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Abstract  25 

Background and aims: Cholesterol crystal (CC)-induced inflammation is a critical step in the 26 

development of atherosclerosis. CCs activate the complement system and induce an inflammatory 27 

response resulting in phagocytosis of the CCs, production of reactive oxygen species (ROS) and 28 

release of cytokines. The cyclodextrin 2-hydroxypropyl-β-cyclodextrin has been found to reduce 29 

CC-induced complement activation and induce regression of established atherosclerotic plaques in a 30 

mouse model of atherosclerosis, thus inhibition of complement with cyclodextrins is a potential 31 

new strategy for treatment of inflammation during atherosclerosis. We hypothesized that other 32 

cyclodextrins, like α-cyclodextrin, may have related functions.   33 

Methods: The effect of cyclodextrins on CC-induced complement activation, phagocytosis, and 34 

production of ROS from granulocytes and monocytes was investigated by flow cytometry and 35 

ELISA.  36 

Results: We showed that α-cyclodextrin strongly inhibits CC-induced complement activation by 37 

inhibiting binding of the pattern recognition molecules C1q (via IgM) and ficolin-2. The reduced 38 

CC-induced complement activation mediated by α-cyclodextrin resulted in reduced phagocytosis 39 

and reduced ROS production in monocytes and granulocytes. Alpha-cyclodextrin was the most 40 

effective inhibitor of CC-induced complement activation, with the reduction in deposition of 41 

complement activation products being significantly different from the reduction induced by 2-42 

hydroxypropyl-β-cyclodextrin. We also found that α-cyclodextrin was able to dissolve CCs.  43 

Conclusions: This study identified α-cyclodextrin as a potential candidate in the search for 44 

therapeutics to prevent CC-induced inflammation in atherosclerosis.   45 

 46 

 47 

 48 
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 50 

Introduction 51 

Atherosclerosis is a chronic inflammatory disease caused by accumulation of lipids, cholesterol, and 52 

inflammatory cells in the vessel wall. Lipid-lowering medications are used to reduce the risk of 53 

developing cardiovascular diseases and stroke caused by atherosclerosis, but the response to lipid-54 

lowering medications varies widely among individuals and this leaves the patients with a 55 

considerable residual risk of death due to cardiovascular disease in spite of the treatment1.  56 

 57 

Cholesterol crystals (CCs), found in extracellular spaces and within macrophages in both early and 58 

late atherosclerotic plaques, are an important trigger of the inflammation in atherosclerosis2–5. CCs 59 

trigger an innate immune response by activation of the three complement pathways resulting in 60 

opsonization of CCs by C3b/inactivated C3b (iC3b) and production of the anaphylatoxins C3a and 61 

C5a6–9. This causes a downstream inflammatory response where the CCs are phagocytosed by 62 

granulocytes and monocytes and results in production of reactive oxygen species (ROS), activation 63 

of the NLRP3 inflammasome, and induction of a cytokine response3,10–12.  In vivo, complement 64 

activation in atherosclerotic lesions has been observed13–16, and we have shown that CCs are co-65 

localized with complement pattern recognition molecules (PRMs) and activations products in 66 

atherosclerotic plaques9. Thus, preventing CC-induced inflammation by inhibiting complement 67 

activation or increasing removal of CCs could be a potential new treatment of atherosclerosis.  68 

Recently, a member of the cyclodextrin (CD) family – 2-hydroxypropyl-β-cyclodextrin (2HPBCD) 69 

– was found to reduce atherogenesis and induce regression of established plaques in a mouse model 70 

of atherosclerosis17. 2HPBCD reduced CC-induced inflammation by inhibiting initiation of the 71 

complement system in human whole blood18. CDs are cyclic oligosaccharides, made up of six, 72 
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seven, or eight α-D-glucopyranose units corresponding to the native cyclodextrins: alpha-73 

cyclodextrin, beta-cyclodextrin, and gamma-cyclodextrin respectively. The cyclodextrins have the 74 

shape of a truncated cone and form inclusion complexes with a wide range of molecules e.g. lipids, 75 

carbohydrates, proteins and nucleic acids19. To our knowledge, the effect of the other native CDs: 76 

α-cyclodextrin and γ-cyclodextrin and their hydroxy-propylated derivates on CC-induced 77 

complement activation has not previously been described.  78 

We therefore decided to screen a panel of cyclodextrins (CDs): α-cyclodextrin (ΑCD); 2-79 

hydroxypropyl-α-cyclodextrin (2HPΑCD); 2-hydroxypropyl-γ-cyclodextrin (2HPGCD), and to 80 

compare them to the previously described 2HPBCD18 in relation to their ability to inhibit CC-81 

induced inflammation. Native β-cyclodextrin and γ-cyclodextrin was not included due to their low 82 

solubility in aqueous solutions. The specific objectives were to determine if the CDs inhibited CC-83 

induced complement activation and if this lead to changes in the downstream inflammatory 84 

response measured as phagocytosis of CCs and production of ROS in granulocytes and monocytes. 85 

Furthermore, we wanted to investigate if the CDs dissolved CCs.  86 

 87 

Materials and methods 88 

Reagents 89 

Ultrapure cholesterol (C8667), 1-propanol (279544), bovine serum albumin (BSA) (A2153), human 90 

serum albumin (HSA) (A9731), alpha-cyclodextrin (C4680), 2-hydroxypropyl-alpha-cyclodextrin 91 

(390690), 2-hydroxypropyl-beta-cyclodextrin (C0926), methyl-beta-cyclodextrin (MBCD) (C4555), 92 

