renal colic, which radiates from the flank to the groin or inner thigh. Pain control is usually
the first measure taken, followed by anti-inflammatory medication, suggesting that inflammation
also plays a role. Indeed, supersaturation of the urine is a necessary, but not sufficient, condition
for the development of a urinary calculus, and patients with inflammatory bowel disease (Crohn’s
disease, ulcerative colitis) have a tendency to form stones (76).

Uric acid crystals. Gout, a chronic inflammatory disease characterized by recurrent attacks of
acute joint inflammation, is regarded as the prototypical crystal-induced arthropathy. It is perhaps
the oldest known type of arthritis, first described and identified by Hippocrates and the Egyptians
in 2046 BCE. The causative agent of gout, however, was only identified in the 1960s, when, for the
first time, the presence of urate crystals in the synovial fluid of gout patients was visualized with
polarized light microscopy. Indeed, the diagnostic standard remains identification of negatively
birefringent MSU crystals in synovial fluid or tophus aspirate using polarizing microscopy (77).
An estimated 6.1 million adults in the United States have had gout. The prevalence increases with
age and is higher among men than women, with an overall ratio of 3 or 4 to 1.

Uric acid is a danger signal released from injured cells that acts as an adjuvant signal to the
immune system (78). Uric acid stimulates dendritic cell (DC) maturation and, when coinjected
with antigen in vivo, significantly enhances responses from CD8+ T cells. When uric acid reaches
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an abnormally high concentration in the blood, needlelike MSU crystals form. They form in
collecting ducts and in the surrounding interstitium of the renal medulla, where urine osmolarity
reaches its maximum. Uric acid crystals can also deposit in other tissues in the body, especially in
joints, giving rise to intense inflammation accompanied by pain and disability.

Uric acid crystals can also form deposits in the kidney or urinary tract, leading to kidney
stone formation and occasionally impairing kidney function. Deposition of uric acid crystals can
occur asymptomatically for months or years. However, despite the continuous deposition of uric
acid crystals in the joints, sudden and severely painful attacks of gout are sporadic. Triggers for
recurrent flares include recent diuretic use, alcohol intake, hospitalization, and surgery. For many
years the molecular cause of inflammation in patients with gout remained unknown. Developments
in the pathophysiology of gout have revealed a role for neutrophils and IL-1 in disease and
shed light on possible mechanisms. Neutrophils ingress into the joint cavity, where they can be
activated by direct contact with crystals; because of their ability to stimulate the release of numerous
inflammatory mediators, they are thought to create an arthritic condition. Without long-term
treatment, this can lead to joint damage and significant functional impairment. Induction of the
release of proinflammatory cytokines and chemokines by MSU crystals has also been suggested
to play an important role (79). IL-1β release, for example, is a central event in the inflammatory
reaction of a gout attack (14, 23). Thus, IL-1–blockage therapies, using either recombinant IL-1
receptor antagonist (IL-1Ra; anakinra) or anti–IL-1β antibodies, are effective in gout (24, 25, 77).

Options for managing acute attacks include the use of nonsteroidal anti-inflammatory drugs
(NSAIDs), colchicine, glucocorticoids, and possibly corticotropin (80). NSAIDs and colchicine
are first-line agents for acute attacks (80). Oral colchicine has long been used, although it was only
recently (in 2009) approved by the US Food and Drug Administration (FDA) for use in patients
with acute gout. It prevents uric acid–induced IL-1β release from macrophages (14, 81, 82).

Crystalline retinopathy. Crystalline retinopathy is a rare complication of chronic retinal de-
tachment. The observation of crystalline retinal deposits should prompt the search for chronic
retinal detachment. The composition of these crystals is unknown (83).

Environmental Pathological Crystals

Economic development occurs at the cost of environmental changes, such as air and water pollu-
tion, which expose populations to harmful byproducts of modern human activity.

Air pollution. The World Health Organization (WHO) estimates that 3.7 million deaths could
be attributed to ambient (outdoor) air pollution in 2012 (84). Approximately 88% of those deaths
occurred in low- and middle-income countries, with the greatest burden falling on the Western
Pacific and South-East Asian WHO regions (Figure 5). In 2012, 4.3 million deaths were triggered
by household (indoor) air pollution. Almost all of these deaths occurred in low- and middle-income
countries. Altogether, air pollution is responsible for approximately 1 in 8 deaths worldwide. The
primary pollutants produced by human activity come from the combustion of carbon sources,
including coal and petroleum, or from the sulfur dioxide released from factories. These carbon-
based pollutants contain significant amounts of particulate matter (PM), known as carbon black
nanoparticles (CBNPs) or fine particles.

