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Abstract: Increased levels of circulating complement activation products have been reported in
COVID-19 patients, but only limited information is available on complement involvement at the
tissue level. The mechanisms and pathways of local complement activation remain unclear. The aim
of this study was to investigate the deposition of complement components in the lungs, kidneys, and
liver in patients with COVID-19 patients and to determine the pathway/s of complement activation.
We performed immunofluorescence analyses of autopsy specimens of lungs, kidney, and liver from
12 COVID-19 patients who died of acute respiratory failure. Snap-frozen samples embedded in
OCT were stained with antibodies against complement components and activation products, IgG,
and spike protein of SARS-CoV-2. Lung deposits of C1q, C4, C3, and C5b-9 were localized in the
capillaries of the interalveolar septa and on alveolar cells. IgG displayed a similar even distribution,
suggesting classical pathway activation. The spike protein is a potential target of IgG, but its uneven
distribution suggests that other viral and tissue molecules may be targeted by IgG. FB deposits were
also seen in COVID-19 lungs and are consistent with activation of the alternative pathway, whereas
MBL and MASP-2 were hardly detectable. Analysis of kidney and liver specimens mirrored findings
observed in the lung. Complement deposits were seen on tubules and vessels of the kidney with only
mild C5b-9 staining in glomeruli, and on the hepatic artery and portal vein of the liver. Complement
deposits in different organs of deceased COVID-19 patients caused by activation of the classical
and alternative pathways support the multi-organ nature of the disease and the contribution of the
complement system to inflammation and tissue damage.

Keywords: COVID-19; complement activation; multi-organ deposition; classical pathway; spike protein

1. Introduction

The vast majority of individuals infected by the new coronavirus SARS-CoV-2 mani-
fests mild to moderate disease and usually recover within a few weeks. However, some
of them, for unknown reasons, experience a severe form of disease and require intensive
care treatment [1,2]. The respiratory tract is considered the main target of SARS-CoV-2 that
infects epithelial cells in the trachea and bronchi and pneumocytes in the lungs, causing
pneumonia, that in more severe cases, progresses to acute respiratory distress syndrome [3].
Nonetheless, other organs may also be involved, including the heart, kidneys, and liver [4],
due to the wide distribution of the virus receptor ACE-2 [5,6]. Consistent with the multi-
organ nature of this complex disease, analysis of a large number of COVID-19 patients has
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revealed that while two thirds of severe cases manifest acute respiratory distress syndrome,
one third develop heart and kidney failure, as well as liver dysfunction [7].

Hyperinflammation is a common feature in symptomatic COVID-19 infection and is
characterized by infiltration of inflammatory cells in the lungs and other infected organs,
particularly evident in severe forms of the disease that may lead to the appearance of au-
toinflammatory and autoimmune phenomena [8]. This process is the result of dysregulated
response of the innate immune system [9] and is sustained by pro-inflammatory cytokines
released by macrophages and other cells at tissue sites [10]. However, the analysis of
severe cases has shown that the clinical severity of the disease is not always associated
with increased levels of pro-inflammatory cytokines and other markers of inflammation,
such as C-reactive protein [11].

Complement (C) has emerged as a potential key contributor to the development
of inflammation and tissue damage in COVID-19 patients, with the release of the pro-
inflammatory peptides C3a and C5a that help to recruit leukocytes to the lung and other
infected tissues and the assembly of the terminal complex that damage vascular endothe-
lium and promotes thrombus formation [12,13]. We have reported increased levels of C5a
and sC5b-9 related to the severity of disease and not always associated with a parallel
increase in acute phase proteins in COVID-19 patients group [14,15]. Similar findings
have been reported by Gao et al. in the preprint server medRxiv and Valenti et al. [16,17].
Carvelli and colleagues have recently suggested the involvement of C5a-C5aR1 axis in the
pathogenesis of SARS-CoV-2 infection and the potential benefit of the therapeutic blockade
of this interaction [18]. Elevated C activation products have been found significantly ele-
vated in patients with respiratory failure [19] and complement hyperactivation has been
reported to be associated with chromosome gene 3 cluster variation and non-O blood
group patients with severe COVID-19 [17]. More direct evidence for the contribution of
C to tissue damage was obtained from postmortem analysis of two lung and three skin
biopsy specimens of COVID-19 patients that revealed deposits of C activation products
C4d, C3d, and C5b-9 in the lung inter-alveolar septal microvessels and in the skin vascu-
lature [20]. The finding of MASP2 localized in the pulmonary inter-alveolar septa of one
COVID-19 patient led Magro and coworkers to conclude that C is activated through the
lectin pathway [20].

The aim of the present investigation is to analyze the distribution of early and late C
components in the lung, kidney, and liver of COVID-19 patients with the intent to clarify
the pathway/s of C activation and to document the involvement of tissues other than lung
as targets of C attack.

