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Background: Calcineurin inhibitors (CNIs) are associated with nephrotoxicity,

endothelial cell dysfunction, and thrombotic microangiopathy (TMA). Evolving

evidence suggests an important role for complement dysregulation in the

pathogenesis of CNI-induced TMA. However, the exactmechanism(s) of CNI-induced

TMA remain(s) unknown.

Methods: Using blood outgrowth endothelial cells (BOECs) from healthy donors,

we evaluated the e�ects of cyclosporine on endothelial cell integrity. Specifically, we

determined complement activation (C3c and C9) and regulation (CD46, CD55, CD59,

and complement factor H [CFH] deposition) as these occurred on the endothelial cell

surface membrane and glycocalyx.

Results: We found that exposing the endothelium to cyclosporine resulted

in a dose- and time-dependent enhancement of complement deposition and

cytotoxicity. We, therefore, employed flow cytometry, Western blotting/CFH

cofactor assays, and immunofluorescence imaging to determine the expression of

complement regulators and the functional activity and localization of CFH. Notably,

while cyclosporine led to the upregulation of complement regulators CD46, CD55,

and CD59 on the endothelial cell surface, it also diminished the endothelial cell

glycocalyx through the shedding of heparan sulfate side chains. The weakened

endothelial cell glycocalyx resulted in decreased CFH surface binding and surface

cofactor activity.

Conclusion: Our findings confirm a role for complement in cyclosporine-

induced endothelial injury and suggest that decreased glycocalyx density, induced

by cyclosporine, is a mechanism that leads to complement alternative pathway

dysregulation via decreased CFH surface binding and cofactor activity. This

mechanism may apply to other secondary TMAs—in which a role for complement

has so far not been recognized—and provide a potential therapeutic target and an

important marker for patients on calcineurin inhibitors.

KEYWORDS

thrombotic microangiopathy, calcineurin inhibitors, cyclosporine, endothelium, heparan
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Introduction

Thrombotic microangiopathies (TMAs) are defined by their

common clinical features: microangiopathic hemolytic anemia

(MAHA), non-immune thrombocytopenia, and end-organ injury (1–

3). TMAs are systemic conditions with the potential for multi-organ

involvement, including the kidneys, the brain, the gastrointestinal

tract, the respiratory tract, and the skin. Crucial to the development

of TMA is injury to the microvascular endothelium. Injuries to

the endothelium post its activation lead to excessive platelet and

neutrophil recruitment and eventually to thrombus formation,

chronic inflammation, and organ failure (1, 4, 5). While complement

cascades are critical to mounting appropriate immune responses,

the regulation of their products is critical to maintaining host cell

integrity, notably for the vascular endothelium. Indeed, the loss of

complement regulation favors spontaneous complement activation,

resulting in endothelial injury and the formation of (micro-)thrombi

(5–7). Complement dysregulation is also increasingly recognized in

the pathogenesis of TMAs and is found in patients with various

forms of secondary comorbidities (i.e., TMA spectrum) (1, 8–

11).

The alternative pathway (AP) of complement is constitutively

active (spontaneous tick-over), resulting in a low, but constant,

level of circulating C3b in the plasma, which can bind to either

host cell or pathogen surfaces. Since C3b is free to coat and disrupt

surfaces without distinction, there are regulatory mechanisms

that tightly protect host cells from complement-mediated injury,

including membrane-associated proteins like membrane cofactor

protein (MCP/CD46), decay-accelerating factor (DAF/CD55),

and protectin (CD59) as well as the secreted protein complement

factor H (CFH), which circulates in human plasma at high

(200–300 ug/mL) concentrations (8, 12, 13). The density and

localization of these regulatory proteins represent one of the key

principles of complement control and are critical to maintaining

the integrity of self-surfaces such as the vascular endothelium.

Genetic mutations in CD46 or CFH, as well as the expression

of anti-CFH autoantibodies, result in excessive complement

activation—in particular via the alternative pathway—and increase

patient susceptibility to develop TMA via endothelial injury

(14–19). A number of additional mutations in complement

(modulator) genes, including C3 itself, complement factor B

(CFB), factor I (CFI), and thrombomodulin (THBD/CD141),

have also been linked to endothelial cell injury and TMAs. There

is, however, variable penetrance described in patient families

within a pedigree with complement mutations, implicating

a contribution from the environment as being necessary to

trigger TMA manifestations in a patient who is genetically

susceptible (“multiple-hit” hypothesis) (1, 8, 15). Among the

events that precede the onset of TMA, the most relevant are

respiratory and gastrointestinal tract infections and pregnancy

(16, 20). Secondary TMA can also occur post-transplant

when it is associated with antibody-mediated rejection and

immunosuppressive medications like calcineurin inhibitors (CNIs)

(9, 21–24).

Calcineurin inhibitors (CNIs) such as cyclosporine and

tacrolimus are highly effective immunosuppressive agents,

which are widely used to prevent allograft rejection in solid

organ and hematopoietic stem cell transplantation and to

treat autoimmune disorders. Their use is also associated with

adverse effects, such as hypertension, nephrotoxicity, vascular

injury, and the development of CNI-induced arteriolopathy,

which negatively impact patient and allograft survival (25–

32). In addition, CNIs are known to trigger post-transplant

TMA (28, 29, 31, 33). The possible cause for these adverse

effects, in particular TMA, in endothelial injury associated with

CNI use, secondary to vasoconstriction-associated ischemia,

increased platelet aggregation, and the activation of prothrombotic

factors (27).

Evolving evidence suggests an important role for complement

dysregulation in the pathogenesis of CNI-induced microvascular

endothelial cell injury, which is crucial for the development

of TMA (34, 35). Recently, CNI-mediated endothelial injury—

in particular in the glomerular capillaries—has been linked

to complement activation in vivo, and a central role of the

complement alternative pathway has been identified (34). The

exact mechanism, by which CNI induces complement activation,

however, remains poorly understood. Because cyclosporine use

is associated with vascular injury, development of TMA, and

nephrotoxicity, we examined whether cyclosporine exposure leads

to complement-mediated endothelial cell injury and investigated

the mechanism by which complement dysregulation is induced

in an in vitro model utilizing blood outgrowth endothelial

cells (BOECs).