Exposure to ambient particulate pollutants causes adverse health effects and can aggravate ex-
isting respiratory conditions, such as asthma and chronic obstructive pulmonary disease (COPD).
Experimental evidence exists that inhalation of ambient PM promotes alveolar and systemic in-
flammatory responses in rats (85, 86). Furthermore, PM can combine with atmospheric oxidants,
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which can potentiate negative health effects. In experiments with rats, greater lung injury and in-
flammation was observed in animals exposed to diesel exhaust particles oxidized by ozone (O3) than
those exposed to nonoxidized diesel particles (87). Such findings hold true for other combustion
particles exposed to O3 (88, 89).

In Figure 5, we use publicly available data from the report Global Health Observatory Data:
Exposure to Ambient Air Pollution (84) to analyze the correlation between PM concentrations
measured in urban areas during the years 2008–2012 and mortality rates for cardiovascular diseases,
available in the report Global Atlas on Cardiovascular Disease Prevention and Control (90). The data
encompass annual mean PM concentrations from a total of 1,600 cities within 87 countries; many of
the concentrations exceed the WHO’s Air Quality Guideline values. Annual mean concentrations
of PM with an aerodynamic diameter of 10 μm or less (PM10) were significantly correlated with
mortality from ischemic heart disease and cerebrovascular disease (Figure 5b,c).

Data from the United States were not available in the WHO report. However, one pioneer
study revealed a striking association between cardiovascular disease and reported air pollution
in Los Angeles, California, in 2005 (91). Specifically, the authors found a significant correlation
between long-term exposure to ambient air pollution and the development of cardiovascular
disease. Importantly, a study published during the preparation of this manuscript reported air
pollution as the main cause of premature mortality in the West (92).

Many recent studies have focused on the impact of PM on human health. It is now agreed that
exposure to CBNPs constitutes a significant environmental risk factor for humans, particularly
in susceptible populations with predisposing lung conditions. Strong epidemiological associations
also exist between exposure to PM in air pollution and the incidence of COPD, ischemic heart
disease, stroke, and lung cancer in human populations. Experiments in mice have demonstrated
that inhalation of CBNPs in aerosols exacerbates lung inflammation, as evidenced by histopatho-
logical analysis and by the expression levels of IL-6, fibronectin, and interferon-γ (IFN-γ) mRNAs
in lung tissue (93). In humans, exposure of asthmatic children to CBNPs and carbon monoxide
from traffic pollution is associated with asthma exacerbation (94). One of the main toxicological
effects of atmospheric PM inhalation is oxidative stress, which results in the generation of ROSs
by affected cells (95, 96). CBNPs can directly affect the endothelium by generating ROSs, leading
to cytotoxic injury and an inflammatory response (97).

Particulate matter from cigarette smoke. Cigarette smoke (CS) contains two major compo-
nents, the vapor or smoke phase and the particulate phase (98). CS is composed of dense tar,
which, like CBNPs, is carbon based and so has a similar effect as PM from air pollution (98).

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 5
World exposure to ambient air pollution and cardiovascular diseases. (a) World map showing the annual mean concentrations of
particulate matter with an aerodynamic diameter of 10 μm or less (PM10) in urban areas, estimated on the basis of measurements from
a total of 1,600 cities within different countries (measurements range from 9 to more than 100 μg/m3). The reported country averages
rely on measurements made during the years 2008–2012, with the great majority made during the years 2011 and 2012. Adapted from a
map by the World Health Organization (http://www.who.int/gho/phe/outdoor_air_pollution/exposure/en/). (b) Mean PM10, as in
panel a, and age-standardized death rates per 100,000 for both sexes, by cause and member state, 2008. Source: World Health
Organization, Global Atlas on Cardiovascular Disease Prevention and Control (http://whqlibdoc.who.int). (c) Correlation between the
reported average PM10 in a country’s urban areas and death rates from cardio- and cerebrovascular disease. Parametric correlation
(Pearson’s r = 0.3424, P = 0.0012, PM10 versus ischemic heart disease) was performed when data fit a normal distribution.
Nonparametric correlation (Spearman’s r = 0.4703, P < 0.0001, PM10 versus cerebrovascular disease) was performed when data did
not fit a normal distribution. All data are available at http://www.who.int/gho/phe/outdoor_air_pollution/exposure/en/ and
http://www.who.int/cardiovascular_diseases/publications/atlas_cvd/en/.
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When inhaled, the particulate phase is deposited in the lungs, where it initiates an inflammatory
response by generating ROSs. This subsequently leads to the synthesis and release of inflammatory
cytokines from lung endothelial cells (99). This results in chronic inflammation, which manifests
as COPD (100).

