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1. Abstract

Almost 60 years after the discovery of monosodium urate (MSU) crystals as the causative agent 

for gout, a wealth of knowledge exists about the pathophysiology and inflammatory pathways in 

this and other crystal-associated diseases, so called crystallopathies. This study – as one of few – 

investigates the interaction of proteins with crystalline structures during the crystal recognition 

process by the innate immune system. 

Common crystallopathies, besides gout, include the deposition of calcium pyrophosphate 

dehydrate (CPPD) causing pseudogout, kidney stones consisting of calcium oxalate crystals, and 

silicosis or asbestosis, induced by the inhalation of exogenous crystalline material (silica and 

asbestos, respectively). Cholesterol molecules can also form crystals and have been found in 

plaques in arteriosclerosis. Crystalline structures activate immune cells in a variety of ways. Most 

crystals have been shown to activate the complement system, and neutrophils release extracellular 

traps (NETs) as well as reactive oxygen species (ROS) upon crystal stimulation. Most myeloid 

cells, like monocytes and macrophages, release pro-inflammatory cytokines (e.g., IL-1, an 

effect depending strongly on the activation of the NLRP3 inflammasome. In addition, phagocytes 

take up particles and try to intracellularly resolve the material. 

In this study, three different techniques were applied to analyze the recognition of crystals by the 

innate immune system. A library of recombinant proteins was produced for binding studies, 

CRISPR/Cas9-mediated receptor knock-out cell lines were generated for analyzing cellular 

responses, and a liquid chromatography-mass spectrometry (LC-MS) approach was applied to 

identify novel MSU-binding proteins. 

Though the first two approaches did not lead to significant new insights into crystal recognition, 

several novel crystal-binding proteins were identified by the proteomic approach and verified by 

other tools and methods. To the best of my knowledge, this study shows – for the first time – the 

acute phase protein CRP recognizing MSU crystals and recruiting molecules of the classical and 
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lectin complement pathway. It further identifies transmembrane receptors MARCO and LDLR 

binding to a broad range of pure and/or opsonized crystals. However, murine macrophages and 

HepG2 cells lacking LDLR did not show altered phagocytosis or inflammasome activation 

induced by crystalline structures. 

LDL was identified in this study to be a natural opsonin, coating various disease-associated 

crystalline structures and thereby inhibiting crystal-induced ROS production of neutrophils. While 

the inhibitory effect of LDL on ROS production was extended to a broad range of crystals, LDL-

coating has a more ambiguous influence on the IL-1 cytokine production. LDL blocks IL-1 

production by bigger crystals but does not have this inhibitory effect on smaller structures. These 

observations led to the assumption that only smaller crystals can be phagocytosed and induce 

additional inflammatory signals after phagocytosis. 

Medical conditions in which the formation of crystals plays at least a contributing role to the 

development of disease are an increasing burden, especially in elderly populations in western 

industrialized countries. Therefore, it is important to further elucidate the interaction mechanisms 

of immune cells and crystals in order to improve preventive measures and treatment options. The 

identification of CRP and LDL as natural opsonins as well as MARCO and LDLR as crystal 

recognizing receptors for various disease-associated crystals may inspire further research in the 

field to better understand the underlying mechanistic processes. 
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2. Introduction 

Since the time of the ancient Egyptians (Richette and Bardin, 2010), people described burning, 

sudden pain in the joints, especially of toes and fingers, often waking a person up in the middle of 

the night. Back then, it was regarded as the disease of monarchs and aristocracy and often called 

“the disease of kings” – nowadays, this medical condition is called gout. Though the disease has 

been known and described for millennia, its cause – the crystallization of uric acid to monosodium 

urate (MSU) in the affected joints – has only been identified 59 years ago (McCarty 1961). 

2.1. Gout 

Uric acid is a product of the metabolic degradation of purine nucleotides (Figure 1). The uric acid 

level depends on various factors, e.g., diet, age, sex, various comorbidities (e.g., obesity, diabetes 

mellitus, renal insufficiency, cardiovascular disease), and to a smaller degree genetic 

predispositions (Hui et al., 2017). A serum concentration of uric acid > 5.7 mg/dl (females) or 

> 7 mg/dl (males) is above the reference range (Thefeld et al., 1973) and defined as 

hyperuricaemia. The solubility limit of uric acid at normal body core temperature (37°C) and 

physiological pH (7.4) is 6.8 mg/dl (Tausche et al., 2009). Hypothermia and a lowering of the pH 

value lead to a lower solubility limit. In circa 90% of cases, hyperuricaemia is primarily caused by 

reduced excretion of uric acid through the kidney, while in less than 10% overproduction is the 

reason (Richette and Bardin, 2010). 

Though not all people with elevated uric acid levels develop gout, chronic hyperuricaemia is a 

common and necessary pathogenic factor for its development. Supersaturation of uric acid in the 

synovial fluid leads to crystallization of MSU crystals in the joints (Merriman, 2020). This causes 

inflammation (arthritis) which leads to acute gout flare (acute arthritis) eventually resulting in 

chronic gouty arthritis. Especially elderly patients can exhibit strong inflammatory responses 

during gout attacks: their monocytes produce more interleukin-1 (IL-1) than younger patients 

and they show higher fever and higher C-reactive protein (CRP) levels (Lee et al., 2017).  
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and hence, narrowing of arteries (atherosclerosis). These cholesterol crystals are believed to be a 

cause of inflammation (Duewell et al., 2010). Gallstones, formed in the human gall bladder, can 

lead to obstruction of the bile duct, resulting in strong abdominal pain. Their major constituents 

are cholesterol crystals, glycoproteins, calcium salts, and bile pigments (Portincasa et al., 2006). 

Recently, the formation of neutrophil extracellular traps (NETs), i.e., an inflammatory reaction, 

has also been described to initiate gallstone formation (Muñoz et al., 2019).  

 

Figure 2. Crystal-induced pathologies in human. Crystallopathies can be classified according to their major 
pathologic mechanism: (A) acute necroinflammation, (B) chronic tissue remodeling resulting in tissue atrophy 
and scarring, and (C) obstruction of ducts, cavities, or vessels by large crystal masses or stones. Reproduced with 
permission from (Mulay and Anders, 2016), Copyright Massachusetts Medical Society. 

Human kidney stones constitute most commonly of calcium oxalate crystals: they obstruct the 

excretory organs leading to nephropathies. Beyond that, some medications have long been 

described to potentially induce pathology in the kidney by crystallization, e.g., during acyclovir 

application in the course of anti-viral treatment (Bianchetti et al., 1991). 

Proteins involved in degenerative diseases can form crystalline structures as well: e.g., -amyloid 

peptides form crystallite assemblies in amyloid plaques in Alzheimer’s disease (Inouye et al., 

1993), and -synuclein is the main component of insoluble fibrils in Parkinson’s disease 
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(Spillantini et al., 1997). Furthermore, some infectious diseases lead to pathological crystallization 

of endogenous molecules: in malaria disease, Plasmodium degrades hemoglobin inside the 

erythrocytes. To dispose the otherwise toxic heme, it crystallizes it to insoluble hemozoin which is 

released into the blood stream when the erythrocytes break open (Coronado et al., 2014). 

In addition to endogenous molecules, exogenous particles can also cause severe pathologies in 

humans. The inhalation of dust particles (such as air pollution (e.g., Diesel exhaust fumes), silica 

crystals, or asbestos fibers) causes mechanical stress in the respiratory tract leading to an acute 

inflammation. Over time, this irreversibly develops into a chronic inflammation, scaring of the 

lung tissue (fibrosis), and various respiratory insufficiencies, e.g., coughing or shortness of breath 

(Franklin et al., 2016). 

2.3. Crystal recognition molecules 

Pattern recognition receptors (PRR) are a family of transmembrane and intracellular receptors and 

critical for activation of the innate immune system. They sense a wide variety of either microbial 

patterns (pathogen-associated molecular patterns = PAMPs) or endogenous molecules released 

during cell death or damage (damage-associated molecular patterns = DAMPs) and initiate 

intracellular signaling cascades, leading to the production of inflammatory or anti-viral mediators. 

Over the past decades, many PRRs recognizing pathogen-associated molecules have been 

described. However, whether there are receptors specifically recognizing single crystalline entities 

(e.g., MSU crystals) or a whole range of various crystals remains yet to be discovered. 

So far, most investigations on the recognition of crystalline structures have focused on MSU 

crystals. Previous studies have shown immune receptors CD16, CD11b, and CD14 to be involved 

in immune cell activation upon MSU crystal stimulation (Barabé et al., 1998; Scott et al., 2006). 

One of these studies used CD16 and CD11b antibodies to block neutrophil reactive oxygen 

species (ROS) production after incubation with MSU crystals, but an interaction has not been 

shown. 
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A range of studies shed more light on crystal recognition molecules and the signaling pathways 

from outside into the immune cells (Figure 3). A few years ago, Clec12A (also known as MICL or 

CLL-1) has been identified as a specific receptor for MSU crystals inhibiting the inflammatory 

response (Neumann et al., 2014). This receptor is a member of the C-type lectin receptor (CLR) 

family, which is a PRR subgroup. Though the most common function of CLRs is calcium-

dependent carbohydrate binding, several members of the family evolved to specifically recognize 

proteins, lipids, or inorganic ligands as well (Zelensky and Gready, 2005). 

Figure 3. Crystal-related outside-in signaling. Left: endogenous crystalline structures (e.g., metabolites or 
proteins) can interact with elements of the outer plasma membrane. CLRs, for instance, link crystal-binding to 
Syk kinase signaling inducing either pro- or anti-inflammatory immune responses. Some complement factors can 
also be activated by certain crystalline structures and contribute to cell damage or lysis. Right: the phagocytosis 
of exogenous crystals and particles like titanium and silica is partially mediated by various scavenger receptors 
such as MARCO, SR-A1, SR-B1, and CD36. Adapted from (Mulay et al., 2020). 

While Clec12A inhibits neutrophil activation by MSU crystals, it potentiates type I interferon 

(INF) responses as a reaction to MSU crystals in vitro and to viral infections in vivo (Li et al., 

2019). Moreover, it has also been described to recognize plasmodial hemozoin and to contribute 

to cerebral malaria development (Raulf et al., 2019). For another member of the CLR family, 

Clec4E (also known as Mincle), cholesterol crystals have been described as a novel ligand 

(Figure 3). Unlike Clec12A, Mincle is an activating receptor that induces NF-B activation via 

the spleen tyrosine kinase (Syk) (Kiyotake et al., 2015). Other activating CLRs mainly recognize 
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fungi (e.g., Clec7A, also known as Dectin-1, binding to glucan) and orchestrate anti-fungal 

immunity (Hardison and Brown, 2012). Nevertheless, the above mentioned examples of crystal-

binding make it reasonable to assume there may be other CLRs specifically recognizing crystals 

and mediating the innate immune response.  

The scavenger receptor (SR; PRR subgroup) “macrophage receptor with collagenous structure” 

(MARCO, also known as SR-A6 or SCARA2) is mainly expressed on alveolar macrophages. 

MARCO has been identified as a major binding receptor for environmental particles like titanium 

dioxide (TiO2, Figure 3) and some bacteria, e.g., E. coli and S. aureus (Arredouani et al., 2005), 

and to be critical in silicosis (Thakur et al., 2009). 

Furthermore, MSU crystals are able to activate immune cells receptor-independently. They can 

interact directly with the membrane cholesterol and induce Syk activation (Ng et al., 2008) as well 

as induce membrane deformation and lipid rearrangements leading to receptor-independent 

phagocytosis of various particles (Mu et al., 2018).  

2.3.1. Opsonization 

Under physiological conditions, a process called opsonization marks pathogens or apoptotic cells 

for degradation by the innate immune system, e.g., macrophage phagocytosis or neutrophil 

activation. The cells/microbes are covered by opsonins, i.e., antibodies, complement factors, or 

other circulating proteins. In the human body the presence of completely pure, naked crystals is 

highly unlikely. Thus, it can be assumed that at most sites of crystallization opsonins are at least 

partially covering the crystal surface. In line with this, previous studies discovered that members 

of the apolipoprotein family (ApoB, LDL, and ApoE), complement protein C1, and fibrinogen 

bind to MSU crystals (Terkeltaub et al., 1983, 1984, 1986, 1991). Lipoproteins transport lipids 

and cholesterol to and from tissues through the blood and are taken up by endocytic receptors like 

LDL receptor (LDLR). On crystals, however, they seem to block activation of neutrophils 

(Terkeltaub et al., 1984).  
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2.4. Innate immunity 

The human body is constantly exposed to microbial (i.e., bacteria, viruses, and parasites) and 

environmental substances (e.g., dust particles or pollen) entering the organism, for instance, 

through mucosal membranes or mechanical injuries of the skin (Sonnenberg and Hepworth, 

2019). The immune system is a defense system of the organism recognizing pathogens and 

pathological substances as well as distinguishing them from the own healthy tissue. The immune 

system can be divided into two parts, the innate and the adaptive immunity. The adaptive 

immunity consists of antigen-recognizing T and antibody-producing B cells (Flajnik, 2018). 

While the adaptive response is delayed for several days after the encounter of a pathogen, the 

innate immune system reacts almost immediately (Flajnik, 2018; Sonnenberg and Hepworth, 

2019). Myeloid cells like monocytes, macrophages, dendritic cells, granulocytes – especially 

neutrophils – as well as cytotoxic natural killer cells (NK cells) are part of this innate, protective 

system. The hallmark of the innate immune system is that it uses germline encoded pattern 

recognition molecules recognizing conserved microbial structures or signs of cell or tissue stress 

or damage. The adaptive immune system uses randomly produced antigen receptors which are 

clonally expanded and optimized upon recognition of foreign antigen. These optimized receptors 

are stored in the form of memory T and B cells and antibody-producing plasma cells and thus 

confer long lasting immunity (memory). The innate immune response dictates the following 

adaptive immune response (Sonnenberg and Hepworth, 2019). 

2.4.1. Immune reactions to crystalline structures  

Crystalline structures can trigger inflammation in the human body in a variety of ways. 

Monocytes directly respond to MSU crystals with pro-inflammatory cytokine production, e.g., 

IL-1β, IL-6, or tumor necrosis factor  (TNF- (Landis et al., 2002), while macrophages require 

a priming signal e.g., binding of C5a (An et al., 2014). MSU crystals induce the activation of 

neutrophils to produce reactive oxygen species (ROS) (Abramson et al., 1982) or release 

neutrophil extracellular traps (NETosis) (Mitroulis et al., 2011; Schorn et al., 2012). Furthermore, 
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they activate the complement system (Byers et al., 1973; Naff and Byers, 1973), and the NLRP3 

inflammasome leading to the production of pro-inflammatory cytokines, e.g., IL-1 and IL-18 

(Martinon et al., 2006). Very recently, a programmed form of necrosis or inflammatory cell death, 

called necroptosis, has been suggested to be a major molecular mechanism behind the crystal-

induced inflammation (Mulay et al., 2020). When the crystal degradation process in the 

phagosome fails (following uptake of the crystals), the phagolysosome destabilizes and causes the 

release of several lytic enzymes like cathepsin B into the cytosol. Cathepsin B cleaves the 

endogenous necroptosis inhibitor and thereby promotes necrosome complex formation, which 

subsequently leads to necroptosis, a process characterized, e.g., by pore formation in the plasma 

membrane (Honarpisheh et al., 2017; Mulay et al., 2016).  

2.4.1.1. Complement cascade 

The activation of the complement cascade is initiated by the recognition of microbial or damage-

associated molecular patterns (e.g., cellular debris) by complement proteins (Reis et al., 2019). 

Following the binding of specific antibodies (i.e., immune globulin G = IgG) to the respective 

epitopes on the microbial entity, these immune globulins can be recognized by Fc-receptors on the 

surface of phagocytic immune cells (e.g., neutrophils and macrophages) thereby inducing the 

elimination of the microbe (Ricklin et al., 2016). This process is contrasted with the process of 

complement-dependent cytotoxicity (CDC), where target cells are degraded by the complement 

system independently of other immune cells.  

The complement cascade can be initiated through three distinct pathways that eventually all 

merge during the process (Noris and Remuzzi, 2013; Figure 4): (i) The classic pathway is 

triggered by antibodies (IgG or IgM) binding specific antigens on the surface of microbes or cells. 

This leads to the activation of C1 and induction of the complement cascade. (ii) The lectin 

pathway resembles the same cascade, but is antibody-independent and initiated by binding of 

ficolins or mannose-binding lectins (MBL) to carbohydrates on microorganisms. This results in 

activation of MBL-associated serine proteases (MASP) and initiation of the cascade by cleaving 
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(Mac-1)) is a transmembrane receptor of the integrin family binding to iC3b, the proteolytic form 

of C3b. The binding initiates intracellular signaling via receptor tyrosine kinases leading to 

leukocyte adherence and phagocytosis of iC3b-coated particles or cells.  

2.4.1.2. Inflammasome  

In 2002, a cytosolic, multiprotein complex activating inflammatory caspases and cytokine IL-1 

production was first described. It was called the inflammasome and identified as an important part 

of the innate immune system (Martinon et al., 2002).  

To date, five distinct subsets of inflammasomes have been identified that can be distinguished by 

the PRRs involved in their assembly. Those receptor proteins include the nucleotide-binding 

oligomerization domain (NOD), the leucine-rich repeat (LRR)-containing protein (NLR) family 

members NLRP1, NLRP3, and NLRC4, and also the proteins AIM2 (“absent in melanoma 2”) 

and pyrin (Broz and Dixit, 2016).  

The best-characterized NLR family member capable of forming an inflammasome is NLRP3 

(“NACHT, LRR, and PYD domains–containing protein 3” inflammasome) (Martinon et al., 2009) 

which is predominantly expressed in cells of the innate immune system. The NLRP3 

inflammasome-dependent immune response can be induced by a variety of DAMPs and PAMPs 

including DAMPs such as crystalline structures, complement proteins, or extracellular ATP 

(Franklin et al., 2016) as well as PAMPs like Influenza A (Thomas et al., 2009) or bacterial toxins 

(Franklin et al., 2016). Other inflammasomes are specialized to recognize a more narrow range of 

molecules. For example, AIM2 exclusively detects double-stranded DNA from DNA viruses and 

intracellular bacteria (Broz and Dixit, 2016).  