Materials and methods

Patient samples

BOECs were isolated from the peripheral blood of two healthy

adult volunteers. Normal human serum (NHS) was derived from

three healthy adult volunteers.

Blood outgrowth endothelial cells

BOECs were isolated as previously described and cultured

in endothelial cell growth medium (cEGM-2: Endothelial

Basal Medium 2 [EBM-2] supplemented with growth

factors [EGM-2 BulletKit]) (Lonza, Walkersville, MD), 10%

fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis, MO),

and 1% antibiotic–antimycotic (Gibco, Invitrogen, Life

Technologies, Carlsbad, CA) (36, 37). Cells were maintained

at 37◦C, in an environment with 5% CO2. Passages 3–12

were used.

Cyclosporine treatment and complement
fixation on endothelial cells

BOECs grown to confluence were exposed to cyclosporine 10, 20,

50, or 100µg/ml in media for up to 24 h. Cyclosporine stock solution

(Sandimmune IV, Novartis Pharmaceuticals Canada Inc., Dorval,
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QC, 50 mg/ml) was kindly provided by the SickKids pharmacy. For

experiments involving complement fixation on BOECs, cells were

sequentially exposed to 50% NHS (1:1 in serum-free media [SFM])

for 30min. In experiments utilizing an antibody specifically blocking

the membrane-anchored complement regulator CD59 (BRIC229,

IgG2b, International Blood Group Reference Laboratory, NHS Blood

and Transplant, Bristol, UK), cells were incubated for 30min with

the blocking antibody (5µg/ml) prior to exposure to 50% NHS

(36, 38).

Detection of complement deposition on
endothelial cells

C3b and C5b-9 deposition on BOEC surfaces were demonstrated

by flow cytometry using a C3c antibody detecting the C3c portion

of native C3 and C3b (C3c-FITC conjugated antibody, Abcam,

ab4212, 1:50 dilution) and C9 (Complement Technologies Inc,

TX, A226, 1:100 dilution). Cells were grown to confluence

and exposed to cyclosporine treatment and complement

fixation as described. Cells were washed with phosphate-

buffered saline (PBS) and incubated with Fixable Viability

Dye eFluor780 (eBioscience, San Diego, CA, 1:1,000 dilution

reconstituted in PBS) at 4◦C for 30min. For flow cytometry,

cells were harvested by scraping and washed with PBS before use

(Supplementary material).

Assessment of Weibel–Palade body
mobilization and von Willebrand factor
release from endothelial cells

von Willebrand Factor release from BOECs was detected

via immunofluorescence as described previously (36). BOECs

treated with media for 24 h, followed by incubation with anti-

CD59 blocking antibody for 30min and 50% NHS/50% SFM

for 30min, were used as positive control and compared to

cells kept in media (negative control). Cells were then washed

and fixed with 2% paraformaldehyde and permeabilized with

0.2% Triton in PBS, followed by incubation with rabbit anti-

VWF (Dako, Carpinteria, CA, A0082, 1:1,000) and goat

anti-VE-cadherin (Santa Cruz Biotechnology, Dallas, TX,

sc-6458, 1:250) for 4 h. Alexa Fluor 488- and Alexa Fluor 555-

conjugated species-specific secondary antibodies were used at a

dilution of 1:1,000. Nuclei of cells were stained with 0.12µg/ml

Hoechst stain (Thermo Fisher Scientific, Waltham, MA) for

5 min.

Characterization of membrane-anchored
complement regulators

To determine the expression level of the membrane-anchored

complement regulators MCP/CD46, decay-accelerating factor

(DAF/CD55), and CD59 on BOECs, BOEC lysates were

utilized for flow cytometry and Western blotting analysis

(Supplementary material).

Detection of CFH binding to endothelial cell
surfaces

The binding of CFH to BOEC surfaces was demonstrated by

flow cytometry as described previously (39), using purified CFH

(CSL Behring, Marburg, Germany) tagged with Alexa Fluor 488

succinimidyl ester (10µg/mL, Life Technologies) for 1 h at room

temperature before being dialyzed overnight in PBS. Cells exposed

to 500 mU/mL neuraminidase (MilliporeSigma; N2876) were used

as the positive control. Cells were washed two times with PBS and

scraped off. Cells were then incubated with Fixable Viability Dye

eFluor780 at 4◦C for 30min. They were then washed with PBS and

resuspended in 100 µL PBS. Each sample was then incubated with 4

µg of Alexa Fluor 488-tagged CFH for 1min, after which 500–1,000

µL of Attune focusing fluid (Thermo Fisher Scientific, 4449791) was

added and assessed by flow cytometry (Supplementary material).

For immunofluorescence experiments, cells were cultured to

a minimum of 80% confluency on collagenized coverslips and

exposed to cyclosporine A as described. Cells exposed to 500

mU/mL Neuraminidase for 1 h and 0.5 U/mL Heparinase III

(H8891-5UN, Sigma-Aldrich, St. Louis, MO) for 30min were

used as positive controls. Cells were washed and fixed with 4%

paraformaldehyde, blocked for 1 h with 3% BSA, followed by

incubation with goat anti-Factor H (1:100, Complement Technology

Inc., TX; A237) and mouse anti-heparan sulfate (1:50, US

Biological Life Sciences, Salem, MA; H1890) overnight at 4◦C.

Goat Alexa Fluor 488 and Mouse Alexa Fluor 555 secondary

antibodies were used, respectively, at a dilution of 1:200 for 1 h

at room temperature. The nuclei of the cells were stained with

0.12µg/ml Hoechst stain (Thermo Fisher Scientific, Waltham,

MA) for 5min. Confocal microscopy was performed as detailed

in Supplementary material, and total fluorescence intensity was

measured using ImageJ software.

