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Abstract

Emerging evidence indicates that activation of complement system leading to the formation of the membrane attack complex
(MAC) plays a detrimental role in COVID-19. However, their pathogenic roles have never been experimentally investigated
before. We used three knock out mice strains (1. C377:2.C77; and 3. Cd59ab™" 7) to evaluate the role of complement
in severe COVID-19 pathogenesis. C3 deficient mice lack a key common component of all three complement activation
pathways and are unable to generate C3 and C5 convertases. C7 deficient mice lack a complement protein needed for MAC
formation. Cd59ab deficient mice lack an important inhibitor of MAC formation. We also used anti-C5 antibody to block and
evaluate the therapeutic potential of inhibiting MAC formation. We demonstrate that inhibition of complement activation (in
C377) and MAC formation (in C37~. C7~~, and anti-C5 antibody) attenuates severe COVID-19; whereas enhancement of
MAC formation (Cd59ab™") accelerates severe COVID-19. The degree of MAC but not C3 deposits in the lungs of C37",
C77"~ mice, and Cd59ab™" mice as compared to their control mice is associated with the attenuation or acceleration of
SARS-CoV-2-induced disease. Further, the lack of terminal complement activation for the formation of MAC in C7 deficient
mice protects endothelial dysfunction, which is associated with the attenuation of diseases and pathologic changes. Our
results demonstrated the causative effect of MAC in severe COVID-19 and indicate a potential avenue for modulating the
complement system and MAC formation in the treatment of severe COVID-19.
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SARS-CoV-2 infection mediates massive activation of the
host immune system and drives uncontrolled inflammation
that affects multiple organs, causing severe COVID-19 [1,
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in COVID-19 pathogenesis by accelerating lung and other
tissue damage [1]. These underlying mechanisms remain
unclear and require further experimental investigation [1,
3,4].

The complement system comprises of 50 + soluble and
membrane-bound proteins and is activated primarily via one
of three distinct pathways (classical, lectin and alternative
pathways) [1, 5, 6]. All three pathways converge at C3 cleav-
age, with the generation of C3b and C3a, and the subsequent
formation of C5 convertase. The C5 convertase then cleaves
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C5 to form C5b and C5a [1, 5]. The soluble anaphylatoxins
C3a and C5a have inflammatory and immune modulatory
functions. The terminal complement activation pathway is
initiated by C5b and ultimately results in the formation of
the membrane attack complex (MAC) [6-9]. The MAC is
a macromolecular pore capable of inserting itself into cell
membranes and lysing foreign pathogens, heterologous cells
and, under certain pathological conditions, autologous cells
[1,6,7, 10, 11]. Additionally, the formation of MAC at sub-
lytic concentrations in a cell membrane stimulates signaling
cascades [12-20] that lead to the activation of monocytes
and mediate inflammation [9, 21, 22]. To protect autologous
cells from MAC attack, more than 10 plasma- and mem-
brane-bound inhibitory proteins have evolved that restrict
complement activation at different stages of each of the three
pathways [5, 6]. CD59, the most important membrane-bound
complement regulator, specifically inhibits MAC formation
by preventing C9 incorporation and polymerization [23].
Extensive clinical evidence suggests that increased comple-
ment activation in the circulation and in the lungs during
SARS-CoV-2 infection accelerates severe COVID-19 [1,
24-33]. Hospitalized COVID-19 patients have significantly
higher levels of circulating sC5b-9 (soluble MAC or sMAC)
as compared to influenza patients [31]. sSMAC, C3a and
C5a serum levels are associated with increased COVID-19
severity [34-39]. Heightened complement deposition has
been found in various tissues of severe COVID-19 patients,
including C3 and C5b-9 on lung endothelium and C5a in
bronchoalveolar lavage fluid (BALF) [37, 40]. Recent stud-
ies have documented that enhanced complement activation,
as indicated by increased MAC and C4d serum levels, dur-
ing hospitalization is associated with a higher risk of 60-day
mortality in SARS-CoV-2-infected patients[24]. Height-
ened complement activity also increases platelet activation
contributing to thromboinflammation in severe COVID-19
patients [27, 41]. Additionally, various other non-respiratory
viruses activate complement resulting in increased tissue
damage, including ross river virus (RRV) and human immu-
nodeficiency virus (HIV). In RRV infection, complement
activation worsens inflammatory arthritis and myositis, as
demonstrated using C3- and CR3-deficient mice [42]. In
HIV infection, the virus both evades and activates comple-
ment to enhance infectivity. Deposition of C3 fragment onto
HIV-1 virions and generation of C5a during the HIV infec-
tion facilitate HIV-1 interaction with cells such as mono-
cytes/macrophages and dendritic cells [43—46]. To evade
host detection and protect itself from complement-mediated
virolysis, HIV uses glycoproteins to capture factor H and
additionally incorporates the regulators CD55 and CD59
into the envelope after budding [47, 48]. Increased com-
plement activation and complement product deposition in
tissues such as the brain has been implicated in contributing
to the pathogenesis of HIV-associated comorbidities such
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as neurocognitive disorders [44]. Altogether, there is exten-
sive evidence indicating that complement activation plays a
detrimental role in COVID-19, RRV and HIV infection [1,
42, 44]. However, how complement activation contributes
to the pathogenesis and whether the formation of the MAC
accelerates severe COVID-19 remains unclear. Clinical tri-
als with complement inhibitors indicate that modulation
of complement activation may have a beneficial effect for
treating severe COVID-19 [49-52]. The causative roles of
complement activation and specifically the MAC in severe
COVID-19 have not been experimentally investigated. This
knowledge gap limits our ability to effectively modulate the
complement system for the treatment of severe disease. To
fill this gap, we used a murine COVID-19 model together
with mice deficient in: (1) C3, the central component of all
3 activation pathways and upstream of MAC formation; (2)
C7, a key complement component for MAC formation, but
downstream of C3 activation and C3a and C5a generation;
and (3) CD59, a membrane-bound MAC specific inhibitor.
We also used a clinically relevant paradigm of C5 blockade
using an anti-C5 mAb that blocks the generation of C5a and
the MAC. To better understand pathological mechanisms,
we performed scRNA-seq (single cell RNA sequencing)
analysis in mouse model of COVID-19. We found that the
inhibition of complement activation in C3™~ mice and
suppression of MAC formation in C37~ and C7~~ mice
as well as with anti-C5 antibody treatment attenuates
severe COVID-19 while enhancement of MAC formation
in Cd59ab™~ mice, increases the severity of the disease.