Two protein domains all inflammasomes have in common are the caspase activation and 

recruitment domain (CARD) and the pyrin domain (PYD). Together, these two build up the 

adaptor protein ASC (“apoptosis-associated speck-like protein containing a CARD”) which 

transfers the initial signal (i.e., sensing of the ligand by the PRR) to caspase-1 (Broz and Dixit, 
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2016). On one hand, the catalytically active caspase-1 cleaves precursors of pro-inflammatory 

cytokines, i.e., pro-IL-1 or pro-IL-18; on the other hand, it also cleaves the pyroptosis mediator 

gasdermin D (Broz and Dixit, 2016). The N-terminal fragment of gasdermin D is the major driver 

of pyroptosis, a highly inflammatory form of programmed cell death (Kayagaki et al., 2015; Shi 

et al., 2015). Both processes lead to the release of pro-inflammatory cytokines IL-1 and IL-18, 

thereby inducing inflammation. 

As mentioned above, NLRP3 has been recognized to play an important role in crystal-induced 

inflammation as well. Though the precise molecular mechanism of crystal-induced NLRP3 

activation remains unknown, direct interaction with the membrane (Hari et al., 2014) or 

destabilization of the phagosome (Hornung et al., 2008) have been proposed to play a role. 

In general, activation of NLRP3 induces the same signal cascade as described above, leading to 

the activation of caspase-1 and IL-1/IL-18 release (Martinon et al., 2006). In NLRP3, two 

signals may induce this process of inflammasome activation and recent studies postulate that 

crystals could be able to provide both (Franklin et al., 2016). First, the cells have to be primed 

which leads to the production of precursors of NLRP3 and pro-inflammatory cytokines. In the 

second step, lysosomal damage or destabilization of the plasma membrane induces the assembly 

and activation of the inflammasome which subsequently leads to precursor cleavage and release 

of IL-1and IL-18 (Franklin et al., 2016). Notably, the NLRP3 inflammasome can also be 

activated by a low intracellular potassium concentration (Pétrilli et al., 2007), a condition 

observed, for instance, during hyperkalemia in patients with chronic kidney disease (Udensi and 

Tchounwou, 2017) . 

Moreover, inflammasome activation additionally leads to a rapid induction and release of lipid 

mediators (e.g., prostaglandins and leukotrienes) which initiate inflammation and vascular fluid 

loss within minutes (Von Moltke et al., 2012). Together, all the above mentioned effects result in 

a strong inflammatory response, pyroptotic cell death, and – in the case of gout – in the acute, 

painful flares people described for millennia. 
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2.5. Objective of this thesis 

This study aimed to identify novel crystal-binding proteins and/or receptors directly or indirectly 

interacting with crystals thus mediating immune cell activation (Figure 5). In order to do so, three 

different technical approaches were used. Although, not all of them were published in the 

manuscripts for this thesis, they shall be mentioned here, nevertheless.  

 

Figure 5. Direct and indirect interaction between an immune cell and uric acid crystals. Clec12A has been 
identified as an inhibitory receptor before. This study aimed to identify crystal-binding proteins mediating 
immune cell activation or further receptors directly or indirectly interacting with crystals and activating cells. 

 
First of all, I generated a library of C-type lectin receptors. Binding of these CLRs to a broad 

range of crystals was evaluated to shed light on the hypothesis of conserved crystal recognition 

motives within the CLR family. In a second approach, the cellular role of receptors previously 

described to be involved in crystal-binding and immune cell activation (i.e., CD11b, CD18, and 

CD14) was analyzed on the genomic level. I used a CRISPR/Cas9 system to knock out the 

corresponding receptors and evaluated cellular responses to crystal stimulation afterwards. 

Third – and most importantly, since it is the basis of both publications of this cumulative thesis – 

liquid chromatography-mass spectrometry (LC-MS) was applied in unbiased, global experiments 

to identify novel proteins binding to MSU crystals. Thereby, crystals were incubated in healthy 

human serum, but also in body fluids from patients with acute phase reaction/inflammation, and 

bound proteins were compared to those binding in fluids from healthy subjects.  
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The main focus of this study was on MSU crystals and whether they are specifically recognized 

by immune cells, like microbes are. I was confident to extend possible MSU-related findings to a 

variety of disease-associated crystals with the overall goal of better understanding the recognition 

of crystalline structures by the innate immune system. An improved knowledge of the underlying 

molecular mechanisms and binding receptors may lead to more specific treatment options for 

crystallopathies in the future. 
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3. Publications 

The main results of this thesis are published or in the process of being published in the following 
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Neumann, K. C-reactive protein (CRP) recognizes uric acid crystals and recruits proteases C1 and 

MASP1. Sci Rep 10, 6391 (2020). https://doi.org/10.1038/s41598-020-63318-8 

- Planning and conducting experiments (i.e., binding experiments of CRP to crystals, 

analysis using fluorescent (confocal) microscopy and flow cytometry; unpublished 

cellular data: ROS and cytokine production, NETosis and phagocytosis analysis) 

- Data analysis and interpretation (e.g., mass spectrometry data set, Western blots) 

- Generating figures and writing the manuscript  

3.2. Publication #2 

Alberts, A., Klingberg, A., Hoffmeister, L., Wessig, A.K., Brand, K., Pich, A., and Neumann, K. 

Binding of macrophage receptor MARCO, LDL, and LDL receptor (LDLR) to disease-associated 

crystalline structures. (submitted, in review) 

- Planning and conducting experiments (i.e., binding experiments of rec. proteins to 

crystals, analysis using fluorescent (confocal) microscopy and flow cytometry; mouse 

experiments: isolation of BM cells, differentiation, harvesting and stimulation with 

crystals; isolation of human neutrophils and stimulation with crystals; IL-1 production 

measurement via ELISA; ROS production measurement via luminometer; phagocytosis 

assays using flow cytometry or polarization microscopy; CRISPR/Cas9 plasmid cloning, 

transfection, generation of monoclonal cell lines) 

- Data analysis and interpretation 

- Generating figures and writing the manuscript   
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C-reactive protein (CRP) recognizes 
uric acid crystals and recruits 

rg Wessig , Torsten Witte , 

Brand  & Konstantin Neumann

The deposition of crystals within joints leads to inflammatory responses. The crystallization of uric acid in 
the form of monosodium urate (MSU) in the joints leads to gout, while deposition of calcium pyrophosphate 
dihydrate (CPPD) leads to pseudogout. Gout is a severe and common form of inflammatory arthritis1, char-
acterized by acute attacks (flares) that spontaneously resolve. Acute gout attacks are treated with nonsteroidal 
anti-inflammatory drugs, colchicine or glucocorticoids. Urate lowering therapy (e.g. allopurinol) is used contin-
uously, while the initial decrease in urate levels leads to increased risk of gout flares2.

MSU crystals induce inflammation by activating the complement system3,4, activation of myeloid cells leading 
to inflammatory cytokine production5, neutrophil activation6 and NETosis7,8, and NLRP3 inflammasome activa-
tion9. Thus, inflammation induced by MSU crystals is remarkably similar to inflammation induced by microbes. 
Gout attacks in patients may also resemble septic arthritis (fever, high CRP)10.

While many of the pattern recognition receptors recognizing microbes have been discovered in the last dec-
ades, it remains unclear, if specific receptors for MSU crystals exist. Receptors CD16, CD11b and especially CD14 
have been shown to be involved in MSU-induced inflammatory responses11,12, while it is unclear if any of them 
specifically recognize the crystals. We have previously identified a specific immunoreceptor for MSU crystals, 
called Clec12A (also known as MICL and CLL-1). However, Clec12A is an inhibitory receptor that limits inflam-
matory responses, while potentiating type I interferon (IFN) responses13–15. Independent of recognition by recep-
tors, MSU crystals activate immune cells by interacting with membrane cholesterol16 or inducing membrane 
deformation17. Under physiological conditions, opsonization of the crystals with complement or other opsonins 
may also eliminate the need for specific crystal receptors. In this study we purified MSU crystal binding proteins 
from human body fluids to identify potential soluble MSU recognition molecules.

Results
Since gout patients may already have formed anti-

bodies against MSU crystals, we used synovial fluid and serum from a patient with pseudogout to purify MSU 
binding proteins. We additionally used the well-characterized fungal cell wall preparation zymosan as a control, 
as MSU crystals induce similar inflammatory responses as fungi. Both synovial fluid and serum were incubated 
with MSU crystals or zymosan at 37 °C for 45 min, unbound proteins were washed away and bound proteins were 
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eluted with denaturing SDS buffer. The eluted proteins were applied to SDS-PAGE and visualized by coomassie 
staining (Fig. 1a). The proteins purified from synovial fluid showed a similar pattern to the proteins purified from 
serum. The proteins purified with MSU crystals, however, showed a mostly distinct pattern from the proteins 
purified with zymosan. MSU crystals purified mainly two proteins migrating at 250 kDa and 25 kDa. We excised 
the corresponding bands (indicated by rectangles in Fig. 1a) and identified the proteins within by liquid chro-
matography-mass spectrometry (LC-MS). The protein with the highest score in the band above 250 kDa was the 
known MSU crystal-binding protein apolipoprotein B (apoB), while in the 25 kDa band the protein with the high-
est score was CRP (Fig. S1a). The zymosan purification also showed a prominent band at 25 kDa. LC-MS analysis 
of the proteins within this band found apoA1 with the highest probability, suggesting that the 25 kDa proteins in 
both purifications were distinct (data not shown). We measured the concentration of CRP in both synovial fluid 
and serum and found around 30 µg/ml and 50 µg/ml, respectively. In line with the results from the LC-MS analy-
sis the concentration of CRP in the body fluids was decreased after the incubation with MSU crystals, but not with 
zymosan (Fig. S1b), indicating CRP strongly binds to MSU crystals but not to zymosan. Since several other likely 
MSU-binding proteins were identified in the 25 kDa band besides CRP (apoA1, SAP, Igκ/λ; Fig. S1a), we tested 
if the prominent band at 25 kDa was indeed CRP. We repeated the purification of MSU-binding proteins with a 
set of different sera (Fig. 1b): The 25 kDa band (indicated as A in Fig. 1b) did not appear in the purification from 
low CRP normal human serum (NHS) (lane 1), but from serum from an individual with an acute phase response 
(APRS, CRP around 100 µg/ml) (lane 2). Addition of purified CRP to the low CRP NHS from lane 1 before puri-
fication with MSU crystals (lane 3) or to a solution of 5% bovine serum albumin (BSA) in Hank’s Balanced Salt 
Solution (HBSS) (lane 4) resulted in a comparable band as in lane 2. Depletion of CRP from CRP-containing 
acute phase reaction serum using the synthetic CRP ligand phosphorylcholine coupled to agarose (PC-agarose) 
selectively removed the 25 kDa band (lane 5), while reconstituting this depleted serum with purified CRP also 
reconstituted the 25 kDa band in the MSU purification (lane 6). In the presence of EDTA, which inhibits CRP 
binding to its ligands18, the 25 kDa band did not appear (lane 7). Lastly, when NHS or CRP-containing serum was 
incubated with the CRP-ligand PC-agarose, the same 25 kDa band is purified only from CRP-containing serum 
(lanes 8 and 9). Western blot analysis of the samples confirmed that the signal for CRP showed the same pattern 
as the 25 kDa band (Fig. 1b, bottom panel). Together, this proves that CRP is indeed the major constituent in the 
prominent 25 kDa band and thus one of the major MSU crystal-binding proteins in CRP-containing body fluids 
during an acute phase response.

Intriguingly, there was a second band at around 35 kDa in the coomassie-stained gel (indicated as B in 
Fig. 1b), which strongly correlated with the CRP band, but was absent when CRP was purified with MSU from 
a BSA solution (lane 4). Thus, it may be a post-translationally modified version of CRP or a serum protein 
recruited by CRP. We excised the band and LC-MS identified the protein C1qB with a higher score than CRP 
(data not shown). Western blot analysis using a C1qB antibody showed the same pattern as the 35 kDa band in the 
coomassie-stained gel (Fig. 1b, middle panel). While the Western blot analysis using the CRP antibody showed 
some additional bands, which may represent adducts of CRP with other proteins, none of these were in the range 
of the 35 kDa band (Fig. S1c). This indicates that CRP recruits C1q to the surface of MSU crystals.

To confirm that CRP binds to MSU crystals we incubated either self-made (lot 2) or commercial (com.) MSU 
crystals with serum containing 10.4 µg/ml CRP and stained the crystals with CRP antibody. Using a flow cytom-
eter, we found strong binding of this antibody to both crystal preparations compared to isotype control (Fig. 1c, 
top panel). To test the specificity of the CRP antibody, we depleted CRP from this serum. This reduced binding of 
the CRP antibody nearly to isotype levels and reconstituting the depleted serum to 10 µg/ml purified CRP recov-
ered binding of the CRP antibody (Fig. 1c, lower panel). Results from two independent MSU crystal preparations 
are shown in Fig. S1d.

We already showed that CRP binds to MSU crystals in a solution not containing serum proteins other than 
BSA (Fig. 1b). To compare the binding of CRP in the presence and absence of serum proteins, we added purified 
CRP to low CRP serum or a 10% BSA solution in HBSS and incubated these solutions with MSU crystals. Bound 
CRP was detected using a flow cytometer. Both at 10 and at 40 µg/ml, CRP showed weaker binding in serum than 
in BSA solution (Fig. 1d), indicating that CRP directly binds to the crystals and may even compete with other 
serum proteins more than it cooperates.

To test the specificity of the CRP binding, we incubated four different preparations of MSU (one was used 
untreated and sonicated (s)), two preparations of triclinic CPPD (t-CPPD) and two preparations of S. cerevisiae 
(zymosan and heat-inactivated yeasts) with human serum supplemented with 30 µg/ml CRP (either purified 
or recombinant) and analyzed CRP binding as above. As shown in Fig. 1e, both purified and recombinant CRP 
bound strongly to all MSU crystal preparations. CRP bound only weakly, but significantly, to both preparations 
of t-CPPD, but not to zymosan and S. cerevisiae.

The immobilized CRP ligand phosphorylcholine (PC-agarose) 
can be used to both deplete and purify CRP from human body fluids19. To test, if MSU crystals may also have the 
ability to specifically deplete CRP from human body fluids, we incubated different human sera or a BSA solution 
in HBSS either with zymosan, MSU crystals, or PC-agarose. After 45 min CRP and total protein was analyzed in 
the supernatant. Compared to zymosan, which does not bind CRP, both MSU and PC-agarose strongly reduced 
the concentration of CRP but not of total protein in all solutions (Fig. 2a). MSU crystals reduced the concen-
tration of CRP significantly more than 50%, which may be considered depletion. MSU crystals did not reduce 
the concentrations of known MSU-binding proteins IgM and C3, or albumin as compared with zymosan and 
PC-agarose (Fig. 2b). Adding EDTA to serum or the BSA solution in HBSS blocked the depletion of CRP by both 
MSU-crystals and PC-agarose (Fig. 2c). Together, this shows that MSU crystals are able to specifically deplete 
CRP from human serum in a Ca2+-dependent manner. This suggests that MSU may be used to purify CRP from 
serum. To test this, we incubated serum containing 20 µg/ml CRP with three distinct MSU preparations, washed 
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Figure 1. CRP binds to MSU crystals. (a) Synovial fluid or serum from a patient with pseudogout was incubated with 
MSU crystals (lot 2) or zymosan for 45 min at 37 °C. Unbound proteins were washed away and bound proteins were 
eluted and subjected to SDS-PAGE and visualized by coomassie. Bands excised for mass spectrometric analyses are 
indicated (rectangles). (b) Normal human serum (NHS), acute phase reaction serum (APRS; CRP around 100 µg/
ml) or HBSS (always containing Ca2+) with or without depletion of CRP or addition of purified CRP to 100 µg/ml 
were incubated with MSU crystals or phosphorylcholine-agarose (PC-agarose) for 45 min at 37 °C. Bound proteins 
were eluted and subjected to SDS-PAGE and visualized by coomassie. In addition, the same samples were analyzed 
by Western blot analysis using CRP antibody (lower panel) or C1qB antibody (middle panel). (c) Human serum 
(CRP = 10.4 µg/ml) was left untreated or CRP was depleted with PC-agarose or was depleted and then reconstituted 
with 10 µg/ml purified CRP. All three sera were incubated with two preparations of MSU crystals (lot 1 and a 
commercial preparation (com.)). CRP was stained with CRP antibody and anti-rabbit-PE and analyzed using a 
flow cytometer. (d) Three different preparations of MSU crystals (lot 1, lot 2 and a commercial preparation) were 
incubated with either pool serum (NHS) (CRP < 0.3 µg/ml) or 10% BSA in HBSS, both with purified CRP added to 
the indicated concentrations. Binding of CRP to the crystals was analyzed as in c.  Median fluorescent intensity (MFI) 
is shown. (e) Four different preparations of MSU crystals (one commercial (com) and three self-made (untreated 
or sonicated (s)), two preparations of t-CPPD (commercial (com.) and self-made (sm)) and two preparations of S. 
Cerevisiae (zymosan and heat-inactivated yeast) were incubated with NHS (CRP < 0.3 µg/ml) with either 30 µg/ml 
purified CRP or 30 µg/ml recombinant (rec.) CRP added. Binding of CRP to the crystals and fungal particles was 
analyzed as in c. MFI of staining with CRP antibodies was divided by MFI of isotype controls. Uncropped images of 
gels and Western blot are shown in Fig. S3.
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Figure 2. MSU crystals specifically purify CRP (a) 200 µl of serum of a single donor with 1.5 µg/ml CRP 
(Serum1.5) with or without addition of 10 µg/ml purified CRP, a pool serum with 0.3 µg/ml CRP (pSerum0.3) 
with 10 µg/ml purified CRP added, a single donor serum with 10.4 µg/ml CRP (Serum10.4) and HBSS 10%BSA 
with 10 µg/ml purified CRP added, were incubated with 3 mg zymosan, 5 mg MSU (lot 1) or 35 µl PC-agarose 
for 45 min at 37 °C. Samples were centrifuged and the supernatants were analyzed for CRP and total protein 
concentration. Using a one-sample t-test, the p-value of MSU samples compared to 50% of CRP concentration 
of the corresponding zymosan sample was calculated. For the difference of total protein in zymosan or MSU 
treated samples a paired t-test was used. (b) The concentration of IgM, C3c and albumin was analyzed in 
samples from a by turbidimetry. (c) For the indicated CRP-containing solutions the experiment was repeated in 
the presence of 5 mM EDTA and the supernatants were analyzed for CRP and total protein concentration. (d) 
200 µl of pool serum containing 20 µg/ml purified CRP was incubated with nothing, three distinct preparations 
of MSU (5 mg each) or 35 µl PC-agarose for 45 min at 37 °C, washed 1x with HBSS for 5 min and then eluted 
with 5 mM EDTA in HBSS. Supernatants of each step were analyzed for CRP and albumin concentration by 
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the crystals once with Ca2+-containing buffer, and then eluted Ca2+-dependent proteins with EDTA. For each 
step the concentration of CRP and albumin was measured in the supernatant (Fig. 2d). CRP was strongly reduced 
in serum after incubation with MSU and low in the wash buffer. Nearly half of the starting concentration was 
recovered in the EDTA-elution. The concentration of albumin was strongly reduced in both wash buffer and in 
the EDTA-elution compared to input serum, indicating MSU crystals can separate CRP from other serum pro-
teins. PC-agarose was more efficient than MSU crystals in purifying CRP, which may be due to the higher specific 
surface area of the porous agarose. However, when extensively washed, MSU and PC-agarose purify CRP to a 
similar purity (Fig. 2e). Together, this shows that the binding of CRP to MSU strongly resembles the binding of 
CRP to its immobilized ligand phosphorylcholine, arguing that MSU crystals could also act as a genuine ligand.