IL-1R signaling is crucial for CS-induced airway inflammation (101), and it is believed that
IL-1 cytokines are the main drivers of COPD in smokers (102, 103). IL-1α, IL-1β, and IL-18
levels are elevated in bronchoalveolar lavage fluid and sputum from COPD patients (104–106),
and mice overexpressing IL-1β or IL-18 display a COPD-like phenotype (102, 103). Although
pulmonary inflammation is significantly attenuated by neutralization of IL-1α or IL-1β (104),
CS-mediated lung neutrophilia seems to be exclusively driven by IL-1α (107).

Evidence exists that the NLRP3 inflammasome plays a role in CS-induced pathology (104, 108,
109). Nevertheless, NLRP3 activation has not yet been specifically associated with the particulate
phase of CS. Thus, it would be interesting to investigate whether NLRP3 is activated by CS using
mechanisms similar to those used by other crystals.

Silica crystals and silicosis. Silicosis, a disease marked by chronic inflammation and fibrosis of
the lung, is a preventable condition caused by inhalation of crystalline silica particles. Silicosis
is considered an occupational disease, as exposure to crystalline silica particles occurs primar-
ily on building or mining sites (110). Silica particles stimulate an inflammatory response in the
lungs through interactions with both alveolar macrophages and endothelial cells (11, 111). As
silica particles are unable to be degraded, tissue damage persists and chronic inflammation de-
velops. Persistent inflammation drives T cell responses, which can result in lung fibrosis and the
development of autoimmune reactions elsewhere in the body (112).

IL-1 appears to be the most important cytokine involved in silicosis, as blockage of IL-1 greatly
reduces expression of other inflammatory molecules, including IL-6, IL-8, and TNF-α (20). This
suggests that IL-1 acts upstream of an inflammatory cascade activated in silicosis. This concept is
supported by the findings that the release of IL-1α precedes the release of other DAMPs and that
IL-1α-blockage largely prevents silica-induced inflammation (21). Similarly, systemic inhibition
of NF-κB, the primary proinflammatory transcription factor activated by IL-1R signaling, but
not epithelial cell–specific NF-κB, reduces inflammation in human silicosis (113), and blockage
of IL-1 reduces the fibrotic response (114).

Silicosis is also associated with increased risk of autoimmune disorders and fibrosis, particu-
larly in the heart and kidney (115). This occurs when chronic inflammation, driven by the innate
immune response, deregulates T cells. Silica-driven inflammation decreases the proportion of
regulatory T cells and increases the proportion of proinflammatory T helper (IL-)17 cells, which
contributes to the ongoing pathogenesis of silicosis (116). The balance between these two T cell
subtypes is also regulated by IL-1β generated in response to silica, as inhibition of IL-1β both lo-
cally and systemically dramatically reduces fibrosis and restores balance in the T cell compartment
(117). Thus, currently available IL-1R antagonists may represent a useful therapeutic strategy to
counter the chronic inflammatory condition associated with silicosis.

Asbestos-induced inflammation and asbestosis. Asbestosis is caused by inhalation of asbestos,
a structured, fibrous silicate mineral used as a heat-resistant building material and insulator. Al-
though asbestosis is caused by crystals that are structurally distinct from those that cause sili-
cosis, the two diseases share fundamental properties, including crystal-mediated generation of
acute and chronic inflammatory responses and ongoing fiber deposition in the lungs. In addi-
tion, inflammation is primarily driven by IL-1 in both diseases (118–120). Despite these simi-
larities, the inflammatory signaling pathways instigated by these crystals differ. This is evident
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in the differential effects of asbestos- and silica-driven inflammation. A recent study examining
transcriptional responses toward these two different crystals found that silica induces a more proin-
flammatory response, whereas asbestos favors aberrant cell proliferation (121). This difference is
manifested in the propensity of asbestos, but not silica, to instigate tumorigenesis.

Asbestos is the primary cause of mesothelioma, and 3,000 people in America are diagnosed
with asbestos-induced mesothelioma each year. Although it is strongly linked to inflammation,
asbestos-mediated mesothelioma occurs independent of the inflammatory response initiated by
NLRP3, as NLRP3-deficient mice exhibit a similar incidence of asbestos-induced mesothelioma
as wild-type mice, although they have an attenuated inflammatory response (122). Similarly, the
inflammatory reaction induced by asbestos is greatly reduced in IL-1R–deficient mice, but the
incidence of mesothelioma does not change (122). Rather, these mice display an increased Th2
response, with an increase in IL-13 and PGE2, suggesting that the cancerous phenotype is more
closely associated with a Th2 immune response. Recently, inhibition of the alarmin HMGB-1,
which is released from mesothelioma cells, has been demonstrated to be sufficient to attenuate the
cancerous phenotype of these cells (123). Collectively, these results suggest that the carcinogenic
effect of asbestos is not IL-1–driven. This illustrates that even minor structural differences in
crystals can alter the inflammatory pathways initiated and their pathological outcomes.