Methods
Ethical compliance and animal models

Our research follows Tulane University’s Institutional
Animal Care and Use Committee-approved protocols
(1557 and 1331) and complied with all relevant ethical
regulations for animal treatment. Murine models were
bred and housed within the university’s animal facility.
The following lines were sourced from the Jackon Labo-
ratory (K18-hACE2%~ (034860), C57BL/6 J (000664),
C377(9,003,641), C77~ (042133). Cd59ab™~ were gener-
ated by us previously [53-56].

SARS-CoV-2 virus and infection

The SARS-CoV-2 USA-WA1/2020 isolate (NR-52281) was
sourced from the CDC through BEI Resources, NIAID, NIH
and the CoV-2 MA30 Variant was acquired directly from Dr.
Perlman [57]. Expansion of virus and inoculation of mice
was performed at Tulane using the same methodology as
described previously [58]. Mice were infected in Tulane



Enhanced complement activation and MAC formation accelerates severe COVID-19

Page3of 14 405

BSL3 core facility via intranasal inoculation and monitored
in the morning for body weight and behavior daily. Mice
were euthanized if they reached 25% body weight loss. Per-
cent body weight (%BW) was calculated by measuring body
weight at 0 DPI (BWpp) and on subsequent days (BWypypp)
using the following calculation: %BW = 100 — 100 X
(BWoppr = BWxpp)/BW oppr-

Hemolytic assay

We sourced whole blood from our mice via cardiac puncture
and collected the serum by incubation at room temperature
for 30 min in a BD microtainer before centrifugation and
storage at —80 °C. The hemolytic assay was performed using
Ab-sensitized sheep erythrocytes (Cat# B250, Complement
Technology, Inc) and following the manufacturer’s protocol
using serial dilution of sample serum (2%, 4%, and 8%).

ELISA measurements

Following the protocols of the respective manufacturer,
analytes from collected serum were measured in duplicate
using the following ELISA kits and dilutions. C5a ELISA
1:50 dilution (R&D systems, DY2150), C3a ELISA 1:10
dilution (R&D systems, NBP2-70,037), VEGF ELISA 1:20
(R&D systems, MMV00-1), and vWF ELISA 1:5 dilution
(LSBio, LS-F22891).

Administration of BB5.1 or IgG,

Mice were treated via intraperitoneal treatment with 200 pL/
mouse (40 mg/kg) of either Anti-C5 mAb BBS5.1 (provided
by Dr Steve Tomlinson) or IgG, isotype control (Leinco
Technologies, Inc., 1-536). Mice were treated on -1 DPI
(24 h before infection), 0 DPI (2 h before infection), and
2 DPL.

Histopathological examination

Tissues were collected in formalin fixative and processed
routinely for paraffin embedding. For histological studies,
5 pm lung tissue sections were either stained routinely with
hematoxylin and eosin (H&E) or left unstained for immuno-
histochemistry (fluorescent (FIHC) and chromogenic (IHC)).
Once stained, slides were digitally imaged with Nanozoomer
S360 scanner (H&E and THC) or Axio Scan.Z1 (FIHC).
Quantification of pulmonary edema and inflammatory
cell infiltration was performed by a board-certified vet-
erinary pathologist using pattern recognition software
(HALO AI 3.4, Indica Labs). A DenseNet.V2 neural net-
work was used to train a tissue segmentation algorithm to
detect pulmonary edema and cellular infiltration. Regions
of interest were manually drawn around each lung section

on a slide, and the algorithm was used to quantify edema
and cellular infiltration within regions of interest. Results
of the algorithm were checked for accuracy by the patholo-
gist that trained the algorithm.