In Fig. 1 we already showed that CRP 
enhances binding of C1qB to MSU crystals in human serum. To globally assess how CRP alters the opsonization 
of MSU we performed an exploratory proteomics experiment. We incubated low CRP serum and plasma of a 
single donor with MSU in the presence or absence of added purified CRP. Unbound proteins were washed away 
and bound proteins were eluted with denaturing SDS buffer and subjected to SDS-PAGE (Fig. 3a). CRP addition 
led to the appearance of several additional protein bands in both serum and plasma (lane 2 and 4). To identify 
any proteins that were enriched or depleted on the surface of the crystals in the presence of CRP, we subjected 
all proteins purified from plasma in the absence of CRP (lane 3) and in the presence of CRP (lane 4) to LC-MS 
analysis (whole lanes). Peptides were identified and quantified using MaxQuant software. A list of the 30 proteins 
with the highest intensity identified from lane 4 is shown in Table S1a. Of these 30 proteins, 6 proteins were 
increased at least 5-fold by addition of CRP (Thrombin, C1qA, C1qB, C1qC, C1r and C1s). We set out to validate 
these 6 proteins and 3 proteins with a high intensity that showed only a weak increase (C3, Fibrinogen, and SAP). 
To this end, we repeated the experiment with plasma from three distinct donors, purified both MSU crystal- and 
PC-agarose-binding proteins, and applied them to Western blot analysis (Fig. 3b). All five components of the 
C1 complex showed strongly enhanced binding to both MSU crystals and PC-agarose in the presence of CRP. 
For MSU crystals, binding of the catalytic subunits C1r and C1s were mainly increased in their proteolytically 
cleaved/active form. An enhanced binding of thrombin in the presence of CRP could not be verified, but specific 
binding of thrombin (in the form of prothrombin) to MSU crystals could be shown. The sample used for the 
LC-MS analysis experiment (Fig. 3a) did show increased thrombin binding, suggesting this discrepancy is not due 
to an inaccurate quantification by LC-MS but rather experimental or donor variance (data not shown).

For C3 we found an increase in C3 and a C3 degradation product (the lower band at around 39 kDa constitutes 
the C-terminal C3 degradation product C3c α2, according to the epitope of the used antibody) on MSU crystals 
in the presence of CRP, while C3 already strongly bound to PC-agarose even in the absence of CRP (Fig. 3b). In 
line with LC-MS results addition of CRP did not change binding of fibrinogen (γ-chain) and SAP to MSU crystals 
(Fig. 3b). Among the proteins identified by mass spectrometry with a low intensity, a few other proteins showed 
a strong increase (>10-fold) in the presence of CRP (Table S1b). From these we could verify enhanced binding 
of MASP1 (Fig. 3b), while MBL2 showed an inconclusive band pattern and coagulation factor VII (F7) did not 
show an increase (data not shown).

We repeated the experiment twice using different sera instead of plasma with similar results showing enhanced 
recruitment of all C1 complex subunits, MASP1 and C3 (Fig. S2; uncropped in Fig. S6, 7).

To confirm this is not due to the specific MSU crystal preparation used, we also confirmed the increased 
recruitment of C1 and MASP1 using five distinct preparations of MSU crystals (Fig. 3c). Note that for C1r, 
C1s, MASP1 and C3 we did observe protein bands that appeared to have a molecular weight greater than the 
full-length form of the proteins after binding to MSU crystals (e.g. Fig. 3a,b), as we saw for CRP (Fig. S1c). The 
reason for this is unclear, but may be due to formation of intermolecular amide bonds by C3 or transglutaminases.

Since the effect of CRP on C3 fixation was weak as compared to C1, we quantified C3 fixation after the addi-
tion of 0, 30 or 100 µg/ml CRP. We found significantly more C3 and a degradation product (C3c α2) on the sur-
face of MSU crystals when 30 µg/ml CRP was added, while no further increase could be observed at 100 µg/ml 
(Fig. 3d). Our LC-MS analysis did not show enhanced fixation of complement factors downstream of C3 in the 
presence of CRP. However, when we tested the amount of the terminal complement complex (SC5b-9) on MSU 
crystals opsonized in the absence or presence of CRP, we found a small but significant increase in the presence of 
CRP (Fig. 3e).

Together, this shows that CRP recruits and activates C1 and MASP1 to MSU crystals, which leads to fix-
ation of complement from C3 up to the terminal complement complex, while there seems to be additional 
CRP-independent mechanisms for activation and fixation of the complement factors from C3 to the terminal 
complement complex.

We expected the strong binding of CRP to 
the crystals would displace a lot of the known MSU-binding proteins. The LC-MS data suggested only a few pro-
teins with reduced binding in the presence of CRP e.g. apoB, fibronectin and lipoprotein(a) (Table S1a). However, 
our attempts to verify reduced binding of apoB in the presence of CRP were inconclusive (data not shown). We 
also expected coating of the crystals with CRP would alter the immune cell responses to the opsonized crystals. 

turbidimetry. (e) 100 µl of a serum containing 30 µg/ml CRP was incubated with 9 mg MSU or 35 µl PC-agarose 
for 45 min at 37 °C. MSU/PC-agarose was washed 5x in HBSS, and CRP was eluted by HBSS + 5 mM EDTA. 
Eluted proteins were applied to SDS-PAGE and proteins were visualized by coomassie staining. Uncropped 
image of the gel is shown in Fig. S3 (right gel). Each experiment was repeated at least once with similar results.
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Figure 3. CRP recruits C1 and MASP1 to the surface of MSU crystals. (a) 40 µg/ml purified CRP or vehicle 
was added to serum and plasma (hirudin) from the same healthy male donor (CRP concentration of 0.7 µg/
ml). Serum and plasma was incubated with MSU crystals (90 mg/ml) for 45 min at 37 °C. Crystals were washed 
extensively and bound proteins were eluted in SDS buffer, separated on a polyacrylamide gel and stained with 
coomassie. (b) 40 µg/ml purified CRP or vehicle was added to plasma of three donors, two male (M), one female 
(F). Numbers indicate original CRP concentration in µg/ml. Each plasma was incubated with MSU or PC-
agarose and bound proteins were eluted as in a. Eluted proteins were subjected to Western blot analysis using 
the indicated antibodies. Protein names are indicated at the expected molecular weight. Cleaved/active forms 
of proteins are indicated with an *. Background signals due to inefficient stripping are indicated with a #. SAP 
antibody shows a background band at the position of CRP (o), which is likely due to cross-reactivity. (c) Five 
distinct preparations (4 lots, one of which untreated and sonicated (s)) of MSU crystals were incubated with 
pool serum containing vehicle or 40 µg/ml purified CRP. Bound proteins were eluted and analyzed as in b. (d) 
Purified CRP was added to NHS (originally containing 0.4 µg/ml CRP) to a concentration of 0, 30, or 100 µg/ml  
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However, when we tested inflammasome activation in a monocytic cell line (THP-1), we did not see any change 
in IL1β production in response to MSU crystals in the presence or absence of CRP (Fig. S2c).

A likely explanation for this discrepancy would be that CRP does not bind to the complete crystal surface. We 
thus incubated the largest MSU crystals (lot 2) that we have generated within this project with CRP-containing 
serum and analyzed CRP binding by fluorescence microscopy. We indeed found that CRP was mostly located 
at the edges and sometimes showed a punctured localization (Fig. 4a). To test, if binding of CRP to the edges is 
dependent on other serum proteins, we incubated the crystals with CRP in buffer containing only BSA. Here, the 
binding of CRP to the edges was at least as pronounced as in serum, indicating that CRP itself preferentially binds 
to edges of the crystals (Fig. 4b). The areas bound by CRP may either be edges between crystal faces or narrow 
crystal faces. Binding to a subset of faces or the edges may explain why CRP only weakly competes with other 
known MSU-binding proteins. This may not be limited to MSU crystals, as a similar uneven binding of CRP was 
also observed for CPPD crystals (Fig. 4c). To test, if the fixation of complement induced by CRP also happens at 
the same sites, we co-stained CRP with C3 on the surface of MSU crystals. On two distinct crystal preparations 
we found co-localization of C3 at the same edges as CRP, while C3 also bound to other locations on the crystals 
(Fig. 5a,b). This suggests that CRP recruits C3 to the edges while an additional CRP-independent mechanism of 
C3 binding to MSU crystals exists.

Discussion
In this study we were searching for MSU binding proteins that could link to the activation of the immune sys-
tem. The most abundant protein on MSU crystals by a wide margin seems to be apoB, which has been described 
before to inhibit neutrophil activation by MSU crystals20,21. The second most abundant protein was CRP. It is 
unclear, why this has not been found before. It is likely because most studies on MSU crystal binding proteins 
were performed before LC-MS was available. To exclude the possibility of CRP-binding to only one potentially 
compromised MSU crystal preparation, we confirmed that CRP bound with similar strength to up to 6 distinct 
preparations, two of them from a commercial vendor. We further show binding of endogenous CRP in synovial 
fluid, plasma and serum from different donors as well as of CRP purified from human body fluids and recombi-
nant CRP produced in a human cell line, indicating no special conditions or co-factors are required for binding 
of CRP to MSU crystals.

We show that CRP directly binds to MSU crystals with a similar binding strength and Ca2+-dependency as its 
synthetic ligand PC-agarose, which makes MSU crystals a suitable matrix for purification of CRP. We know that 
PC-agarose remains superior to MSU crystals for purification of CRP, because it has a higher binding capacity 
and because the CRP-related SAP also binds to MSU crystals. However, the fact that MSU crystals could be used 
for CRP purification at physiological conditions is a strong argument that MSU could be a genuine CRP ligand.

Our unbiased LC-MS experiment also showed that CRP altered opsonization of MSU crystals in a similar 
way as other CRP-ligands. We mainly found that CRP recruits active complement component C1 to the surface 
of MSU crystals. We further show recruitment of the lectin pathway protease MASP1 by CRP. This is likely due 
to previously described interactions of CRP with lectin pathway pattern recognition molecules like ficolin22,23. 
Together, this suggests that CRP activates both classical and lectin pathway of complement activation on the 
surface of MSU crystals. In line with this notion we found enhanced C3 and terminal complement complex 
fixation in the presence of CRP. The effect was smaller than for C1 and MASP1, suggesting that additional 
CRP-independent complement activating pathways are triggered by MSU-crystals or that CRP also recruits pro-
teins that inhibit terminal complement complex formation as described before24. Russel et al. have made the 
observation that MSU crystals deplete complement from human serum but not from serum from about half of 
the patients with common variable immunodeficiency (CVID). Addition of CRP restored the ability of the crys-
tals to deplete complement25, strongly supporting the notion that CRP is a pattern recognition molecule for one, 
albeit non-exclusive, pathway of complement activation by MSU crystals. We observed only weak binding of C1 
in the absence of CRP to MSU crystals, which may be direct binding of C1 to MSU crystals26 or mediated by other 
opsonins (e.g. IgM, IgG21, or SAP (Fig. 3b; Table S1a)). It remains to be seen what other complement activating 
pathways are responsible for the CRP-independent complement activation and fixation.

CRP in its native form is a disc-shaped homopentamer. Upon binding to its ligands on damaged and apoptotic 
cells, it undergoes a conformational change that allows for binding and activation of C1 and may lead to dissoci-
ation to monomeric CRP18,24,27–30. Our finding that CRP recruits and activates C1 on the surface of MSU crystals 
suggests that CRP binds MSU crystals via its binding face, which leads to a conformational change that enables 
C1 binding to the effector face of CRP. Intriguingly, the conformational change in CRP has been postulated and 
shown to depend on the curvature of membranes31,32. We found that CRP recognizes mainly the edges or distinct 
faces of the triclinic crystals. The edges may provide the required curvature for binding and conformational 

and was incubated with four distinct preparations of MSU crystals (lots 1-4) for 30 min at 37 °C. Bound 
proteins were eluted as in a and subjected to Western blot analysis using C3 antibody. Signal for full length C3 
(>170 kDa) and its degradation product C3c α2 (39 kDa) were quantified by densitometry and normalized 
to the intensity of full length C3 in the absence of added CRP. (The corresponding Western blot is shown in 
Fig. S5). A paired two-tailed t-test was used to compare vehicle (0) with 30 µg/ml purified CRP. (e) Two distinct 
lots of MSU crystals were incubated in 4 individual human sera with 0 or 40 µg/ml purified CRP added for 
30 min at 37 °C, extensively washed and stained with rabbit anti SC5b-9 plus anti rabbit PE. MSU crystals were 
analyzed using a flow cytometer. Median fluorescence intensity (MFI) of PE / 1000 is shown. A paired two-tailed 
t-test was used to compare vehicle (0) with 40 µg/ml purified CRP. Experiments from b-e are representative of at 
least 2 independent experiments. Uncropped images of the gel and Western blots are shown in Fig. S4 and S5.
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activation of CRP. This may explain why it appears in confocal microscopy that not all CRP co-localizes with 
C3: Some CRP binding sites may not provide the required curvature for activation. Alternatively, distinct crystal 
faces may have distinct surface properties as they expose distinct sides of the urate molecule33. This would explain 
selective binding of CRP to one or more distinct crystal faces.

Similar to the preferential binding of CRP to the edges or specific sides of MSU crystals, we also found irreg-
ular binding of CRP to CPPD and it seems that the previously described binding of CRP to cholesterol crystals is 
also limited to certain areas of the crystals34.

Our mass spectrometry experiment validated most of the known MSU-binding proteins like C1, apolipopro-
teins, fibronectin and fibrinogen20,21,26. Many other proteins in the list (Table S1a) are probably also MSU-binding 
proteins, but we only validated two more notable novel MSU-binding proteins: Thrombin (F2) and SAP (APCS), 
which both bound independently of CRP. Binding of both pentraxins CRP and SAP has also previously been 
shown for cholesterol crystals34. The third member of the pentraxin family PTX3 has been shown to inhibit cal-
cium oxalate crystallization and nephrocalcinosis35, and to contribute to MSU-induced inflammation in mice36. 
Thus, pentraxins seem to have evolved to detect and remove not only dead cells and tissue debris but also diverse 
crystallized materials.

Figure 4. CRP predominantly recognizes the edges or specific faces of MSU crystals. (a) MSU crystals (lot 2) 
were incubated for 30 min at 37 °C with human serum (CRP 0.2 µg/ml) with 30 µg/ml recombinant CRP added. 
CRP binding was analyzed using CRP antibody and anti-rabbit-AlexaFluor488. AlexaFluor488-fluorescence 
of the crystals was detected by fluorescence microscopy; scale bar = 40 µm. (b) MSU crystals (lot 2) were 
incubated as described in a in 30 µg/ml CRP-containing HBSS 5% BSA with 30 µg/ml recombinant CRP added. 
Microscopic detection of bound CRP performed as in a. (c) t-CPPD (self-made) was incubated in HBSS 5% 
BSA with 30 µg/ml recombinant CRP added as described in b. Microscopic detection of bound CRP performed 
as in a. Each experiment is representative of at least 2 independent experiments.
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Gout patients can exhibit very high serum concentrations of CRP during an acute attack10. Whether CRP 
binding to MSU crystals modulates the inflammation during the attack or whether this is the futile attempt of the 
immune system trying to remove the crystals remains to be seen. Still, the identification of CRP as a genuine MSU 
crystal recognition molecule more than 40 years after the conclusion that MSU crystals are the cause of gout37 
points to a more specific interaction of the immune system with crystalline structures than previously anticipated.

We used leftover diagnostic samples of serum and synovial fluid of a male patient with 
pseudogout, and a serum of a male individual with an acute phase reaction (CRP ca. 100 µg/ml). Normal human 
serum and plasma was obtained by drawing venous blood from 4 healthy donors (2 male and 2 female) into blood 
collection tubes coated with hirudin (Sarstedt, #04.1959.001) or clotting activator (Sarstedt, #02.1388). Both were 
collected by centrifugation at 3000 xg for 10 min after less than 30 min at 4 °C and frozen at −80 °C. All donors 
gave informed written consent.

Five additional single donor sera were obtained from Innovative Research (#ICERS10ML). Pool serum was 
generated by mixing serum of at least 3 single donor sera.

Figure 5. Co-localization of CRP and C3 on opsonized MSU crystals. (a) Confocal microscopy of MSU crystals 
(lot 1), which were incubated for 30 min at 37 °C with human serum (CRP 0.3 µg/ml) with or without addition 
of 40 µg/ml purified CRP, washed extensively and stained with rabbit anti-CRP plus anti rabbit AF568 (red) and 
mouse anti-C3/C3b plus anti mouse AF488 (green). DIC = digital interference contrast; scale-bar = 40 µm. 
(b) MSU crystals lot 2 were incubated in human serum (CRP 0.6 µg/ml) with or without addition of 40 µg/ml 
purified CRP, stained and microscopically detected as in a.
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This study was approved by the Ethics Committee of the Hannover Medical School (Ref. No: 3395-2016) and 
was performed in accordance with the ethical standards as laid down in the 1964 Declaration of Helsinki and its 
later amendments.

Where indicated, purified human CRP (Merck 
KGaA, #AG723) or recombinant human CRP (Sino Biological, #11250-HNAH) was added to serum or plasma.

CRP-depleted serum was prepared by incubating 100 µl serum with 35 µl PC-agarose (ca. 20 µl packed beads) 
(Thermo Fisher Scientific, #20307) with mild agitation at 4 °C over-night. PC-agarose was removed by centrifu-
gation at 2000 xg for 2 min.

