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INTRODUCTION

Abstract

Objectives. To determine whether SARS-CoV-2 can trigger
complement activation, the pathways that are involved and the
functional significance of the resultant effect. Methods. SARS-
CoV-2 was inoculated into a human lepirudin-anticoagulated
whole blood model, which contains a full repertoire of
complement factors and leukocytes that express complement
receptors. Complement activation was determined by measuring
C5a production with an ELISA, and pretreatment with specific
inhibitors was used to identify the pathways involved. The
functional significance of this was then assessed by measuring
markers of C5a signalling including leukocyte (C5aR1
internalisation and CD11b upregulation with flow cytometry.
Results. SARS-CoV-2 inoculation in this whole blood model caused
progressive C5a production over 24 h, which was significantly
reduced by inhibitors for factor B, C3, C5 and heparan sulfate.
However, this phenomenon could not be replicated in cell-free
plasma, highlighting the requirement for cell surface interactions
with heparan sulfate. Functional analysis of this phenomenon
revealed that C5aR1 signalling and CD11b upregulation in
granulocytes and monocytes was delayed and only occurred after
24 h. Conclusion. SARS-CoV-2 is a noncanonical alternative
pathway activator that progressively triggers complement
activation through interactions with heparan sulfate.

Keywords: alternative pathway, complement, coronavirus, heparan
sulfate, leukocyte activation, SARS-CoV-2

2 years, this disease has affected over 560 million
individuals and caused over 6.3 million deaths.’

COVID-19 is a highly contagious respiratory Thus, unprecedented efforts have been put
infection caused by the severe acute respiratory towards vaccine and drug development, but with
syndrome coronavirus 2 (SARS-CoV-2). In the last the possibility of new variants and the
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SARS-CoV-2 activates complement in blood

inevitability of future pandemics, a fundamental
understanding of severe COVID-19 is still needed.
In this context, SARS-CoV-2 replicates in an
unchecked manner and evades the immune
system by exploiting several inborn and acquired
weaknesses.>3 At a critical mass, these virions are
believed to trigger a hyperinflammatory response
that causes acute respiratory distress syndrome
(ARDS).* Emerging evidence suggests that the
complement system plays a key role in this
process.”” Indeed, complement activation has
been correlated with disease severity® and small
case studies have shown that complement
inhibition can be effective in critical patients,
prompting at least six anticomplement drugs to
be taken to clinical trials.> However, whilst
in vitro studies have demonstrated that specific
viral proteins can activate complement in isolated
systems, the relationship between the live SARS-
CoV-2 virus and complement activation remains
incompletely understood.

Complement-mediated disease in COVID-19
appears to be confined to severely ill patients
who are unable to bring the virus under
immunological control. In these patients, SARS-
CoV-2 exploits defects in the interferon system
and replicates in an unchecked manner, which at
a critical mass, is thought to drive a form of
complement-mediated hyperinflammation.?
Indeed, evidence of complement activation has
been correlated with disease severity and includes
serum C5a and C5b-9 concentrations,® leukocyte
CD11b expression,® which can be due to C5aR1
activation,’® and postmortem immunochemistry.’
These features occur on the background of airway
complement synthesis'’ and are particularly
prominent in individuals who are genetically
prone to C5 cleavage,’> who have elevated
mannose-binding protein levels'* or who have
reduced CD55 expression.’™® Additional
investigations suggest that complement activation
in severe COVID-19 can occur through the
classical, lectin and alternative pathways.'>"®
Thus, complement appears to be a key driver of
severe COVID-19.

Moreover, molecular investigations have
provided some insight into the underlying
mechanisms that drive complement activation in
COVID-19. Indeed, an initial study utilising the
SARS-CoV-2 S protein in a specialised functional
assay suggests that the virus may activate the
alternative pathway by binding to cell surface
heparan sulfate, which disinhibits  factor
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H-mediated complement suppression.”” In this
study, human serum pretreated with recombinant
SARS-CoV-2 S protein caused complement
deposition and cytotoxicity in complement
inhibitor-deficient cells. However, SARS-CoV-2 S
protein did not trigger complement activation
without such cells or after heparan sulfate or
factor H supplementation. In addition, a more
recent study found that the SARS-CoV-2 S and N
proteins can activate the lectin pathway via
MAGSP-2."8 Thus, early molecular studies using viral
proteins suggest that SARS-CoV-2 can directly
activate the complement system, but conclusive
evidence for this with live virus is still
outstanding.