Bronchial epithelial damage was scored manually by
a pathologist using a semiquantitative method assigning
slides a score from absent (0) to severe (4 +). Scoring cri-
teria were determined as follows: 0: no histopathologic
evidence of bronchial epithelial damage; 1+:<10% of
airways exhibited degenerative changes; 2+: 10-25%
of areas exhibited degenerative changes; 3+:>25% of
airways exhibited degenerative changes; 4 +:>25% of
airways exhibited degenerative changes with segmental
sloughing of airway epithelial cells. Degenerative changes
include vacuolation, attenuation, apical blebbing, and
sloughing.

Detection of viral RNA

SARS-CoV-2 N viral RNA from lung tissue samples were
measured and quantified using qRT-PCR as described previ-
ously [58].

Immunohistochemical staining

Lung tissue sections were fixed in zinc formalin, embed-
ded in paraffin, and then subjected to epitope retrieval using
solutions of varying pH (Vector Labs H-3301 and H-3300)
[33, 59]. Blocking was performed using BSA, goat serum,
or donkey serum, followed by incubation with primary and
secondary antibodies. Guinea pig anti-SARS S protein (NR-
10361, BEI Resources) was used at a 1:1000 dilution. For
Figs. 6 and supplemental 7 and the detection of deposits
of MAC, polyclonal rabbit anti-rat C9 (obtained from Dr.
Paul Morgan) was used at a 1:400 dilution as described in
[55, 56, 60]. In Fig. 7, an antibody against C9 (USBiologi-
cal Life Sciences, 362,359, Rabbit Anti-C9) was used at a
1:1000 dilution. C3 staining was performed using an anti-
C3 antibody (catalog number 200999, Abcam) at a 1:1000
dilution. For C9 quantification, we used HALOv3.4 (Indica
Labs). For C3 quantification, we used NIH Image J soft-
ware and applied “Color deconvolution” by set vectors to
“H DAB” to get the DAB-stained area and using the IHC
Profiler plugin to automatically score the staining status of
samples to obtain the percentage contribution of positive.

Single cell analysis

We mined gene differences in infected vs naive B6 mice as
described in attached supplementary material.
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Statistics

Data representation was in the form of mean+ SEM. For
multiple group comparisons over time, a two-way ANOVA
with Tukey’s post hoc test or mixed-effects analyses with
Sidak’s post hoc test were applied. For two-group com-
parisons, we used the unpaired Student’s #-test, considering
p <0.05 as statistically significant. Survival analyses were
performed using log-rank (mantel-cox) test.

Results

SARS-CoV-2 infection mediates increased systemic
complement activation in mice

We first investigated whether SARS-CoV-2 infection medi-
ates complement activation in C57BL/6 J (B6) mice infected
with MA30, a mouse adapted strain established by Dr. Perl-
man [57]. In our previous studies [58], we established the
lethal dose (LD: 2 x 10°> TCIDs, a dose causing nearly 100%
mortality), the LDs, dose (5% 10* TCIDs,, a dose causing
50% mortality) and the sublethal dose (1 x 10* TCIDs, a
maximal non-lethal dose) of MA30 in 12-20-week-old B6
mice. MA30 in B6 mice resulted in pulmonary pathology
characterized acutely by bronchial epithelial degeneration
and necrosis, pulmonary edema, and interstitial pneumo-
nia [58]. To measure the dynamic changes of complement
activity, we collected sera from B6 mice at 1 to 7 days post
infection (DPI) with a sublethal dose. This dose resulted in
a maximum 20% loss of body weight at 4 DPI together with
major histological changes in the lungs of infected B6 as
previously described [58]. To measure systemic complement
activity in mouse serum by MA30 infection, we used a well-
described hemolytic assay to measure MAC-mediated lysis
of antibody-sensitized sheep erythrocytes [61]. After infec-
tion, there was progressively reduced complement activity in
mouse serum collected at 0, 2, 4 and 7 DPI, indicating ongo-
ing systemic complement activation during SARS-CoV-2
infection (Fig. 1A). Furthermore, we found that infected
male and female B6 mice had significantly higher levels of
C3a and C5a in serum compared with naive B6 counterparts
(Figs. 1B and C). Infected males had higher C3a but not C5a
levels in serum compared to infected females (Figure STA-
B). This result further confirms that SARS-CoV-2 infection
mediates complement activation and reduces serum comple-
ment levels.

