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ABSTRACT

As the second wave of coronavirus disease 2019 (COVID-19) is well under way around the world, the optimal therapeutic
approach that addresses virus replication and hyperinflammation leading to tissue injury remains elusive. This issue of
Clinical Kidney Journal provides further evidence of complement activation involvement in COVID-19. Taking advantage of
the unique repeat access to chronic haemodialysis patients, the differential time course of C3 and C5 activation in relation
to inflammation and severity of disease have been characterized. This further points to complement as a therapeutic target.
Indeed, clinical trials targeting diverse components of complement are ongoing. However, a unique case of COVID-19 in a
patient with pre-existent atypical haemolytic syndrome on chronic eculizumab therapy suggests that even early
eculizumab may fail to prevent disease progression to a severe stage. Finally, preclinical studies in endotoxaemia, another
hyperinflammation syndrome characterized by lung and kidney injury, suggest that cilastatin, an inexpensive drug already
in clinical use, may provide tissue protection against hyperinflammation in COVID-19.

Keywords: acute kidney injury, cilastatin, complement, COVID-19, dialysis, tissue protection

As the second wave of coronavirus disease 2019 (COVID-19) is
well under way in multiple countries around the world, the op-
timal therapeutic approach to the disease that addresses virus
replication and hyperinflammation leading to tissue injury
remains elusive. This issue of Clinical Kidney Journal (CKJ) con-
tains several reports that shed light on the pathogenesis of tis-
sue injury in COVID-19 and potential therapeutic approaches
[1–3] that add to prior COVID-19 publications in the journal to
enlighten the pathogenesis of tissue injury in COVID-19 [4].

Two manuscripts provide insights into the role of comple-
ment activation and its potential as a therapeutic target [1, 2] in
line with an increasing number of calls to target complement in
COVID-19 [5–9]. While complement components are not usually
assessed in routine care of COVID-19 patients, as illustrated by
a recent detailed report of risk factors for severity of COVID-19

in chronic dialysis patients [10], Prendecki et al. [1] took advan-
tage of the thrice-weekly venous access in haemodialysis
patients to describe a characteristic time course of circulating
complement activation products that may help to define the se-
verity and stage of the disease. Plasma C3a and C5a were higher
in haemodialysis patients with severe COVID-19 than in con-
trols. Moreover, serial sampling identified a distinct temporal
pattern in which C5a levels were elevated prior to clinical dete-
rioration in patients who developed severe disease, while C3a
more closely mirrored disease severity, increasing when disease
became severe (Figure 1). Unfortunately there was a wide over-
lap in plasma C3a levels between patients with severe and non-
severe disease. In any case, this report suggests that assessing
complement peptides may eventually contribute to define clus-
ters of COVID-19 patients, as has been done for C3
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glomerulopathies/immune complex–mediated membranoproli-
ferative glomerulonephritis [11, 12]. These clusters may eventu-
ally be used to guide the choice of therapy. In this regard, it
would be interesting to assess some derivate parameters such
as the C5a:C3a ratio to see whether they add information to the
stage of the disease and the optimal timing of therapy initiation.

Data from Prendecki et al. [1] build upon a growing body of
evidence linking complement activation to tissue injury in
COVID-19 [6–9]. Thus a recent report showed an increase in cir-
culating soluble C5a levels proportional to COVID-19 severity
and a high expression of its receptor C5aR1 in myeloid cells [13].
Indeed, anti-C5aR1 antibodies inhibited acute lung injury in hu-
man C5aR1 knock-in mice [13]. Additionally, increased comple-
ment receptor 3 (CR3) expression was found in granulocytes
and monocytes from hypoxic COVID-19 patients, but not in
those with less severe COVID-19 or in those without COVID-19
but ventilated for other reasons [14]. CR3 binds the C3d frag-
ment of C3. Further recent reports support a potential patho-
genic role of complement activation in severe COVID-19 and its
relationship to the thrombotic diathesis. Increased plasma lev-
els of neutrophil extracellular traps (NETs), tissue factor (TF) ac-
tivity and soluble C5b-9 were detected in COVID-19 patients
[15]. Thrombin or NETosis inhibition or C5aR1 blockade attenu-
ated platelet-mediated NET-driven thrombogenicity.
Furthermore, COVID-19 serum-induced complement activation
in vitro and C3 inhibition with compstatin Cp40 disrupted TF ex-
pression in neutrophils, supporting a role of complement and
NETs in COVID-19 immunothrombosis [15]. Indeed, both micro-
and macrovascular thrombosis are features of COVID-19 that
may contribute to kidney injury [16].