Infection-Related Crystalline Material

Infectious agents, such as bacteria, viruses, or parasites, can also cause the accumulation of crys-
talline material inside cells or in the intercellular space.

Hemozoin and malaria. Parasites of the genus Plasmodium cause malaria, one of the most dev-
astating diseases in the world. The WHO estimates that 3.3 billion people are at risk of being
infected with malaria and developing disease, and 1.2 billion are at high risk (>1 in 1,000 chance of
getting malaria in a year) (124). Malaria remains a significant cause of illness and death in children
and adults in the countries in which it is endemic.

Plasmodium parasites replicate inside red blood cells, where they feed on hemoglobin as a source
of amino acids. Digestion of hemoglobin by Plasmodium results in the accumulation of heme, which
is toxic for the parasite. To remove the heme from their environment, plasmodial species detoxify
it inside their food vacuole. This is accomplished by an enzyme expressed by the parasite that
polymerizes heme into a crystal byproduct called hemozoin (Hz). Hz is released from Plasmodium-
infected erythrocytes during the schizont burst (also known as the burst of infected erythrocytes)
and is rapidly phagocytosed by immune cells, such as macrophages, neutrophils, and DCs.

Plasmodium infection can provide both signals required for inflammasome activation: firstly,
Glycophosphatidylinositol, anchored to the plasma membrane of Plasmodium parasites, activates
TLR4/2 (125) and induces NF-κB signaling; furthermore, Hz carries Plasmodium DNA into
the phagolysosomal compartment, where it activates the TLR9/NF-κB signaling pathway, thus
providing signal 1 for NLRP3 and IL-1 expression (126). Subsequently, phagocytosis of Hz induces
LD and NLRP3 activation (34) and releases parasite DNA into the cytosol, where it activates the
AIM2 inflammasome (127).

Charcot-Leyden crystals. Charcot-Leyden crystals (CLCs) were described more than 160 years
ago (128) as a hallmark of eosinophilic leukocyte infiltration into tissues. They are primarily
associated with allergic reactions, infection with helminths, and hematologic malignancies with
eosinophilia (129, 130). CLCs are characteristically long (up to 50 μm in length), thin, and dipyra-
midal. Eosinophils have been established as the unique cellular source of this crystalline material,
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NANOTECHNOLOGY—THE NEXT FRONTIER OR AN INFLAMMATORY
TIME BOMB?

Nanotechnology is an emerging area of research involving the use of nanoparticles (NPs), which are highly reactive
nano-sized particles with a diameter of 100 nm or less. They have been integrated into many applications, including
the delivery of medical treatments (169).

Despite their already widespread use, our understanding of how these crystalline particles interact with the
immune system is still developing. It is becoming increasingly clear, however, that NPs can activate multiple
inflammatory pathways. Both silica and titanium NPs can activate the NLRP3 inflammasome (170), inducing IL-
1–mediated lung inflammation and neutrophilia. Other NPs, including carbon nanotubes, which have a similar
morphology to asbestos microfibers, can cause asbestos-like inflammation and pathology (171). In addition, NPs
are transported or can penetrate through tissues, enabling them to cause inflammation distant from their entry
point (172).

Given both the benefits NPs offer and their inflammatory potential, improving their use is imperative to en-
sure their safe and continued development. This improvement should include rational NP design based on an
increased understanding of how they mediate inflammation. For example, the surface of the NP plays an important
role in triggering inflammation. An alternative coating can be applied to the surface of silica NPs with amine or
phospho groups, greatly reducing their inflammatory potential (173). Increased understanding of how NPs trigger
inflammation is still required, however, and until this understanding is reached, caution must prevail.

which consists of lysophospholipase, a protein synthesized by eosinophils and stored in the large
granules of these cells (131).

Since the protein composing these crystals was discovered, no biochemical activity or biological
function has been established for it. Nevertheless, CLCs persist in the sputum, feces, and tissues of
patients with eosinophil inflammatory processes and are resistant to proteolytic digestion. Hence,
their persistence in tissues, even after the disintegration of eosinophils at the inflammatory site,
may have an important impact on tissue inflammation and homeostasis. Although necrosis is a
prominent cytological feature in several diseases in which CLCs form (130, 132), the inflammatory
potential of such residual crystalline artifacts in tissues remains to be explored.