CFH surface cofactor activity assay

To determine CFH cofactor activity on BOEC surfaces, cells

exposed to 500 mU/mL neuraminidase for 1 h (Millipore Sigma;

N2876) were used as the positive control. Cofactor activity of surface-

bound CFH was detected as previously described (40). Cells were

incubated with 10µg/ml CFH (CSL Behring, Marburg, Germany)

at 37◦C for 1 h, 10µg/ml CFI (EMD Millipore Corp., MA, 341280)

and with 3.3µg/ml C3b (EMD Millipore Corp., MA, 204860).

The supernatant was collected at baseline and various subsequent

time points (up to 180min), and the samples were transferred

to a reduced sample buffer and separated by 10% SDS-PAGE.

The appearance of C3b degradation fragments was detected by

Western blotting (Figure 6). Primary goat anti-C3, 1:1,000 dilution

(Complement Technology Inc., TX, A213) with corresponding

secondary HRP-conjugated antibody at a dilution of 1:5,000 was used

for detection.

Imaging of glycocalyx

To image the endothelial glycocalyx, an Alexa Fluor 594-

conjugated wheat germ agglutinin (WGA, Thermo Fischer Scientific,

W11262, dilution 2µg/ml), anti-heparan sulfate antibody (Abcam,
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Cambridge, UK, ab23418, 1:100), and peanut agglutinin (PNA,

Vector Labs, Ontario, CA, FL-1071-5, 1:200) were used. Cells were

cultured to confluence on coverslips and exposed to cyclosporine

as described. Cells exposed to 500 mU/mL neuraminidase for 1 h

were used as a positive control in WGA and PNA experiments.

Cells exposed to 0.5 U/mL Heparinase III (H8891-5UN, Sigma-

Aldrich, St. Louis, MO) for 30min were used as a positive control

in heparan sulfate experiments. Cells were incubated with Alexa

Fluor 594-conjugated WGA for 5min on ice and washed two

times with ice-cold HBSS, and the coverslips were mounted in a

Chamlide magnetic chamber (Life Cell Instrument, Seoul, Korea)

and overlaid with media. Confocal microscopy was performed as

detailed in Supplementary material, and total fluorescence intensity

was measured using ImageJ software. For experiments using anti-

heparan sulfate and PNA, cells were washed and fixed with 2%

paraformaldehyde, followed by incubation with mouse anti-heparan

sulfate (1:100) and anti-PNA (1:100) for 1 h. Alexa Fluor 488-

conjugated species-specific secondary antibodies were used at a

dilution of 1:1,000. Nuclei of cells were stained with 0.12µg/ml

Hoechst stain (Thermo Fisher Scientific, Waltham, MA) for 5 min.

Statistics

Figures were generated with GraphPad Prism (Version 6.0c;

GraphPad Software, La Jolla, CA) and displayed as the mean and

standard deviation. Statistical analysis was performed via paired t-

test or two-way ANOVA with post-hoc analysis. A p < 0.05 was

considered statistically significant. In the figure legends, p-values are

presented as follows: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, and ∗∗∗∗p

< 0.0001.

Results

Cyclosporine causes endothelial cell injury
and complement deposition

The use of cyclosporine is associated with a vascular injury

in pathophysiological situations. We, therefore, tested whether

cyclosporine treatment of cultured BOECs caused endothelial

cell toxicity using an established lactate dehydrogenase (LDH)

assay for lytic cell death. We found that cyclosporine caused

cytotoxicity of BOEC cultures in a dose- and time-dependent

fashion (Supplementary Figure S1). Specifically, the acute (1 h)

treatment of BOECs with low concentrations (<50µg/mL) of

cyclosporine did not cause cell lysis, while a 24-h treatment

of the cells with cyclosporine used above 250µg/mL led to

lysis of nearly the entire culture. Intermediate concentrations of

cyclosporine (50µg/mL) caused ∼60% of the cells to rupture, and

lower concentrations of 10µg/ml did not lead to any detectable

LDH release (Supplementary Figure S1). We, therefore, chose to

treat BOECs within the range of 10µg/mL (non-lethal) and

50µg/mL (∼half-maximal lysis) concentrations of cyclosporine in

subsequent experiments.

To that end, confluent monolayers of BOECs were treated with

these concentrations of cyclosporine in medium containing 10%

fetal bovine serum (FBS) for 24 h and subsequently exposed to

50% NHS in serum-free medium (SFM) for 30min as established

in Supplementary Figure S1. Under these conditions, we found that

the treatment of BOECs with 50µg/ml of cyclosporine caused a

significant increase in complement C3 deposition (Figure 1A, MFI:

cyclosporine 50µg/mL 441.1 ± 67.1 vs. control 265.8 ± 50.1, n =

4, p = 0.023). Using lower doses of cyclosporine (10µg/ml), we

determined that the increased deposition of C3c was enhanced in

the absence of serum. Factors in the serum prevented C3c deposition

on the cyclosporine-treated BOEC cultures: >2.5% FBS prevented

C3c deposition, while at <0.5% FBS, significantly increased C3c was

detected on the surface of cyclosporine-treated cells (Figure 1B, MFI:

cyclosporine 10µg/mL in serum-free media 622.5± 32.72 vs. control

343.1± 65.84, n= 6, p < 0.01).

Inhibiting the function of CD59, a membrane-anchored

complement regulator, is an established means of sensitizing

complement fixation on endothelial cells. Blocking CD59 with

antibodies has the dual effect of complement induction mainly

via sensitization (classical pathway) but also through complement

amplification (alternative pathway) (36, 38, 41–43). We were

interested to examine whether cyclosporine had general effects

on the membrane topology that impact C3c deposition or if its

effect was via CD59. Using the same flow cytometry approach used

in Figure 1B, we found that blocking CD59 indeed led to a large

increase in C3c associated with the endothelial cells (Figure 1C).

However, cyclosporine treatment further increased C3 deposition

∼2-fold beyond the level achieved by blocking CD59 alone. This

effect was also observed for C5b-9 to an even greater extend fold

increase (Figure 1D). Thus, BOECs treated with cyclosporine had

a dose-dependent injury concomitant with increased complement

deposition that could be enhanced by the removal of serum or

complement regulators.