From a clinical point of view, a large study of >11 000
patients suspected of severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) infection identified a history of macular
degeneration (a proxy for complement-activation disorders) as
an independent risk factor for severe COVID-19, and a genome-
wide association study found an association with previously
reported expression of quantitative trait loci for CD55 (a nega-
tive regulator of complement activation) and single-nucleotide

polymorphisms in complement factor H and complement com-
ponent 4 binding protein alpha [17]. Moreover, engagement of
complement pathways was observed in transcriptional profiling
of nasopharyngeal swabs, suggesting very early activation of
complement during COVID-19, already locally at the site of virus
entry [17]. Among other immune system abnormalities, non-
survivors of COVID-19 had lower circulating C3 and C4 levels,
suggesting complement pathway activation, and independent
predictors of death included low C3, together with old age, co-
morbidity of malignant tumour, neutrophilia, lymphocytopenia,
low CD4þ T cells and low oxygen saturation [18].

The growing evidence that complement may contribute to
tissue injury in COVID-19 has led to the compassionate use of
complement targeting strategies in selected patients as well as
to a flurry of ongoing randomized clinical trials (Table 1 and
Figure 2). In non-controlled case series and case reports, rela-
tively positive results have been reported for the anti-C5 mono-
clonal antibody eculizumab, for C3 inhibitor AMY-101, for the
mannan-binding lectin-associated serine protease 2 blocker
narsoplimab (OMS721), for aliskiren and for nafamostat mesy-
late, a US Food and Drug Administration–approved anticoagu-
lant agent that has broad-spectrum serine protease inhibitory
activity, including for C1 esterase [2, 19–26]. At least 22 patients
have been treated with eculizumab and 1 with AMY-101 [2, 19–
23]. As expected from the known bias of positive reporting, the
limited published experience with complement targeting strate-
gies has been overwhelmingly positive. Additionally, results are
difficult to interpret given the use of other medications and the
very variable severity and natural history of COVID-19. Of inter-
est, in one report, 2 of 8 (25%) eculizumab-treated patients died
[22]. The deaths included 2 of 3 (67%) patients on mechanical
ventilation at the initiation of eculizumab. In a further report, 1
in 3 (33%) eculizumab-treated patients died [23].

These results are open to several interpretations. One is that
eculizumab was started too late in the course of the disease.
The other is that it was not effective in severely affected
patients. In this issue of CKJ, Trimarchi et al. [2] add another im-
portant piece of information related to the efficacy of very early
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initiation of eculizumab. They reported a patient presenting
complex medical issues that complicated interpretation of the
data, being a kidney transplant recipient with atypical haemo-
lytic uraemic syndrome (aHUS). However, it is precisely this
complexity that allowed the evaluation of early eculizumab
therapy; shortly (3 days) after the diagnosis of COVID-19, the pa-
tient received the eculizumab dose, corresponding to chronic
eculizumab therapy of aHUS. Despite eculizumab, the severity
of COVID-19 increased over the next 6 days, with D-dimer values
increasing 36-fold and total blood lymphocytes dropping from
470 to 213/lL. At this point, dexamethasone and convalescent
plasma infusion was followed by improvement. Besides the
question of co-morbidities, the question of appropriate dosing
may be raised. However, this case report is a sobering reminder
of the need of randomized controlled trials (RCTs) as reflected
by Trimarchi et al. [2]. In fact, since their report was accepted for
publication, the list of ongoing trials targeting complement
listed on ClinicalTrials.gov has increased, although not all of
them are controlled (Table 1).

There is anecdotal experience with other complement-
targeting drugs. Narsoplimab was used in six patients with se-
vere COVID-19 who survived, some of whom had low C3 and C4
levels [24]. Ongoing Phase 2 RCTs are testing narsoplimab for
glomerulonephritis (NCT02682407). However, no narsoplimab
trial for COVID-19 was listed on ClinicalTrials.gov as of 29
August 2020. Five patients with severe COVID-19 pneumonia re-
ceived conestat alfa and also survived [25]. However, there was
no uniform impact of conestat alfa on C3, C4 and C5a levels.
Aliskiren also inhibits renin-mediated C3 activation and its ca-
pacity to inhibit complement activation in conjunction with
eculizumab (dual complement inhibition concept) has been re-
cently emphasized by case reports [27, 28]. There is a report on
aliskiren use in four COVID-19 patients with hypertension who
survived [29]. There is an additional preclinical report suggest-
ing that aliskiren may reduce angiotensin-converting enzyme 2
(ACE2) expression, at least in the kidney [30]. However, no trials
are further testing a potential role of aliskiren in COVID-19.
Finally, nafamostat mesylate was also administered to three
COVID-19 patients who survived [26]. In addition to its

anticoagulant and C1 esterase inhibitory activity, nafamostat
mesylate was recently shown to inhibit the cellular enzyme
transmembrane protease serine 2 that processes SARS-CoV-2
protein S, allowing viral binding to cell surface ACE2 and entry
into cells. In this regard, nafamostat mesylate inhibited SARS-
CoV-2 protein S–mediated entry into host cells and blocked
SARS-CoV-2 infection of human lung cells [31].