2. Materials and Methods
2.1. Study Group

The study group comprised 12 patients, 7 females and 5 males aged 72 to 97, referred to
the University Hospital in Trieste (Italy). Two patients were admitted to the Intensive Care
Unit where they received intubation and mechanical ventilation. The remaining patients
were followed in other medical sections of the hospital, including Infectious Diseases and
Geriatrics wards, or in nursing homes from which they were transferred to one of the
hospital wards when the clinical conditions deteriorated. The diagnosis of SARS-CoV-2
infection suspected on the basis of the clinical symptoms were confirmed by RT-PCR
analysis of nasopharyngeal swab. This work was approved by the Ethical Committee of
the Regione Friuli Venezia Giulia, Italy (Prot. N. 0025523/P/GEN/ARCS). Patients of the
control group were selected as they were of similar age range and co-morbidities to the
COVID-19 patients.

2.2. Tissue Sample Collection

Limited autopsies from 12 SARS-CoV-2-positive and 3 SARS-CoV-2-negative cases
with a similar age range were performed by an experienced pathologist, and samples were
collected from the lungs, kidneys, and liver for this study. Three or more tissue blocks
were obtained from selected areas of the three organs and fixed for 24 h in 10% buffered
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formalin. Parts of these samples were paraffin-embedded, and 3-µm thick sections were
stained with hematoxylin and eosin for histological examination. Detailed analysis of
tissue abnormalities in 41 autopsies, including the 9 autopsies reported in this work, has
been previously published [21]. Briefly, histologic analysis of the lungs of all COVID-19
patients revealed vascular thrombosis, extensive damage of the tissue structure, with
marked edema and intra-alveolar fibrin deposition. Conversely, both the kidney and liver
presented near-normal structure, with only some age-related alterations.

2.3. Immunofluorescence Analysis

Formalin-fixed tissue samples were snap-frozen and embedded in OCT medium
(Diagnostic Division; Miles Inc., Elkhart, IN, USA). Tissue sections of 7 µm were stained
with the following primary antibodies (5 µg/mL): goat anti-human IgG (Sigma-Aldrich,
Milan, Italy), goat anti-C1q and C4 (The Binding Site, Birmingham, UK), goat anti-C3
(Quidel, San Diego, CA, USA), and anti-Factor B (FB) (Cytotech, Sandwich, UK); rabbit
anti-MBL (Sigma-Aldrich, Milan, Italy), anti-SARS-CoV-2 Spike S2 (Sino Biological, Wayne,
PA, USA) and anti-human von Willebrand Factor (vWF) (Dako, Bolzano Italy); murine
monoclonal antibody against C9 neo-antigen (aE11), kindly provided by prof. T.E. Mollnes,
(Oslo, Norway). The following FITC-conjugated secondary antibodies were used to reveal
bound antibodies: rabbit anti-goat IgG (Sigma-Aldrich, Milan, Italy), goat anti-rabbit IgG
and anti-mouse IgG (Dako), CF405M-labeled goat anti-rabbit IgG (Sigma-Aldrich, Milan,
Italy) was used to reveal the anti-vWF IgG. The slides were mounted with the Mowiol-
based antifading medium (Sigma-Aldrich, Milan, Italy), and the Images were acquired
with the fluorescence microscope Leica DM2000 equipped with DFC420 camera (Leica,
Milan, Italy) [22]. At least three random sections of tissue samples collected from each
case were examined independently by three observers. Cases with moderate to strong
staining intensity were considered as positive, while those with weak staining intensity
were defined as weakly positive, and all the others with undetectable staining were scored
as negative.

2.4. Western Blot Analysis

The presence of specific proteins in tissue samples was confirmed by western blot
performed as previously described [23]. Unfixed tissue samples from Patient 12 and control
C were snap-frozen and embedded in OCT medium (Diagnostic Division; Miles Inc.,
Elkhart, IN, USA). Ten tissue sections (10 µm) were lysed in RIPA buffer, sonicated and
dialyzed against PBS, and the protein concentration was measured using Bradford Reagent
(Sigma-Aldrich, Milan, Italy). Protein samples (20 µg) were separated by SDS-PAGE and
analyzed by western blot using antibodies employed for the immunofluorescence analysis.
Alkaline phosphatase-labeled secondary antibodies and BCIP-NBT were used to reveal
the bound antibodies. Membranes were analyzed by ChemiDoc MP Imaging System
(Biorad, Segrate, Italy) and the intensity of the stained bands was quantified using ImageJ
(Fiji-NIH).

2.5. ELISA for C5b-9 Analysis

The level of C5b-9 complex was measured in the protein samples used for the western
blot analysis according to a previously described method with slight modification [24].
Briefly, the wells of ELISA plates (Costar Costar, Milan, Italy) were coated with a mono-
clonal antibody to C5b-9 neoantigen (A239, Quidel, San Diego, CA, USA), and incubated
with the protein samples (20 µg/mL). The bound C5b-9 was revealed using biotin-labeled
anti-C5 antibody (Quidel), alkaline phosphatase-labeled streptavidine (Sigma), and PNPP
(Sigma). Data were expressed as OD 405 nm.
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3. Results
3.1. Clinical Data

The main clinical findings in COVID-19 and control patients are summarized in
Tables 1 and 2.

Table 1. Clinical findings.

