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Cholesterol crystal embolism (CCE) implies
immunothrombosis, tissue necrosis, and organ failure
but no specific treatments are available. As CCE
involves complement activation, we speculated that
inhibitors of the C5a/C5aR axis would be sufficient to
attenuate the consequences of CCE like that with
systemic vasculitis. Cholesterol microcrystal injection
into the kidney artery of wild-type mice initiated
intra-kidney immunothrombosis within a few hours
followed by a sudden drop of glomerular filtration rate
and ischemic kidney necrosis after 24 hours. Genetic
deficiency of either C3 or C5aR prevented
immunothrombosis, glomerular filtration rate drop, and
ischemic necrosis at 24 hours as did preemptive
treatment with inhibitors of either C5a or C5aR.
Delayed C5a blockade after crystal injection still
resolved crystal clots and prevented all consequences.
Thus, selective blockade of C5a or C5aR is sufficient to
attenuate the consequences of established CCE and
prospective inhibition in high-risk patients may be
clinically feasible and safe.
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Translational Statement

Cholesterol crystal embolism (CCE) leads to immuno-
thrombosis, ischemic necrosis, and organ dysfunction.
Using a model of CCE, we demonstrate that selective
inhibition of either complement factor 5a or its receptor
C5aR is potent in preventing and resolving CCE-induced
immunothrombosis and its consequences. C5a/C5aR in-
hibition early upon CCE or preemptively in high-risk
patients should be clinically feasible and safe.

life-threatening complication of advanced atheroscle-

rosis triggering microvascular thrombosis, ischemic tis-
sue necrosis, and loss of organ function.' Kidney involvement
in CCE is common and a predictor of poor outcomes.'
Cholesterol crystals (CCs) trigger complement activation,”
but the use of complement inhibitors in CCE has not been
explored, partly because the reliable animal models were

C holesterol crystal embolism (CCE) is a potentially
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Figure 1| C3 deficiency and cholesterol crystal embolism (CCE)-induced acute kidney injury. (a) Mass spectrometry for complement
factors in different kidney compartments of the CCE model versus control. (b) Schematic of experimental design. (c) Baseline glomerular
filtration rate (GFR) and GFR at 24 hours after intra-arterial injection of cholesterol crystals (CCs) into the left kidney artery of wild-type (WT)
and C3-deficient (C3—/—) mice. (d) Representative images of 2,3,5-triphenyltetrazolium chloride (TTC) staining of kidney sections to
distinguish viable from ischemic kidney tissue and to quantify infarct size. The red areas indicate living kidney tissue, and the white areas
indicate infarcted kidney tissue. (e) Quantification of infarct size in WT and C3—/— mice. (f) Representative images of a-SMA (a-smooth
muscle actin)/fibrin costaining. Fibrin-positive clots (black) in a-SMA+ arteries (red) indicate intravascular thrombosis in intrarenal arcuate
and interlobular arterioles upon injection of phosphate-buffered saline or of CC in WT and C3—/— mice. (g) Ratio of occluded versus
nonoccluded arteries in WT and C3—/— mice. Partial and complete vascular obstructions were quantified as percentage in all vessels of the
available kidney sections. (h) Representative images of CD31 staining in WT and C3—/— mice. The back areas indicate CD31+. (i)
Histological analysis upon microvascular staining for CD31 in WT and C3—/— mice. All quantitative data from 10 to 13 mice in each group

are expressed as mean + SEM. Bars = 50 um. BW, body weight; C#, complement factor #. To optimize viewing of this image, please see the
online version of this article at www.kidney-international.org.
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Figure 2| Role of the complement factor 5a (C5a)/receptor of C5a (C5aR) axis in cholesterol crystal embolism-induced acute kidney
injury. (@) Schematic of experimental design. (b) Baseline glomerular filtration rate (GFR) and at 24 hours after intra-arterial injection of
cholesterol crystals (CCs) into the left kidney artery of wild-type (WT) and C5aR-deficient (C5aR—/—) mice or WT mice with a preemptive
administration of the C5a-neutralizing L-aptamer AON-D21, the inactive control L-aptamer revAON-D21 consisting of the reverse sequences of
AON-D21, or the C5aR antagonist PMX205. (c) Representative images of 2,3,5-triphenyltetrazolium chloride (TTC) staining of kidney sections
to distinguish viable from ischemic kidney tissue and to quantify infarct size. The red areas indicate living kidney tissue, and the (continued)
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not available. Recently, we developed a model of kidney CCE
and discovered that not CCs alone but CC-induced microvas-
cular thrombosis accounts for microvascular thrombosis,
acute kidney injury (AKI), and ischemic infarction of the
kidney.” Therefore, we explored the following 2 research
hypotheses: (i) the complement system is a key mediator of
CC-induced immunothrombosis, AKI, and ischemic kidney
necrosis; and (ii) inhibition of complement factor 5a (C5a)
or its receptor C5aR is sufficient to attenuate all consequences
of CCE similar to its therapeutic effect in systemic vasculitis.