Cyclosporine induces von Willebrand factor
release from endothelial cells

Weibel–Palade bodies (WPBs) are endothelial storage granules

containing pro-hemostatic and pro-inflammatory molecules,

including VWF, P-selectin, interleukin-8, endothelin-1, and

angiopoietin-2 (44–46). As previously demonstrated by us and

others, WPBs are exocytosed upon endothelial cell injury and

activation to release their contents, which potentiates inflammatory

responses, vascular leakage, and leukocyte adhesion (36, 45, 47).

Given that cyclosporine resulted in endothelial cell injury and

complement deposition, we hypothesized that cyclosporine

treatment may also lead to the endothelial release of VWF.

Using the previously established protocol, we first showed that

complement activation indeed caused the release of intracellular

VWF (Supplementary Figure S2—positive control using anti-CD59

sensitization) (36). We then found that BOECs treated with

cyclosporine 10µg/mL had less intense staining of intracellular VWF

(Figure 2). Taken together, our results showed that cyclosporine

induces VWF release from BOECs.

Cyclosporine treatment leads to the
increased expression of
membrane-associated complement
regulators

The regulation of the alternative pathway of complement

activation is executed by a combination of fluid-phase (CFH and CFI)
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FIGURE 1

Cyclosporine causes complement deposition on endothelial cell surfaces, enhanced by serum starvation and anti-CD59 sensitization. Blood outgrowth

endothelial cells (BOECs) were incubated in cyclosporine (CsA) for 24h, followed by 50% NHS for 30min. Unless specified, cyclosporine was

reconstituted with media/10% FBS. C3c and C9 deposition on BOEC surfaces was detected by flow cytometry. Non-viable cells were excluded from

analysis with Fixable Viability Dye eFluor 780. (A) Incubating BOECs with cyclosporine 50µg/ml resulted in significantly higher C3c deposition (n = 4, p =

0.023, paired, two-tailed t-test). (B) Incubating BOECs with cyclosporine 10µg/ml reconstituted in media supplemented with decreasing amounts of FBS

resulted in significantly higher C3c deposition (n = 6, p < 0.01, paired, two-tailed t-test). (C) Addition of anti-CD59 antibody enhanced

cyclosporine-induced C3c deposition. Incubation of BOECs with cyclosporine 10µg/ml for 24h, followed by anti-CD59 antibody incubation for 30min,

prior to 50% NHS for 30min caused a significantly increased C3c deposition (n = 3, p = 0.023, two-way ANOVA, Sidak’s multiple comparison test). (D)

Addition of anti-CD59 antibody also enhanced cyclosporine-induced C9 deposition (n = 3, p = 0.013, two-way ANOVA, Sidak’s multiple comparison

test). In keeping with previous data, no increase in C9 deposition was detected when BOECs were incubated with media or cyclosporine 10µg/ml alone.

This *** signifies the degree of statistical significance as denoted by the p value in the figure and in the “Statistics” section in Materials & Methods.

and membrane-bound regulators (mainly MCP/CD46, DAF/CD55,

and CD59) that maintain the balance between complement activation

and inhibition (8, 13). Given that cyclosporine caused an increase in

complement activation on the surface of BOECs, it was conceivable

that cyclosporine decreased the expression of membrane-bound

complement regulators. We, therefore, assessed the expression of

MCP/CD46, DAF/CD55, and CD59 on the surface of BOECs after

their treatment with cyclosporine using flow cytometry, and the

total cell expression of these regulators by probing cell lysates with

Western blotting. We found that treatment of the BOECs with low

concentrations (10µg/mL) of cyclosporine resulted in the increased

surface and total cell expression of MCP/CD46, DAF/CD55,

and CD59 (Figure 3). Incubation with cyclosporine at higher

concentrations of cyclosporine (50µg/mL) resulted in a similar effect

(data not shown). Thus, the increased complement deposition on

the surface of cyclosporine-treated cells was not the result of the lost

expression of membrane-bound complement regulators.

Cyclosporine treatment leads to impaired
CFH binding and regulation on endothelial
cells

Since enhanced complement deposition induced by cyclosporine

occurred in the context of increased expression of membrane-bound

complement regulators, we hypothesized that cyclosporine may

instead impair CFH-mediated complement regulation. CFH is the

central circulating alternative pathway inhibitor, which competitively

prevents C3b deposition on cell surfaces, acts as a cofactor to

CFI to cleave surface-bound C3b, and accelerates the decay of the

C3bBb complex (48–50). To exert these functions, CFH is known

to be closely associated with endothelial surfaces via its multiple

glycosaminoglycan/sialic acid-binding domains (51–55).

To test whether cyclosporine impaired CFH binding, we pre-

treated BOECs with cyclosporine and then assessed the ability of the

cells to secure Alexa Fluor 488-conjugated CFH from the culture
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FIGURE 2

Cyclosporine causes endothelial cell release of Weibel–Palade bodies and its contents. (A–E) Von Willebrand factor (VWF) release from blood outgrowth

endothelial cells (BOECs) was detected via immunofluorescence. Control BOECs were treated with media for 24h. The experimental condition was with

BOECs treated with cyclosporine (CsA) 10µg/ml for 24h. BOECs were fixed with 2% paraformaldehyde and permeabilized with 0.2% Triton in

phosphate-bu�ered saline, followed by incubation with rabbit anti-VWF (1:1,000) and goat anti-VE-cadherin (1:250) for 4 h. Alexa Fluor 488 (green)- and

555 (red)-conjugated species-specific secondary antibodies were used at dilution of 1:1,000. Nuclei were stained with 0.12µg/ml Hoechst stain for 5min.