Our previous global transcriptomic analyses of a SARS-
CoV-2-infected human ACE2 (hACE2)-transduced mouse
model and hACE2-transgenic mouse models documented
that SARS-CoV-2 infection mediates the up-regulation of
complement components and the activation of complement
in the infected lung [32, 33, 59, 62]. To further dissect the
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up-regulation of complement components during infection,
we mined our previous single-cell RNA sequencing data
from the MA30-infected B6 mice at 2 DPI [63]. We found
that Clga, Clgb, Clgc, C4a, C4b, C2, C3 and Cfb, but
not C7 and C9, were significantly upregulated in either the
macrophages, neutrophils, and endothelial cells of MA30-
infected lungs as compared to naive mice (Fig. 1D-G and
Figure S2). Thus, up-regulated complement genes in the
infected lung are associated with ongoing complement
activation.

Deficiency of C3 protects against severe COVID-19

To explore the role of complement activation in severe
COVID-19, we infected C3 deficient (C3‘/ ~,n=9) and suf-
ficient (C3** or B6, n=9) mixed-sex mice at 14-weeks old
with an LD;5 of MA30 strain (5 10* TCIDs;) and moni-
tored them from O to 12 DPI. We euthanized some of the
mice for analyzing lung pathological changes and viral load
at 4-5 DPI (Fig. 2A-H). Infected C3™~ mice lost signifi-
cantly less body weight from O to 5 DPI and had a signifi-
cantly higher survival rate (100%) than infected C3** mice
(Fig. 2A and B). We did not detect any significant differences
in viral load and in viral S protein staining cells between
the two groups (Fig. 2C and Figure S3A-B). Absence of
complement activation in infected C3™~ mice in a separate
all-male cohort was confirmed by lower serum C3a and C5a
levels in infected C3™~ compared to C3™* males at 3 DPI
(Fig. 2D and E), and further confirmed by low or absent
serum hemolytic activity (Fig. 2F). Histologically, we found
that the infected C3™~ mice, from the original mixed-sex
group, showed significantly reduced pulmonary edema as
compared with the infected C3** mice (Fig. 2G-H). We
have previously shown that rapid development of severe pul-
monary edema is associated with outcome in MA30-infected
C57BL/6 mice (B6) [58]. Bronchial epithelial degeneration
also tended to be lower in C3™~ mice (P=0.08). Taken
together, these results indicate that deficiency of C3 pro-
tects against severe COVID-19 in MA30-infected B6 mice.
To confirm these results we used another severe COVID-
19 model, namely the hACE2-transgenic K18 mouse model
(K18-hACE2"7) [32, 62]. We crossed C3~~ mice with K18-
hACE2 mice (C37/~/K18-hACE2"~) and infected them with
SARS-CoV2-WAT1 (the USA-WA1/2020, a strain ancestral
to the Wuhan variant) [32, 62]. C3 deficiency in hACE2-
K18~ mice protected against the development of severe
COVID-19 regardless of the viral load, as evidenced by
less body weight loss and lung edema levels despite sim-
ilar viral subgenomic N RNA in the infected C3~~/K18-
hACE2"~ mice as compared to C3**/K18-hACE2"~ mice
(Fig. 3A-C). These results further demonstrate that defi-
ciency of C3 protects against severe COVID-19 in mice.
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Fig.1 SARS CoV2 infection mediates increased systemic comple-
ment activation and up-regulates complement transcripts in multiple
pulmonary cells in mice. A Complement-mediated hemolytic activ-
ity in the infected MA30-infected mice. The 4% of serum was col-
lected from 14-16 weeks old males at different days post infection
(DPI) with sublethal dose of SARS-CoV-2 MA30 (2.5x10* TCIDs),
and were used as source of complement to measure MAC-mediated
hemolysis of the antibody-sensitized sheep erythrocytes. B-C C3a
level (B) and C5a (C) detected by sandwich ELISA from sera of
male (m) and female (f) mice collected after infection with sublethal
(2.5x10* TCID50) and lethal (5x10* TCIDs;) doses of SARS-CoV-2
MA30. Overall significances shown in Figure 1A-1C were ana-
lyzed by one-way ANOVA and were indicated with horizontal bar,

The deficiency of CD59 exacerbates COVID-19,
whereas the inhibition of the MAC mitigates severe
manifestations of the disease

To explore the pathogenic role of the MAC in severe
COVID-19, we used mice sufficient and deficient in CD59,
a key MAC-specific regulator [55, 56]. In mice, there are
two CD59 GPI-linked proteins (CD59a [64] and CD59b
[65]) while humans express only one CD59. Cd59a is the
primary source of CD59 anti-MAC activity in mice under
physiological conditions [66, 67]. Cd59b is expressed at a
lower level on erythrocytes and at a higher level on testis
compared to Cd59a [68-70]. To eliminate any potential
compensatory effects of Cd59a and Cd59b, we used our
previously generated and characterized Cd59ab double
knockout (Cd59ab_/ 7) [53, 54] mice, which we infected with
a non-lethal dose of MA30 (1 x 104, IN), in parallel with
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with group comparisons by Tukey test, * p < 0.05, ** p < 0.01, and
*#**p < 0.001, and **** p < 0.0001. D Major clusters and respec-
tive cell types for two 12-week-old female MA30 infected B6 mice
(1x10* TCIDs) at 2dpi and two 12-week-old non-infected B6 mice
by scRNA-seq data. Uniform manifold approximation and projec-
tion (UMAP) for dimension reduction plot with major cell types of
scRNA-seq. Single-cell suspensions from whole infected lungs at 2
dpi and non-infected lungs were processed and sequenced. We identi-
fied 10 major clusters including T cells, myeloid cells, B cells, NK
cells, fibroblast, endothelial, erythroid, non-specific, B & T cells, epi-
thelial cells. E-G Expression of Clga, Clgb, Clgc, C2, C4a, C4b,
and Cfb in the infected (pink) and non-infected (teal) cell clusters of
lungs with p-values indicated