Therefore, here we inoculated SARS-CoV-2 virus
into a lepirudin-anticoagulated human blood
model and used ELISAs and flow cytometry to
measure complement activation and functionality,
respectively. Using this model, we show that
SARS-CoV-2 activates the alternative complement
pathway, requiring interactions with cell surfaces
and heparan sulfate, and in doing so causes
delayed leukocyte activation through C5a-C5aR1
signalling.

RESULTS

SARS-CoV-2 activates the alternative
complement pathway in whole blood,
requiring interactions with heparan sulfate

We first investigated whether SARS-CoV-2 could
activate complement by inoculating the virus at a
multiplicity of infection (MOI) 0.1 and 1.0 in a
lepirudin-anticoagulated human blood model and
subsequently measuring plasma C5a with an ELISA.
This model simulates a naive and complete
complement system and contains all soluble and
membrane-bound complement factors, receptors
and inhibitors, thereby enabling it to detect
all pathways of complement activation and
their  functional  consequences'®  Indeed,
SARS-CoV-2-inoculated whole blood at MOI 1.0
showed an increase in C5a of 5-10 ng mL~' and
30-50 ng mL~" above that in the mock control at
30 min and 24 h, respectively (Figure 1a). This
occurred on the background of the de novo
complement activation permitted by lepirudin, as
reflected in the increased baseline observed at 24 h
following mock infection. By contrast, this did not
occur in isolated plasma (Figure 1b), which
suggests that a cellular component is required for
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appropriate SARS-CoV-2-mediated complement
activation. Likewise, mock-treated plasma had
higher C5a levels than mock-treated whole blood,
as the former lacks cell surface complement
receptors (e.g. C5aR1, CR1, CR3 and CR4), which
sequestrate activated complement fragments.

To further delineate the pathways involved,
coronavirus-inoculated whole blood was also
pretreated with complement and heparan sulfate
inhibitors based on previous studies."” Indeed,
specific blockade of the alternative pathway
through factor B inhibition with LNP023,
significantly attenuated complement activation
(Figure 2a). Moreover, inhibition of heparan sulfate
using either EGCG or the synthetic heparan sulfate
mimetic PG545 significantly reduced activation of
complement in this model (Figure 2b). As expected,
global complement inhibition at the level of C3
(compstatin) or C5 (eculizumab) also significantly
blocked SARS-CoV-2 mediated C5a generation
(Figure 2c and d). Thus, given that the C3, C5 and
heparan sulfate inhibitors are membrane
impermeable, these findings suggest that SARS-
CoV-2 activates the alternative complement
pathway through cell surface-dependent and
heparan sulfate-dependent mechanisms.

Flow cytometry optimization and incidental
findings on monocyte activation

Next, we sought to determine whether
SARS-CoV-2-mediated complement activation was
sufficient to induce a functional response. As C5a

stimulation of myeloid cells causes C5aR1
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internalisation and CD11b upregulation at the cell
surface,’® we inoculated the whole blood model
with SARS-CoV-2 (MOI 0.1 and 1.0) for 3 and 24 h
and used flow cytometry to measure C5aR1 and
CD11b  surface expression on neutrophils,
eosinophils and monocytes. To do so, we trialled a
flow cytometry panel under inoculation
conditions and found the gating properties to be
slightly altered (Supplementary figure 1)
compared to fresh blood. Indeed, whilst
granulocyte markers were unaffected, monocyte
markers including CD16 and HLA-DR were
upregulated in a dose-dependent manner
(Supplementary figure 2a), which suggests that
other immune phenomena were present in this
assay. Thus, pan-monocytes without subset
differentiation were examined in this study.