Images were taken using an IX81 inverted microscope (Olympus Corp., Tokyo, Japan) with a 60/1.35 oil immersion objective and a C9100-13

back-thinned EM-CCD camera (Hamamatsu Photonics, Hamamatsu City, Shizuoka Pref., Japan) with a CSU X1 spinning disk confocal scan head

(Yokogawa, Yokogawa Canada Inc., AB). Bar = 22µm. Treatment with cyclosporine 10µg/ml for 24h led to less intracellular VWF and less intense staining

of VE-cadherin (A–E) (n = 3, **p = 0.001, two-tailed t-test).

medium. The Alexa Fluor 488-labeled CFH was added for 1min

to live cells before their analysis by flow cytometry. We found that

incubation of BOECs with cyclosporine at 10µg/mL for 24 h caused

a significant reduction in CFH binding (Figures 4A, B, MFI control

386.3 ± 97.8 vs. cyclosporine 10µg/mL 78.3 ± 45.8, n = 3, p =

0.0078). A brief (1 h) treatment of the cells with neuraminidase

used at 500 mU/mL, an enzyme that cleaves terminal sialic acid

groups from glycoproteins, was used as a positive control. The

functionality of neuraminidase in cleaving sialic acid was confirmed

by live imaging with wheat germ agglutinin (WGA; see the section

below) and by CFH binding. Removal of sialic acids inhibited CFH

binding to the endothelium to nearly the same extent as cyclosporine

treatment (Figure 4B). This reduction in CFH binding on cells

treated with cyclosporine 10µg/mL for 24 h was also confirmed by

immunofluorescence (Figures 4C–L, MFI control 6.43 ± 0.44 vs.

cyclosporine 10µg/mL 3.03± 0.26, n= 3, p < 0.001).

Locally concentrating CFH to the membrane of the vascular

endothelium is critical for the protection of the membrane from

complement deposition. The activity of the CFH, once docked to

the endothelial surface, can subsequently be measured by assays

that determined the degradation of complement. We assessed the

functional consequences of the cyclosporine-induced reduction

in CFH binding to BOECs by employing a previously established

CFH surface cofactor activity assay (40). In this assay, endothelial

cell-bound CFH was used as the sole source of CFH. The incubation

of C3b with CFI and CFH results in C3b degradation with the

appearance of C3b fragments with molecular weights of 68 kDa

(C3b α’1), 43/46 kDa (C3b α’2), all of which can be detected

via the same Western blotting approach. We first assessed the

endogenous cofactor activity of the membrane-bound complement

regulator MCP/CD46 in the absence of CFH when exposed to media

(control) and various concentrations of cyclosporine (10, 50, and

100µg/mL). Degradation products were detectable after 90min,

with no detectable significant differences between cyclosporine

concentrations (Figure 5A, Supplementary Figures 3A, C, E, G, I).

Pre-incubation of BOECs with CFH resulted in the appearance of

C3b degradation products after 15min (Figure 5B), demonstrating

the expected significantly higher cofactor activity of CFH on

endothelial surfaces. However, when BOECs were pre-incubated

with neuraminidase followed by incubation with CFH and

subsequently with C3b and CFI in the absence of additional CFH,

degradation products were detectable only after 60min. This result

was in keeping with a lack of surface CFH in cells devoid of sialic

acids (Figure 5C).

We then assessed the effect of cyclosporine exposure on the

cofactor activity of surface-boundCFH. BOECs exposed to increasing

doses of cyclosporine (10, 50, and 100µg/mL for 24 h) demonstrated

a dose-dependent decrease in CFH cofactor activity as evidenced

by the later appearances of C3b degradation products: cyclosporine

10µg/mL after 45min, cyclosporine 50µg/mL after 45min, and

cyclosporine 100µg/mL after 90min (Figures 5D–F). Taken together,

we found decreased cofactor activity of CFH on BOECs pre-treated

with cyclosporine (Figure 5G).

Cyclosporine treatment weakens the
endothelium glycocalyx with reduced CFH
surface binding

CFH has been reported to bind to endothelial surfaces

via its glycosaminoglycan/sialic acid-binding domains (51–

55). Since removing sialic acids with neuraminidase ablated

CFH binding to the same extent as cyclosporine treatment, we

assessed whether cyclosporine exerted its inhibitory effects on

CFH binding via remodeling of the glycocalyx. We first stained
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FIGURE 3

Cyclosporine causes increased expression of membrane-bound complement regulators MCP/CD46, DAF/CD55, and CD59 on endothelial cell surfaces.

(A–F) Blood outgrowth endothelial cell (BOEC) surface membrane-bound complement regulators detected by flow cytometry. Non-viable cells were

excluded from analysis with Fixable Viability Dye eFluor 780. Graphical summary of median fluorescence intensity (MFI) from separate experiments (A–C)

with representative histograms (D–F). Compared to control, incubating BOECs in cyclosporine (CsA) 10µg/ml for 24h resulted in increased expression of

membrane-bound complement regulators on BOEC surfaces: (A, D) MCP/CD46 (n = 4, p = 0.03, paired, two-tailed t-test), (B, E) DAF/CD55 (n = 4, p =

0.005, paired, two-tailed t-test), and (C, F) CD59 (n = 4, p = 0.003, paired, two-tailed t-test). (G–L) Membrane-bound complement regulators

MCP/CD46, DAF/CD55, and CD59 in cell lysates by Western blot. Graphical summary of mean gray area of specified protein band normalized to loading

control from separate experiments (G–I) and Western blots (J–L). Compared to media, incubating BOECs in cyclosporine 10µg/ml for 24h resulted in

increased BOEC protein content of membrane-bound complement regulators: (G, J) MCP/CD46 (n = 3, p = 0.02, paired, two-tailed t-test), (H, K)

DAF/CD55 (n = 3, p = 0.02, paired, two-tailed t-test), and (I, L) CD59 (n = 3, p = 0.04, paired, two-tailed t-test). This * and ** signifies the degree of

statistical significance as denoted by the p value in the figure and in the “Statistics” section in Materials & Methods.

glycans/polysaccharides containing sialic acid and N-acetyl-D-

glucosamine using the lectin wheat germ agglutinin (WGA)

conjugated to Alexa Fluor 594. Of note, we imaged the cells live

as fixation resulted in a dramatic decrease in overall fluorescence.