CD59 sufficient (Cd59ab™*) mice. Infected male and female
Cd59ab™" mice lost a greater percent of body weight and
had a higher mortality rate compared to infected Cd59ab™*
counterparts, while both types of mice had similar lung viral
load and S protein staining (Fig. 4A-C and S4). Histologi-
cally, we found that Cd59ab™~ mice exhibited more severe
pulmonary edema than Cd59ab™* mice (Fig. 4D-E). Bron-
chial epithelial degeneration was also significantly increased
Cd59ab™" mice (Figure S5A-C); whereas interstitial inflam-
matory cell infiltrate was similar between CD59 sufficient
and deficient mice.

To test the potential therapeutic effect of inhibiting
MAC formation in severe COVID-19 we used BB5.1, an
anti-mouse C5 antibody and functional homologue of the
clinically used drug eculizumab [55]. Eculizumab is used
for treating paroxysmal nocturnal hemoglobinuria (PNH)
by blocking MAC formation and C5a production and has

@ Springer
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Fig.2 Deficiency of C3 protects against severe COVID-19 in MA30-
infected B6 mice. A—C and G-H: C3~~ and C3*/* mice (n=9/group)
aged 14 weeks and of mixed sex (5 males and 4 females per goup)
were infected with a lethal dose of MA30 (5x10* TCIDs) and sac-
rificed at 4-5 and 12 DPI. Percent body weight (A) and survival
rate (B) after the infection were analyzed by Two-way ANOVA and
survival by Log rank (Mantel-Cox) test. C Viral load was quantified
by measuring subgenomic N RNA by qPCR in the mice at 4-5 DPI.
D-F 9 C37~ and 9 C3** male mice were infected with MA30 5x10*
TCID5, and were sacrificed at 3DPI for tissue collection. C3a (D)
and C5a (E) serum levels as quantified by sandwich ELISA. Statis-

resulted in significant improvements in survival and a reduc-
tion in complications for PNH patients [71]. Previously, we
[55] and others [15] have documented that the inhibition
of MAC formation with the treatment of BB5.1 protects
against the development of atherosclerosis without any evi-
dent adverse effect on the mice. Specifically, in this study,
we administered Cd59ab™~ mice (in B6 background) with
anti-C5 mAbD clone BB5.1 or IgG isotype control clone
135.8 (40 mg/kg/day, i.p.) on days 0-2, followed by twice
a week on days 3—60 for atherosclerosis study [55]. Here,
we used the same dose regimen by treating Cd59ab™"~ mice
with BB5.1 or IgG isotype control for two consecutive days
(40 mg/kg/per day, IP), followed by inoculation with a non-
lethal dose of MA30. At 2 DPI, the infected mice were
treated again with BB5.1 or IgG isotype. Despite a simi-
lar viral load, the BBS5.1 treated mice lost significantly less
body weight and had similar survival rates as compared to
IgG-treated mice (Fig. 4F-G). As expected, serum collected
from infected BBS5.1-treated mice had a lower complement-
mediated hemolytic capacity and lower C5a levels as com-
pared with serum collected from infected IgG-treated mice
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tics show significance between groups using One-way ANOVA with
Tukey’s multiple comparisons. Of note, there is a non-specific C3a
signal in C3”" mice, which may be the result of sample hemolysis and
non-specific binding. F Complement activity measured by hemolytic
assay with exposure of serial dilution of sera from C3 sufficient and
deficient mice at 3 DPI to antibody sensitized sheep erythrocytes.
G-H Representative images (G) of edema from C3 sufficient and
C3 deficient mice after infection at 4-5DPI, and quantification (H)
by two-tailed student T-test. * p < 0.05, ** p < 0.01, ***p < 0.001,
and **#** p < 0.0001 by the respective statistical methods as detailed
above

(Fig. 4H-I). Thus, inhibition of MAC formation by BB5.1
treatment partially protected against the development of
severe COVID-19 in this model but could not significantly
prevent fatal outcomes.