2-hydroxypropyl-gamma-cyclodextrin (H125) were purchased from Sigma-Aldrich. EDTA 93 

(324503) was purchased from Calbiochem. Streptavidin-HRP was from GE Healthcare (RPN1231), 94 

TMB One was from Kem-En-Tec Diagnostics, lysing buffer was from DAKO (S2364), hirudin 95 

vials was from Roche (06675751), and PHAGOBURSTTM kit was from BD Biosciences (341058). 96 
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The C3 inhibitor compstatin Cp40 was provided from Professor John D. Lambris (University of 97 

Pennsylvania)20.  98 

 99 

Commercial antibodies: Rabbit anti-C3c polyclonal antibody (pAb) (DAKO, A0062), rabbit anti- 100 

C4c pAb (DAKO, Q0369), rabbit anti-C1q pAb (DAKO, A136), rabbit anti-IgM pAb (DAKO, 101 

A0425), rabbit anti-IgA pAb (DAKO, A0262), mouse anti-C5b-9 monoclonal antibody (mAb) 102 

(IgG2a) (Antibody Shop, 011-01), mouse-IgG2a isotype-control (BD Bioscience, M5409), rabbit-103 

IgG isotype-control (Invitrogen, 10500C), FITC-conjugated goat anti-rabbit pAb (Sigma-Aldrich, 104 

F1262), FITC-conjugated goat anti-mouse pAb (DAKO, F0479), HRP-conjugated donkey anti-105 

rabbit-IgG (GE Healthcare, NA934V), anti-CD14-PE (BD, 345785), and anti-CD45-FITC/anti-106 

CD14-PE (BD, 342408).   107 

 108 

In house produced antibodies: mouse anti-C4c mAb clone 99-72-18, mouse anti-C3bc mAb clone 109 

BH6, mouse anti-C9 mAb clone aE11, mouse anti-C6 mAb clone 9C4, and mouse anti-ficolin-2 110 

mAb clone FCN219.  111 

 112 

Preparation of CCs 113 

CCs were prepared essentially as described by Samstad et al. (2014)11. Ultrapure cholesterol (200 114 

mg) was dissolved in 1-propanol (100 ml). Distilled water (150 ml) was added to the solution and it 115 

was left undisturbed for 15 min for the crystals to stabilize. The solution was centrifuged for 15 min 116 

at 3000xg and the pellet was left to dry. All steps were performed at room temperature (RT). The 117 

CCs were resuspended in PBS/0.05% HSA and stored at 4 °C in the dark. 118 

 119 

 120 
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Collection of hirudin plasma 121 

A pool of normal human plasma was obtained by drawing venous blood from eight healthy donors 122 

(four male and four female donors) into hirudin vials. Plasma was collected by centrifugation at 123 

2000xg for 15 min, pooled, and stored at -80 °C, awaiting further analysis.  124 

 125 

Flow cytometry 126 

Samples were analysed by flow cytometry using a Gallios flow cytometer (Beckman Coulter) and 127 

data were analysed using Kaluza software.  128 

 129 

Complement deposition on CCs 130 

Complement deposition on CCs from plasma was assessed by flow cytometry. CCs (1 x 10^6 131 

particles/ml) were incubated with 10% hirudin plasma ± 2.5 mM, 5 mM or 10 mM ACD, 2HPACD, 132 

2HPBCD, 2HPGCD or 20 µM C3 inhibitor compstatin Cp40 (30 min at 37 °C). Deposition of 133 

C4b/iC4b and C3b/iC3b was detected using 0.1 µg/ml rabbit anti-C4c or rabbit anti-C3c (30 min at 134 

4 °C), followed by 2 µg/ml FITC conjugated goat anti-rabbit (20 min at 4 °C). C5b-9 deposition 135 

was detected using 2 µg/ml mouse anti-C5b-9 (30 min at 4 °C), followed by 2.5 µg/ml FITC 136 

conjugated goat anti-mouse (20 min at 4 °C). CCs were washed in barbital buffer (5 mM barbital 137 

sodium, 145 mM NaCl, 2 mM CaCl2, 1 mM MgCl2, [pH 7.4])/0.5% heat inactivated fetal calf 138 

serum (HI-FCS) after each step. 139 

 140 

Binding of C1q, ficolin-2, IgM, and IgA to CCs 141 

Binding of C1q, ficolin-2, IgM, and IgA to CCs from plasma was assessed by flow cytometry. CCs 142 

(1 x 10^6 particles/ml) were incubated with 5% hirudin plasma ± 10 mM ACD, 10 mM 2HPBCD, 143 

or 20 µM C3 inhibitor compstatin Cp40 (30 min at 37 °C). Binding of C1q, IgM, and IgA was 144 
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detected using 0.5 µg/ml rabbit anti-C1q, 1 µg/ml rabbit anti-IgM, or 1 µg/ml rabbit anti-IgA (30 145 

min at 4 °C), followed by 2 µg/ml FITC conjugated goat anti-rabbit (20 min at 4 °C). Ficolin-2 146 

binding was detected using 5 µg/ml mouse anti-ficolin-2 (30 min at 4 °C), followed by 2.5 µg/ml 147 

FITC conjugated goat anti-mouse (20 min at 4 °C). CCs were washed in barbital buffer/0.5% HI-148 

FCS after each step.  149 

 150 

Phagocytosis 151 

Hirudin whole blood (100 µl) ± 10 mM ACD, 10 mM 2HPBCD, or 20 µM C3 inhibitor compstatin 152 