Pharmacologically Induced Crystal Formation

Many therapeutic compounds currently used to treat diseases are able to form crystals (see sidebar,
Nanotechnology—The Next Frontier or an Inflammatory Time Bomb?). The kidneys are often a
major site of crystal accumulation. Crystal formation of pharmacological agents frequently occurs
in the distal tubule of the kidney, as this is the main site of proton secretion. Indeed, intratubular
acidosis can promote the precipitation of certain solutes and drugs, and inefficient acidification
promotes the precipitation of other pharmacological compounds.

Atazanavir. Atazanavir is a protease inhibitor commonly used to treat patients infected with
human immunodeficiency virus (HIV). It is one of the key drugs used in combination antiretroviral
therapy against HIV. One year after its approval by the FDA in 2003, the first report of acute
interstitial nephritis associated with atazanavir was published (133). After that case, several other
studies reported renal insufficiency in HIV patients as a result of interstitial nephritis. This type
of interstitial nephritis is characterized by the presence of crystalline deposits, 60% of which
include atazanavir metabolites (134–138). From these findings, it was concluded that atazanavir
can form needle-shaped crystals in urine and renal interstitial tissues, leading to crystalluria,
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urolithiasis, acute kidney injury, and CKD. In epidemiological studies, atazanavir/ritonavir alone
or in combination with tenofovir has been associated with increased risk of progression to CKD.

Sevelamer crystals. Sevelamer (also known as Renagel) is a phosphate-binding drug used to
treat hyperphosphatemia in patients with CKD. It is prescribed for the management of hyper-
phosphatemia in adult patients with stage 4 or 5 CKD who are on hemodialysis. When taken
with meals, it binds to dietary phosphate and prevents its absorption. Sevelamer forms crystals
that deposit in the gastrointestinal tract and injure the mucosa, leading to inflammation (139). In
general, sevelamer crystals display broad, curved, and irregularly spaced fish scales with a variable
eosinophilic-to-rusty-brown color on hematoxylin and eosin (H&E) staining and a violet color on
alcian blue–periodic acid–Schiff (PAS) staining with diastase. Interestingly, histological processing
of crushed sevelamer tablets reveals crystals identical to those found in patient samples.

Particulate immune adjuvants. Vaccines are composed of two main components, the antigenic
material and the adjuvant. Adjuvants possess specific immune-stimulatory properties, leading to an
adaptive immune response and immunity. Given the immune-stimulatory properties of particulate
materials, their extensive use as adjuvants is not surprising.

The foremost example of particulate adjuvants is aluminum salts, or alum. Alum has been the
most widely used adjuvant for the past 80 years, since the observation that coinjection with alum
leads to robust, antigen-specific T and B cell responses (140). It initiates a Th2 response when
administered in a vaccine, resulting in an IgG antibody response to the antigen and establishing
humoral immunity. However, how alum exerts this effect is still unclear. Alum induces IL-1β

release from macrophages (11). However, whether IL-1 is required to establish humoral immu-
nity is controversial (38, 141–143). As different types of alum have different immune effects, the
controversy might be a result of differences in the formulations of alum used (144). However,
given that the humoral response to alum is MyD88-independent (145), it seems unlikely that IL-1
plays an important role in the formation of immunity. Subsequent studies have also established
that PGE2 is released in response to alum by a mechanism related to crystal phagocytosis (17) or
upon triggering abortive phagocytosis, leading to increased antigen uptake (146). Inhibition of
this response decreases the humoral response to antigen.

The properties of a crystal that enhance or suppress its immunoreactivity are currently being
investigated to design superior immune adjuvants. This is particularly challenging because the
exact mechanism of action, as well as the crystalline properties controlling it, remains unidentified.
However, much insight has been gained recently.

6. CRYSTAL MORPHOLOGY AND INFLAMMATION

Crystals can assume infinite, disparate morphologies depending on the relative growth rates of
their various surfaces and the availability of soluble counterparts in the environment. Most of an
inflammatory reaction caused by pathological crystals is dependent on the phagocytosis of the
crystals by immune cells. Therefore, the cues that immune cells use to determine whether a target
should be ingested play a crucial role in crystal-induced inflammation. Although cellular receptors
are clearly important for the phagocytosis of crystalline particles, other physical characteristics of
crystals play an important role in the activation of immune cells in a manner that does not involve
cellular receptors. Features including size, rigidity, texture, and surface charge not only play a role
in determining how phagocytic cells select crystals as targets for phagocytosis, they also influence
inflammatory output from these cells (147–149; Figure 6).