SARS-CoV-2 causes delayed
complement-mediated leukocyte activation

Given that immune stimulators induce rapid
changes in myeloid cell activation, we first tested
whether SARS-CoV-2 could cause complement-
mediated leukocyte activation after 3 h in the
human blood model. However, at this time point,
flow cytometry revealed few alterations in cell
activation markers in neutrophils, eosinophils and
monocytes (data not shown). We therefore
extended the period of SARS-CoV-2 incubation to
24 h and detected significant C5aR1
internalisation and CD11b upregulation on
neutrophils, eosinophils and monocytes (Figure 3).
Interestingly, at 3 h post-inoculation, CD11b
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Figure 1. SARS-CoV-2 activates complement in whole blood but not in plasma. C5a levels were assessed with an ELISA in SARS-CoV-2-
inoculated lepirudin-anticoagulated (a) human blood at 30 min and 24 h (n = 3, three technical replicates) and (b) plasma at 24 h (n = 5, two
technical replicates). Different donors were used in a and b. Columns and whiskers depict mean values and SEM, respectively. MOI, multiplicity
of infection; CoV-2, SARS-CoV-2 MOI 1.0; *P < 0.05, **P < 0.01, ****p < 0.0001, using a one-way ANOVA.
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Figure 2. SARS-CoV-2 activates the alternative pathway through interactions with heparan sulfate. Plasma C5a levels were assessed with an
ELISA in SARS-CoV-2-inoculated lepirudin-anticoagulated human blood pretreated with various inhibitors and mimetics. These included inhibitors
for (@) MASP1/2 (SFMI-1 10 pwm; Lectin Complement Pathway inhibitor) and factor B (LNP023 10 uwm; Alternative Complement Pathway inhibitor)
(n =5, two technical replicates); (b) heparan sulfate (EGCG 100 pm) and a mimetic for heparan sulfate (PG545 100 ug mL™") (n =5, two
technical replicates); () C3 (Compstatin 20 um; global Complement Pathway inhibitor) (n = 3, three technical replicates) and (d) C5 (Eculizumab
100 pg mL~"; terminal Complement Pathway inhibitor) (n = 4, two technical replicates). SARS-CoV-2 was inoculated at MOI 1.0 for 24 h.
Columns and whiskers depict mean values and SEM, respectively. MOI, multiplicity of infection; *P < 0.05, **P < 0.01, using a one-way ANOVA.

upregulation  without concomitant  C5aR1
internalisation was noted in neutrophils, which
suggests that these cells can react acutely to
SARS-CoV-2 through receptors independent of
complement (Supplementary figure 2b).

Anti-C5/C5aR1 drugs eculizumab and
PMX205 inhibit SARS-CoV-2-induced
complement-mediated inflammation

To investigate the functional role of the terminal
complement pathway in SARS-CoV-2-mediated
leukocyte activation, we next pretreated the
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whole blood model with a C5 inhibitor
(eculizumab) and a C5aR1 antagonist (PMX205)
prior to viral inoculation. After 24 h, both drugs
inhibited SARS-CoV-2-dependent C5aR1
internalisation and CD11b upregulation in
neutrophils and to a lesser extent in eosinophils
(Figure 4a-d). Interestingly, in eosinophils, the
inhibitors reversed these effects beyond the mock
baseline, which may reflect inhibition of de novo
complement activation. By contrast, these drugs
were only able to partially inhibit C5aR1
internalisation and did not lower CD11b
upregulation in monocytes (Figure 4e and f). This
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Figure 3. SARS-CoV-2 causes delayed complement-mediated activation in innate leukocytes. SARS-CoV-2-inoculated lepirudin-anticoagulated
human blood was analyzed with flow cytometry. SARS-CoV-2 caused dose-dependent C5aR1 internalisation and CD11b upregulation in (a)
neutrophils, (c) eosinophils and (e) monocytes at 24 h postinoculation (n = 6). Comparison of C5aR1 and CD11b responses between SARS-CoV-
2-inoculated blood at 3 (n =4) and 24 h (n = 6) expressed as a percentage change from mock inoculation (b, d, f). Columns and whiskers
depict mean values and SEM, respectively. MOI, multiplicity of infection; *P < 0.05, **P < 0.01, ***P < 0.001, ****p < 0.0001 using a one-way