METHODS

Animal studies

Seven- to 8-week-old male healthy C57BL/6J, C3—/—, and
C5aR—/— mice were obtained from the Jackson Laboratory.
Group size calculation was based on the glomerular filtration
rate (GFR) as a primary end point (SD = 26% of mean) and a
power of 80% to detect an effect size of 20% at a 5% sig-
nificance level.” All experimental procedures were approved
by the local government authorities according to the Euro-
pean Directive 2010/63/EU. We induced experimental CCE by
injecting CC into the left kidney artery and killed animals 24
hours later.*” For space limitations, the detailed methods are
provided in Supplementary Methods.

RESULTS AND DISCUSSION

Experimental CCE involves intravascular complement
activation

To study the role of the complement system in CCE, we
injected 10 mg/kg of CCs into the left kidney artery of mice
and analyzed complement factors by using mass spectrometry
(Figure 1a and b) and immunohistochemistry 24 hours later
(Supplementary Figure S1A). Mass spectrometry revealed
induction of the terminal complement pathway in the
vascular and tubulointerstitial compartment and immuno-
staining localized C3c¢, C3d, C4d, complement factor H, and
mannose-binding lectin to intra-arterial crystal clots.

C3 deficiency abrogates all consequences of CCE

CC injection caused a sudden drop of GFR on average by
~40% within 24 hours of CC injection, that is, AKI
(Figure 1c). The remaining 60% GEFR is equivalent to 10%
residual activity of the one kidney exposed to CCE. The
contralateral kidney was left unaffected and contributed 50%
to the GFR. 2,3,5-Triphenyltetrazolium chloride staining of
kidney sections identified areas affected by ischemic infarction

A

and allowed us to quantify infarct size compared to the un-
affected contralateral kidney (Figure 1d and e). Immuno-
staining revealed thrombotic obstructions in smooth muscle
actin—positive arcuate and interlobular arterial vessels by
fibrin-positive clots surrounding CC clefts (Figure 1f and g)
and loss of CD31+ endothelial cells as the cause of tissue
infarction (Figure lh and i). Kidney necrosis was associated
with acute necroinflammation as indicated by the presence of
neutrophils (Supplementary Figure S1B and C), cell death, and
kidney injury all around and inside the ischemic necrosis area
(Supplementary Figure S2D-F). Genetic deficiency of C3, a key
element of all 3 complement activation pathways, entirely
prevented crystal clot formation and any of the aforemen-
tioned consequences upon injection of the identical amount of
CCs into the kidney artery (Figure lc—i; Supplementary
Figure S1B-G). These data are consistent with the known
role of the complement system in immunothrombosis,
including vascular thrombosis with microvascular injury trig-
gered by other mechanisms, such as coronavirus disease 2019°
or atypical hemolytic uremic syndrome. The latter provided
the rationale for targeting C5, a downstream element of C3
activation fueling into C5a/C5aR-mediated immune cell
recruitment and activation of immune cells as well as the
formation of the membrane attack complex C5b-9.”