Polymeric microparticles, a new generation adjuvant, have also been tested for immunogenicity,
and, compared with alum, they promote enhanced antigen transport and more effective immune
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Figure 6
Crystal morphology and inflammation. Crystals can assume infinite shapes, combine with organic elements, and take on electrical
charges; all of these factors have effects on their immunogenicity. Cells of the immune system are able to distinguish and differentially
respond to tiny variations in crystal morphology, such as size; texture; rigidity; and association with proteins, lipids, or inorganic
elements. All of these crystal features influence phagocytosis by immune cells and the ensuing inflammatory response. Abbreviations:
MSU, monosodium urate; NET, neutrophil extracellular trap.

cell activation (150). To further understand the properties essential for the immunogenicity of
these particles, Williams and colleagues (151) have investigated layered double hydroxide crystals
of varying size, ion composition, and charge. The charge of the particle, as well as the separation
of the layers of ions, directly controls the immunogenicity of the crystal, enabling researchers
to tune the immune response. Such crystalline adjuvants show promise in eliciting a controlled
immune response after vaccination.

In a study in which microparticles of similar composition but varying texture were examined for
immunogenicity in a mouse peritonitis model, particles with rough surfaces were not only more
readily phagocytosed in vitro, but they also induced more rapid neutrophil recruitment than round
particles. Higher levels of IL-1β were secreted from macrophages that had phagocytosed rough
particles (149). In agreement with these findings, another study employing cobalt-chromium-
molybdenum alloy particles reported that larger, irregular particles caused greater LD and induced
significantly more IL-1β release from macrophages than equal doses of smaller, perfectly spherical
particles (152).

It is noteworthy that crystal size and texture have opposite effects on TNF-α secretion and
IL-1β release. TNF-α secretion by macrophages is inversely related to hydroxyapatite crystal
size, suggesting that the microscopic calcific deposits found in the early stages of atherosclerosis
pose a greater inflammatory risk than the macroscopic deposits in more advanced lesions (153).
An explanation for these findings may rely on the potential of smaller particles to translocate
through tissues and cause inflammation. In inhalation experiments with rats using anatase particles
of different sizes, smaller particles elicit a persistently high inflammatory reaction in the lungs
compared to larger particles. Although no difference in mass deposition exists between smaller
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and larger particles, in the lower respiratory tract smaller particles display increased translocation
to the pulmonary interstitium, followed by increased inflammation and fibrosis (154). Smaller
silica particles are more immunogenic than larger particles (155).

The size of particles can also affect the function of neutrophils in immunity. Neutrophils
selectively release neutrophil extracellular traps (NETs) depending on microbe size. NETs are
released in response to large pathogen formations, such as Candida albicans hyphae and extracel-
lular aggregates of Mycobacterium bovis, but not in response to small yeast or single bacteria that
can be phagocytosed. Similarly, MSU, a large crystal, causes release of NETs upon its phagocy-
tosis by neutrophils. This response has been suggested to immobilize MSU crystals and prevent
them from being further phagocytosed, thus limiting their immune-stimulating potential (156).
In an additional effort to restrain MSU crystal–driven inflammation, NETs aggregate and de-
grade MSU-driven cytokines and chemokines (157). It would be interesting to determine whether
smaller particles reduce NET formation, and whether this is associated with lower or higher levels
of inflammation.

Other mechanical features of crystals can modulate the efficiency of phagocytosis. Macrophages
appear to display a strong preference for rigid objects. When microbeads with identical chemical
properties, size, and surfaces, but different stiffness, are fed to macrophages, soft beads are unable to
stimulate the assembly of the actin filaments required to form and close phagosomes. Phagocytosis,
cytoskeleton rearrangement, and protein phosphorylation are sensitive to rigidity signals (62).
Other features of crystals that interfere with their proinflammatory potential are their clearance
and dissolution propensity. For example, macrophages can dissolve MSU crystals, but they are
not able to efficiently eliminate silica or asbestos crystals.

Cyclodextrins (CDs) are FDA-approved cyclic oligosaccharides that dissolve lipids in their
hydrophobic core (158). They are used to solubilize and entrap various lipophilic pharmaceutical
agents for delivery into human cells. β-CDs mediate cholesterol efflux from cells more efficiently
than high-density lipoproteins (159). CDs increase cholesterol solubility, promote the removal of
cholesterol from foam cells in vitro, and initiate anti-inflammatory mechanisms (160–162).

Our group has found that CD is able to dissolve cholesterol crystals in vitro and clear them from
atherosclerotic plaques, thus reducing systemic inflammation in an in vivo model of atheroscle-
rosis (A. Grebe & E. Latz, unpublished data). Treatment of hypercholesterolemic ApoE−/− mice
with CD after 12 weeks of high fat diet–induced atherosclerosis results in a significant reduc-
tion in atherosclerotic plaque size. Furthermore, CD reduces the amount of cholesterol crystals
in atherosclerotic plaques in mice fed a continuous high-cholesterol diet. CD also increases the
cholesterol efflux capacity of macrophages that have phagocytosed cholesterol crystals in vitro (A.
Grebe & E. Latz, unpublished data). Thus, the dissolution propensity of some crystals can be
explored for therapeutic purposes.