Cp40 was incubated for 30 min at 37 °C with PBS or CCs (6 x 10^6 particles/ml). Cells were 153 

stained with anti-CD45-FITC/anti-CD14-PE (30 min at 4 °C) and red blood cells were lysed. 154 

Samples were washed in PBS and run on the flow cytometer. Granulocytes (CD14-medium) and 155 

monocytes (CD14-high) were gated based on CD45/CD14 expression. Phagocytosis was 156 

determined as a shift in side scatter induced by ingestion of CC and quantified as percentage of 157 

phagocytic cells in a gate.  158 

 159 

ROS production 160 

ROS were detected using PHAGOBURSTTM kit following the manufacturer’s protocol, with some 161 

modifications. Hirudin whole blood (100 µl) ± 10 mM ACD, 10 mM 2HPBCD, or 20 µM C3 162 

inhibitor compstatin Cp40 was incubated for 10 min at 37 °C with PBS or CCs (6 x 10^6 163 

particles/ml). Samples were stained with 20 µl dihydrorhodamine-123 (DHR-123) substrate and 164 

incubated for 10 min at 37 °C. Red blood cells were lysed and cells were fixed using the 165 

PHAGOBURSTTM kit reagent F. Cells were washed in PHAGOBURSTTM kit reagent A, stained 166 

with anti-CD14-PE for 15 min at RT, washed in PHAGOBURSTTM kit reagent A and run on the 167 

flow cytometer. Granulocytes (CD14 medium) and monocytes (CD14 high) were gated based on 168 
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CD14 expression. Gating was performed on CD14/side scatter dot plots. ROS production was 169 

quantified as: percentage of phagocytic cells producing ROS (able to convert DHR-123 into 170 

rhodamine-123 (R-123)) or enzymatic activity (MFI, amount of R-123 per cell).  171 

 172 

Dissolution of CC 173 

CCs (2 x 10^6 particles/ml) were incubated with barbital buffer/50% hirudin plasma ± 10 mM 174 

ACD, 2HPBCD, or MBCD for 0-48 h at 37 °C, shaking. The CCs were washed in barbital 175 

buffer/0.5% BSA and run on the flow cytometer. The number of CCs dissolved by the different 176 

CDs were assessed as percentage in a gate compared to the whole sample. The gate was determined 177 

from a sample containing no CCs. 178 

 179 

ELISA 180 

Fluid phase complement activation products C4c, C3bc, and soluble C5b-9 181 

Fluid phase complement activation products C4c, C3bc, and soluble C5b-9 (sC5b-9) were measured 182 

in hirudin plasma after incubation with CCs. 50% hirudin plasma was incubated with PBS or CCs 183 

(4.0 x 10^6 particles/ml) ± 10 mM ACD, 10 mM 2HPBCD, or 20 µM C3 inhibitor compstatin Cp40 184 

and incubated 30 min at 37 °C. The samples were then centrifuged for 5 min at 2000xg and the 185 

supernatants were stored at -80 °C until analysis. The levels of complement activation products 186 

were measured in previously described sandwich ELISAs21–23.  187 

 188 

Statistical analysis 189 

GraphPad Prism version 7 was used for statistical analysis. Data are expressed as mean ± SEM. Fig. 190 

1 and 5: Statistical analysis was performed on three independent experiments using 2-way ANOVA 191 

with Bonferroni’s multiple comparison correction. p < 0.05 was considered statistically significant. 192 
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Multiplicity adjusted p-values: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001. Fig. 2 and 193 

4: Statistical analysis was performed on three independent experiments using paired t-test. P < 0.05 194 

was considered statistically significant. * p ≤ 0.05; ** p ≤ 0.01.  195 

 196 

Ethical approval 197 

The study was approved by the regional health ethics committee in the Capital Region of 198 

Denmark (reference no. H2-2011-133) and conducted in accordance with the principles of the 199 

Declaration of Helsinki. All participants signed a written informed consent. 200 

 201 

 202 

Results 203 

ACD dose-dependently inhibits deposition of complement activation products C4b/iC4b, C3b/iC3b, 204 

and C5b-9 on CCs 205 

The effect of the CDs on CC-induced complement activation was examined by flow cytometry by 206 

measuring deposition of complement activation products (C4b/iC4b, C3b/iC3b, and C5b-9) on CCs. 207 

We found that ACD significantly and dose-dependently reduced complement deposition on CCs 208 

(Fig. 1). ACD was the most effective inhibitor of CC-induced complement activation compared to 209 

the previously described 2HPBCD18. The effect of ACD on reducing the deposition of complement 210 

activation products was statistically significant different from the effect of 2HPBCD using 5 mM or 211 

10 mM ACD vs. 2HPBCD measuring C4b/iC4b and C3b/iC3b deposition, and 2.5 mM and 5 mM 212 

ACD vs. 2HPBCD measuring C5b-9. 2HPACD and 2HPGCD had partial complement inhibitory 213 

effects when used in a concentration of 5 or 10 mM, but the inhibitory effects were not as good as 214 

for ACD and 2HPBCD. In the remaining experiments only ACD and 2HPBCD were used, since 10 215 
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mM ACD were most effective in reducing CC-induced complement activation and 2HPBCD was 216 

included as a basis for comparison with ACD. 217 

 218 

ACD inhibits generation of fluid phase complement activation products C4c, C3bc, and sC5b-9 in 219 

plasma incubated with CCs 220 

To investigate if the CDs were specific inhibitors of CC-induced complement activation and not 221 

inhibitors of general/systemic in vitro complement activation, we measured fluid phase complement 222 

activation products in plasma incubated with CDs with/without CCs. ACD significantly reduced 223 