The C5a/C5aR axis critically mediates CCE-induced AKI

To investigate the contribution of the C5a/C5aR axis to CCE-
induced AKI, we first induced identical CCE in mice with
genetic deficiency of C5aR (Figure 2a) and obtained similar
results as with C3 deficiency in terms of AKI, vascular
thrombosis with microvascular injury, ischemic necrosis,
CD31 loss in microvasculature, neutrophil infiltration, and
kidney injury (Figure 2b-h; Supplementary Figure S2A-F).
Next, we evaluated in wild-type mice the efficacy of AON-
D21, an L-configured mixed RNA/DNA aptamer that binds
and neutralizes murine C5a with favorable in vivo pharma-
cokinetics and pharmacodynamics regarding our study
design.” ' Compared with the inactive control r-aptamer
revAON-D21 consisting of the inverse sequence, the active
inhibitor AON-D21 significantly attenuated all consequences
of CCE as did the small molecule C5aR antagonist PMX205
(Figure 2b—f; Supplemenatry Figure S2A-F). PMX205, but
not AON-D21, significantly preserved CD31+ endothelial
cells from injury compared to untreated wild-type mice with
CCE (Figure 2g and h). Thus, the C5a/C5aR axis seems to be
the major effector element of intravascular complement

|

Figure 2 | (continued) white areas indicate infarcted kidney tissue. (d) Quantification of infarct size in WT and C5aR—/— or in WT mice with a
preemptive administration of the C5a-neutralizing L-aptamer AON-D21, the inactive control L-aptamer revAON-D21 consisting of the reverse
sequences of AON-D21, or the C5aR antagonist PMX205. (e) Representative images of a-SMA (a-smooth muscle actin)/fibrin costaining.
Fibrin-positive clots (black) in a-SMA+ arteries (red) indicate intravascular thrombosis in intrarenal arcuate and interlobular arterioles upon in-
jection of different treatments in WT mice and C5aR—/— mice. (f) Ratios of occluded versus nonoccluded arteries in WT mice with different
treatments and C5aR—/— mice. Partial and complete vascular obstructions were quantified as percentage in all vessels of the available kidney
sections. (g) Representative images of CD31 staining in WT mice with different treatments and C5aR—/— mice. The back areas indicate CD31+.
(h) Histological analysis upon microvascular staining for CD31+ endothelial cells. No significant (NS) = P > 0.05. All quantitative data from 10 to
13 mice in each group are expressed as mean £ SEM. Bars = 50 um. BW, body weight. To optimize viewing of this image, please see the online
version of this article at www.kidney-international.org.
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Figure 3| Window of opportunity for complement factor 5a (C5a) inhibition in cholesterol crystal embolism-induced acute kidney
injury. (@) Schematic of experimental design. (b) Baseline glomerular filtration rate (GFR) and at 24 hours after intra-arterial injection of

cholesterol crystals (CCs) into the left kidney artery into wild-type (WT) mice with a single injection of the C5a inhibitor AON-D21 at different
time points after CC injection as indicated. (c) Representative images of 2,3,5-triphenyltetrazolium chloride (TTC) staining of kidney sections to
distinguish viable tissue from ischemic kidney tissue and to quantify infarct size. The red areas indicate living kidney tissue, and the white
areas indicate infarcted kidney tissue. (d) Quantification of infarct size in WT mice with AON-D21 treatment at different time (continued)
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activation upon CCE, which is consistent with data obtained
from mouse models of anti-neutrophil cytoplasmic antibody
vasculitis,'>'* an autoimmune form of microvascular injury
associated with complement-driven tissue necrosis.'”

Mechanism of action of C5a inhibition

Single-cell RNA-sequencing analysis showed that comple-
ment factor transcripts are mostly absent in kidney paren-
chymal cells but C5aR is expressed by immune cells
infiltrating the ischemic kidney (Supplementary Figure S3)
and also in circulating platelets; thus, we assessed the impact
of C5a inhibition on neutrophils and platelets in vitro. We
evaluated neutrophils, which were the same in number in
blood and bone marrow of C5aR-deficient (C5aR—/—) and
wild-type mice (Supplementary Figure S4A-C). We tested
their migratory capacity in vitro and found that C5aR defi-
ciency abrogated neutrophil migration toward recombinant
C5a and the inhibition of C5a in wild-type mice displayed
similar results (Supplementary Figure S5A-D). Platelets are
key components in arterial vascular thrombosis, thereby
providing a thrombogenic surface for various circulating cells,
including neutrophils. Therefore, we analyzed the role of
C5aR in thrombus formation on the collagen-coated surface
in the flow chamber. At a shear rate of 1000 s', we observed
impaired platelet adhesion and reduced thrombus formation
on collagen matrix in C5aR—/— whole blood samples
compared with wild-type samples (Supplementary Figure S6A
and C), providing evidence for the antithrombotic potential
of inhibiting C5aR function. Subsequently, we assessed the
recruitment of neutrophils to previously formed thrombi
under flow conditions. We observed that mouse neutrophils
perfused through the system adhered to wild-type thrombi
whereas the attachment of neutrophils to C5aR—/— thrombi
was strongly inhibited (Supplementary Figure S6B and D),
indicating that targeting C5aR during CCE reduces thrombus
growth and prevents neutrophil adhesion to the formed
thrombi. Together, these findings indicate that blockade of the
C5a/C5aR axis effectively reduces the critical steps of vascular
thrombosis with microvascular injury upon CCE, including
the adhesion of platelets, thrombus growth, and migration
and recruitment of neutrophils to the thrombogenic kidney
injury sites.