Finally, the propensity of crystals to form complexes with proteins and lipids affects their
immunogenicity and inflammatory potential. The difference in the pathological behaviors of
COM and COD crystals can be explained by the poor adhesion of COD crystals and their reduced
capacity to form stable aggregates with proteins (163). The adjuvanticity of alum is greatly affected
by its interaction with membrane lipids in DCs (146). Furthermore, initial studies performed on
different compositions of alum have identified both the crystallinity and the exposure of hydroxyl
groups on the surface of the crystal as important factors in activating an immune response (164).

7. HOW INFLAMMATION DRIVES CRYSTALLIZATION

As discussed, the formation of bones in vertebrates and their remodeling after fracture are examples
of the highly controlled crystallization of minerals in physiological functions. The process of

www.annualreviews.org • Crystal Formation in Inflammation 193



IY34CH07-Latz ARI 15 April 2016 19:32

bone formation involves complex interactions between osteoblasts and osteoclasts, the primary
bone-building and bone-resorbing cells, and other cells in the microenvironment. The activity
of osteoclasts is regulated by the action of systemic cytokines and hormones such as parathyroid
hormone, estrogen, and calcitonin. TNF-α and IL-1 induce a marked increase in osteoclast activity
and play an important role in postmenopausal osteoporosis. TGF-α is produced by several solid
tumors associated with hypercalcemia of malignancy and can stimulate osteoclastic bone resorption
in cultures of mouse organs.

Inflammation and proinflammatory cytokines can also affect the deposition of calcium crystals
in different organs, giving rise to calcifying disorders. Vascular calcification is an ectopic calci-
fication that commonly occurs in atherosclerosis, diabetes mellitus, and end-stage renal disease,
as well as with advancing age. Oxysterol 25-hydroxycholesterol and TGF-β are both present
in atherosclerotic lesions and induce calcification of vascular cells (165). The monocyte- and
macrophage-derived proinflammatory cytokines TNF-α and IL-1β activate tissue nonspecific
alkaline phosphatases, which cause mineralization of cultured vascular smooth muscle cells (71,
74), and influence cardiovascular calcification (74). Indeed, vascular calcification is associated with
increased levels of circulating TNF-α and other proinflammatory markers in patients with Type 1
and Type 2 diabetes (166, 167), and TNF-α neutralization using antibodies slows osteogenesis and
vascular calcium deposition in diabetic mice (168). Thus, vascular calcification is actively related
to the inflammatory process of atherosclerosis.

8. CONCLUSIONS

Crystal-related diseases are prevalent and increasing in incidence worldwide. Diseases such as
atherosclerosis, stroke, COPD, and gout cause immense morbidity and together surpass infec-
tious diseases as a cause of death. We have seen major advances in the understanding of the
pathophysiological origins of crystal-mediated diseases in recent years, and this knowledge has
spurred the development of new therapies. The production of proinflammatory cytokines of the
IL-1 family seems to be at the core of crystal-induced inflammation. Therefore, therapies aimed
at blocking IL-1 signaling are being tested and have proved to be efficient in many instances.
However, therapeutic approaches aimed at the prevention of crystallization or the dissolution of
crystallized materials should also be considered.
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45. van Bruggen R, Köker MY, Jansen M, van Houdt M, Roos D, et al. 2010. Human NLRP3 inflammasome
activation is Nox1-4 independent. Blood 115(26):5398–400
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101. Doz E, Noulin N, Boichot E, Guénon I, Fick L, et al. 2008. Cigarette smoke–induced pulmonary
inflammation is TLR4/MyD88 and IL-1R1/MyD88 signaling dependent. J. Immunol. 180(2):1169–78

102. Lappalainen U, Whitsett JA, Wert SE, Tichelaar JW, Bry K. 2005. Interleukin-1β causes pulmonary
inflammation, emphysema, and airway remodeling in the adult murine lung. Am. J. Respir. Cell Mol. Biol.
32(4):311–18

103. Hoshino T, Kato S, Oka N, Imaoka H, Kinoshita T, et al. 2007. Pulmonary inflammation and emphy-
sema: role of the cytokines IL-18 and IL-13. Am. J. Respir. Crit. Care Med. 176(1):49–62