ANOVA or t-test.
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Figure 4. C5/C5aR1 inhibition attenuates SARS-CoV-2-induced leukocyte activation. Anti-C5/C5aR1 inhibitors eculizumab (100 ug mL™"; C5
inhibitor) and PMX205 (10 um; C5aR1 antagonist) were administered to lepirudin-anticoagulated whole blood (n = 4) prior to SARS-CoV-2
inoculation at MOI 1.0 for 24 h. Flow cytometry was used to measure activation markers C5aR1 and CD11b in terms of MFI on neutrophils (a,
b), eosinophils (¢, d) and monocytes (e, f). Columns and whiskers depict mean values and SEM, respectively. MOI, multiplicity of infection; MFI,
median fluorescence intensity; *P < 0.05, **P < 0.01, ****P < 0.0001, using a one-way ANOVA.

latter finding suggests that complement at the
level of C5 is not involved in this process in these
cells.

DISCUSSION

Results support clinical findings of
complement in COVID-19

Overall, the complement activation observed in
this study is consistent with the current clinical
and molecular understanding of COVID-19.

2022 | Vol. 11 | e1413
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Foremostly, in vivo complement profiling in severe
COVID-19 reveals activation of the alternative
pathway'® and in vitro studies have shown that
recombinant viral S protein can activate this same
pathway through interactions with heparan
sulfate.’” However, in contrast to our whole
blood model, complement activation during
COVID-19 is probably a multifactorial
phenomenon driven by multiple complement
pathways,”'®'®  nonspecific DAMP release,”
genetic susceptibility to complement
activation,'®'® and local complement synthesis."’
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But in this regard, our participants were
seronegative for anti-SARS-CoV-2 1gG, which
suggests that the classical pathway was not
activated in these experiments (Supplementary
figure 3). Additionally, given that C5a-mediated
immune activation typically occurs within
60 min,'® the delayed response requiring 24 h in
our model is consistent with the gradual
progression® and upregulation of CD11b on
leukocytes in severe cases.’ Thus, these results
strongly support the emerging paradigm of
heparan sulfate- and alternative complement
pathway-mediated disease in severe COVID-19.

Complement activation appears to be
localised to organs that support replication

When placed in the context of in vivo viral titres,
our results also suggest that SARS-CoV-2-mediated
complement activation is localised to organs that
support replication and have high viral loads. On
average COVID-19 patients have median viral titres
of ~10° RNA copies mL™" in their airways; as
determined from nasopharyngeal swaps, sputum
and bronchoalveolar lavage fluid; and
~10% RNA copies mL™" in their serum, in which the
former is at least 10 times higher in severe
cases than that in mild cases.?®?" By comparison,
in this study whole blood inoculated with
SARS-CoV-2 at MOI 0.1 and 1.0 was exposed to
virion concentrations of ~3.5-5.5 x 10°> and
~3.5-55 x 10° FFUmL™',  respectively.  Thus,
complement activation in severe COVID-19 is most
likely localised to  tissues that support
replication (e.g. lung parenchyma) with changes in
plasma complement occurring as a secondary
phenomenon. This implies that anticomplement
drugs in severe COVID-19 require significant tissue
distribution, which may have limited the efficacy of
the parenteral drugs that have so far been tested
in clinical trials. In this sense, SARS-CoV-2 can be
viewed as an organ-based activator of complement
that poses unique challenges to drug development.

Complement and heparan sulfate in severe
COVID-19

Furthermore, complement activation through
heparan sulfate appears to be an inadvertent
phenomenon. Indeed, this polysaccharide post-
translational modification promotes specific
protein—protein interactions, which in this case
concentrates factor H on host cells to prevent

© 2022 The Authors. Clinical & Translational Inmunology published by John Wiley & Sons Australia, Ltd on behalf of
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excessive complement activation.?> Therefore,
whilst SARS-CoV-2 principally uses heparan sulfate
to dock with angiotensin-converting enzyme 2 to
enable infection,?® it also secondarily activates
complement by causing factor H disinhibition. In
our whole blood model, this was most likely
mediated by CD44v3 on lymphocytes but in vivo is
probably the result of interactions with a range of
membrane-bound (e.g. syndecan 1-4) and
extracellular matrix proteoglycans (e.q.
perlecan).?® Interestingly, S protein-heparan
sulfate interactions can also disrupt antithrombin
and heparin cofactor Il activity, and thus, heparan
sulfate warrants further investigation as a
multifaceted drug target in severe COVID-19.%°