S. cerevisiae Distinct crystallization protocols were used for each lot of 
MSU crystals: Lot 1–3: 20 mM uric acid (Merck KGaA, #U0881) was dissolved by boiling in ultrapure water 
containing 20 mM NaOH. After cooling to 60 °C, the pH was adjusted to a pH of 8 (lot 1), pH 9 (lot 2) or pH 7.5 
(lot 3) and the solutions were sterile filtered. Solutions were kept under mild agitation at room temperature until 
crystals formed for 24–72 h. Crystals were harvested on a sterile filter, washed with ethanol p.a. and dried o/n 
at 60 °C. Crystals were analyzed by FT-IR spectroscopy and taken up in PBS at 50 mg/ml and stored at 4 °C or 
−20 °C. Lot 1 and 2 were used both as prepared and sonicated to reduce the size of the crystals. Lot 4: 10 mM uric 
acid was dissolved by boiling in ultrapure water containing 10 mM NaOH. After cooling to 60 °C, 50 mM NaCl 
was added and the pH was adjusted to 8.5. Crystals formed without agitation at room temperature, harvested and 
directly taken up in PBS. Birefringence of all preparations was analyzed by polarization microscopy. To exclude 
contaminations or bias of our crystals, two additional commercial lots of MSU crystals from InvivoGen were used 
(#tlrl-msu; lots MSU-40-02 (com.), MSU-41-01 (com. lot 2)).

Triclinic-CPPD was from InvivoGen (t-CPPD com.) (#tlrl-cppd) or was prepared (t-CPPD) as previously 
published by using sodium pyrophosphate as precursor instead of the potassium one38.

Zymosan (Sigma-Aldrich, #Z4250) was resuspended in ethanol p.a. at 30 mg/ml and stored at −20 °C. Before 
experiments, zymosan was washed 2x in HBSS. Dried S. cerevisiae were from Dr. Oetker GmbH and was rehy-
drated in RPMI1640 for one hour at room temperature, washed in PBS, resuspended in PBS, was heat-inactivated 
at 80 °C for 10 min, and stored at −20 °C.

β Concentrations of 
CRP, albumin (HSA), IgM, C3 and total protein were determined using a cobas p701 clinical analyzer (Roche 
Diagnostics). Reagents used: CRP (CRPL3; #05172373 190), albumin (ALBT2; #05167043 190; note that this 
assay does not cross-react with BSA), IgM (IGM-2; #05220726 190), C3 (C3C-2; #05991986 190), total pro-
tein (TP2; #05171385 190). Human IL1β was quantified using Ready-Set-Go ELISA (Thermo Fisher Scientific, 
#88-7261-88).

Throughout this study only HBSS 
containing 1.26 mM Ca2+, 0.9 mM Mg2+ and 5.5 mM D-glucose (Thermo Fisher Scientific, #14025050) was used 
which was saturated with sodium urate to prevent dissolution of MSU crystals.

Unless otherwise stated, 100 µl of body fluid was incubated with 8 mg MSU crystals, 5 mg zymosan, or 
PC-agarose (ca. 20 µl packed beads) for 30 min at 37 °C with agitation (1200 rpm). Particles were washed 6x with 
sodium urate-saturated HBSS by centrifugation at 2000 xg for 1 min and discarding the supernatant. Bound pro-
teins were either eluted by adding 50 µl of 2x SDS-PAGE sample buffer (+DTT) and heating at 70 °C for 10 min or 
by incubating with HBSS containing 5 mM EDTA for 5 min at 37 °C.

100 µg MSU, t-CPPD crystals, or fun-
gal particles were incubated in human serum with either purified CRP or recombinant CRP added for 30 min at 
37 °C. Particles were washed in 5% BSA (Roche, #10735086001) in HBSS (as above) and bound CRP was detected 
by incubation with a CRP antibody (Merck KGaA, #235752, 10 µg/ml) or IgG from rabbit serum (Merck KGaA, 
#I5006, 10 µg/ml) as isotype control at 4 °C for 1 h, and subsequent incubation with PE donkey anti-rabbit IgG 
(BioLegend, #406421, 2 µg/ml) for 30 min at 4 °C. SC5b-9 was detected using rabbit anti human SC5b-9 Neo 
(lgG) (Complement Technology, #A227, 10 µg/ml). Particles were washed and taken up in 400 µl 5% BSA in HBSS 
and analyzed using a FACS Canto II (BD Biosciences) and BD FACSDiva software version 6.1.3 (https://www.
bdbiosciences.com/en-eu). Flowing Software version 2.5.1 (Perttu Terho, University of Turku, Finland, http://
flowingsoftware.btk.fi/) was used for visualization and analysis of data obtained.

Around 100 µg of MSU or t-CPPD crystals were incubated in human serum 
containing purified CRP or recombinant CRP and stained with CRP antibody or isotype control, as described 
for the flow cytometric analysis. C3 was stained using 10 µg/ml C3/C3b/iC3b/C3d antibody (BioLegend, clone 
1H8/C3b, #846302). For microscopic evaluation anti-rabbit IgG-AF488 (Cell Signaling Technology, #4412 S, 4 µg/
ml), anti-rabbit IgG-AF568 (H + L) (Thermo Fisher Scientific, #A11036, 4 µg/ml), or anti-mouse IgG-AF488 
(BioLegend, #405319, 4 µg/ml) were used as secondary antibodies. After the final washing step, the particles were 
taken up in 100 µl 5% BSA in HBSS (as above). Images were acquired with 60-fold magnification and immersion 
oil, with samples mounted under cover slips on glass slides. For confocal laser scanning microscopy crystals 
were mounted in Immunoselect Antifading Mounting Medium (Dianova, #SCR-038447), all other samples were 
mounted in 5% BSA in HBSS (as above).

Images were either acquired using an Olympus IX81 inverted microscope and CellR software (version 3.2; 
https://www.olympus-lifescience.com/en/software/) or a Zeiss 980 Airyscan 2 in combination with Zeiss ZEN 
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System software (blue edition version 3.0; www.zeiss.com/microscopy/int/products/microscope-software/zen.
html). Brightness was adjusted, pseudo-color was inserted in the grayscale image, and scale bar was added using 
ImageJ (version 1.52d;https://imagej.nih.gov/ij/).

SDS-PAGE was either performed with 4–20% precast gels in tricine buffer (Merck 
KGaA, #PCG2008) (Fig. 1) or in Tris-based buffer system using precast gels from Thermo Fisher Scientific 
(#XP04205BOX) or SERVA Electrophoresis (#43289.01) according to the manufacturer’s recommendations. Note 
that the proteins show a slightly altered migration in the tricine buffer system (Fig. 1), especially pronounced in 
the slower migration of C1qB (at 35 kDa).

Gels were stained with coomassie using PageBlue Protein Staining Solution (Fermentas, #R0571). Images 
of coomassie-stained gels were taken with iPhone 6 s or iPhone XR (Apple) and the contrast was adjusted using 
ImageJ (version 1.52d).

Identification of individual protein bands was performed by Proteome Factory AG (www.proteomfactory.de).
For global identification and quantification of MSU-binding proteins in the presence or absence of CRP, 

eluted proteins were reduced with DTT, alkylated with acrylamide, and separated on an SDS-PAGE (4–20%, 
Sigma-Aldrich). Whole lanes were cut into 3 individual slices, proteins therein were in-gel digested with trypsin, 
and generated peptides were analyzed by an LC-MS system consisting of an Orbitrap Velos mass spectrometer 
coupled to an Ultimate 3000 RSLC nanoflow system (Thermo Fisher Scientific).

Raw data were analyzed with the Andromeda search engine implemented in MaxQuant software (version 
1.5.3.30; www.maxquant.org)39,40. Proteins were identified based on a false discovery rate (FDR) of less than 0.01 
on protein and peptide level.

Proteins were separated by SDS-PAGE and transferred to nitrocellulose mem-
branes (GE Healthcare, #10600003). Membranes were blocked in TBST + 5% BSA, incubated in primary anti-
body in TBST + 5% BSA o/n at 4 °C. After incubation with HRP-coupled secondary antibodies (Cell Signaling 
Technology, #7074, #7076 S), blots were subjected to ECL reaction. Images were acquired using ChemoStar 
(INTAS Science Imaging Instruments GmbH) and contrast was adjusted using ImageJ (version 1.52d). The band 
with the strongest signal was set to maximum (black). Quantification of Western blot signals was performed with 
ImageJ (version 1.52.d). Primary antibodies and dilutions were: C1qA (#11602-1-AP; 1:2000), C1qB (#16919-
1-AP; 1:2000), C1qC (#66268-1-Ig; 1:4000), C1R (#17346-1-AP; 1:2000), C1S (#14554-1-AP; 1:4000), C3/C3b/C3 
(#21337-1-AP; 1:1000), CFP (#17192-1-AP; 1:1000), CRP (#66250-1-Ig; 1:10000), F2 (#24295-1-AP; 1:5000), F7 
(#23058-1-AP; 1:1000), FGG (#15841-1-AP; 1:2000), MBL2 (#24207-1-AP; 1:2000), SAP (#20773-1-AP; 1:2000) 
(all from Proteintech).

APOB (#sc-393636; 1:200) and MASP-1/3 (#sc-166815; 1:200) were from Santa Cruz Biotechnology.

Unless otherwise stated in the figure legends, a paired two-tailed t-test was performed 
to compare two groups, in which either the results of a single donor serum or the results of a single MSU crystal 
were paired. All analysis was performed using GrapPad Prism version 5 (GraphPad Software; www.graphpad.
com/scientific-software/prism/). A p value of <0.05 was considered statistically significant. *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001.
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Supplementary Tables & Figures 

Table S1: MS-identified MSU-bound proteins from Figure 3a 

Figure S1. CRP binds to MSU crystals (related to Figure 1).  

Figure S2. CRP recruits C1 and MASP1 to the surface of MSU crystals in serum (related to 

Figure 3b, c) 

 

Uncropped images:  

Figure S3. Uncropped SDS-PAGE and Western blots from Fig. 1 and Fig. 2e 

Figure S4. Uncropped SDS-PAGE and Western blots from Fig. 3a, b 

Figure S5. Uncropped Western blots from Fig. 3c, d 

Figure S6. Uncropped Western blots form Fig. S2a 

Figure S7. Uncropped Western blots form Fig. S2b 



a) LC-MS-identified MSU-bound proteins from Figure 3a 

Log2-intensity CRP / 
Vehicle 

Protein name 
Gene 
name 

Known 
conta-
minant 

Verified 
(WB) Vehicle CRP 

30.5 32.0 2.7 Complement C3 C3  Yes 

20.5 30.9 1305.7 C-reactive protein CRP  Yes 

29.3 30.0 1.6 Fibrinogen alpha chain FGA  

27.8 29.2 2.7 Fibrinogen beta chain FGB  

28.3 29.2 1.8 Serum albumin ALB  

25.7 28.8 8.7 Keratin, type I cytoskeletal 10 KRT10 x 

28.2 28.8 1.6 Apolipoprotein E APOE  

28.1 28.8 1.5 Serum amyloid P-component APCS  Yes 

27.7 28.6 2.0 Fibrinogen gamma chain FGG  Yes 

26.1 28.5 5.2 (Pro)thrombin F2  unchanged 

30.3 28.4 0.3 Apolipoprotein B-100 APOB  inconclusive 

28.0 28.3 1.3 Coagulation factor X F10  

24.1 28.3 17.7 Complement C1qB C1QB  Yes 

25.5 28.1 6.0 Complement C1qC C1QC  Yes 

27.4 27.9 1.5 Vitronectin VTN  

29.6 27.9 0.3 Fibronectin FN1  

27.1 27.8 1.6 Apolipoprotein A-I APOA1  

26.9 27.7 1.7 Keratin, type II cytoskeletal 1 KRT1 x 

21.4 27.5 67.9 Complement C1qA C1QA  Yes 

27.2 27.4 1.1 Keratin, type I cytoskeletal 9 KRT9 x 

26.5 26.7 1.1 Histidine-rich glycoprotein HRG  

24.5 26.1 3.1 Clusterin CLU  

27.8 25.9 0.3 Apolipoprotein(a) LPA  

24.5 25.7 2.4 Ig kappa chain C region IGKC  

24.4 25.7 2.5 Vitamin K-dependent protein C PROC  

21.6 25.7 16.7 Complement C1r C1R  Yes 

22.7 25.4 6.7 Complement C1s C1S  Yes 

25.0 25.4 1.3 Vitamin K-dependent protein S PROS1  

25.2 25.3 1.1 C4b-binding protein alpha chain C4BPA  

23.4 25.2 3.6 Vitamin K-dependent protein Z PROZ  

25.8 25.2 0.7 Apolipoprotein A-IV APOA4  

24.9 25.1 1.1 Complement C5 C5  

24.8 25.0 1.2 Keratin, type II cytoskeletal 1b KRT77 x 

22.9 25.0 4.4 Coagulation factor IX F9  

25.9 24.9 0.5 Complement C9 C9  

b) Low abundant proteins that show more than 10-fold change 

20.3 23.9 12.7 Coagulation factor VII F7  unchanged 

18.3 21.9 12.0 
Mannan-binding lectin serine 

protease 1 
MASP1  Yes 

nd 15.4 nd Mannose-binding protein C MBL2  inconclusive 

Table S1: MS-identified MSU-bound proteins from Figure 3a 

a) List of proteins with the highest intensity identified from lane 4 (in presence of CRP) using MaxQuant. 

Ratio of the intensity in the presence of CRP (lane 4) to the intensity in the absence of CRP (lane 3) is 

shown in the 3rd column. Green rows indicate proteins that are increased at least 5-fold, red rows indicate 

proteins that are decreased at least 3-fold in the presence of CRP. Last lane indicates the results of 

validation by Western blot analysis.  

b) List of all remaining proteins with low intensity that show an increase of >10-fold in the presence of CRP 

(Proteins with a score <30 were excluded). 
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a) Proteins identified from 25 kDa band purified from synovial fluid using MSU.  

b) CRP was quantified from synovial fluid and serum samples from Figure 1a before (nothing) or after incubation

 with MSU or zymosan. 

c) Complete anti-CRP Western blot from Figure 1b. 

d) MSU crystals lot 1 or commercial MSU (com. 2) were stained as in Figure 1c.  
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Figure S3. Uncropped gels and Western Blots from Figure 1 and 2e
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Figure S4. Uncropped gels and Western Blots

from Figure 3a, b

Uncropped coomassie-stained SDS-PAGE gel

from Fig. 3a
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Figure S5. Uncropped gels and Western Blots from Figure 3c, d

Uncropped images from Fig. 3c
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Uncropped Western blots of Fig. S2a
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Figure S6.Uncropped gels and Western Blots from Figure S2a
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Abstract 16

Endogenous and exogenous crystalline structures are involved in various pathologies and diseases in 17
humans by inducing sterile inflammation, fibrosis through mechanical stress, or obstruction of 18
excretory organs. The best studied of these diseases is gout, in which crystallization of uric acid in 19
the form of monosodium urate (MSU) mainly in synovial fluid of the joints leads to sterile 20
inflammation. Deposition of calcium pyrophosphate dihydrate (CPPD) leads to pseudogout, 21
inhalation of silica crystals to silicosis, and accumulation of calcium oxalate to kidney stones. 22
Though some of these diseases have been described for centuries, little is known about if and how the 23
immune system recognizes the associated crystals. Thus, in this study we aimed at identifying 24
possible recognition molecules of MSU using liquid chromatography-mass spectrometry (LC-MS) 25
analysis of MSU-binding serum proteins.  26

Among the strongest binding proteins, we unexpectedly found two transmembrane receptors, namely 27
macrophage receptor with collagenous structure (MARCO) and low-density lipoprotein (LDL) 28
receptor (LDLR). We show that recombinant versions of both human and mouse MARCO directly 29
bind to a wide variety of unopsonized disease-associated crystals, i.e., MSU, CPPD, calcium oxalate, 30
silica, and cholesterol. Recombinant LDLR binds many types of crystals mainly when opsonized 31
with serum proteins. We show that this interaction is predominantly mediated by strong binding of 32
LDL to all crystalline structures tested except for cholesterol crystals. However, murine macrophages 33
lacking LDLR expression do neither show altered phagocytosis nor interleukin-1 IL-1 )34
production in response to opsonized crystals.  35
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For MSU crystals, it was previously shown that LDL coating inhibits the production of reactive 36
oxygen species (ROS) by human neutrophils. We extend these findings and show that LDL reduces 37
neutrophil ROS production in response to all crystals tested, even cholesterol crystals. IL-138
production was only reduced by LDL-coated large crystalline structures, whereas LDL coating of 39
small crystals had no inhibitory effect. This suggests distinct upstream signals for inflammasome 40
activation or IL-1 production depending on the size of the crystals. Together, we show that the three 41
proteins MARCO, LDLR, and LDL bind to diverse disease-associated crystalline structures and 42
demonstrate that LDL coating can regulate crystal-induced IL-1 production depending on crystal 43
type and size.44

1 Introduction 45

Crystallopathies are a diverse set of medical conditions where the formation of crystals is the basis of 46
or at least a contributing factor to the disease (1,2). Deposition of monosodium uric acid (MSU) 47
crystals leads to gout (3) and formation of calcium pyrophosphate dihydrate (CPPD) induces 48
pseudogout (4), while the accumulation of cholesterol crystals in blood vessel walls contributes to 49
atherosclerosis development. Human kidney stones most commonly constitute of calcium oxalate 50
crystals. Moreover, inhalation of environmental particles, e.g., silica or asbestos, causes long term 51
inflammation and scarring of the lung (5). Vaccine adjuvants often contain alum salts or alhydrogel52
which may also enhance immune responses partially due to its crystalline nature. 53

Crystalline structures induce inflammation in various ways: MSU crystals cause activation of 54
neutrophils (6) leading to formation of neutrophil extracellular traps (NETs) (7,8) and activation of 55
the complement system (9,10). Both neutrophils and monocytes respond to MSU crystals with strong 56
pro-inflammatory cytokine production such as interleukin-1β (IL-1β), IL-6, or tumor necrosis 57
factor- (TNF- ) (11–13), while macrophages require a priming signal e.g., C5a binding (14).58
Secretion of mature IL-1β requires crystal-induced activation of the NLRP3 inflammasome (15).59
Moreover, recent studies suggested necroptosis (a programmed form of necrosis/inflammatory cell 60
death) as another molecular mechanism behind the crystal-induced inflammation (16).61