he final report in this issue of CKJ on potential novel
approaches to limit tissue injury in COVID-19 is derived from
studies in experimental acute kidney injury (AKI). AKI is a seri-
ous problem in severely ill COVID-19 patients [32], to the point
that the ability to provide renal replacement therapy may be
compromised, as illustrated by attempts to replace classical
haemodialysis or haemofiltration with acute peritoneal dialy-
sis or by using home-dialysis machines instead of the more
complex machines used in hospital or centre-based haemo-
dialysis [33, 34]. González-Nicolás et al. [3] propose another ap-
proach to limit tissue (lung and kidney) injury due to
hyperinflammation that may be tested in COVID-19: cilastatin,
a small molecule inhibitor of renal dehydropeptidase I, used
clinically in association with imipenem to prevent imipenem
degradation and increase imipenem half-life. Cilastatin binds
to dehydropeptidase I at the lipid rafts in the cell surface of
proximal tubular cells and pulmonary cells, stabilizing lipid
rafts and preventing the internalization of proteins associated
to lipid rafts, such as death receptors. This provides cilastatin
with anti-apoptotic activity against a wide range to tubular tox-
ins [35–37]. González-Nicolás et al. [3] report on lung protection
afforded by cilastatin in rat endotoxemia, an hyperinflamma-
tion syndrome characterized by lung and kidney injury, both
key targets of hyperinflammation in COVID-19. This suggests
that cilastatin may also protect from hyperinflammation-
induced lung and kidney injury in COVID-19. As González-
Nicolás et al. [3] emphasize, the fact that the SARS-CoV-2 cellu-
lar receptor ACE2 is expressed in lipid rafts may provide two
mechanisms by which cilastatin may protect from severe
COVID-19: (i) stabilizing ACE2 at the cell surface lipid rafts and
preventing virus/ACE2 internalization and (ii) preventing
hyperinflammation-induced tissue injury as observed in rat

Table 1. Ongoing clinical trials, according to ClinicalTrials.gov (accessed 29 August 2020) and published experience with therapies targeting
complement in COVID-19 (in bold, drugs or trials not commented on by Trimarchi et al. [2])

Drug target Drug Phase NCT number Published experiencea

MASP2 Narsoplimab ND ND Yes
Broad-spectrum, syn-

thetic serine protease
(including C1 esterase)
inhibitor

Nafamostat mesilate 2/3 NCT04473053
NCT04352400
NCT04418128

Yes

3 NCT04390594
C1 esterase Conestat alfa (Ruconest,

human recombinant C1
esterase inhibitor)

2 NCT04414631 Yes
NCT04530136

C3 AMY-101 2 NCT04395456 Yes
APL-9 1j2 NCT04402060 ND

C5 Zilucoplan 2 NCT04382755 ND
Eculizumab 2 NCT04346797 Yes

ND NCT04355494
NCT04288713

Ravulizumab 4 NCT04390464 ND
3 NCT04369469

Renin (C3 activation) Aliskirem ND ND Yes

ND: no data.
aCase series and case reports.
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endotoxemia. Both hypotheses should be tested, the first ini-
tially in cell culture and eventually in RCTs. The fact that
COVID-19 patients are frequently treated with antibiotics may
facilitate the generation of early data by analysing large data-
bases of conventionally treated COVID-19 patients and will
also facilitate trials randomizing patients to receive either imi-
penem–cilastatin or an alternative antibiotic. However, definite
proof of cilastatin tissue protection will require testing the
compound by itself.

In conclusion, besides an emphasis on finding an effective
vaccine and antiviral therapy, efforts at limiting tissue injury in
severe COVID-19 should be expanded. Characterization of the
C3a and C5a time course in patients with COVID-19 of diverse
severity may help define a higher-risk population with en-
hanced probability of response to complement targeting ther-
apy in which timing of this therapy is appropriate and dosing
may be guided by assessing the impact on these complement
components. On the other hand, the description of the tissue-
protective effect of cilastatin against hyperinflammation and its
potential, based on its known mechanism of action, to limit vi-
rus entry in target cells warrant detailed expanded studies into
its role as a therapy for severe COVID-19.
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