To prevent endocytosis of the lectin, incubation with Alexa Fluor

594-WGA was performed in the cold (4◦C). We determined a

decrease in Alexa Fluor 594-WGA staining in BOECs treated

with neuraminidase used at 500 mU/mL for 1 h, with conditions

identical to those that inhibited CFH binding (Figures 5C, 6A, B:

MFI neuraminidase 18,459 ± 6,154 vs. control 32,525 ± 8,990, p <

0.0001). Treatment with cyclosporine at 10µg/mL also resulted in

less intense staining with Alexa Fluor 594-WGA when compared to

control (Figures 6C, D: MFI cyclosporine 10µg/mL 18,752 ± 6,154

vs. control 32,525 ± 8,990, p < 0.0001). The decrease in the WGA

signal in cyclosporine was more apparent in the clusters on the apical

surface of the endothelial cells and less visible at cell–cell junctions

(Figures 6A, C).

We further assessed whether cyclosporine had additional effects

on the endothelial glycocalyx, specifically on the surface density of

heparan sulfates. Heparan sulfates are covalently attached to the

proteoglycans process in the Golgi apparatus (e.g., syndecans and

glypicans). These side chains can be detected by immunostaining:

While the polysaccharides may not be immunogenic on their own,

in the context of proteoglycans, good antibodies have been generated

and made commercially available. We, therefore, immunostained

non-permeabilized control or cyclosporine-treated endothelial cells

with anti-heparan sulfate antibodies. When compared to control,

treatment with cyclosporine used at 10µg/mL resulted in an ∼60%

decrease in the intensity of heparan sulfate per cell (Figures 6E–N:

MFI cyclosporine 10µg/mL 3.01 ± 0.36 vs. control 9.30 ± 1.04,

p < 0.0001). Heparinase III, a polysaccharide lyase that degrades

heparan sulfate, was used as the positive control, which led to a

similar decrease in the intensity of heparan sulfate (Figures 6H–J, N:

MFI heparinase III 3.19 ± 0.41 vs. control 9.30 ± 1.04, p < 0.0001).
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FIGURE 4

Cyclosporine causes reduced complement factor H binding on surfaces of endothelial cells. Alexa Fluor 488-conjugated complement factor H (CFH)

binding on blood outgrowth endothelial cell (BOEC) surface was assessed by flow cytometry (A, B). Non-viable cells were excluded from analysis with

Fixable Viability Dye eFluor 780. Representative histogram (A) and graphical summary of mean fluorescence intensity from separate experiments (B).

Compared to control (no cyclosporine), incubating BOECs in cyclosporine (CsA) 10µg/ml for 24h resulted in reduced CFH binding on BOEC surface (n =

3, **p = 0.0078, paired, two-tailed t-test). Treatment with neuraminidase 500 mU/ml, which cleaves sialic acid groups from glycoproteins, also resulted in

reduced CFH binding on BOEC surface (n = 3, *p = 0.0087, paired, two-tailed t-test). CFH was also assessed by immunofluorescence (C–L).

Representative images (C–K) and mean fluorescence intensity from three sets of experiments with 10 representative images taken per condition (each

dot represents 1 image) were measured with ImageJ and summarized (L). Compared to control, incubating BOECs in CsA 10µg/ml for 24h resulted in

reduced CFH binding on BOEC surface (n = 3, ***p < 0.001, paired, two-tailed t-test)

Treatment with cyclosporine 10µg/mL and heparinase III led to a

similar decrease in CFH (Supplementary Figure S4:MFI cyclosporine

10µg/mL 3.03 ± 0.26 vs. heparinase III 4.11 ± 0.20 vs. control 6.43

± 0.44, p < 0.0001).

Finally, the modifications to the glycocalyx upon cyclosporine

treatment could be the result of overactive hydrolases (i.e.,

glycosidases or proteases) or the result of mistrafficking and

expression of proteoglycans and glycoproteins. To determine

whether surface glycoproteins in cyclosporine-treated cells were

devoid of sialic acids, we used a lectin, peanut agglutinin (PNA),

that recognizes exposed, terminal galactose sugars. We found that

cyclosporine-treated cells did not have cleaved sialic acids from
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FIGURE 5

Cyclosporine causes impaired complement factor H regulation on surfaces of endothelial cells. (A–F) Cyclosporine (CsA) leads to impaired complement

factor H (CFH) surface cofactor activity detected by a CFH surface cofactor activity assay. Blood outgrowth endothelial cells (BOECs) were incubated with

C3b 3.3µg/ml and complement factor I (CFI) 10µg/ml at 37 degrees Celsius, with or without pre-incubation with CFH 10µg/ml at 37 degrees Celsius.

The appearance of C3b degradation fragments was analyzed by Western blotting (representative Western blots are shown in (A–F). (A) Endogenous

cofactor activity on BOEC without CFH. BOECs were incubated with C3b and CFI at 37 degrees Celsius. Degradation products (α’68, α’46, and α’43 kDa

fragments of the C3b α’ chain) were detectable after 90min and increased with time. (B) Cofactor activity of CFH on the surface of BOEC. BOECs were

pre-incubated with CFH for 1 h at 37 degrees Celsius and thoroughly washed, prior to incubation with C3b and CFI at 37 degrees Celsius. Degradation

products were detectable after 15min. (C) Cofactor activity of CFH on the surface of neuraminidase-treated BOEC. Neuraminidase cleaves sialic acid

groups from cell surfaces. BOECs were pre-incubated with neuraminidase 500 mU/ml for 1 h followed by CFH for 1 h at 37 degrees Celsius, prior to

being thoroughly washed and incubated with C3b and CFI at 37 degrees Celsius. Degradation products were detectable after 60min. (D–F) Cofactor

activity of CFH on the surface of cyclosporine-treated BOEC. BOECs were pre-incubated with (D) cyclosporine 10µg/ml, (E) cyclosporine 50µg/ml, and

(F) cyclosporine 100µg/ml for 24h. They were then incubated with CFH for 1 h at 37 degrees Celsius, and C3b degradation products were detectable: (D)

cyclosporine 10µg/ml after 45min, (E) cyclosporine 50µg/ml after 45min, and (F) cyclosporine 100µg/ml after 90min. These results suggest that

cyclosporine causes impaired CFH binding and regulation on surfaces of BOECs. (G) Graphical presentation of CFH surface cofactor activity assay

experiments. For statistical analysis, we formulated a ratio of the mean gray value of the α’2 46 kDa band with the mean gray value of the α’110 kDa band.