Most studies on the recognition mechanisms of crystalline structures have focused on MSU crystals. 62
The receptors CD11b, CD16, and CD14 were shown before to be involved in activation of immune 63
cells by MSU crystals (17,18). Several apolipoproteins (ApoB, LDL, and ApoE) have been shown to 64
bind to MSU crystals an inhibit neutrophil activation by these crystals (19–21). Others have shown 65
macrophage receptor with collagenous structure (MARCO, also known as SR-A6 or SCARA2) to be 66
a major binding receptor for unopsonized environmental particles like titanium dioxide (TiO2) (22)67
and to be critical in silicosis disease (23). In a previous study, we identified C-type lectin domain 68
family 12 member A (Clec12A; also known as MICL and CLL-1) as a specific receptor for MSU 69
crystals (24). Moreover, we found the acute phase protein C-reactive protein (CRP) to recognize 70
MSU crystals and to recruit proteins of the complement cascade to the crystals surface (C1 and 71
MASP-1) (25).72

Together, this shows that various soluble proteins, transmembrane receptors, and even membrane 73
lipids are involved in the binding or recognition of crystalline structures. How such direct 74
interactions with the crystals regulate intracellular cytokine production and inflammasome activation 75
remains poorly characterized. Here, we extended our studies using mass spectrometry to identify 76
serum proteins that bind to MSU crystals but not microbial patterns. Unexpectedly, we found a 77
transmembrane receptor that binds directly to crystals and a transmembrane receptor that indirectly 78
binds to opsonized crystalline structures. 79
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2 Materials and Methods 80

If not stated otherwise, all plastic materials were purchased from Sarstedt, Germany.81

2.1 Human body fluids and isolation of immune cells 82

Normal human serum was obtained by drawing venous blood from healthy donors into clotting 83
activator-coated blood collection tubes (Sarstedt, #02.1388). Following incubation for 30 min at 4°C, 84
it was collected by centrifugation at 3000 xg for 10 min at room temperature (RT) and stored at 85
−80°C. An additional single donor serum was obtained from Innovative Research (#ICSER10ML, 86
lot#29535-01).87

Primary human neutrophils were isolated from venous donor blood collected in EDTA-containing 88
tubes (Sarstedt, #02.1066.001) using PolymorphPrep (Progen, #1114683) with a purity of 89 – 97%89
following manufacturer’s instructions. Venous blood for peripheral blood mononuclear cell (PBMC) 90
isolation was collected in Lithium-Heparin collection tubes (Sarstedt, #04.1920.100) and PBMCs 91
were isolated using Biocoll (Biochrom, #L6115) and Leucosep tubes (Greiner, #227290) following 92
manufacturer’s instructions with minor changes. In brief, centrifugation of the blood was done at 93
1000 xg for 20 min, harvested PBMCs were washed with McCoy’s 5A modified medium (Thermo 94
Fisher Scientific, #16600082) containing 2% fetal bovine serum (FBS) (Sigma, #F9665), and 95
centrifuged at 650 xg. Composition of cells was analyzed by XN-10 Hematology Analyzer (Sysmex) 96
using the body fluid measurement program (averages: 65 – 80% lymphocytes, 15 – 31% monocytes, 97
ca. 4% neutrophils).98

2.2 Crystals and particles 99

Distinct crystallization protocols were used for each kind and lot of crystals. All MSU, CPPD, 100
calcium carbonate and oxalate preparations were analyzed by FT-IR spectroscopy. 101

MSU crystals were generated as described before (25). In brief, MSU lot1 and 3: 20 mM uric acid 102
(Merck KGaA, #U0881) was dissolved by boiling in ultrapure water containing 20 mM NaOH. After 103
cooling to 60°C, the pH was adjusted to 8 (lot1) or 9 (lot3) and the solutions were sterile filtered. 104
Solutions were kept under mild agitation at RT until crystal formation (i.e., for 24 – 72 h). Crystals 105
were harvested on a sterile filter, washed with ethanol p.a., dried overnight at 60°C, taken up in 106
phosphate-buffered saline (PBS) at 50 mg/ml and stored at 4°C or -20°C. Lot1 was sonicated to 107
reduce the size of the crystals. MSU lot2: 10 mM uric acid was dissolved by boiling in ultrapure 108
water containing 10 mM NaOH. After cooling to 60°C, the pH was adjusted to 7.7 and 500 mM109
NaCl was added. Crystals formed under mild agitation at RT. They were harvested and either stored 110
as dry powder at 4°C or taken up in Hanks’ balanced salt solution (HBSS) at 50 mg/ml. Polarization 111
microscopy was used to evaluate birefringence of MSU preparations. Triclinic-CPPD (t-CPPD) and 112
monoclinic-CPPD (m-CPPD) were prepared as previously published (40). We used sodium 113
pyrophosphate as precursor instead of the potassium one, and calcium chloride dihydrate instead of 114
calcium nitrate tetrahydrate. Two distinct lots were prepared in two distinct laboratories (Neumann 115
and Combes) and both showed binding of the same proteins. To generate calcium carbonate116
crystals, 15 ml of ultrapure water with 50 mM CaCl2 and 100 mM NaOH was filled into a Petri dish 117
(Sarstedt, #82.1473.001) and incubated at 37°C, 5% CO2, and 95% humidity for 24 h. Crystals were 118
harvested, washed with ethanol p.a., and dried overnight at 37°C. They were stored at 4°C as dry 119
powder or taken up in HBSS at 50 mg/ml. Calcium oxalate monohydrate and calcium oxalate 120
dihydrate were prepared as previously published (41). A second preparation of calcium oxalate was 121
generated following the protocol of Marschner et al. (42) and crystals were harvested, washed, and 122
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stored as described above. FT-IR spectroscopy suggested this lot to be a mixture of calcium oxalate 123 
mono- and dihydrate (CaOx mix). Cholesterol crystals were generated as previously described by 124 
Samstad et al. (43) using 2-propanol instead of 1-propanol for dissolving cholesterol (Roth, #8866.2). 125 
Silicon(IV) oxide (silica) was purchased from Alfa Aesar (#88316.30) and the -325 mesh powder 126 
was resuspended in PBS at 20 mg/ml. Aluminum Hydroxide Gel Adjuvant (alhydrogel) with 127 
10 mg/ml aluminum content was purchased from Brenntag Biosector (#vac-alu-250) and used as 128 
indicated for each experiment. Zymosan (Sigma-Aldrich, #Z4250) was resuspended in ethanol p.a. at 129 
30 mg/ml and stored at -20°C. It was washed twice with HBSS before experiments. Dried 130 
S. cerevisiae (Dr. Oetker GmbH) was rehydrated in RPMI1640 for one hour at RT, washed with and 131 
resuspended in PBS, and heat-inactivated at 80°C for 10 min before storage at -20°C. 132 

2.3 Cell culture  133 

293T, HepG2, and murine M-CSF-differentiated cells were cultured in advanced Dulbecco’s 134 
modified Eagle’s medium (DMEM) (Thermo Fisher Scientific, #12491-023), and murine GM-CSF-135 
differentiated cells in VLE RPMI 1640 (Biochrom, #FG1415), both containing 1% 136 
Penicillin/Streptomycin (Biochrom, #A2213) and 8% FBS (Sigma, #F9665). Incubation took place at 137 
37°C, 5% CO2 and 95% humidity. Adherent cells were detached using Trypsin/EDTA (Sigma, 138 
#T4299). Throughout this study, HBSS containing 1.26 mM Ca2+, 0.9 mM Mg2+, and 5.5 mM D-139 
glucose (Thermo Fisher Scientific, #14025050), as well as PBS (Sigma, #D8537) were used as 140 
indicated. 141 

2.4 Generation of CRISPR/Cas9 plasmids 142 

Three gRNAs targeting the human LDLR gene were designed using the Brunello library (44). Target 143 
sequences were the following: #1 = ATGAACAGGATCCACCACGA, #2 = 144 
CTTAAGGTCATTGCAGACGT, #3 = CAGAGCACTGGAATTCGTCA (please note that only #1 145 
generated a successful knock-out). The three corresponding CRISPR/Cas9 plasmids were generated 146 
following the protocol from Ran et al. (45) using a GFP-expressing plasmid containing the Cas9 147 
(pSpCas9(BB)-2A-GFP (PX458) was a gift from Feng Zhang (Addgene plasmid #48138; 148 
http://n2t.net/addgene:48138; RRID: Addgene_48138)). 149 

2.5 Transfection 150 

HepG2 cells were seeded with 0.5 x 106 cells/well into a 6-well cell culture plate. After 24 h 151 
incubation at 37°C, the cells were transfected with 1 μg CRISPR/Cas9 plasmid using PolyJet in vitro 152 
DNA Transfection Reagent (SignaGen, #SL100688-1) following manufacturer’s instructions. 24 h 153 
post-transfection, cells were detached using Trypsin/EDTA, washed with PBS containing 0.5% BSA 154 
(Roche, #10735086001) and 2 mM EDTA (Roth, #X986.2), and subject to single cell sorting. 155 

2.6 Cell sorting and flow cytometry  156 

Using the FACSAria Fusion (BD Biosciences), successfully transfected (i.e., GFP-positive) HepG2 157 
cells were sorted. Single cells were placed in a 96-well cell culture plate containing 150 μl standard 158 
DMEM culture medium. For a minimum of 4 weeks, cells were incubated and expanded. To evaluate 159 
the success of the CRISPR/Cas9-mediated LDLR knock-out, cells were stained with a PE-labeled 160 
human LDLR antibody (Sino Biological, #10231-R301-P, 4 μg/ml) and LDLR expression was 161 
analyzed using a FACS Canto II (BD Biosciences) and BD FACSDiva software version 6.1.3 162 
(https://www.bdbiosciences.com/en-eu). Flowing Software version 2.5.1 (Perttu Terho, University of 163 
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Turku, Finland, http://flowingsoftware.btk.fi/) was used for visualization and analysis of data 164
obtained.  165

2.7 Phagocytosis of particles determined by polarization microscopy 166

In a 6-well cell culture plate, 0.5 x 106 HepG2 cells/well were seeded. After 18 h, cells were167
incubated with 300 μg MSU crystals (lot2) at 37°C for 30 min. Cells were extensively washed with 168
PBS, detached using Trypsin/EDTA, washed again, and taken up in DMEM medium for mounting 169
on glass slides. The amount of phagocytes was determined by counting the cells with/without 170
intracellular MSU crystals within 500 cells per sample using the Orthoplan polarization microscope 171
(Leitz, #833679) with a 25-fold magnification. 172

2.8 ROS measurement 173

Primary human neutrophils were isolated and 2 x 105 cells/well were seeded in 100 μl HBSS into a174
FBS-coated, white 96-well cell culture plate (Costar, #3912). HBSS stimulation mixture containing175
50 μM luminol (Sigma, 123072-5G) and particles (final concentration: 0.8 μg/μl silica, 1 x 106176
S. cerevisiae particles, 3 μl alhydrogel, and 1 μg/μl of all other crystals used (cholesterol, t-CPPD, 177
m-CPPD, calcium oxalate mono- and dihydrate, calcium carbonate, MSU (lot1), MSU (lot2))) was 178
prepared. Then, 50 μl stimulus mixture were added to the cells and ROS production was immediately 179
detected for 60 min using the Berthold Orion L Microplate Luminometer and Simplicity 180
software 4.20 (https://www.berthold.com/en/).  181

2.9 Generation of recombinant Fc-fusion proteins 182

The generation of Fc-fusion proteins for mouse Clec7A, mouse Clec12A, and human Clec12A has 183
been previously described (24). For murine MARCO (NCBI: NP_034896.1, aa: 83-518) and human 184
MARCO (NCBI: NP_006761.1, aa: 79-520), the cDNA of the extracellular domains (Origene, 185
#MR222739 and #RC205625, respectively) were amplified by PCR and verified by restriction digest. 186
Primers used in 5’-3’ direction: mMARCO forward = ATGTGCTGTGGCAATGGATC and reverse 187
= GGAGCATTCCACACCCG; hMARCO forward = ATGTATTTCCTCAATGACACTCTG and 188
reverse = GACGCTGCACTCCACG. The cDNAs were fused to the C-terminus of human IgG1-Fc 189
in the expression vector pFUSE-hIgG1-Fc2 (InvivoGen, #pfuse-hg1fc2). After sequence verification, 190
constructs were transfected into 293T cells (DMSZ, #ACC 635) using PolyJet Transfection Reagent 191
as described above. Supernatants were harvested 48 and 72 h post transfection, pooled, sterile 192
filtered, and stored at 4°C until usage as a source of recombinant proteins. Correct protein secretion 193
was verified by Western blot analysis.  194

2.10 Murine cells and differentiation 195

LDLR transgenic mice (B6.129S7-Ldlr
tm1Her/J; maintained on a C57BL/6 background) and C57BL/6 196

control animals were originally obtained from The Jackson Laboratory 197
(https://www.jax.org/strain/002207). Venous blood was drawn from animals through the eye vein. 198
Following 30 min incubation at RT, serum was collected by centrifugation at 10000 xg for 2 min. 199
Sera of a minimum of three animals were pooled and frozen at -80°C. Total bone marrow cells were 200
isolated from femur and tibia of LDLR KO and WT mice using standard procedures. For M-CSF-201
differentiated cells, 7.5 x 106 bone marrow cells were incubated for 7 days in 10 ml DMEM202
containing 25 ng/ml M-CSF (Peprotech, #315-02). On day 3, 10 ml fresh medium were added. For 203
GM-CSF-differentiated cells, 5 x 106 bone marrow cells were incubated for 9 days in 10 ml VLE204
RPMI 1640 (Biochrom, #FG1415) including 10 ng/ml GM-CSF (Peprotech, #315-03), with 8 ml205
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fresh medium being added on day 3 and 6. M-CSF- and GM-CSF-differentiated cells were harvested 206 
by incubation with ice-cold PBS for 15 min at 4°C and rinsing the plates firmly. 207 

To collect bone marrow cells and blood, animals were euthanized according to the guidelines of the 208 
German animal protection act §4 (Tötung zu wissenschaftlichen Zwecken / sacrifice for scientific 209 
purposes). All procedures were carried out in accordance with the relevant guidelines and regulations 210 
from the Lower Saxony State Office for Consumer Protection and Food Safety and Hannover 211 
Medical School, Germany. 212 

2.11 Phagocytosis of particles determined using flow cytometry 213 

M-CSF- and GM-CSF-differentiated cells were harvested as described above. 3 x 105 cells/well were 214 
seeded in 300 μl medium in a 48-well cell culture plate (Corning, #3548) and incubated for 18 h. 215 
Then, 150 μg crystals or 1 x 106 S. cerevisiae particles were added to the cells and mixed firmly. 216 
Following incubation at 37°C for 30 min, cells were harvested using Accutase x1 (Biolegend, 217 
#423201) and phagocytosis was stopped by placing the cells on ice. Cells were stained with Mouse 218 
Fc-Block (BioLegend, #101320, 5 μg/ml) and AlexaFluor647 CD11b-antibody (Biolegend, #101218, 219 
2.5 μg/ml) in PBS containing 0.5% BSA and 2 mM EDTA. The uptake of particles was evaluated by 220 
assessing changes in granularity (SSC = sideward scatter) of the CD11b-positive cells using flow 221 
cytometry (22,46,47). 222 

2.12 Inflammasome activation 223 

M-CSF- and GM-CSF-differentiated cells were harvested as described above. 1.5 x 105 cells/well 224 
were seeded in 100 μl medium in a 96-well cell culture plate (Corning, #3799) and incubated for 225 
18 h. Following pre-incubation for 3 h with 20 ng/ml LPS (Alexis, #581-012-L002), cells were 226 
stimulated with crystals/particles for 4 h (final concentration: 6.9 μM nigericin (Invivogen, #Tlrl-227 
nic), 0.8 μg/μl silica, 1 x 106 S. cerevisiae particles, and 1 μg/μl of all other crystals (cholesterol, t-228 
CPPD, MSU (lot1), MSU (lot2), patients MSU))). Supernatants were harvested and IL-1  secretion 229 
was determined by ELISA analysis. 230 

2.13 Induction of IL-1  production 231 

PBMCs were isolated as described above. 2 x 105 cells/well were seeded in 100 μl McCoy’s 5A 232 
modified serum-free medium containing 1% penicillin/streptomycin in a 96-well cell culture plate 233 
(Corning, #3799). HBSS stimulation mixture containing particles (final concentration: 6.9 μM 234 
nigericin, 0.8 μg/μl silica, 1 x 106 S. cerevisiae particles, 3 μl alhydrogel, 1 μg/μl of all other crystals 235 
used (cholesterol, t-CPPD, m-CPPD, calcium oxalate mono- and dihydrate, calcium carbonate, MSU 236 
(lot1), MSU (lot2))) was prepared. Then, 50 μl stimulus mixture were added to the cells, supernatants 237 
were collected after 16 h incubation, and IL-1  production was quantified using ELISA.  238 

2.14 Quantification of IL-1  239 

Human and murine IL-1  was quantified using uncoated ELISA Kits (Thermo Fisher Scientific, #88-240 
7261-88 and #88-7013-88, respectively) following manufacturer’s instructions.  241 

2.15 Purification of particle-binding proteins 242 

Unless otherwise stated, 50 μl of human serum were incubated with 2 mg crystals, 1 mg zymosan, or 243 
5 x 106 particles S. cerevisiae at 37°C for 30 min with agitation (1300 rpm). After incubation, 244 

In review
ce. Cells wer

uor647 CD11b-antibodyntibod
mM EDTA. The uptake of partiEDTA. The uptake of par

SC = sideward scatter) of the CD11btter) of the CD11b--positiveposi

flammasome activationammasome activation 

and GMd GM--CSFCSF--differentiateddifferentiat cells wecells w
ed in 100in 100 μl medium in a μl medium in a
winging prepre--incubincu
withith



Identification of novel crystal-binding proteins 

7

supernatant and particles were separated by centrifugation at 4000 xg for 2 min. While supernatant 245
was diluted 1:20 in 1x SDS-PAGE sample buffer (+DTT), particles were extensively washed with 246
HBSS (saturated with uric acid) and bound proteins were eluted by adding 100 μl of 4x SDS-PAGE 247
sample buffer (+DTT). All samples were heated at 70°C for 10 min and subject to SDS-PAGE and 248
Western blot analysis. 249

2.16 Recombinant protein binding analyzed using flow cytometry 250

For flow cytometric analysis CPPD preparations, calcium oxalate mono-, and dihydrate, silica, and 251
calcium carbonate were filtered through a SmartStrainers (30 μm) by Miltenyi Biotec (#130-098-252
458) to remove too large crystals. 253