CC-induced complement activation assessed as the level of complement activation products C4c, 224 

C3bc, and sC5b-9 (Fig. 2). The effect of ACD on reducing the CC-induced generation of fluid 225 

phase complement activation products was significantly different from the effect of 2HPBCD 226 

(significant difference measuring C4c and C3bc), confirming the results from Fig. 1 and suggesting 227 

that ACD is a more effective inhibitor of CC-induced complement activation than 2HPBCD. The 228 

complement inhibitory effect of ACD and 2HPBCD was CC-specific as the CDs had no 229 

complement inhibitory effects on complement activation in plasma without CCs incubated for 30 230 

min at 37 °C (Fig. 2). As expected, the C3 inhibitor – compstatin – significantly inhibited both CC-231 

induced complement activation (C3bc and sC5b-9) and complement activation in plasma without 232 

CCs incubated for 30 min at 37 °C (Fig. 2).  233 

 234 

ACD inhibits binding of C1q, ficolin-2, IgM, and IgA to CCs 235 

Complement activation on CCs is initiated by the complement PRMs C1q (mediated by IgM) and 236 

ficolin-26–9,18. IgG does not bind to CCs9, however IgA binds to CCs18, but the role of IgA in CC-237 

induced complement activations is still unknown. We therefore examined if ACD reduced binding 238 

of C1q, ficolin-2, IgM, and IgA to CCs. ACD and 2HPBCD similarly reduced binding of C1q, 239 
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ficolin-2, IgM, and IgA to CCs (observed as a reduction in median fluorescence intensity (X-Med) 240 

compared to buffer) (Fig. 3). As expected, the C3 inhibitor – compstatin – did not reduce the 241 

binding of complement PRMs to the CCs (Fig. 3).  242 

 243 

ACD inhibits phagocytosis and production of ROS in granulocytes and monocytes 244 

Next, we investigated how the CDs effect phagocytosis and ROS production in granulocytes and 245 

monocytes (Fig. 4). We found that ACD significantly reduced phagocytosis and ROS production in 246 

granulocytes and monocytes. 2HPBCD reduced ROS production from granulocytes and monocytes, 247 

and reduced phagocytosis of CCs, although the reduction in phagocytosis was not statistically 248 

significant. Phagocytosis of CCs and ROS production from granulocytes and monocytes was 249 

primarily complement dependent since the complement inhibitor compstatin inhibited both. Taken 250 

together Fig. 1-4 show that the CDs ACD and 2HPBCD inhibit CC-induced complement activation 251 

by inhibiting binding of C1q (via IgM) and ficolin-2 to CCs and thereby inhibit phagocytosis of the 252 

CCs and CC-induced ROS production.  253 

 254 

ACD dissolves CCs over time 255 

The effect of ACD on CCs dissolution was examined by incubating CCs with 10 mM ACD (Fig. 5). 256 

As positive controls, 70% ethanol, 2HPBCD, and MBCD, known to dissolve cholesterol17,18,24, was 257 

included in this experiment. CCs were dissolved by incubation with ACD and 2HPBCD after 2-48 258 

h incubation (Fig. 5E). No statistical difference between the percentage of dissolved CCs was 259 

observed between CCs incubated with ACD or 2HPBCD at the 0-24 h timepoints. At the 48 h 260 

timepoint incubation of CCs with 2HPBCD resulted in a higher percentage of dissolved CCs 261 

compared to ACD (p < 0.01, not noted in Fig. 5). MBCD did dissolved CCs already after 0.5 h, 262 

although the difference compared to incubation with buffer/50% hirudin plasma did not reach 263 
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statistical significance until the 2 h timepoint (Fig. 5E). Compared to ACD and 2HPBCD, MBCD 264 

dissolved CCs more effectively from the 2 h timepoint (p < 0.0001 at 2h, 24h, and 48h compared to 265 

ACD or 2HPBCD, not noted in Fig. 5). CCs were, as expected, significantly dissolved after 0.5 h 266 

incubation with 70% ethanol and the percentage of dissolved CCs increased over time (Fig. 5E).  267 

 268 

Discussion 269 

In this study we examined how CC-induced inflammation in plasma and whole blood was affected 270 

by a panel of CDs: ACD, 2HPACD, 2HPGCD, and 2HPBCD. The results showed that ACD was a 271 

strong and specific inhibitor of CC-induced complement activation. Furthermore, ACD reduced 272 

CC-induced inflammation and dissolved CCs. These are important findings that could be the first 273 

steps in exploring the use of ACD as a potential substance to inhibit CC-induced inflammation 274 

during atherosclerosis.  275 

 276 

Both ACD and 2HPBCD specifically and dose-dependently inhibited CC-induced complement 277 

activation by preventing binding of the complement PRMs C1q (via IgM) and ficolin-2. ACD was a 278 

more effective inhibitor of complement activation than 2HPBCD, and in contrast to 2HPBCD, ACD 279 

inhibited phagocytosis of CCs as well as ROS production. The effects of 2HPBCD on CC-induced 280 

complement activation, phagocytosis, and ROS production found in this study were similar to what 281 

we have previously described18.  282 

In vivo, subcutaneous administration of 2HPBCD has been shown to prevent and induce regression 283 

of established atherosclerotic plaques in a mouse model of atherosclerosis where the mice were fed 284 