Deficiency of C7 protects against severe COVID-19

To conclusively establish the role of MAC in the pathogen-
esis of COVID-19, we used mice deficient in C7 (C7‘/_),
a key component of MAC formation that does not affect
the generation of upstream biologically active complement
activation products [47]. C7~~ and C7"* mice were intra-
nasally inoculated with a sublethal dose of MA30 (2.5x 10*
TCIDs,). Both male and female C7~'~ mice had a lower per-
cent body weight loss with a similar viral sub genomic load
and viral S protein staining in the lungs as compared with
the C7** counterparts within 7 DPI (Fig. 5SA-B and S6A-B).
Sera collected from infected C7~~ mice lacked complement-
mediated hemolytic activity, unlike sera from infected C7**
mice (Fig. 5C), confirming insufficiency of MAC formation
in C77~ serum. There were no significant differences in
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Fig.3 Deficiency of C3 protects against severe COVID-19 in K18-
hACE2 transgenic mice infected with an original SARS-CoV2 strain.
A-C C3 deficient and sufficient mice expressing hACE2 under the
control of the K18 promoter (C3~~/K18-hACE2*~ and C3**/KI8-
hACE2*") aged 15 weeks with mixed-sex were infected with SARS-
CoV-2-WAL strain (n = 9/group, 5 females and 4 males per group)

serum C3a and C5a levels between infected C7~~ and C7*
mice, consistent with the downstream position of C7 in the
complement activation pathway (Fig. 5D-E). These results
indicate that during infection, early complement activation is
independent of C7 gene expression. Histologically, we found
that infected C7~~ mice had less pulmonary edema than
infected C7** mice (Fig. 5F-G); whereas bronchial epithe-
lial degeneration and interstitial inflammatory cell infiltrates
were similar between these two groups (Figure S5). Thus,
C7 deficiency specifically preventing MAC formation pro-
tects against severe COVID-19. This result, together with the
above data with Cd59ab™" mice, indicates MAC-specific
acceleration of severe COVID-19.

To investigate the cellular mechanism underlying MAC-
accelerated severe COVID19, we measured serum levels of
vWF (Von Willebrand Factor) and VEGF (vascular endothe-
lial growth factor), established biomarkers for monitoring
endothelial dysfunction [55, 72]. We found that infected
C7*"* mice had significantly higher levels of both vVWF and
VEGF compared to infected C7~"~ mice, at both 4 and 7 DPI
(Fig. 5H-1), indicating that MAC contributes to COVID-19
pathogenesis by causing endothelial dysfunction/activation.

Infected €37/~ and €77~ mice had decreased,
and Cd59ab~'~ mice had increased, MAC deposition
in the lungs

To directly monitor the impact of complement modulation
in the above experimental paradigms, we stained for MAC

with 4 mice/group euthanized at 4 DPI and the others at 7 DPI. A
Percent body weight changes. p-value = 0.0036 by two-way ANOVA,
and B viral load of lung by qPCR showing no significance after infec-
tion. C Hemolytic activity of the infected C3~7~/K18-hACE2*'~ and
C3**/K18-hACE2*~ at 3 and 7 DPI using 8% diluted serum as the
source of complement

and C3 deposition in infected lungs. Infected B6 mice had
significantly higher levels of MAC (Figure S7) and C3 depo-
sition (Figure S8) in pulmonary tissues compared to naive
B6 mice. Infected Cd59ab™~ mice had increased levels of
MAC and C3 deposition (Figs. 6A-B and Figure S7) and
C3™~ mice had reduced MAC and lack of C3 deposition in
pulmonary tissues and cells compared to infected control
mice (Figs. 7A-B and S8). Notably, deficiency of C7 resulted
in reduced MAC but enhanced C3 deposition in pulmonary
tissue and cells (Figs. 7C-D and Figure S8). Thus, C3 and
C7 deficiency results in decreased MAC deposition in the
lungs of infected mice, whereas CD59 deficiency results in
increased MAC deposition.

Discussion

In this paper, we document that mice infected with a suble-
thal dose of MA30, a mouse-adapted SARS-CoV-2 strain,
had sustained ongoing systemic serum complement activa-
tion during the acute phase of infection. This was evidenced
by increased serum levels of C3a and C5a and a reduced
capacity of mouse serum to mediate MAC-induced hemoly-
sis. We also found that there were continuously increased
C3a and C5a levels in infected mouse sera from 0 to 7 DPI
(Fig. 1B and C), indicating sustained ongoing complement
activation during acute MA30 infection. These results are
consistent with clinical findings that severe COVID-19
patients have persistently increased levels of soluble MAC,
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Fig.4 Increase and reduction in MAC formation accelerates or par-
tially rescues severe COVID-19, respectively. Administration of an
anti-C5 inhibitor BB5.1 partially rescues the deleterious effects of
CD59 deficiency. A—E Cd59ab™~ (n=10 males, n=10 females) and
Cd59ab™* mice (n=10 males, n=10 females) were age-matched at
16-20 week old and infected with a sublethal dose of MA30 SARS-
CoV2 of 1x10* TCIDs,. Percent body weight changes and survival of
A male mice and B female mice after infection. C Viral load showed
no significant difference. D Representative images of lung H/E sec-