Fc-fusion proteins in 50 μl DMEM were incubated with 150 μg MSU crystals at RT for 60 min. 254
Crystals were washed with HBSS and bound Fc-fusion proteins were stained with AlexaFluor488 255
goat anti-human IgG (Jackson ImmunoResearch Europe Ltd., #109-545-008, 3.75 μg/ml) at RT for 256
30 min. His-tagged recombinant proteins (5 μg/ml in HBSS) were incubated with 150 μg crystals 257
or 1 x 106

S. cerevisiae particles at 37°C for 30 min. We used recombinant human MARCO (R&D258
Systems, #7586-MA-050), human LDLR (Sino Biological, #10231-H08H-50), human CD32b (Sino 259
Biological, #10259-H08H), and murine LDLR (Sino Biological, #50305-M08H). After washing with 260
HBSS, bound proteins were detected at 4°C for 30 min using PE mouse anti-His Tag (Biolegend, 261
#362603, 0.24 μg/ml). 262

For both sets of tagged recombinant proteins, particles were washed with and taken up in 5% BSA in 263
HBSS before using FACS Canto II (BD Biosciences) and BD FACSDiva software version 6.1.3264
(https://www.bdbiosciences.com/en-eu) for binding analysis. 265

2.17 Fluorescence microscopy 266

Around 100 – 200 μg of MSU, CPPD, silica, cholesterol, and calcium carbonate crystals, or 1 x 106267
S. cerevisiae particles were incubated either in human serum or HBSS at 37°C for 30 min. After 268
washing with 5% BSA in HBSS, the particles were incubated with recombinant proteins as described 269
above for flow cytometry. Fc-fusion proteins were stained the same way. Recombinant His-tagged 270
proteins were detected using purified anti-His Tag (Biolegend, #362602, 5 μg/ml) and Alexa 271
Fluor488 goat anti-mouse IgG (Biolegend, #405319, 5 μg/ml) binding at 4°C for 30 min each. 272
Following a last washing step, the particles were mounted in Immunoselect Antifading Mounting 273
Medium (Dianova, #SCR-038447).274

Images were either acquired using an Olympus IX81 inverted microscope with a UPlanSApo 275
60x/1.35 Oil objective and CellR software (version 3.2; https://www.olympus-276
lifescience.com/en/software/) or a Zeiss 980 Airyscan 2 with an alpha Plan-Apochromat 63x/1.46 Oil277
Korr M27 objective in combination with Zeiss ZEN System software (blue edition version 3.0; 278
www.zeiss.com/microscopy/int/products/microscope-software/zen.html). Brightness was adjusted, 279
pseudo-color was inserted in the grayscale image, and scale bar was added using ImageJ (version 280
1.52d) (https://imagej.nih.gov/ij/) (25). 281

2.18 SDS-PAGE and LC-MS 282

SDS-PAGE was performed with 4-20% precast gels in Tris-based buffer system from SERVA 283
Electrophoresis (#43289.01) according to the manufacturer’s instructions. PageBlue Protein Staining 284
Solution (Fermentas, #R0571) was used for coomassie-staining the gels, images were taken with 285
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iPhone 6s (Apple) and the contrast was adjusted using ImageJ (version 1.52d). Global identification 286
and quantification of MSU- and zymosan-binding proteins in the presence of different donor sera was 287
done as preciously described (25). In brief, eluted proteins were reduced with DTT, alkylated with 288
acrylamide, and separated using SDS-PAGE (4-20%, Sigma-Aldrich). Whole lanes were cut into 3 289
individual slices and proteins therein were in-gel digested with trypsin. Generated peptides were 290
analyzed using an LC-MS system consisting of an Orbitrap Velos mass spectrometer coupled to an 291
Ultimate 3000 RSLC nanoflow system (Thermo Fisher Scientific). Raw data were analyzed with the 292
Andromeda search engine implemented in MaxQuant software (version 1.5.3.30; 293
www.maxquant.org). Proteins were identified based on a false discovery rate (FDR) of less than 0.01 294
on protein and peptide level.  295

2.19 Western blot analysis 296

As published before (25), proteins were separated by SDS-PAGE and transferred to nitrocellulose 297
membranes (GE Healthcare, #10600003). Membranes were blocked in TBST + 5% BSA, incubated 298
in primary antibody in TBST + 5% BSA o/n at 4°C. After incubation with HRP-coupled secondary 299
antibodies (Cell Signaling Technology, #7074, #7076S), blots were subjected to ECL reaction. 300
Images were acquired using ChemoStar (INTAS Science Imaging Instruments GmbH) and contrast 301
was adjusted using ImageJ (version 1.52d). The band with the strongest signal was set to maximum 302
(black). Primary antibodies and dilution were: ApoB (#sc-393636; 1:200) from Santa Cruz 303
Biotechnology, ApoE (Proteintech, #66830-1-Ig, 1:20000), and ApoAI (Proteintech, #14427-1-AP, 304
1#2000). 305

2.20 Statistical analysis 306

Unless otherwise stated in the figure legends, a paired two-sided t-test was performed for statistical 307
comparison of two groups. All analyses were performed using GrapPad Prism version 5.02308
(GraphPad Software; www.graphpad.com/scientific-software/prism/). A p value of < 0.05 was 309
considered statistically significant. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns = not significant 310

3 Results 311

3.1 LDLR and MARCO bind to MSU crystals 312

In a previous study, we used an unbiased mass spectrometry approach and identified CRP as a 313
binding protein to MSU crystals (25). Here, we repeated this experiment in order to identify MSU 314
crystal binding proteins globally. Since the inflammatory response induced by MSU crystals and 315
fungi is very similar, zymosan (well characterized cell wall preparation of S. cerevisiae) was used as 316
a control. Normal human serum and serum from an individual with an acute phase reaction were 317
incubated with MSU crystals or zymosan. After washing away the unbound proteins, bound proteins 318
were eluted with denaturating SDS buffer and separated via SDS-PAGE. Similar to our previous data 319
using synovial fluid, visualization of the proteins by coomassie staining showed a mostly distinct 320
pattern between MSU-bound proteins and zymosan-bound proteins (Figure S1A). The whole lanes 321
were analyzed by liquid chromatography-mass spectrometry (LC-MS) and label-free relative 322
quantification of the binding proteins was done using MaxQuant. This experiment confirmed our 323
previous finding that CRP binds to MSU but not to zymosan (25).  324

We aimed to identify soluble serum proteins involved in the opsonization of MSU crystals. 325
Unexpectedly, we found transmembrane receptors (MARCO, LDLR, and CD14) bound to MSU 326
crystals (Figure 1A). MARCO and LDLR were neither detected in the input sera nor among zymosan 327
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binding proteins, indicating both a strong enrichment on MSU crystals and specific binding. The 328 
intensity of LDLR and CD14 correlated with their corresponding ligands apolipoprotein B (ApoB) 329 
and LPS-binding protein (LBP), respectively (Figure 1A). These data suggest strong binding of 330 
MARCO and LDLR to MSU crystals, with LDLR potentially binding to ApoB coated on the 331 
crystals. CD14 bound more strongly to zymosan, potentially via coated LBP. Therefore, we focused 332 
on the interaction of MARCO and LDLR with crystalline structures and the receptors potential roles 333 
in cellular responses to crystal formation. 334 

We verified the proteomic data by measuring the binding of two distinct sets of recombinant proteins 335 
to MSU crystals. We generated both human and murine MARCO-Fc-fusion proteins (Fc-hMARCO 336 
and Fc-mMARCO, respectively) and both bound strongly to unopsonized MSU crystals (Figure 1B). 337 
The binding was generally at least as strong as the known MSU receptor Clec12A, indicating 338 
MARCO may be a conserved receptor for these crystals. The well-known receptor for fungal beta-339 
glucans Dectin-1 (also known as Clec7A) served as negative control.  340 

Using commercial recombinant His-tagged versions of human LDLR and MARCO (hLDLR and 341 
hMARCO, respectively), we found that LDLR indeed bound to opsonized crystals. It did, however, 342 
also bind to unopsonized MSU crystals (Figure 1C, left panel). Moreover, we could confirm the 343 
binding of MARCO to unopsonized MSU, but much less to the opsonized one, indicating that 344 
MARCO might be a receptor for unopsonized particles. As a control receptor we used hCD32b 345 
which has not yet been associated with crystal binding. Moreover, none of the tested receptors bound 346 
to the negative fungal control S. cerevisiae (Figure 1C, right panel). Even though C-reactive protein 347 
(CRP) has been shown to recruit certain proteins and opsonins to the surface of MSU crystals (25), it 348 
does not seem to have an effect on MARCO or LDLR binding (Figure 1C, left panel). 349 

Overall, this data suggests MARCO and LDLR might be direct or indirect MSU crystal receptors.  350 

3.2 MARCO binds to unopsonized crystals 351 

In Figure 1, we showed that MARCO and LDLR bind to MSU crystals. To asses if this interaction is 352 
specific, we analyzed their binding ability to a broader spectrum of crystals known for causing 353 
crystallopathies. First, we used confocal microscopy to visualize the binding of Fc-hMARCO to 354 
unopsonized particles and saw a strong fixation on the surface of two distinct preparations of MSU, 355 
cholesterol, triclinic CPPD (t-CPPD), and silica crystals (Figure 2A, left panel). Again, Dectin-1 356 
served as negative control binding strongly to heat inactivated yeast particles (S. cerevisiae) but not 357 
to crystalline structures (Figure 2A, right panel).  358 

We then extended the set of crystals analyzed further and measured binding of recombinant His-359 
tagged proteins (hMARCO, hLDLR, and hCD32b) to unopsonized and opsonized particles using 360 
flow cytometry (Figure 2B). None of the receptors was binding to the fungal controls S. cerevisiae361 
(Figure 2B) and zymosan (data not shown). In addition to the preparations shown in Figure 2A, we 362 
observed binding of hMARCO to calcium oxalate monohydrate. Strikingly, in all these samples it 363 
bound strongly to the unopsonized crystals, but much weaker to the ones incubated in human serum. 364 
This indicates that hMARCO binds directly to the naked surface of the crystals and that serum 365 
proteins or other constituents could be blocking the hMARCO binding site. Interestingly, incubation 366 
with hLDLR led to an opposite effect for most crystals. hLDLR bound to all crystalline structures 367 
tested, but in the majority of cases much stronger to the opsonized versions compared to the 368 
unopsonized ones (Figure 2B). Therefore, it is reasonable to assume that the binding of LDLR to 369 
crystals might be more indirect. On a side note, hLDLR binds to silica in two distinct populations, 370 
which indicates that the silica particles used are not a homogenous entity (Figure S1B).  371 
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Together, this shows that the extracellular domain of human MARCO directly binds to most, but not 372
all tested crystals that are associated with disease (calcium oxalate monohydrate, MSU, silica, and t-373
CPPD). Furthermore, it raises the question which serum proteins might mediate the indirect binding 374
of hLDLR to opsonized crystals (calcium oxalate dihydrate, calcium carbonate, MSU, t- and 375
monoclinic CPPD (m-CPPD)).376

3.3 LDLR binds to both opsonized and unopsonized crystals 377

MARCOs ability to bind MSU crystals appeared to be conserved between species (Figure 1B). 378
Therefore, we tested binding of recombinant murine LDLR to MSU crystals opsonized with murine 379
serum and found it to bind just as well as the human equivalent (Figure 3A).  380

Opsonization seemed to play an important role for LDLR binding to crystals (Figure 2B), so we 381
compared distinct opsonization solutions. Besides human and murine serum, we used HBSS 382
containing 5% bovine serum albumin (BSA), 1 mg/ml fibrinogen, or 1 mg/ml human LDL (since 383
LDL strongly binds to MSU crystals and is a ligand for LDLR). The data indicated that LDL indeed 384
covers MSU crystals and mediates the binding of LDLR (Figure 3B, hLDLR). Furthermore, we saw 385
that hMARCO binding to MSU crystals cannot be blocked by BSA or fibrinogen incubation, but by 386
opsonization with human LDL (Figure 3B, hMARCO).  387

We visualized the binding of hLDLR to a broad spectrum of crystals and could verify binding to all 388
opsonized particles except cholesterol (Figure 3C). This data suggested that LDLR binding is 389
mediated by serum constituents that bind to all crystalline structures but cholesterol, presumably 390
LDL. To test this notion, we analyzed binding of LDLR to LDL-coated crystals and confirmed an 391
enhanced LDLR attachment in the presence of LDL (Figure S2). Moreover, we purified crystal-392
bound proteins and subjected them to SDS-PAGE and Western blotting. Indeed, we saw strong 393
binding of ApoB, the major protein component of LDL particles, to all crystals but cholesterol 394
(Figure 3D). ApoE, which has been shown to bind to MSU crystals (21) and to be an interaction 395
partner of LDLR (26), bound strongly to the fungal controls and silica. However, the interaction with 396
the other crystals was much weaker and happened to a varying extent. ApoA1 is the primary 397
apolipoprotein of high-density lipoprotein (HDL), which we previously found strongly binding to 398
zymosan (25). It bound to all tested particles, albeit with varying intensity. 399

Together, these data suggest that LDLR is a conserved receptor for recognition of opsonized 400
crystalline structures and that it binds to LDL coated onto the crystal surface.  401

3.4 LDLR has no influence on inflammasome activation and phagocytosis after stimulation402
with crystals in M-CSF- or GM-CSF-differentiated murine bone marrow cells 403

We showed in Figures 3A,B that murine LDLR binds to MSU crystals opsonized with murine serum. 404
To elucidate the role of LDLR in cellular responses to crystals, we studied phagocytosis of the 405
crystals and the production of the key cytokine IL-1 utilizing a murine mouse model lacking LDLR. 406

Granulocyte-macrophage colony-stimulating factor (GM-CSF)- or macrophage colony-stimulating 407
factor (M-CSF)-differentiated murine bone marrow cells lacking LDLR (KO) and wild type (WT) 408
control cells were incubated with distinct crystals/particles. Phagocytosis was evaluated by assessing 409
the cells changes in granularity using flow cytometry. We analyzed only CD11b-positive cells to 410
distinguish cells from bare crystals and saw that both KO and WT cells expressed very similar levels 411
of CD11b (Figure S1C). In GM-CSF-differentiated cells, LDLR KO had no effect on the uptake of 412
particles when compared to WT cells (Figure 4A, left panel). M-CSF-differentiated cells showed 413
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equivalent results, with the exception of a slightly (though significantly) reduced ability of 414 
phagocytosis of small opsonized MSU crystals (lot2) (Figure 4A, right panel). This suggests that 415 
LDLR is hardly involved in phagocytosis of opsonized particles by murine immune cells. However, 416 
it could be interesting to analyze this process further focusing at the small MSU crystals (i.e., MSU 417 
(lot2)) since LDLR seems not to play a role in the phagocytosis of larger MSU preparations (i.e., 418 
MSU (lot1)).  419 

In order to investigate phagocytosis in human – albeit not primary – cells, we targeted the LDLR 420 
gene by CRISPR/Cas9 in the HepG2 cell line. Only one out of three gRNAs was successful and 421 
generated a single KO clone (Figure S1D). Although these cells were lacking LDLR, phagocytosis of 422 
pure and opsonized MSU crystals was largely unaltered in these cells. While opsonization of the 423 
particles collectively reduced the uptake, LDLR absence had no effect on phagocytosis (Figure S1E).  424 

To analyze inflammasome activation, LPS-primed, GM-CSF- or M-CSF-differentiated murine bone 425 
marrow cells were obtained from LDLR KO and WT mice, incubated with crystalline structures, and 426 
production of IL-1  was measured. Depending on the type of crystal, we observed activation of the 427 
inflammasome to different degrees, e.g., incubation with MSU crystals or silica generally led to more 428 
IL-1  production than cholesterol. However, this activation seemed to be opsonization-independent 429 
and more importantly, also independent of LDLR (Figure 4B). 430 

Overall, these data indicate that LDLR does not play an obvious role in immune cell activation by 431 
crystals, although the data from one type of crystals suggest that it may principally be capable of 432 
enhancing crystal phagocytosis. 433 

3.5 LDL opsonization regulates crystal-induced ROS and IL-1  production 434 

As shown before, activation of neutrophils by MSU crystals is strongly reduced, if the crystals are 435 
opsonized with LDL or ApoB (20). However, it is unclear if LDL also regulates neutrophil activation 436 
by other crystals and if it regulates IL-1  production. Therefore, we evaluated the role of LDL 437 
opsonization of MSU and other crystals in the production of reactive oxygen species (ROS) and 438 
IL-1  in human neutrophils and peripheral blood mononuclear cells (PBMCs), respectively. 439 

We isolated primary human neutrophils and incubated them with a broad spectrum of crystals coated 440 
with or without LDL as indicated in Figure 5A. When looking at the single values of relative light 441 
units (RLU), we saw that the crystals induce different ROS kinetics (Figure 5A). Interestingly, the 442 
two distinct MSU preparations (lot1 and lot2) reached a similar peak of ROS production but do so at 443 
different time points. ROS induced by MSU (lot2) peaks – but also declines – faster, which is 444 
probably due to the different sizes of the MSU crystals in these preparations. We also confirmed the 445 
ROS-reducing properties of LDL-coated MSU crystals (by 85 – 90%). Intriguingly, LDL 446 
opsonization had a similarly strong reducing effect on ROS production induced by silica, cholesterol, 447 
and calcium oxalate dihydrate crystals (Figures 5B,C). For calcium oxalate monohydrate, m-CPPD, 448 
and calcium carbonate, the reduction was around 74 – 40%, respectively. Only for S. cerevisiae and 449 
alhydrogel LDL incubation did increase the ROS production slightly, though not significantly 450 
(Figure 5C). Together these data show that LDL coating specifically inhibits neutrophil activation by 451 
a diverse range of crystals, but no other activators tested. 452 

We isolated PBMCs and measured IL-1  production after 16 h incubation with the same broad 453 
spectrum of crystals (unopsonized and LDL-coated, respectively) as in Figure 5A. PBMCs produced 454 
IL-1  to various extends depending on different crystal types and sizes, as depicted for the cells of a 455 
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representative donor (Figure 5D). S. cerevisiae incubation led to the strongest inflammatory 456
response, independent of LDL (Figure 5D). For most crystals tested, opsonization with LDL reduced 457
the production of IL-1 (cholesterol, t-CPPD, calcium oxalate mono- and dihydrate, calcium 458
carbonate, and MSU (lot1)) (Figure 5E). Interestingly, IL-1 production was not inhibited by LDL on 459
MSU (lot2) or silica, although LDL very effectively blocked ROS production induced by the same 460
crystals (Figures 5A-C). It is important to note that MSU (lot1) crystals are much larger than MSU 461
(lot2). We performed the same experiment with another two distinct preparations of MSU and 462
confirmed the discrepancy between small and large crystals (data not shown). In general, while IL-1463
production was inhibited by LDL on MSU (lot1), it had no influence on MSU (lot2) or silica 464
(Figure 5E), indicating that crystal size might affect activation of immune cells.465