a cholesterol-rich diet17. 2HPBCD was shown to reduce CCs load in plaques, increase cholesterol 285 

transport, and decrease systemic inflammation17. The mechanism proposed is that 2HPBCD 286 
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activates the liver X receptor (LXR). This induces LXR-mediated transcriptional reprogramming 287 

improving cholesterol efflux and exerting anti-inflammatory effects17.  288 

In vivo, oral administration of ACD has been shown to reduce levels of proatherogenic lipoproteins 289 

and improve fatty acid profiles in LDLr-knock out (KO) mice fed a high-fat/high-cholesterol–290 

containing diet25. Furthermore, oral administration of ACD reduced atherosclerotic lesion size, with 291 

only minimal change in plasma lipids, but was associated with potential beneficial changes in gut 292 

flora in apoE-KO mice26. In humans, oral intake of ACD has also been shown to have beneficial 293 

effects. In obese type II diabetic patients, oral intake of ACD was shown to increase insulin 294 

sensitivity and to reduce LDL-cholesterol in the patients that begun the study with 295 

hypertriglyceridemia27. In overweight patients, oral intake of ACD reduced body weight and 296 

reduced LDL-cholesterol and total serum cholesterol28. In healthy individuals, oral administration 297 

of ACD reduced the blood level of small-LDL particles and fasting plasma glucose concentration29. 298 

No reduction in total cholesterol or LDL-cholesterol was observed in the healthy individuals, 299 

suggesting that the lipid lowering effect of ACD is more effective in dyslipidemic and obese 300 

populations29.  Thus, oral administration of ACD has been shown to have beneficial effects in 301 

mouse models of atherosclerosis and clinical studies on healthy individuals, overweight patients, 302 

and diabetic patients, but the effects of oral intake of ACD on atherosclerosis in humans remain to 303 

be investigated.  304 

 305 

When administered orally, ACD and 2HPBCD are well tolerated and are Generally Recognized As 306 

Safe (GRAS) by FDA. However, 2HPBCD, experimentally used to treat the rare neurodegenerative 307 

disorder Niemann-Pick Disease Type C (NPC), has recently been linked to significant hearing 308 

loss30. Hearing loss has been shown in several species including human, and occur as a result of 309 

both central and peripheral administration31–33. In a fatal disease, like NPC where no alternative 310 
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treatment options are available, 2HPBCD might be a relevant treatment option. However, in 311 

atherosclerosis, where alternative treatment opportunities exist, a possible side effect like hearing 312 

loss may be a major limiting factor in future use. Thus, the in vivo effects and possible side effects 313 

of subcutaneously or parenteral administered ACD, as an alternative to 2HPBCD, should be 314 

investigated in animal models of atherosclerosis and potentially in clinical trials, although 315 

nephrotoxicity of ACD has been observed in one study in rats34. To our knowledge no studies on 316 

side effects like hearing loss has been performed in healthy or atherosclerotic patients treated with 317 

2HPBCD or ACD. In this study we show that ACD dissolve CCs. Discoveries of CDs ability to 318 

dissolve CCs should be target for future research, because direct dissolution of CCs might be an 319 

additional beneficial effect of CDs in the treatment of atherosclerosis. Some limitations to this study 320 

should be mentioned. First, the results presented in this study were obtained from in vitro 321 

experiments, thus the effect of ACD in vivo remain to be investigated. Second, the plasma and 322 

whole blood samples used in the in vitro experiments were obtained from healthy individuals, but 323 

the results described are relevant to the clinical characteristics of patients with atherosclerosis. 324 

Therefore, a major limitation to the study design, is the lack of experiments using plasma and/or 325 

whole blood samples from patients with atherosclerosis or related pathologies, such as the 326 

metabolic syndrome, with clinical characteristics that could have had an impact on the results. 327 

Third, continuing treatment with a complement inhibition substance could lead to increased risk of 328 

infection, however, in our experiments ACD specifically inhibits only CC-induced complement 329 

activation and not complement in general.  Thus, we regard this as a targeted approach that will not 330 

influence systemic complement function per se.   331 

 332 

In conclusion, this study identifies ACD as an effective inhibitor of the upstream inflammatory 333 

response induced by CCs. CC-induced complement activation is a critical step in the development 334 
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of atherosclerosis, thus inhibition of complement with ACDs is a potential new substance to be used 335 

in the treatment of atherosclerosis. We showed superior complement inhibitory effects of ACD on 336 

CC-induced inflammation compared to 2HPBCD, but the anti-inflammatory effects of ACD in 337 

atherosclerosis in vivo remains to be elucidated and should be target for future research. 338 

 339 

Conflict of Interest:  340 

The authors declared they do not have anything to disclose regarding conflict of interest with 341 

respect to this manuscript. 342 

 343 

 344 

Financial support 345 

This work was supported by The Danish Hearth Foundation [16-R107-A6650-22966 to K.P.]; the 346 

Danish Research Foundation of Independent Research [DFF-6110-00489 to P.G.]; and the Sven 347 

Andersen Research Foundation to P.G. 348 

 349 

 350 

Author contributions 351 

KP: study design, experimental work, data interpretation, drafting the article, and final approval. 352 

SSB, EDB, M-OS, YP: experimental work, data interpretation, critical revision of the article, and 353 

final approval. TE and PG: study design, data interpretation, critical revision of the article, and final 354 

approval. 355 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

16 
 

 356 

Acknowledgements 357 

We thank Bettina Eide Holm for technical assistance. We also thank Professor John D. Lambris 358 