CONCLUDING REMARKS

COVID-19 continues to cause more deaths than
any other pandemic in living memory. Mounting
evidence suggests that complement plays a key
role in severe disease, and here, we show that in
blood, SARS-CoV-2 interacts with cell surface
heparan sulfate and activates the alternative
pathway, which ultimately drives innate leukocyte
activation through C5a-C5aR1 signalling. In doing
so, these findings support the use of targeted
anti-complement treatments in severe COVID-19.

METHODS

Study approval

This research was approved by the University of Queensland
Human Research Ethics Committee (2020/HE000559) and all
participants gave informed written consent. This research
was also approved by the University of Queensland
Biosafety Committee (IBC/390B/SCMB/2020, 1BC/1301/SCMB/
2020, IBC/376B/SBMS/2020 and 1BC/447B/SCMB/2021), such
that all experiments were performed in a biosafety level 3
facility at the School of Chemistry and Molecular
Biosciences at The University of Queensland, Australia.
Specifically, all pathogenic materials were handled in a class
Il biosafety cabinet and all approved personnel used
disposal Tychem 2000 coveralls (Dupont, Wilmington, NC,
USA; #TC198T YL) and Versaflo-powered air-purifying
respirators (3M, Saint Paul, MN, USA; #902-03-99). Surface
disinfection was performed with 70% ethanol while liquid
and solid waste underwent autoclave sterilisation (121°C for
45 min).

Participants

Whole blood was drawn from healthy individuals
(Supplementary table 1) with a 4.9 mL S-Monovette
(SARSTEDT, Numbrecht, Germany; #04.1926.001) and
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anticoagulated with 50 ug mL™" of Lepirudin (Pharmion,
Boulder, CO, USA), which is a direct thrombin inhibitor and
an anticoagulant that permits ex vivo complement
activation.® Tiirk’s solution (Sigma-Aldrich, Saint Louis, MO,
USA; #109277) was used as per manufacturer guidelines to
perform total leukocyte counts for MOI calculations.

Cell line and virus

An African green monkey kidney cell line (Vero E6 cells)
was cultured in DMEM (Gibco, Waltham, MA, USA)
supplemented with 10% heat-inactivated foetal calf serum
(HIFCS) (Bovogen, Melbourne, VIC, Australia) and
100 U mL™" of penicillin and 100 pg mL™" of streptomycin
(P/S). Cells were maintained at 37°C with 5% CO,. The
Queensland SARS-CoV-2 early isolate QLDO02 (GISAID
accession number EPI_ISL_407896) was recovered from a
patient on 30/01/2020 by the Queensland Health Forensic &
Scientific Services. VeroE6 cells were then inoculated with
this isolate and an aliquot (passage 2) was provided. Viral
stock (passage 3) was then generated through inoculation
of VeroE6 cells in DMEM with 2% HIFCS and P/S and stored
at —80°C. The viral titre was determined by an immuno-
plaque assay (iPA) as previously described.?®