An increased ratio indicates that the α’ chain was cleaved into its split products, indicative of C3b inactivation. There was a significant reduction in CFH

cofactor activity on the surfaces of BOECs treated with cyclosporine when compared with control (n = 4, p < 0.005 for control vs. cyclosporine 10µg/ml

from 90min onwards; p < 0.04 for control vs. cyclosporine 50µg/ml from 90min onwards; p < 0.03 for control vs. cyclosporine 100µg/ml from 45min

onwards; p < 0.001 for control vs. neuraminidase 500 mU/ml from 60min onwards paired, two-tailed t-test).
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FIGURE 6

Cyclosporine causes breakdown of endothelial cell glycocalyx. (A–D) Live cell imaging of blood outgrowth endothelial cell (BOEC) glycocalyx with Alexa

Fluor 594-conjugated wheat germ agglutinin (WGA). When compared to BOECs treated with (A) media for 24h (control), BOECs treated with (B)

neuraminidase 500 mU/ml for 1 h and (C) cyclosporine (CsA) 10µg/ml for 24h were less intensely stained with WGA. Mean fluorescence intensity from

three sets of experiments with 10 representative images taken per condition (each dot represents 1 image) was measured with ImageJ and summarized

in (D). There was a significant reduction in mean fluorescence intensity of WGA staining on BOECs treated with cyclosporine (n = 3, ***p < 0.0001,

two-tailed t-test). Bar = 22µm. (E–X) Heparan sulfate and PNA were detected via immunofluorescence. Control BOECs were treated with media for 24h,

BOECs treated with neuraminidase 500 mU/ml for 1 h were used as positive control for PNA experiments, and BOECs treated with heparinase III 0.5 U/ml

for 30min were used as positive control for heparan sulfate experiments. BOECs were fixed with 2% paraformaldehyde, followed by incubation

(Continued)
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FIGURE 6 (Continued)

with mouse anti-heparan sulfate (green) and anti-PNA (green). Images were taken using an IX81 inverted microscope (Olympus Corp., Tokyo, Japan) with

a 60/1.35 oil immersion objective and a C9100-13 back-thinned EM-CCD camera (Hamamatsu Photonics, Hamamatsu City, Shizuoka Pref., Japan) with a

CSU X1 spinning disk confocal scan head (Yokogawa, Yokogawa Canada Inc., AB). Bar = 22µm. When compared to control, treatment with cyclosporine

10µg/ml for 24h led to reduction in heparan sulfate (E–N) (n = 3, 10 representative images taken per condition, ***p < 0.0001, two-tailed t-test) but

similar staining with PNA (O–X) (n = 3, 5 representative images taken per condition, ***p < 0.001, two-tailed t-test). Cells treated with neuraminidase 500

mU/ml (positive control) confirmed increased PNA staining (R–T).

surface glycoproteins as evidenced by no PNA signal observed on the

surface of the cells (Figures 6 O–X: MFI cyclosporine 10µg/mL 13.6

± 4.1 vs. control 16.1± 4.9, p= ns). As a positive control, we showed

increased PNA staining in BOECs treated with neuraminidase

(Figures 6R–T, X: MFI neuraminidase 35.8 ± 6.7 vs. control 16.1 ±

4.9, p < 0.001). The findings with PNA were also confirmed on flow

cytometry (Supplementary Figure S5).

Taken together, our findings suggest that cyclosporine treatment

results in endothelial glycocalyx breakdown via the loss of surface

glycoproteins and heparan sulfates, which leads to impaired CFH

surface binding.

Discussion

Calcineurin inhibitor use is associated with acute and chronic

tubulo-interstitial, arteriolar, and glomerular injury (27, 32). While

possible mechanisms of injury relate to vasoconstriction-associated

ischemia, increased platelet aggregation, activation of prothrombotic

factors, and disruption of vascular endothelial growth factor (VEGF)

regulation of angiogenesis (56), evolving evidence also suggests the

involvement of the complement system (34). The association between

CNI use and the development of TMA in patients (28, 30, 31) and

the observation of complement deposition in areas of endothelial

injury in kidney biopsy specimens affected by CNI toxicity hint the

involvement of complement (57). Animal models of CNI toxicity

implicate the complement system and offer explanations of how

further complement-mediated injury can be propagated (34, 35).

However, the exact mechanism by which CNIs induce complement

activation is still unknown.

Our findings shed light on the pathogenesis of CNI toxicity

and specifically identify complement activation on the vascular

endothelium as a mechanism. To our knowledge, we are the first

to establish an in vitro model utilizing BOECs to study the effect

of cyclosporine and complement activation on endothelial cells. We

found that cyclosporine treatment causes complement deposition

and endothelial cell injury, which results in VWF release from

Weibel–Palade bodies.

Our findings suggest a role for complement-mediated endothelial

cell injury induced by cyclosporine and, for the first time, implicate

CFH surface dysregulation in cyclosporine-induced complement

activation on endothelial cells. CFH, a plasma protein acting as

a cofactor to CFI-mediated cleavage of C3b, must recognize and

bind to endothelial cell glycocalyx glycosaminoglycans and terminal

sialic residues via short consensus repeats (SCRs) 6–8 and 19–20

(48, 51–54). Adapting a previously described flow cytometry protocol

of quantifying the binding of CFH and a previously established

method of assessing the surface cofactor activity of CFH (39, 40), we

found that cyclosporine treatment led to decreased CFH binding to

endothelial cell surfaces and impaired CFH surface cofactor activity.

In these assays, we also treated BOECs with neuraminidase to test

whether the absence of sialic acid on the glycocalyx of endothelial

cells affected the binding and surface cofactor activity of CFH.