C5a inhibition attenuates the consequences of established
CCE

Vascular thrombus formation starts as early as 2 hours after
CC injection, with first complete vascular occlusions at 6
hours and a plateau starting from 12 hours after CC injec-
tion.” We therefore tested the window of opportunity for C5a

d

blockade with AON-D21 by administering the first dose
either 6 or 12 hours after CC injection (Figure 3a). A 6-hour
delayed initiation of AON-D21 therapy significantly attenu-
ated GFR drop from baseline (Figure 3b). Infarct size was
significantly reduced in both delayed treatment groups
(Figure 3c and d), and these treatment groups also showed a
potent attenuation of intravascular thrombotic lesions
(Figure 3e and f). Furthermore, C5a inhibition starting at 12
hours after CC injection significantly prevented the loss of
CD31+ endothelial cells (Figure 3g and h) and the influx of
neutrophils (Supplementary Figure S7A and B), and reduced
kidney injury and ischemic necrosis (Supplementary
Figure S7C-F). We conclude that C5a inhibition with AON-
D21 is sufficient to attenuate even established vascular oc-
clusions after CCE, probably by shifting the balance between
complement-driven prothrombotic activity and intrinsic
fibrinolytic activity to the latter."*

These findings identify the C5a/C5aR axis as a selective
complement target to prevent the consequences of CCE. The
findings are somewhat unexpected because C3a, C3b, and
C5b-9 were not expected to be redundant in this disease
context. However, C5aR deficiency or inhibition was also
potent in other animal models of kidney injury'"'* and is
proven to be profoundly therapeutic in human systemic
vasculitis.'>'® Indeed, renal vasculitis and CCE share immu-
nothrombosis as an injurious pathomechanism."” Throm-
bosis results from a dysbalance of thrombogenesis and
thrombolysis.'” Thus, interfering with the key components of
the complement system seems sufficient to tip the balance
toward thrombolysis, which explains the profound effect of
delayed intervention as well. The results between 6 and 12
hours after injection were not always consistent, which we
attribute to the group size powered only to detect larger
differences. Our results may pave the way for clinically
feasible therapy of CCE, as the human C5aR inhibitor ava-
copan is on the market and safe in systemic vasculitis.'”
Limitations of this study include the lack of exploring later
time points, but the enormous compensatory capacity of
mouse kidney adaptation renders long-term follow-up of a
unilateral model less informative. Altogether, C5a or C5aR is
potent molecular therapeutic targets to resolve CCE-induced
vascular thrombosis with microvascular injury, the key
pathogenic element of CCE-related tissue injury and organ
failure.
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Figure 3 | (continued) points. (e) Representative images of a-SMA (a-smooth muscle actin)/fibrin costaining. Fibrin-positive clots (black) in -
SMA+ arteries (red) indicate intravascular thrombosis in intrarenal arcuate and interlobular arterioles. Size in WT mice with AON-D21 treatment
at different time points. (f) Ratio of occluded versus nonoccluded arteries in WT mice with AON-D21 treatment at different time points. Partial
and complete vascular obstructions were quantified as percentage in all vessels of the available kidney sections. (g) Representative images of
CD31 staining in WT mice with AON-D21 treatment at different time points. (h) Histological analysis of microvascular staining for CD31 in WT
mice with AON-D21 treatment at different time points. All quantitative data from 10 to 13 mice in each group are expressed as mean + SEM.
Bars = 50 um. BW, body weight. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.
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