104. Pauwels NS, Bracke KR, Dupont LL, Van Pottelberge GR, Provoost S, et al. 2011. Role of IL-1α and
the Nlrp3/caspase-1/IL-1β axis in cigarette smoke–induced pulmonary inflammation and COPD. Eur.
Respir. J. 38(5):1019–28

105. Petersen AMW, Penkowa M, Iversen M, Frydelund-Larsen L, Andersen JL, et al. 2007. Elevated levels
of IL-18 in plasma and skeletal muscle in chronic obstructive pulmonary disease. Lung 185(3):161–71

106. Kang M-J, Homer RJ, Gallo A, Lee CG, Crothers KA, et al. 2007. IL-18 is induced and IL-18 recep-
tor α plays a critical role in the pathogenesis of cigarette smoke–induced pulmonary emphysema and
inflammation. J. Immunol. 178(3):1948–59

107. Botelho FM, Bauer CMT, Finch D, Nikota JK, Zavitz CCJ, et al. 2011. IL-1α/IL-1R1 expression in
chronic obstructive pulmonary disease and mechanistic relevance to smoke-induced neutrophilia in mice.
PLOS ONE 6(12):e28457

108. Eltom S, Belvisi MG, Stevenson CS, Maher SA, Dubuis E, et al. 2014. Role of the inflammasome–
caspase1/11-IL-1/18 axis in cigarette smoke driven airway inflammation: an insight into the pathogenesis
of COPD. PLOS ONE 9(11):e112829

109. Franklin BS, Bossaller L, De Nardo D, Ratter JM, Stutz A, et al. 2014. The adaptor ASC has extracellular
and “prionoid” activities that propagate inflammation. Nat. Immunol. 15(8):727–37

110. Leung CC, Yu ITS, Chen W. 2012. Silicosis. Lancet 379(9830):2008–18
111. Peeters PM, Perkins TN, Wouters EFM, Mossman BT, Reynaert NL. 2013. Silica induces NLRP3

inflammasome activation in human lung epithelial cells. Part. Fibre Toxicol. 10:3
112. Lee S, Matsuzaki H, Kumagai-Takei N, Yoshitome K, Maeda M, et al. 2014. Silica exposure and altered

regulation of autoimmunity. Environ. Health Prev. Med. 19(5):322–29
113. Di Giuseppe M, Gambelli F, Hoyle GW, Lungarella G, Studer SM, et al. 2009. Systemic inhibition of

NF-κB activation protects from silicosis. PLOS ONE 4(5):e5689
114. Guo J, Gu N, Chen J, Shi T, Zhou Y, et al. 2013. Neutralization of interleukin-1 β attenuates silica-

induced lung inflammation and fibrosis in C57BL/6 mice. Arch. Toxicol. 87(11):1963–73
115. Maeda M, Nishimura Y, Kumagai N, Hayashi H, Hatayama T, et al. 2010. Dysregulation of the immune

system caused by silica and asbestos. J. Immunotoxicol. 7(4):268–78
116. Song L, Weng D, Dai W, Tang W, Chen S, et al. 2014. Th17 can regulate silica-induced lung inflam-

mation through an IL-1β–dependent mechanism. J. Cell Mol. Med. 18(9):1773–84
117. Guo J, Shi T, Cui X, Rong Y, Zhou T, et al. 2015. Effects of silica exposure on the cardiac and renal

inflammatory and fibrotic response and the antagonistic role of interleukin-1 β in C57BL/6 mice. Arch.
Toxicol. 2015:1–12

118. Hillegass JM, Miller JM, MacPherson MB, Westbom CM, Sayan M, et al. 2013. Asbestos and erion-
ite prime and activate the NLRP3 inflammasome that stimulates autocrine cytokine release in human
mesothelial cells. Part. Fibre Toxicol. 10:39

119. Thompson JK, Westbom CM, MacPherson MB, Mossman BT, Heintz NH, et al. 2014. Asbestos
modulates thioredoxin–thioredoxin interacting protein interaction to regulate inflammasome activation.
Part. Fibre Toxicol. 11:24

www.annualreviews.org • Crystal Formation in Inflammation 199



IY34CH07-Latz ARI 15 April 2016 19:32

120. Murthy S, Adamcakova-Dodd A, Perry SS, Tephly LA, Keller RM, et al. 2009. Modulation of reactive
oxygen species by Rac1 or catalase prevents asbestos-induced pulmonary fibrosis. Am. J. Physiol. Lung
Cell Mol. Physiol. 297(5):L846–55

121. Perkins TN, Peeters PM, Shukla A, Arijs I, Dragon J, et al. 2015. Indications for distinct pathogenic
mechanisms of asbestos and silica through gene expression profiling of the response of lung epithelial
cells. Hum. Mol. Genet. 24(5):1374–89
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