The neuraminidase used (derived from Clostridium perfringens)

primarily targets sialic acids in α2,3 (to a lesser extent α2,6 and

α2,8) configuration and can cleave terminal sialic acid from O-linked

glycans, N-linked glycans, and glycolipids. Of particular interest, we

found that neuraminidase treatment led to a similar impairment of

CFH surface binding and cofactor activity, suggesting the possibility

that cyclosporine affects CFH binding to endothelial cell surfaces by

reduction of the glycocalyx.

Utilizing live cell imaging of endothelial cells stained with

wheat germ agglutinin (WGA) that binds to sialic acid and N-

acetylglucosaminyl residues within the endothelial cell glycocalyx, we

found that cyclosporine and neuraminidase treatment significantly

diminished the endothelial cell glycocalyx. Furthermore, we found

that cyclosporine-induced endothelial cell glycocalyx breakdown

occurred mainly through the loss of heparan sulfate. Taken together,

these findings suggest that cyclosporine treatment leads to the

shedding of heparan sulfate in the endothelial cell glycocalyx, leading

to impaired CFH recognition of and binding to host endothelial

cell surfaces, which impairs its surface regulation of the alternative

pathway. The inability of CFH to inactivate C3b covalently bound

to endothelial cell surfaces results in an uninhibited amplification

loop that allows for the full activation of the complement cascade.

This mechanism leading to alternative pathway dysregulation by

CFH could potentially be generalized to other forms of TMA where

endothelial cell glycocalyx injury is involved.

Contrary to our initial hypothesis, we found that cyclosporine

treatment caused increased expression of the surface membrane-

bound complement regulators MCP/CD46, DAF/CD55, and CD59,

a possible compensatory cellular response to cyclosporine treatment

and the resultant impaired CFH regulation of the alternative pathway.

MCP/CD46 aids in the inactivation of C3b as a cofactor in the CFI-

catalyzed cleavage of C3b, DAF/CD55 accelerates the disintegration

of the C3 and C5 convertases, and CD59 prevents the formation of

the membrane attack complex (C5b-9) by binding to C8. The failure

of CFH to bind to endothelial cell surfaces and exert its function

that is induced in our model by cyclosporine leads to an increased

C3b load, which, when not tightly regulated, will be amplified with

the formation of the C3 convertases and even more C3b, eventually

leading to the activation of the terminal pathway. In this context,

we speculate that increasing the expression of the other complement

regulatory armamentariumwould be in the host endothelial cells’ best

survival interest.

When cyclosporine was reconstituted in standard endothelial

growthmedium, there was increased complement deposition (C3 and

C9) with cyclosporine 50µg/ml or higher. When reconstituted in

serum-free media, increased complement deposition occurred with

cyclosporine 10µg/ml, suggesting that serum-starved BOECs were
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FIGURE 7

Summary of key findings and concepts presented in our work. (Left) Healthy endothelium with physiological complement control where the regulation

of the complement alternative pathway (AP) is intact. Complement factor H (CFH) acts as a cofactor with complement factor I (CFI) and membrane

cofactor protein (CD46) to inactivate C3b on endothelial cell surfaces. (Right) Injured endothelium with complement dysfunction. Our work presented in

this study identified a role for complement in cyclosporine-induced endothelial cell injury. We showed that endothelial cells exposed to cyclosporine had

decreased glycocalyx density, leading to complement AP dysregulation via decreased CFH surface binding and cofactor activity. This mechanism of

endothelial cell and glycocalyx injury leading to complement AP dysfunction could potentially be applicable to other forms of secondary thrombotic

microangiopathy (TMA).

more susceptible to cyclosporine-induced complement deposition.

Incubating cells with an anti-CD59 blocking antibody, an established

model to induce complement deposition on endothelial cells

(36, 41–43), led to further enhancement of cyclosporine-induced

complement deposition on endothelial cells. Given the ∼2-fold

increase in surface expression of CD59 after exposure to cyclosporine,

the fact that the anti-CD59 is a monoclonal IgG2b antibody—

an isotype that activates complement via the classical pathway—

and the fact that anti-CD59 inhibits the action of the surface-

bound complement regulator CD59, the increased complement

deposition on endothelial cells induced by cyclosporine is likely due

to anti-CD59 antibody-initiated activation of the classical pathway,

exacerbated by a reduced capacity to regulate the amplification

propagated via the alternative pathway (36, 58).

Within our model, we found an optimal balance of endothelial

cell survival and CNI effect with cyclosporine doses between 10 and

100µg/ml for up to 24 h. In the clinical setting, the therapeutic

target trough range for cyclosporine is maintained between 100 and

400 ng/ml but varies depending on the indication of its use, the type

of transplant, the use of concomitant immunosuppression, and time

post-transplant. Suggested target 2-h post-dose levels could be as

high as 2µg/ml (59). In vitro experimental studies of cyclosporine

effect on various endothelial cell lines used a wide range of drug

concentrations ranging from 0.1µg/ml to 4000µg/ml over varying

exposure durations (up to 72 h) (25, 34, 60–64). Although the levels

of cyclosporine maintained clinically are lower than those used in

experimental in vitro studies, they are not directly comparable. It is

a limitation of in vitro models of disease, and the differences reflect

different susceptibility of various endothelial cell lines and inter-

species differences. The duration of exposure used in in vitromodels

is also limited to 24–72 h, whereas many patients are on life-long

immunosuppression. To our knowledge, we are the first to study the

effect of cyclosporine utilizing BOECs.

In conclusion, we found that cyclosporine leads to injury of

the endothelial cell glycocalyx and breakdown of heparan sulfate

that negatively impacts CFH regulation of the alternative pathway

of complement via decreased CFH binding to the endothelial cell

surface (Figure 7). Enhanced susceptibility to complement-mediated

injury secondary to impaired regulation of the alternative pathway

might represent a shared mechanism of endothelial injury applicable

to various forms of (secondary) TMA, including those caused by

toxic agents, mechanical stress, and autoantibodies, which warrants

further elucidation.
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