(University of Pennsylvania) for providing the C3 inhibitor compstatin Cp40.  359 

 360 

 361 

  362 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

17 
 

References 363 

1.  Piepoli MF, Hoes AW, Agewall S, Albus C, Brotons C, Catapano AL, Cooney M-T, Corrà 364 

U, Cosyns B, Deaton C, Graham I, Hall MS, Hobbs FDR, Løchen M-L, Löllgen H, Marques-365 

Vidal P, Perk J, Prescott E, Redon J, Richter DJ, Sattar N, Smulders Y, Tiberi M, Worp H 366 

BS. 2016 European Guidelines on cardiovascular disease prevention in clinical practice. Eur 367 

Heart J 2016;37:2315–2381.  368 

2.  Warnatsch A, Ioannou M, Wang Q, Papayannopoulos V. Neutrophil extracellular traps 369 

license macrophages for cytokine production in atherosclerosis. Science (80- ) 370 

2015;349:316–320.  371 

3.  Duewell P, Kono H, Rayner KJ, Sirois CM, Vladimer G, Bauernfeind FG, Abela GS, Franchi 372 

L, Nuñez G, Schnurr M, Espevik T, Lien E, Fitzgerald KA, Rock KL, Moore KJ, Wright SD, 373 

Hornung V, Latz E. NLRP3 inflammasomes are required for atherogenesis and activated by 374 

cholesterol crystals. Nature 2010;464:1357–1361.  375 

4.  Lim RS, Suhalim JL, Miyazaki-Anzai S, Miyazaki M, Levi M, Potma EO, Tromberg BJ. 376 

Identification of cholesterol crystals in plaques of atherosclerotic mice using hyperspectral 377 

CARS imaging. J Lipid Res 2011;52:2177–2186.  378 

5.  Small DM. George Lyman Duff memorial lecture. Progression and regression of 379 

atherosclerotic lesions. Insights from lipid physical biochemistry. Arterioscler Thromb Vasc 380 

Biol 1988;8:103–129.  381 

6.  Vogt W, Zabern I von, Damerau B, Hesse D, Lühmann B, Nolte R. Mechanisms of 382 

complement activation by crystalline cholesterol. Mol Immunol 1985;22:101–106.  383 

7.  Seifert PS, Kazatchkine MD. Generation of complement anaphylatoxins and C5b-9 by 384 

crystalline cholesterol oxidation derivatives depends on hydroxyl group number and position. 385 

Mol Immunol 1987;24:1303–1308.  386 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

18 
 

8.  Hammerschmidt DE, Greenberg CS, Yamada O, Craddock PR, Jacob HS. Cholesterol and 387 

atheroma lipids activate complement and stimulate granulocytes. A possible mechanism for 388 

amplification of ischemic injury in atherosclerotic states. J Lab Clin Med 1981;98:68–77.  389 

9.  Pilely K, Rosbjerg A, Genster N, Gal P, Pál G, Halvorsen B, Holm S, Aukrust P, Bakke SS, 390 

Sporsheim B, Nervik I, Niyonzima N, Bartels ED, Stahl GL, Mollnes TE, Espevik T, Garred 391 

P, Pal G, Halvorsen B, Holm S, Aukrust P, Bakke SS, Sporsheim B, Nervik I, Niyonzima N, 392 

Bartels ED, Stahl GL, Mollnes TE, Espevik T, Garred P. Cholesterol Crystals Activate the 393 

Lectin Complement Pathway via Ficolin-2 and Mannose-Binding Lectin: Implications for the 394 

Progression of Atherosclerosis. J Immunol 2016;196:5064–5074.  395 

10.  Rajamä Ki K, Lappalainen J, Rni KÖ, Vä Limä Ki E, Matikainen S, Kovanen PT, Eklund 396 

KK. Cholesterol Crystals Activate the NLRP3 Inflammasome in Human Macrophages: A 397 

Novel Link between Cholesterol Metabolism and Inflammation. PLoS One 2010;5.  398 

11.  Samstad EO, Niyonzima N, Nymo S, Aune MH, Ryan L, Bakke SS, Lappegård KT, Brekke 399 

O-L, Lambris JD, Damås JK, Latz E, Mollnes TE, Espevik T. Cholesterol crystals induce 400 

complement-dependent inflammasome activation and cytokine release. J Immunol J Immunol 401 

March 2014;15.  402 

12.  Niyonzima N, Halvorsen B, Sporsheim B, Garred P, Aukrust P, Mollnes TE, Espevik T. 403 

Complement activation by cholesterol crystals triggers a subsequent cytokine response. Mol 404 

Immunol Mol Immunol 2016;  405 

13.  Niculescu F, Rus HG, Vlaicu R. Activation of the human terminal complement pathway in 406 

atherosclerosis. Clin Immunol Immunopathol 1987;45:147–155.  407 

14.  Vlaicu R, Rus HG, Niculescu F, Cristea A. Immunoglobulins and complement components 408 

in human aortic atherosclerotic intima. Atherosclerosis 1985;55:35–50.  409 

15.  Vlaicu R, Niculescu F, Rus HG, Cristea A. Immunohistochemical localization of the terminal 410 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

19 
 

C5b-9 complement complex in human aortic fibrous plaque. Atherosclerosis 1985;57:163–411 

177.  412 

16.  Hansson GK, Holm J, Kral JG. Accumulation of IgG and complement factor C3 in human 413 

arterial endothelium and atherosclerotic lesions. Acta Pathol Microbiol Immunol Scand A 414 