C3a and C5a in their serum [24, 34-39]. We also found that
C3a but not C5a levels in serum were increased in infected
males compared with infected females (Figure S1). This
result is consistent with the previous finding that C3 activ-
ity was increased in male B6 mice after intestinal ischemic
reperfusion injury or via activation of the classical pathway
[73, 74]. Further, scRNA-seq of the infected mouse lung
revealed an up-regulation of the transcripts of several com-
plement genes (Clga, Clgb, Clgc, C4a, C4b, C2, C3 and
Cfb) in myeloid cells and endothelial cells of MA30-infected
lungs. Our previous study in the well-established SARS-
CoV-2-WAl-infected K18-hACE2 model, showed upregu-
lation of complement pathways in the lungs and upregula-
tion of complement genes such as Clqga, Cigb and Cfb in
myeloid cells and fibroblast cells of infected mice at 4, 6
[32], and even 21 DPI [75]. This local upregulation may
contribute to ongoing complement activation by comple-
ment products synthesized locally by tissue-resident cells,
rather than by liver-derived systemic production [1]. Previ-
ous studies have implicated complement upregulation as a
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tion thereof. F-I Cd59ab™~ mice were infected with sublethal doses
(1 and 2.5x10* TCIDs,) of MA30 SARS-CoV-2 and treated with
control isotype IgG (n=12) or anti-C5 BB5.1 antibody (n=16). F Per-
cent body weight changes and survival in infected males (n=9/group).
G Viral load in the lungs showing no significance with unpaired
t-tests. H C5a levels in the sera after infection, significance from
unpaired z-test. I Complement activity as measured by hemolytic
assay of the infected mice sera at serial dilution

risk factor for 60-day mortality in COVID-19 patients [24].
Whether the increased local production of these comple-
ment components in these immune cells also contribute to
the ongoing complement activation, leading to accelerated
severe COVID-19 seen in patients, remains unclear and war-
rants further investigation [1].

Our study has defined a causative effect of MAC in accel-
erating severe COVID-19 by both gain- and loss-of-function
approaches. The lack of total complement activation due to
deficiency of C3 in both B6 and K18-hACE2 compound
backgrounds protected against severe diseases following
infection by a lethal dose (LD55) of MA30 and a sublethal
dose of SARS-CoV-2-WAL strain, respectively. Abrogation
of MAC formation due to C7 deficiency attenuated while
enhanced MAC formation due to CD59 deficiency acceler-
ated severe COVID-19. Further, therapeutic inhibition of
MAC formation with BB5.1 antibody treatment partially
protected against the development of severe COVID-19 in
CD59 deficient mice. The protective and harmful effects
seen in these deficient mice were independent of viral load.
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Fig.5 Deficiency of C7 protects against severe COVID-19. A-I
Mixed sex C7** (n = 14, 10 males, 4 females) and C7~~ mice
(n=11, 7 males, 4 females) aged 15-17 weeks were infected with an
infectious dose of MA30 SARS-CoV-2 (2.5x10* TCIDs) and euth-
anized at 4 and 7 DPI. A Percent body weight changes as assessed
by Two-way ANOVA. B viral load after infection as measured by
qPCR. C Hemolytic assay showing complement activity as measured
by serial dilution of the infected sera as a source of the complement
to lyse the anti-body sensitized sheep erythrocytes. D-E C3a (D) and

This is in line with the clinical observation that heightened
complement activation is associated with COVID-19 [24,
34-39], SARS, and MERS [1, 76, 77]. A previous study
using a different viral strain than that used here also showed
that C3~~ mice were protected from SARS-CoV [78].
Mouse-adapted SARS-CoV-infected C3~~ mice did not have
any weight loss after the infection, and respiratory function
was improved compared to the infected controls [78]. A sim-
ilar observation was found in our study with MA30-infected
B6 mice. The infected C3™~ mice, when challenged with the
LD;5 of MA30, exhibited significantly improved survival,
minimal weight loss, and reduced pulmonary edema com-
pared to infected control C3*/* mice. It is important to know
that increase in body weight loss and mortality rate associ-
ated with the rapid development of pulmonary edema are
the typical features of the severe diseases phenotypes seen
in MA30-infected B6 mice [58]. To our knowledge, there
are no previous studies that utilize complement-deficient
mice to dissect the role of specific complement pathways

C5a (E) measurements of the sera from the infected mice by ELISA
with significant differences as assessed by One-way ANOVA with
Dunnet’s (D) or Tukey’s (E) multiple comparisons. F-G Representa-
tive images of pulmonary edema at 4 DPI (F) and quantification (G)
analyzed by Student #-test. H-I vWF (H) and VEGF (I) serum levels
(ng/mL) at 4 and 7 DPI. Overall signficiance assessed by One-way
ANOVA and indicated by horizontal bar with individual compari-
sons assessed by two-tailed Student r-test. * p < 0.05, ** p < 0.01,
*EEE p < 0.0001

or complement components in the pathogenesis of severe
COVID-19', and our results document a critical pathogenic
role for the MAC in severe COVID-19.