In summary, these data suggest that LDL indeed can coat crystalline surfaces. It appears to have a 466
strong effect on ROS production, consistently reducing the activation of neutrophils for a much wider 467
range of crystals as anticipated. Although the effect on IL-1 production is not as large as on ROS,468
this experiment indicates that LDL can inhibit inflammasome activation depending on the crystal 469
type and size. 470

4 Discussion 471

In an extension of previous studies we compared the serum proteins bound to MSU crystals to those 472
bound to the microbial pattern zymosan. We confirmed binding of apolipoproteins (19) and CRP to 473
MSU crystals, but not to zymosan (25). Unexpectedly, we identified the transmembrane receptors 474
MARCO, LDLR, and CD14 as proteins binding to MSU only or both MSU and zymosan, 475
respectively. CD14 is long known to exist in a membrane-bound and a soluble form (27) and we also 476
found it in the input serum. The fact that we newly identified MARCO and LDLR on MSU crystals 477
might be due to the ever increasing sensitivity of LC-MS methodology and the potential possibilities478
for their release, i.e., cleavage from the cell surface or secretion in a soluble form.479

For MARCO, a class A scavenger receptor (SR), a second isoform has been described before: it is 480
missing the amino acids (aa) 1 – 78 (the cytoplasmic domain, the transmembrane anchor protein, and 481
17 aa of the extracellular domain), hence, possibly leading to a soluble form of the protein (28).482
MARCO is primarily expressed on alveolar macrophages in the lung and thereby important for 483
clearance of exogenous material after inhalation. It has been shown to play a critical role in 484
development of silicosis after inhalation of silica particles (23). Our finding that MARCO binds to 485
various naked, endogenous crystals like MSU, t-CPPD, cholesterol, and calcium oxalate dihydrate in 486
addition to exogenous, inhaled particles (e.g., silica) shows that it might act as a more general 487
receptor for many crystalline structures. It remains to be seen, if immune cells like macrophages at 488
sites of crystal-induced inflammation outside of the lung express MARCO and whether it plays a 489
non-redundant role as in the lung. MARCOs ability to recognize so many distinct crystalline surfaces 490
might be due to the formation of homo- or hetero-oligomers as described for the scavenger receptor 491
SR-B1 (29,30). A multimerization in a crystal-like flat surface leading to high avidity and increased 492
binding to various crystals based on the flat surface may be conceivable. 493

The circulating ectodomain of transmembrane LDLR has first been discovered as an interferon-494
induced antiviral protein (31,32) and has recently been described as a possible novel marker for 495
inflammation (33). We show that recombinant LDLR binds to most opsonized crystals and that this 496
binding correlates with the binding of LDL to the same ones: both LDL and LDLR bind to all 497
crystalline structures tested, but not cholesterol crystals. We also observed binding of LDLR to some 498
unopsonized crystals, so we cannot exclude that it may also act as a receptor for pure particles.499
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Binding of LDL and LDLR to crystals was conserved between human and mouse. However, we did 500
not see major alterations in phagocytosis or IL-1  production in response to crystals by mouse 501
immune cells deficient for LDLR. Since we expect that most of the crystal surface is covered with 502
LDL in the presence of serum, it is conceivable that either the cells have other recognition 503
mechanisms for coated LDL or different opsonizing proteins like complement. Other receptors could 504
potentially compensate the loss of LDLR: members of the LDLR family, e.g., LDLR-related proteins 505
(LRP) that are expressed in a number of different tissues with a wide range of different ligands, could 506
be able to bind LDL and induce endocytosis of crystals. Alternatively, a recent study suggests that 507
direct interaction of a solid structure with the cell membrane can lead to receptor-independent 508
phagocytosis (34). It would be interesting to see, if LDL or other crystal-coating proteins block this 509
direct interaction with the membrane.510

LDL, the major cholesterol-carrying lipoprotein of plasma, transports lipids from the liver to 511
peripheral tissues, where it is mainly taken up by binding to the membrane-bound LDLR. LDL is 512
believed to be the main culprit in the development of atherosclerosis. However, it is unclear if 513
elevated LDL is sufficient to trigger plaque formation or if it only binds to the damaged artery wall 514
(35). Potentially, LDL may actually act as a patch to cover damaged surfaces and only the prolonged 515
and excessive plaque formation leads to a detrimental outcome of an originally beneficial 516
mechanism. Previous (19,20) as well as our data demonstrate that LDL shows remarkably strong 517
binding to various crystalline structures. LDL may even be depleted from serum by addition of MSU 518
crystals (data not shown). Such strong and specific interactions would support the notion that LDL 519
acts as a patch on damaged or unnatural surfaces. We further show that LDL opsonization inhibits the 520
production of ROS induced by various crystalline structures in human neutrophils. Probably, LDL-521
coating blocks the interaction of crystals with immune receptors like Mac-1 (CD11b/CD18), Fc-522
receptors, or the membrane itself (36).523

One puzzling finding that we cannot explain is the fact that LDL strongly inhibits cholesterol crystal-524
induced ROS production while we were unable to show any binding of LDL to cholesterol crystals. 525
Maybe this interaction is too weak or transient to be observed with the methods used, or cholesterol 526
crystals induce ROS by a distinct pathway that does not rely on the interaction with the crystal 527
surface, e.g., release of soluble cholesterol that interacts with the cells.528

Furthermore, our findings indicate that LDL reduces IL-1 production of PBMCs in response to 529
some crystals. However, this alteration correlates only partly with the reduced ROS production. For 530
rather small MSU crystals (lot2) and silica crystals, we see a strong reduction in ROS but not in 531
IL-1 production. In some experiments, we even saw increased IL-1 production. It appears 532
reasonable to speculate that the determining factor for this phenomenon might be the size of the 533
particles as this specific lot of MSU crystals and the silica crystals are very small. Thus, LDL may 534
inhibit IL-1 production by crystals that are too large to be phagocytosed. Smaller crystals that may 535
be phagocytosed with or without the need for LDL binding receptors may activate other pathways. It 536
is possible that LDL inhibits the activation of the inflammasome by direct membrane interaction 537
which does not require phagocytosis (37), but LDL may be unable to inhibit phagosomal 538
destabilization after phagocytosis, which also activates the inflammasome (38). Alternatively, other 539
activating receptors may only be active in the endocytic compartment. CD36 recognizes oxidized 540
LDL and activates TLR signaling only after endocytosis (39). Since the LDL used in our experiment 541
could get oxidized during the incubation period, small crystals could deliver the oxidized LDL to 542
CD36 in the endocytic compartment while large crystals could not. It remains to be seen, if the 543
observed effects of LDL coating on IL-1 production are actually caused by priming, i.e., pro-IL-1544
production or inflammasome activation. 545
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Together, our unbiased LC-MS approach has identified one receptor that directly recognizes disease-546 
associated crystals (MARCO) and with LDLR another receptor that binds to all crystals tested, 547 
except cholesterol, when they are opsonized with LDL. We further show that LDL not only binds to 548 
MSU crystals but all crystals tested, apart from cholesterol crystals or microbes like fungi. This LDL 549 
binding shows strong inhibition of ROS production but variable effects on IL-1  production 550 
depending on crystal sizes.  551 

There is a large range of crystal-associated pathologies which makes it important to investigate if 552 
there is a shared molecular basis between the recognition of different crystals. We think these data 553 
are a step toward answering this question and hopefully they will spur future research into the 554 
functional role of these three proteins in crystallopathies. 555 
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10 Figure captions 728

10.1 Figure 1. LDLR and MARCO bind to MSU crystals 729

(A) Normal human serum (1) and serum from an individual with an acute phase reaction (2) were 730
incubated with MSU crystals (lot1) or zymosan at 37°C for 45 min. Bound proteins were eluted, 731
separated by SDS-PAGE, and subjected to LC-MS analysis. The relative intensity (log2-intensity) of 732
transmembrane receptors and their respective ligands (ApoB is a ligand of LDLR and LBP is a ligand 733
of CD14) bound to MSU crystals or zymosan is shown, compared to the intensity in the input serum; 734
n.d. = not detected. (B) MSU crystals (lot1) were incubated with recombinant Fc-proteins at room 735
temperature (RT) for 60 min (vehicle = DMEM, Fc-mDectin-1, Fc-mCLec12A, Fc-hClec12A, 736
Fc-hMARCO, Fc-mMARCO). Crystals were washed with HBSS (always containing Ca2+); bound737
Fc-fusion proteins were stained with anti-human IgG AlexaFluor488 and analyzed using a flow 738
cytometer. Representative of at least three independent experiments; mean fluorescent intensity 739
(MFI) is shown. (C) MSU crystals (lot1; left) or S. cerevisiae particles (right) were incubated in 740
HBSS (unopsonized) or human serum containing either low or high CRP at 37°C for 30 min. After 741
washing with HBSS the particles were incubated with 5 μg/ml recombinant His-tagged protein in 742
HBSS + 5% BSA at 4°C for 60 min (hLDLR, hMARCO, hCD32b). Bound proteins were stained 743
with anti-His Tag PE and analyzed using a flow cytometer. Representative of at least three 744
independent experiments; MFI is shown.745

10.2 Figure 2. MARCO binds to unopsonized crystals 746

(A) Confocal microscopy of MSU (lot2, lot3), cholesterol, t-CPPD, silica, and S. cerevisiae. Particles 747
were incubated at RT for 60 min with either Fc-hMARCO or Fc-mDectin-1 recombinant protein. 748
After washing with HBSS, bound proteins were visualized using anti-human IgG AlexaFluor488 749
(anti-Fc AF488, green). Representative of at least two independent experiments; DIC = digital 750
interference contrast; scale bar = 40 μm. (B) Indicated crystals were incubated in HBSS 751
(unopsonized) or human serum at 37°C for 30 min. After washing with HBSS the particles were 752
incubated with 5 μg/ml recombinant His-tagged protein in HBSS + 5% BSA at 4°C for 60 min 753
(hLDLR, hMARCO, hCD32b). Bound proteins were stained with anti-His Tag PE and particles were 754
analyzed using a flow cytometer. Median fluorescent intensity (FI) is shown. Negative control = 755
S. cerevisiae. 756

10.3 Figure 3. LDLR binds to both opsonized and unopsonized crystals 757

(A) Two different preparations of MSU crystals (lot1, lot2) or zymosan particles were incubated in 758
HBSS (unopsonized), human, or murine serum at 37°C for 30 min. After washing with HBSS, the759
particles were incubated with 5 μg/ml recombinant His-tagged protein in HBSS + 5% BSA at 4°C for 760
60 min (hLDLR, mLDLR, hMARCO, hCD32b). Bound proteins were stained with anti-His Tag PE 761
and analyzed using a flow cytometer. (B) MSU crystals (lot1) were opsonized in different solutions 762
(unopsonized (HBSS), human serum, murine serum, or HBSS containing 5% BSA, 1 mg/ml 763
fibrinogen, or 1 mg/ml LDL). Incubation with recombinant proteins as well as detection and analysis 764
of the bound proteins was performed as described in (A); MFI is shown. (C) Indicated crystals were 765
opsonized in human serum at 37°C for 30 min. Incubation with recombinant LDLR was done as in 766
(A). Protein binding was analyzed using mouse anti-His Tag plus goat anti-mouse AlexaFluor488. 767
Fluorescence of the samples was detected by fluorescent microscopy; scale bar = 40 μm. (D) 768
Indicated crystals were opsonized with human serum at 37°C for 30 min. After incubation, particles 769
and supernatant were separated by centrifugation: the supernatant was collected, while the particles 770
were extensively washed with HBSS to remove unbound proteins. Bound proteins were eluted. Both 771
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supernatants and eluates were subjected to Western blot analysis using ApoB, ApoAI and ApoE 772
antibodies. Each experiment (A-D) is representative of at least three independent experiments. 773

10.4 Figure 4. LDLR has no influence on inflammasome activation and phagocytosis after 774
stimulation with crystals in M-CSF- or GM-CSF-differentiated murine bone marrow cells 775

(A) Primary murine GM-CSF- and M-CSF-differentiated cells were incubated with 150 μg crystals 776
(silica, t-CPPD, MSU (lot1), MSU (lot2)) or 1 x 106

S. cerevisiae particles for 30 min at 37°C.777
Before, particles were incubated in murine pool serum at 37°C for 30 min (ops.) and washed with 778
HBSS before adding to the cells; unopsonized crystals (pure) were stored in HBSS. Uptake of 779
particles was evaluated by assessing the change in granularity (SSC = sideward scatter) of CD11b-780
positive cells using flow cytometry. An unpaired, two-sided t-test was used for statistical evaluation. 781
(ns = not significant, * p < 0.05, n = 3). (B) Primary murine M-CSF- and GM-CSF-differentiated 782
cells were pre-incubated with 20 ng/ml LPS for 3 h before adding 0.8 – 1 mg/ml crystals/particles 783
(nigericin, silica, S. cerevisiae, cholesterol, t-CPPD, MSU (lot1), MSU (lot2)). Opsonization of 784
particles was performed as described in (A) at 37°C for 30 min. After 4 h, the supernatant of the cells 785
was collected and IL-1  secretion was determined by ELISA analysis. An unpaired, two-sided t-test 786
was used for statistical evaluation. (n.d. = not detectable, ns = not significant, n = 3) 787

10.5 Figure 5. LDL opsonization regulates crystal-induced ROS and IL-1 production 788

(A) Crystals as indicated were incubated in HBSS (unopsonized) or HBSS containing 1 mg/ml 789
human LDL at 37°C for 30 min. A stimulation mixture of these particles and luminol was then added 790
to human neutrophils and ROS production was immediately detected for 60 min. Thereby, the 791
emitted light (RLU = relative light units) is an indirect measure of ROS produced. Representative 792
ROS production curves of one out of three independent experiments are depicted. (B) The mean 793
percentage change and standard error of the mean (±SEM) in ROS production in neutrophils after 794
stimulation with LDL-opsonized particles; data combined from three independent experiments. (C) 795
ROS production was normalized to HBSS for each crystal separately and a paired, two-sided t-test 796
was used to compare HBSS vs. HBSS + 1 mg/ml LDL. (ns = not significant, n = 3). (D) Human 797
peripheral blood mononuclear cells (PBMCs) were stimulated with the same unopsonized and 798
opsonized particles used in (A). Supernatants were harvested after 16 h of incubation at 37°C and 799
subjected to ELISA. The IL-1 production of one out of three independent experiments is depicted. 800
(E) IL-1 production was normalized to HBSS for each crystal and a paired, two-sided t-test was 801
used to compare both groups as in (C). (n = 3) 802
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Supplementary Figure 1.
(A) Uncropped SDS gel underlying the LS-MS analysis results in Figure 1A. (B) Binding of 
hLDLR to unopsonized (HBSS) and opsonized (human serum) silica crystals; histograms depicting 
the results of flow cytometry analysis in Figure 2B are shown. (C) CD11b expression of M-CSF- 
and GM-CSF-differentiated murine cells used in Figure 4. (D) LDLR expression on HepG2 cells: 
untreated cells (original) and CRISPR/Cas9-treated clones (WT-1, WT-2, and KO-1) were stained 
with anti-hLDLR PE. (E) HepG2 cell clones (see (D) for LDLR expression) were incubated with 
MSU (lot2) at 37°C for 30 min. Opsonized MSU crystals (ops.) were incubated with human serum 
at 37°C for 30 min and washed with HBSS before adding to the cells; unopsonized crystals (pure) 
were stored in HBSS. The amount of phagocytes was determined by counting the cells with/without 
intracellular MSU crystals using a polarization microscope with a 20-fold magnification.      
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Supplementary Figure 2.
Indicated crystals were opsonized in HBSS or HBSS containing 1 mg/ml human LDL at 37°C for 30 min. After
washing with HBSS the particles were incubated with 5 μg/ml recombinant His-tagged protein in HBSS + 5% 
BSA at 4°C for 60 min (hLDLR). Protein binding was analyzed using mouse anti-His Tag plus goat anti-mouse 
AlexaFluor488. Fluorescence of the samples was detected by fluorescent microscopy; scale bar = 40 μm.  
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Uncropped anti-ApoB, anti-ApoAI, and anti-ApoE Western blots from Figure 3D.  
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4. Discussion

The aim of this thesis was to identify proteins involved in the recognition of various disease-

associated crystalline structures, MSU crystals in particular. Among other techniques, protein 

band-specific as well as global, unbiased, exploratory mass spectrometry approaches were the 

main tools to find such opsonizing proteins. Extensive cellular and molecular biological studies 

revealed interaction partners, details of the opsonization processes, and the activation of immune 

cells in response to pure and/or opsonized crystalline structures. 

Binding analysis using the CLR library 

The CLRs Mincle and Clec12A bind cholesterol and MSU crystals, respectively (Kiyotake et al., 

2015; Neumann et al., 2014), and a group of ice-binding anti-freeze proteins also contains a 

C-type lectin domain (Zelensky and Gready, 2005). This led to the reasonable assumption that 

C-type lectin domains are especially suited to recognize crystals. I extended an existing library of 

so called Fc-fusion proteins, i.e., recombinant proteins containing the CLR extracellular domain 

fused to an Fc-part of human IgG. This library contained human Clec1A*, Clec4D*, Mincle, 

Dectin-1, Dectin-2*, DNGR-1*, Clec12A, and CD69* as well as the murine versions of Dectin-1, 

DNGR-1, and Clec12A (constructs of proteins marked with * were cloned for this study, the 

others were previously generated by KN). By screening this newly-generated CLR library for its 

ability to bind to different disease-associated crystals, I did not observe any novel interactions 

(unpublished data). Nevertheless, this library remains a useful tool to evaluate CLR binding to 

other potential ligands, may it be further crystals, or other endogenous or microbial structures. 

Overall, these experiments indicate that binding to crystals is not a common phenomenon of CLR. 