1984;92:429–435.  415 

17.  Zimmer S, Grebe A, Bakke SS, Bode N, Halvorsen B, Ulas T, Skjelland M, Nardo D De, 416 

Labzin LI, Kerksiek A, Hempel C, Heneka MT, Hawxhurst V, Fitzgerald ML, Trebicka J, 417 

Björkhem I, Gustafsson J-Å, Westerterp M, Tall AR, Wright SD, Espevik T, Schultze JL, 418 

Nickenig G, Lütjohann D, Latz E, Robinson JG, Farnier M, Krempf M, Bergeron J, Luc G, et 419 

al. Cyclodextrin promotes atherosclerosis regression via macrophage reprogramming. Sci 420 

Transl Med 2016;8:333ra50.  421 

18.  Bakke SS, Aune MH, Niyonzima N, Pilely K, Ryan L, Skjelland M, Garred P, Aukrust P, 422 

Halvorsen B, Latz E, Damås JK, Mollnes TE, Espevik T. Cyclodextrin Reduces Cholesterol 423 

Crystal-Induced Inflammation by Modulating Complement Activation. J Immunol 2017;  424 

19.  Leclercq L. Interactions between cyclodextrins and cellular components: Towards greener 425 

medical applications? Beilstein J Org Chem 2016;12:2644–2662.  426 

20.  Zhang Y, Shao D, Ricklin D, Hilkin BM, Nester CM, Lambris JD, Smith RJH. Compstatin 427 

analog Cp40 inhibits complement dysregulation in vitro in C3 glomerulopathy HHS Public 428 

Access. Immunobiology 2015;220:993–998.  429 

21.  Garred P, Mollnes TE, Lea T. Quantification in enzyme-linked immunosorbent assay of a C3 430 

neoepitope expressed on activated human complement factor C3. ScandJ Immunol Blackwell 431 

Publishing Ltd; 1988;27:329–335.  432 

22.  Mollnes TE, Lea T, Frøland SS, Harboe M. Quantification of the terminal complement 433 

complex in human plasma by an enzyme-linked immunosorbent assay based on monoclonal 434 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

20 
 

antibodies against a neoantigen of the complex. Scand J Immunol Blackwell Publishing Ltd; 435 

1985;22:197–202.  436 

23.  Pilely K, Skjoedt M-O, Nielsen C, Andersen TE, Aabom AL, Vitved L, Koch C, Skjødt K, 437 

Palarasah Y. A specific assay for quantification of human C4c by use of an anti-C4c 438 

monoclonal antibody. J Immunol Methods 2014;405:87–96.  439 

24.  Szente L, Singhal A, Domokos A, Song B, Szente L, Singhal A, Domokos A, Song B. 440 

Cyclodextrins: Assessing the Impact of Cavity Size, Occupancy, and Substitutions on 441 

Cytotoxicity and Cholesterol Homeostasis. Molecules Multidisciplinary Digital Publishing 442 

Institute; 2018;23:1228.  443 

25.  Wagner EM, Jen KLC, Artiss JD, Remaley AT. Dietary α-cyclodextrin lowers low-density 444 

lipoprotein cholesterol and alters plasma fatty acid profile in low-density lipoprotein receptor 445 

knockout mice on a high-fat diet. Metabolism 2008;57:1046–1051.  446 

26.  Sakurai T, Sakurai A, Chen Y, Vaisman BL, Amar MJ, Pryor M, Thacker SG, Zhang X, 447 

Wang X, Zhang Y, Zhu J, Yang Z-H, Freeman LA, Remaley AT. Dietary α-cyclodextrin 448 

reduces atherosclerosis and modifies gut flora in apolipoprotein E-deficient mice. Mol Nutr 449 

Food Res 2017;61:1600804.  450 

27.  Grunberger G, Jen K-LC, Artiss JD. The benefits of early intervention in obese diabetic 451 

patients with FBCx: a new dietary fibre. Diabetes Metab Res Rev 2007;23:56–62.  452 

28.  Comerford KB, Artiss JD, Jen K-LC, Karakas SE. The Beneficial Effects α-Cyclodextrin on 453 

Blood Lipids and Weight Loss in Healthy Humans. Obesity 2011;19:1200–1204.  454 

29.  Amar MJA, Kaler M, Courville AB, Shamburek R, Sampson M, Remaley AT. Randomized 455 

double blind clinical trial on the effect of oral α-cyclodextrin on serum lipids. Lipids Health 456 

Dis 2016;15:115.  457 

30.  Crumling MA, King KA, Duncan RK. Cyclodextrins and Iatrogenic Hearing Loss: New 458 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

21 
 

Drugs with Significant Risk. Front Cell Neurosci 2017;11.  459 

31.  Ward S, O’Donnell P, Fernandez S, Vite CH. 2-Hydroxypropyl-β-Cyclodextrin Raises 460 

Hearing Threshold in Normal Cats and in Cats With Niemann-Pick Type C Disease. Pediatr 461 

Res 2010;68:52–56.  462 

32.  Crumling MA, Liu L, Thomas P V., Benson J, Kanicki A, Kabara L, Hälsey K, Dolan D, 463 

Duncan RK. Hearing Loss and Hair Cell Death in Mice Given the Cholesterol-Chelating 464 