Early clinical observations showed that there were
heightened C3 and C5b-9 deposits on lung endothelium and
increased C5a in bronchoalveolar lavage fluid (BALF) [27,
37, 40]. However, these studies did not directly examine the
consequence of MAC deposition on the pathogenesis and
disease severity as observed in patients. Here, we showed
that there was decreased MAC deposition in the lungs of
infected C3™~ and C7~~ mice, and increased MAC deposi-
tion in the lungs of Cd59ab™~ mice as compared to their
respective control mice. The level of MAC deposition on
alveoli, epithelial cells, and endothelial cells in the various
complement-deficient mice correlated with disease severity,
pathological changes, and survival. However, C3 deposits
in the lungs of these infected mice did not show the same
trend. One of the major pathological changes seen in severe
COVID-19 patients is alveolar edema [79—84]. Consistently,
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Fig.6 MAC deposition in the lungs of Cd59ab” mice as assessed
by C9 staining. A-B Age-matched 16-20 week-old male and female
Cd59ab™" and control Cd59ab*'* mice were sacrificed and tissues
collected after death at 4-7 DPI after infection with MA30 (1x10*
TCID5;). MAC deposition was viewed by staining with polyclonal

our data showed that decreased MAC deposits were associ-
ated with reduced while increased MAC deposits were asso-
ciated with more edema in the lungs of our experimental
mice. Further, the lack of terminal complement activation
and formation of the MAC in C7 deficient mice protected
against endothelial dysfunction, which was associated with
the attenuation of pulmonary edema and disease.

In summary, these results indicate an important patho-
genic role for the MAC in severe COVID-19. However,
the molecular and cellular mechanisms underlying MAC-
accelerated severe COVID-19 remain unclear. Previous
studies have elucidated a mechanism by which MAC forms
sublytic pores and subsequent ion influx in nucleated cells
resulting in the release of inflammatory cytokines such
as basic fibroblast growth factor and platelet-derived
growth factor, which may contribute to the pathogenesis of
complement-mediated diseases [9, 21, 85]. However, the
pathological role of sublytic MAC in the severe COVID-
19 remains unclear and warrants further investigation.
Our results also show that systemic inhibition of MAC
formation by C3 or C7 deficiency does not increase viral
load in SARS-CoV2 infection (Figs. 1, 2 and 4). This
result suggests that SARS-CoV2 possesses a strategy to
evade MAC-mediated virolysis and complement opsoni-
zation. SARS-CoV-2 has been implicated in employing
several immune evasion mechanisms to avoid host attack
via autophagy flux disruption and blockage [86, 87] as
well as the weak binding ability of Omicron with HLA
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Endothelium (40X)

Epithelium (40X)

rabbit anti-rat C9 (kindly obtained from Dr. Paul Morgan) at a 1:400
dilution. A Representative images of the above groups at 5 DPI show-
ing whole lung lobe at magnification 2X, Alveoli at 20X, and epithe-
lium and endothelium at 40X. B Quantification of C9. ** p < 0.01 by
two-tailed Student’s r-test

class I polymorphisms [88]. RRV and HIV utilize multi-
ple mechanisms to escape complement attack, such as the
recruitment of factor H, CD59 or CD55 to the membrane.
Whether SARS-CoV?2, a respiratory virus, possesses simi-
lar mechanisms for complement evasion remains unknown.
A recent study shows that SARS-CoV-2-encoded ORF8
protein may contribute to the decay of C3-convertase to
inhibit complement activation [89]. However, how this
mechanism and other evasion mechanisms contribute to
MAC-accelerated COVID-19 requires further investiga-
tion. Moreover, it is not completely understood how, and
which complement pathways are activated in SARS-CoV-2
infection, and what their relative roles are in COVID-19.
From a clinical standpoint, we show that a murine form
of eculizumab provides a partial protective effect against
severe COVID-19 in CD59 deficient mice and inhibits
the formation of MAC, as determined by measurement
of soluble MAC in circulation. However, it remains to be
determined whether the dosing regimen we used is suf-
ficient to block the formation of MAC in the lungs after
the infection. Therefore, future studies with additional
dose ranges and duration are needed to further test the
therapeutic value of anti-MAC for treatment of severe
COVID-19. Of note, eculizumab showed limited beneficial
effects in clinical trials [90-94]. A thorough dissection of
these questions may provide therapeutic targets and build
a strong foundation to protect against future pandemics.
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Fig.7 MAC deposition in the lungs as assessed by C9 staining.
A-D Mouse lung sections were stained with an antibody against
C9 (USBiological Life Sciences, 362359, Rabbit Anti-C9) used at a
1:1000 dilution. Representative images of the above groups showing
whole lung lobe at magnification 2X, Alveoli at 20X, and epithelium
and endothelium at 40X. A Representative image at 3DPI of lungs of
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