CRISPR/Cas9-KO and blocking antibody analysis of crystal-binding receptors 

In a second approach, I analyzed receptors which have been associated before with the activation 

of immune cells via crystals. Previous studies worked with blocking antibodies for immune 

receptors CD16 and CD11b, or with murine CD14-/- macrophages (Barabé et al., 1998; Scott 

et al., 2006). Here, I evaluated the receptors’ role on a genomic level by using the CRISPR/Cas9 
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system to knock out the genes of the corresponding receptors in human PLB-985 cells. While 

PLB-985 CD11b-/- cells differentiated to a neutrophil-like phenotype did not show an altered 

immune response to crystals, I could verify the previously reported role of CD11b in crystal-

induced neutrophil response using murine neutrophils lacking the CD11b receptor (unpublished 

data). However, murine CD11b-/- bone marrow-derived macrophages or dendritic cells (M-CSF or 

GM-CSF-differentiated, respectively) did not show reduced ROS production in response to 

crystalline structures compared to wild type cells. Therefore, this effect seems to be specific for 

primary neutrophils. Together with CD18, CD11b forms the Mac-1 receptor, mostly expressed on 

neutrophils. CD18 can also form heterodimers with CD11a or CD11c. I evaluated a possible 

compensation of the missing CD11b by those receptors by knocking out the shared dimerization 

partner CD18 in PLB-985 cells. However, these cells reacted very similarly to MSU crystal 

stimulation compared to PLB-985 CD11b-/- cells which does not speak for a compensating 

process (unpublished data).  

Overall, it is likely that different immune cells may facilitate distinct receptors for crystal-binding. 

CD16 was not knocked out in PLB-985 cells, since no binding to crystals was observed and 

blocking antibodies had no effect (unpublished data). For the CD14 receptor implicated in MSU 

response, I did neither see strong binding to crystals nor an effect of the KO in PLB-985 cells 

(unpublished data). However, the fact that the effect could not be confirmed in these neutrophil-

like cells does not per se mean that CD14 is not a crystal receptor – it might play a role in other 

immune cells. Moreover, hence this previous study was done in mouse cells (Scott et al., 2006), 

the role of CD14 might simply not be conserved between species.  

LC-MS: technical advantages and identified proteins 

The use of two LC-MS approaches in this study, either (i) as a global screening approach or (ii) 

addressing the identification of specific crystal-binding proteins in healthy and inflammatory body 

fluids (single protein bands) led to the identification of novel crystal-binding proteins. Besides 

CRP and LDL, both functioning as an opsonin coating MSU crystals, the present study also found 
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two transmembrane receptors (MARCO, LDLR) among the strongest binding proteins. However, 

none of them was a member of the CLR family. Therefore, it seems highly likely that there are a 

variety of different types of receptors recognizing crystalline structures, so that the immune 

system does not require one specific protein family, like CLRs. 

Previous studies discovered binding proteins to MSU crystals (Terkeltaub et al., 1983, 1984, 

1986), but they did so before LC-MS was available. That is probably why the present study 

confirmed and refined the list of MSU-binding apolipoproteins: e.g., apolipoprotein(a) was 

identified to bind to MSU just as strong as its close relative ApoB, though its amount in serum is 

much lower. Identifying CRP as well as transmembrane receptors MARCO and LDLR as novel 

MSU-binding proteins was likely possible due the ever increasing sensitivity of LC-MS 

methodology. Receptors could potentially be cleaved of the cell surface or released from 

intracellular compartments in a soluble form (Mbikay et al., 2020; Uniprot database human 

MARCO; Ziegler-Heitbrock and Ulevitch, 1993) – both allowing binding of soluble variants and 

detection in the proteomics approach. Studying binding proteins in body fluids from donors with 

acute inflammation instead of using only healthy human serum, as previously done, resulted in the 

identification of the acute phase protein CRP. Altogether, this proves the LC-MS methodology to 

be a very effective and highly sensitive technique for identification of novel crystal-binding 

proteins, either by single protein band analysis or screening approaches. 

Binding of CRP to crystalline structures 

Some crystal-coating proteins bind to distinct locations on the crystal surface. To the best of my 

knowledge, it has not been described before that CRP binds only to the edges or distinct phases of 

MSU crystals and thus recruits the complement system mainly to these edges. Confocal 

microscopy showed that some complement components (e.g., C3) – though predominantly co-

localized with CRP – also bind to other parts of the crystal surface independent of CRP. This is in 

line with our finding of considerable C3 and C5b-9 binding in the absence of CRP indicating at 

least one other CRP-independent pathway to complement fixation by MSU crystals. 
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CRP bound to MSU crystals had no influence on crystal-induced ROS production or phagocytosis 

(unpublished data). However, CRP recruits both C1 and MASP-1 to the MSU crystal surface 

thereby activating the complement system via both the classical and the lectin pathway. This 

observation is in line with the previously described interaction of CRP with molecules of those 

two pathways, e.g., C1 and Ficolin (Ng et al., 2007; Suresh et al., 2006). However, the synthetic 

CRP ligand phosphorylcholine coupled to agarose (PC-agarose) failed to induce MASP-1 

activation, suggesting CRP alone is insufficient to activate MASP-1. Probably another MSU-

binding protein contributes to CRP-mediated MASP-1 activation. Interestingly, the complement 

system was also activated in human serum free of CRP – albeit not as strong as with CRP. 

Possibly, other proteins like receptors, antibodies, or members of the alternative complement 

pathway could compensate for CRP. Human sera free of individual proteins (e.g., C1) are 

commercially available and could be used for further studies. 

Binding of MARCO to crystalline structures 

In contrast to CRP, MARCO and LDLR are recruited to the whole surface area of various disease-

associated crystals without having a preferred or exclusive binding location. Though the binding 

experiments with recombinant protein show that MARCO mostly binds directly to naked crystals, 

the proteomic analysis found MARCO binding in human serum as well. This suggests that 

MARCO binding is either rather fast, implying an attachment before the opsonization of the 

complete surface or there are further proteins offering additional binding sites for MARCO. 

Scavenger receptors are known to bind certain versions of LDL (Neyen et al., 2009), though 

MARCO has no obvious role in the accumulation of lipoproteins (Elshourbagy et al., 2000). 

However, under the experimental conditions applied, LDL on the surface of the crystals may be 

chemically modified, e.g., oxidized or otherwise altered thus providing alternative structures 

recognized by MARCO. 

By showing binding of different recombinant versions of MARCO to several endogenous crystals, 

the concept that MARCO recognizes inhaled exogenous particles like silica (Hnizdo and 
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Vallyathan, 2003) was extended. A more recent study suggests that cigarette smoke might 

decrease MARCO expression thereby leading to impaired bacterial phagocytosis (Lee et al., 

2020). Interestingly, MARCO has also been described to be essential for infection of 

keratinocytes with vaccinia virus in patients with altered skin immunity (MacLeod et al., 2015), 

and for clearance of chikungunya virus from the murine blood stream through Kupffer cells in the 

liver (Carpentier et al., 2019). In line with that, the primary human cell atlas shows expression of 

MARCO in liver, bone marrow, and lymphoid tissue in addition to lung cells, indicating relevance 

of this receptor outside the lung tissue (The Human Protein Atlas, 2018). Together with the 

findings of this thesis, this suggests that MARCO might play a more general role in the 

recognition process of a range of ligands in a variety of tissues. 

LDL-mediated binding of LDLR to crystalline structures 

This study found strong binding of LDLR to all crystalline structures tested, except for cholesterol 

crystals. Unlike MARCO, LDLR mainly bound crystal surfaces indirectly via coating LDL – 

again with the exception of cholesterol crystals. This LDL-mediated interaction seems reasonable 

since LDL is the major ligand for LDLR (Brown and Goldstein, 1984). 

Crystal-induced phagocytosis and inflammasome activation were largely unaltered in murine 

macrophages deficient for LDLR. LDLR KO in HepG2 cells did not affect the cells’ ability to 

take up crystals/particles, either. Possibly, other receptors or receptor-independent phagocytosis 

compensates for the missing LDLR. Inhibiting the receptor-independent phagocytosis could 

reveal the real influence of LDLR in this experimental setting (Mu et al., 2018). To analyze the 

influence of LDL-coating on crystal uptake, experiments evaluating phagocytosis of LDL-coated 

vs. pure crystals are currently in progress. 

The previously known reduced ROS production of neutrophils after exposure to LDL-coated 

MSU crystals could be extended (Terkeltaub et al., 1984, 1986) to more disease-associated 

crystalline structures (i.e., silica, cholesterol, calcium oxalate, and calcium carbonate). Thus, LDL 

appears to be a rather universal inhibitor of ROS production induced by crystalline structures. It is 
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likely that LDL coated on the crystals prevents binding of receptors that induce ROS production 

like CD11b or CD16. The inhibition of IL-1 production by LDL-coating was less pronounced, 

but still significant. Intriguingly, LDL-coating only inhibited IL-1 production induced by large 

MSU crystals, but not small ones, suggesting that upon phagocytosis, the inhibitory effect of LDL 

is lost. Following phagocytosis, LDL may dissociate from the crystals due to changes in pH, or 

the inflammatory signal is generated independently of surface interactions, e.g., by lysosomal 

rupture. Alternatively, LDL itself may induce an inflammatory signal. Oxidized LDL has been 

shown to induce TLR signalling via the receptor CD36 after phagocytosis and it is conceivable 

that some LDL is oxidized under the applied experimental conditions (Brand et al., 1997; Stewart 

et al., 2010). It should be noted that, paradoxically, cholesterol crystals incubated with LDL had 

an inhibitory effect on ROS and IL-1 production in human immune cells even though binding of 

LDL to these crystals could not be visualized. 

To deepen our understanding how LDL-coating influences other responses of immune cells to 

crystals, phagocytosis, NETs formation (Li et al., 2018), degranulation, inflammasome activation, 

cytokine production, and necroptosis (Mulay et al., 2016) will be evaluated in the future. Finally, 

mouse models which are characterized by very high or low LDL levels could add valuable 

insights. ApoE KO animals, for instance, exhibit very high LDL levels (Piedrahita et al., 1992) 

as do LDLR KO animals on a high fat and carbohydrate diet. Therefore, whole blood from 
____
those animals could serve as a cellular base for further experiments. 

Why are some crystals more inflammatory than others? 

Evolutionary processes might provide the foundation of varying crystal immunogenicity. 

Throughout evolution, the cellular uptake and digestion of precipitated substances was probably a 

common occurrence. Since those structures did not evolve to evade recognition like pathogens, 

there may be many different mechanisms of how crystals are recognized by cells and induce 

immune responses. In line with that it seems plausible that, for instance, potential crystal receptors 

are not immune receptors per se, e.g., like the newly identified LDLR. Those various recognition 
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possibilities might be the reason for different strength, duration, and intensity of the immune 

response to crystalline structures.  

The nucleation process, hence atomic arrangement, size, as well as surface structure, is the key to 

how the immune system will react to crystals. The smallest changes in crystal structure, shape, 

and molecule distribution can alter (dis)assembly of the crystal, aggregation, and adhesion of 

crystals to tissues, thereby changing their potential immunogenicity (Poloni and Ward, 2014). 

Therefore, it will be important to test, if binding of opsonins like CRP or LDL could potentially 

influence the crystallization process of uric acid and other substances. 

It has been described before that crystals of distinct compositions and shapes all share the ability 

to stimulate neutrophils to release NETs (Li et al., 2018). Nevertheless, size and shape of crystals 

might play a role in the activation of other inflammatory mechanisms in immune cells. As 

mentioned above, all crystals tested induce IL-1 production, but the inhibitory effect of LDL-

coating was only observed for the bigger ones tested. In addition to the specific binding locations 

of CRP on the edges of MSU crystals, this could point to varying immunogenicity depending on 

(i) the presence of crystal coating molecules, (ii) the exact amount and/or location of bound 

proteins, and (iii) size and shape of the crystals. Crystal size is regarded as the main factor on 

potential phagocytosis. Unsuccessful uptake of large particles results in frustrated phagocytosis 

and can lead to enhanced cytokine production (Hernanz-Falcón et al., 2009; Rosas et al., 2008).  

Another example of distinct crystal immunogenicity is that CRP recognizes MSU crystals but not 

CPPD crystals – one of the most striking findings of this study. In an immune cell-free 

environment, like the synovial fluid, the influx of CRP may trigger sufficient complement 

activation to induce an inflammatory response in gout, but not in pseudogout. Intriguingly, CPPD 

crystals are regularly found in non-inflamed synovia, which is rarely the case for MSU crystals 

(Prof. Torsten Witte, personal communication). Together, these observations indicate a potentially 

higher immunogenicity of MSU than CPPD crystals.   
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5. Conclusion and Outlook 

In this study three different approaches were utilized to shed light on the poorly characterized 

recognition process of crystalline structures by the innate immune system. It was to be evaluated 

if crystals are recognized by similar innate recognition molecules or receptors as are microbes.  

The newly generated CLR library as well as the CRISPR/Cas9-mediated KO cell lines – albeit 

confirming known interactions – could not help to identify novel crystal recognition molecules. 

Nevertheless, both were produced with high quality, characterized well, and therefore remain 

useful molecular biological tools. The CLR library could potentially be deployed for further 

binding experiments of CLRs to a broad range of disease-associated crystals or other cellular 

structures. Monoclonal KO cell lines may be used to analyze the receptors influence on diverse 

cellular processes in the corresponding cell types. 

Both LC-MS approaches (individual protein-band identification and global screening) proved to 

be successful and a highly sensitive methodology for identification of crystal-binding proteins. 

These techniques could be used in the future to identify binding proteins to a broad range of 

crystalline structures and to understand common underlying mechanisms in the pathophysiology. 

Overall, these data suggest that the immune system does not seemingly have difficulty in 

recognizing crystalline structures. The binding of LDL, for instance, is so strong that it seems very 

unlikely to be purely by chance. Since crystals cannot adapt to their surroundings, they could 

potentially be much easier recognized than evolutionary changing microbes. The main issue of the 

immune system dealing with crystallopathies may be an overshooting immune response. In the 

beginning, the response is adequate, consisting of coating and receptor-mediated uptake. 

However, the immune cells cannot break down and dissolve the crystals. Instead, the 

phagolysosome is damaged, resulting in inflammasome activation (Hornung et al., 2008). This 

leads to an increased pro-inflammatory response, lysis of the cell, and release of the previously 

ingested crystals and damage-associated molecular patterns. When newly recruited immune cells 
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also fail to discard the crystals, the cycle starts from the beginning. This way, a well-intentioned 

action causes an over-stimulated immune system and strong inflammation. 

Altogether, this study shows that some proteins recognize crystals as specific as microbes (CRP, 

MARCO) while other proteins mask or coat crystals more generally (LDL). The identification of 

MARCO and LDLR as crystal receptors and CRP and LDL as natural coating (opsonin) for 

crystalline surfaces will be of great interest for researchers working on crystallopathies and inspire 

future studies. Knowing the involved receptors will presumably lead to more specific treatment 

options. However, for the time being, the inflammasome will likely remain the preferred target.  
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6.3. Abbreviations 

°C degree Celsius 

µg microgram 

µl microliter 

AF488 AlexaFluor 488 

AIM2 absent in melanoma 2 

Apo apolipoprotein 

ASC apoptosis-associated speck-like protein containing a CARD 

ATP adenosine triphosphate 

BSA bovine serum albumin 

C complement protein 

ca. circa 

CaCO3 calcium carbonate 

CaOx calcium oxalate 

CARD caspase activation and recruitment domain 

Cas9 CRISPR-associated protein 9 

CD cluster of differentiation 

CDC complement-dependent cytotoxicity 

Clec12A C-type lectin domain family 12 member A 

CLL-1 C-type lectin-like molecule 1 

CLR C-type lectin receptor 

COPD chronic obstructive pulmonary disease 

CPPD calcium pyrophosphate dihydrate 

CRISPR clustered regularly interspaced short palindromic repeats 

CRP C-reactive protein 

crRNA CRISPR-RNA 

DAMPs damage-associated molecular patterns 

dl deciliter 

DMEM Dulbecco’s Modified Eagle Medium 

DNA deoxyribonucleic acid 
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E. coli Escherichia coli 

e.g. for example; latin exempli gratia 

EDTA ethylendiamintetraacetat 

ELISA enzyme-linked immunosorbent assay 

et al. and others; latin et alli 

FACS fluorescence-activated cell sorting, flow cytometry 

FCS fetal calf serum 

Fig. Figure 

FSC forward scatter 

g gram 

GFP green fluorescent protein 

GM-CSF granulocyte-macrophage colony-stimulating factor 

gRNA guide RNA 

h hour 

h human 

i.e. that is; latin id est 

IgG immune globulin G 

IgM immune globulin M 

IL interleukin 

kb kilo base 

kDa kilo Dalton 

KO knock-out 

l liter 

LC-MS  liquid chromatography-mass spectrometry 

LDL low-density lipoprotein 

LDLR low-density lipoprotein receptor 

LRR leucine-rich repeat 

M molar (g/mol) 

m murine 

MAC membrane attack complex 

MARCO macrophage receptor with collagenous structure 
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MASP MBL-associated serine proteases 

MBL mannose-binding lectins 

M-CSF  macrophage colony-stimulating factor 

mg milligram 

MICL myeloid inhibitory C-type lectin-like receptor 

min minute 

ml mililiter 

mol amount of substance 

MSU monosodium urate 

NACHT conserved domain containing: NAIP (NLP family apoptosis inhibitor 
protein), CIITA (C2TA or MHC class II transcription activator), HET-E 
(incompatibility locus protein from Podospora anserina) and TEP1 (TP1 or 
telomerase-associated protein) 

NETs  neutrophil extracellular traps 

NF-B  nuclear factor B 

NLRP inflam. NACHT, LRR, and PYD domains–containing protein 3 inflammasome  

NOD  nucleotide-binding oligomerization domain 

NSAIDs nonsteroidal anti-inflammatory drug 

PAGE  polyacrylamide gel electrophoresis 

PAMPs pathogen-associated molecular patterns 

PBMC  peripheral blood mononuclear cell  

PBS phosphate buffered saline 

PC-agarose phosphorylcholine coupled to agarose 

PCR  polymerase chain reaction 

PRR pattern recognition receptor 

PYD pyrin domain 

RLU relative light unit 

RNA ribonucleic acid 

ROS reactive oxygen species 

rpm rounds per minute 

RT room temperature (20°C) 

S. aureus Staphylococcus aureus 
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SDS sodium dodecyl sulfate  

SR scavenger receptor 

SSC sideward scatter 

Tab. Table 

TiO2 titanium dioxide 

TLR Toll-like receptors 

TNF-  tumor necrosis factor  

vs. versus 

WT wild type 

xg multiple acceleration of gravity (9.81 m/s²) 
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