Agent Hydroxypropyl-β-Cyclodextrin. PLoS One 2012;7.  465 

33.  Davidson CD, Fishman YI, An Pusk As I, Szem An J, As Sohajda T, Mccauliff LA, Sikora J, 466 

Storch J, Vanier MT, Szente L, Walkley SU, Dobrenis K, Purpura DP. Efficacy and 467 

ototoxicity of different cyclodextrins in Niemann–Pick C disease. Ann Clin Transl Neurol 468 

2016;3:366–380.  469 

34.  Frank DW, Gray JE, Weaver RN. Cyclodextrin nephrosis in the rat. Am J Pathol 470 

1976;83:367–382.  471 

 472 

 473 

 474 

 475 

 476 

 477 

 478 

 479 

  480 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

22 
 

Fig. 1: ACD dose-dependently inhibits deposition of complement activation products C4b/iC4b, 481 

C3b/iC3b, and C5b-9 on CCs.  482 

Plasma was incubated with CCs ± CDs. Deposition of complement activation products C4b/iC4b 483 

(A), C3b/iC3b (B), and C5b-9 (C) on CCs were measured by flow cytometry. Data are presented as 484 

mean + SEM, n=3. Statistical analysis was performed using 2-way ANOVA with Bonferroni’s 485 

multiple comparison correction; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001, **** p ≤ 0.0001 compared 486 

to CCs in buffer or otherwise indicated. CCs, cholesterol crystals; CD, cyclodextrins; ACD, alpha-487 

cyclodextrin; 2HPACD, 2-hydroxypropyl-alpha-cyclodextrin; 2HPBCD, 2-hydroxypropyl-beta-488 

cyclodextrin; 2HPGCD, 2-hydroxypropyl-gamma-cyclodextrin.489 

 490 

Fig. 2: ACD inhibits generation of fluid phase complement activation products C4c, C3bc, and 491 

sC5b-9 in plasma incubated with CCs.  492 

Plasma was incubated with PBS or CCs ± ACD (10 mM), 2HPBCD (10 mM), or compstatin (20 493 

µM). Fluid phase complement activation products C4c (A), C3bc (B), and sC5b-9 (C) were 494 

measured by ELISA. Data are presented as mean ± SEM with individual data points shown as dots, 495 

n=3. Statistical analysis was performed using paired t-test; * p ≤ 0.05; ** p ≤ 0.01 compared to 496 

buffer incubated with CCs or otherwise indicated. CCs, cholesterol crystals; ACD, alpha-497 

cyclodextrin; 2HPBCD, 2-hydroxypropyl-beta-cyclodextrin. 498 

499 

Fig. 3: ACD inhibits binding of C1q, ficolin-2, IgM, and IgA to CCs.  500 

Plasma was incubated with CCs ± ACD (10 mM), 2HPBCD (10 mM), or compstatin (20 µM). 501 

Deposition of C1q (A), ficolin-2 (B), IgM (C) and IgA (D) on CCs were measured by flow 502 

cytometry. Data shown are one representative of three independent experiments. CCs, cholesterol 503 
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crystals; ACD, alpha-cyclodextrin; 2HPBCD, 2-hydroxypropyl-beta-cyclodextrin; X-Med, Median 504 

fluorescence intensity.  505 

 506 

Fig. 4: ACD inhibits phagocytosis and production of ROS in granulocytes and monocytes.  507 

Whole blood ±ACD (10 mM), 2HPBCD (10 mM), or compstatin (20 µM) was incubated with PBS 508 

or CCs for 30 min (phagocytosis) or 10 min (ROS production) at 37 ˚C. Phagocytosis and 509 

generation of ROS was measured in granulocytes (A-C) and monocytes (D-F) by flow cytometry. 510 

ROS production was quantified as: percentage of phagocytic cells producing ROS or enzymatic 511 

activity (MFI, amount of R-123 per cell). Data are presented as mean ± SEM with individual data 512 

points shown as dots, n=3. Statistical analysis was performed using paired t-test; ns = not 513 

significant, * p ≤ 0.05; ** p ≤ 0.01 compared to cells in buffer incubated with CCs or otherwise 514 

indicated. CCs, cholesterol crystals; ACD, alpha-cyclodextrin; 2HPBCD, 2-hydroxypropyl-beta-515 

cyclodextrin.  516 

 517 

Fig. 5: ACD dissolves CCs over time.  518 

(A-D) Flow cytometer scatter plots of CCs incubated with buffer (A), 10 mM MBCD (B), or 70% 519 

EtOH (C) for 48 h. Dissolution of CCs was determined as percentage of CCs in gate A. Gate A was 520 

determined from a sample containing no CC (D). Data shown are one representative of three 521 

independent experiments. E: CCs were incubated with buffer with 50% plasma ± 10 mM CD for 0-522 

48 h. Dissolution of CCs was determined as described in A-D. Data are presented as mean ± SEM, 523 

n=3. Statistical analysis was performed using 2-way ANOVA with Bonferroni’s multiple 524 

comparison correction; ** p ≤ 0.01; **** p ≤ 0.0001 compared to CCs in buffer. CCs, cholesterol 525 

crystals; ACD, alpha-cyclodextrin; 2HPBCD, 2-hydroxypropyl-beta-cyclodextrin; MBCD, methyl-526 

beta-cyclodextrin; EtOH, ethanol.  527 
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 528 

Graphical abstract: Alpha-cyclodextrin reduces cholesterol crystal-induced inflammation in 529 

plasma and whole blood, by inhibiting binding of ficolin-2 and C1q via IgM, and is a potential 530 

candidate in the search for new strategies to prevent inflammation in atherosclerosis 531 

 532 
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