Whole blood inoculation

For the ELISA experiments, 100 uL of whole blood was
inoculated with SARS-CoV-2 at an MOI of 0.1 or 1.0, LPS
0111:B4 (200 pg mL~'; Sigma-Aldrich; #L2630-100MG) or a
mock solution (i.e. DMEM with 2% HIFCS and P/S) for
30 min or 24 h at 37°C. Samples were then centrifuged at
2000 g for 10 min at 4°C and plasma was aliquoted and
stored at —80°C for downstream analysis. Certain samples
were pretreated with the following for 30 min at 37°C:
SEMI-1 (MASP1/2 inhibitor 10 pm; synthesised in house?’),
LNP023 (factor B inhibitor, 10 uv; AdooQ Bioscience,
Irvine, CA, USA; #A18905), compstatin analogue (C3
inhibitor, 20 pm; Wuxi AppTec Ltd, Shanghai, China;
#C15031904), eculizumab (C5 inhibitor, 100 ug mL™";
Ichorbio, Wantage, UK; #ICH4005), EGCG (heparan sulfate
inhibitor, 100 pm; Sigma-Aldrich; E4143-50MQG) or
pixatimod/PG545 (heparan sulfate mimetic, 100 pg mL™";
synthesised in house®®). This assay was repeated with
plasma isolated from whole blood after centrifugation at
2000 g for 10 min at room temperature. For the flow
cytometry experiments, whole blood was mixed 1:1 with
RPMI1640 (Gibco; #42401-018) and inoculated with
SARS-CoV-2 at an MOI of 0.1 or 1.0 or a mock solution (as
above) and incubated for 3 or 24 h at 37°C with 5% CO,.
Certain samples were pretreated with PMX205 (10 puwm;
synthesised as previously described®®) or eculizumab (as
above) for 30 min at 37°C with 5% CO,. Due to the
limitations of working within a biosafety level 3 facility,
we were unable to include inhibitor-only controls in our
experiments.

ELISA

A C5a ELISA (R&D, Minneapolis, MN, USA; #DY2037) was
performed on plasma samples from whole blood inoculated

2022 | Vol. 11 | e1413
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with SARS-CoV-2 for 30 min
manufacturer’s guidelines.

and 24 h as per the

Flow cytometry

Whole blood inoculated with SARS-CoV-2 was blocked with
5 uL of TruStain (Biolegend, San Diego, CA, USA; #422302)
for 10 min at room temperature and then stained for
granulocyte and monocyte markers, complement receptors
and viability for 15 min at room temperature. The specific
reagents included CD14-PerCP-Cy5.5 (Biolegend; #301824),
CD16 APC-Cy7 (Biolegend; #302018), HLA-DR BV785
(Biolegend; #307642), CD88 (C5aR1) PE-Cy7 (Biolegend;
#344308), CD45 BV605 (Biolegend; #368524), CD66b FITC
(Biolegend; #305104), CD11b AF700 (Biolegend; #301356)
and Zombie Aqua (Biolegend; #423102). Samples were then
fixed and lysed with 2 mL of BD FACSLyse (BD, Franklin
Lakes, NJ, USA; #349202) for 15 min at room temperature
and inverted 10 times at the 0- and 7.5-min marks. Lysed
samples were then centrifuged at 600 g for 5 min at room
temperature. Leukocytes were then resuspended in PBS for
flow cytometry acquisition on a BD LSR Fortessa Il. Data
analysis was performed with FlowJo v10.6.2.

SARS-CoV-2 serology testing

Trimeric SARS-CoV-2 spike protein was coated at
2ug mL™" on an ELISA plate overnight3® Plates were
blocked for 1 h at room temperature with a blocking
buffer (PBS containing 0.05% Tween-20 and milk sera
diluent/blocking solution—Seracare, Milford, CT, USA).
Plasma from the whole blood used for the C5a ELISA
study, a positive plasma control NIBSC 20/130 and a pre-
COVID-19 serum-negative control were serially diluted in
blocking buffer and added to the plate for 1 h at 37°C.
Plates were washed and probed by goat anti-human HRP
antibody (1:2500) in blocking buffer for 1 h at 37°C.
Tetramethylbenzidine substrate solution and sulfuric acid
stop solution were then added prior to absorbance
analysis. NIBSC 20/130A is a human covalence serum
obtained from the National Institute for Biological
Standards and Control (URL: https://www.nibsc.org/
documents/ifu/20-130.pdf).

Statistical analysis

Statistical analysis was performed with GraphPad Prism
Software v9.0.2 using paired or unpaired one-way ANOVAs
with Mann-Whitney U-tests or t-tests.
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The mechanisms by which SARS-CoV-2 activates complement remain unclear, and so here, we utilised an
ex vivo human whole blood model to interrogate the pathways and functional responses involved. SARS-CoV-2
inoculation in blood caused progressive C5a production over 24 h, which was blocked entirely by inhibitors for
factor B, C3, C5 and heparan sulfate. This study therefore provides direct mechanistic evidence for SARS-CoV-2
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driving complement activation and the requirement for cell surfaces and heparan sulfate.
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