Cases Age Sex Respiratory
Signs * Comorbidities Radiologic

Findings

Time from
Diagnosis to

Death
(Days)

Hospitalization
(Days)

Postmortem
(Days)

1 73 M yes
Prostate cancer; Lung

metastases;
Pyonephrosis; Heart failure

Bilateral
airspace
opacites

24 23 1

2 82 M yes Diabetes; Bladder cancer;
Hypercholesterolemia

Bilateral
airspace
opacites

49 18 2

3 80 M yes Encephalopathy; Urosepsis;
Seizure

Bilateral
airspace
opacites

30 30 1

4 97 F yes Colon cancer NA 3 14 1

5 90 F yes Hypertension; Diabetes
Pleural

effusion left
lung

48 48 1

6 77 F yes Dementia; Stroke; Melanoma
Bilateral
airspace
opacites

4 3 3

7 74 F yes Seizure; Paraplegia; Atrial
fibrillation

Ground
glass right
lung; left

lung lower
lobe consoli-

dation

ND 14 2

8 72 M yes BPCO; heart failure; Diabetes;
stroke

Bilateral
airspace
opacites

27 27 2

9 79 F yes Heart failure; Bilateral
fibrotorax

Emphysema;
Airspace
opacities

right lung

27 27 2

10 80 F yes

Relapsing urinary infection;
Stroke with left hemiparesis;

Heart failure; FA;
Hypercholesterolemia

Pleural
effusion 5 11 1

11 77 F yes

Bilateral carotid stenosis;
Hypothyroidism; Obesity;

Bladder and right breast cancer;
Chronic vascular
encephalopathy

Bilateral
airspace
opacites

23 20 2

12 94 M yes
BPCO; Asbestosis;

Hypertension; FA; History of
relapsing falls

Bilateral
calcific

fibrothorax;
Ground glass

right lung;
Interstitial

pneumonia

25 24 2
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Table 1. Cont.

Cases Age Sex Respiratory
Signs * Comorbidities Radiologic

Findings

Time from
Diagnosis to

Death
(Days)

Hospitalization
(Days)

Postmortem
(Days)

Control
A 84 F yes

Anemia; Obesity; Previous DVT
with massive pulmonary

embolism; Chronic cholestasis;
Vascular encephalopathy with

cognitive impairment

Pulmonary
embolism;

Pleural
effusion;

Right lung
consolida-

tion

ND 5 1

Control
B 79 F yes

Hypertension;
Hypertensive-ischemic heart

disease; Diabetes; Stroke;
Esophagitis

Mild and
widespread
interstitial

disease

ND 7 2

Control
C 95 M yes COPD; Hypertension; FA;

Cognitive impairment; MGUS

Right lung
consolida-

tion;
Bilateral
pleural
effusion

ND 24 2

* Dyspnea, fever, cough; ND: Not Determined.

Table 2. Laboratory findings before death.

Cases D-Dimer
(µg/L)

CRP
(mg/dL)

Ferritin
(µg/L)

White Cells
(n × 103/µL)

Neutrophils
(n × 103/µL)

Lymphocytes
(n × 103/µL)

Platelets
(n × 103/µL)

1 17,180 15.6 2059 14.59 6.72 0.52 173

2 3020 30.6 2892 15.13 11.25 1.65 256

3 1330 30.2 90.9 12.98 9.59 2.45 2.84

4 1330 302.8 352 20.83 6.13 0.82 239

5 NA 9.1 85 12.68 11.21 0.43 461

6 6800 16.08 1608 5.57 3.89 0.76 231

7 2120 3.82 882 14.03 6.57 1.15 259

8 1800 210 755 14.19 13.51 0.31 83

9 430 15.7 1035 23.03 3.52 1.82 326

10 NA 4.97 244.6 7.69 5.74 2.19 355

11 1046 30.48 2146 17.79 19.91 1.26 222

12 1536 1.85 294.8 4.8 7.34 0.34 104

Controls <500 <0.05 30–400 4.8–10.8 1.5–6.5 1.2–3.4 130–430

They all manifested symptoms related to pneumonia, which was confirmed by High
Resolution Computer Tomography analysis in 11 of them. Radiological assessment could
not be performed in one patient due to the very old age. Cancer and diabetes were the
most frequent co-morbidities, and eight also experienced heart disease, while six had
neurological problems. Hypoxemia evaluated by blood gas analysis was particularly
severe in all patients, with PaO2/FiO2 ratio of 100 or less. Increased levels of the in-
flammatory and coagulation markers CRP, ferritin, and D-dimer and lymphopenia were
commonly observed at diagnosis (Supplementary Table S1) and were more marked before
death (Table 2). Unfortunately, the presence of antibodies to SARS-CoV-2 and systemic
complement activation were not investigated. As per hospital guidelines, the patients
were treated with low molecular weight heparin and steroids to prevent clot formation
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and to control hyperinflammation. Death occurred after 22 ± 11 days of hospitalization
(mean ± standard deviation) because of acute respiratory failure.

3.2. C Deposition in the Lungs

Data from previous immunohistochemical studies have suggested the involvement of
the lectin pathway in C activation in COVID-19 patients [16,20]. To confirm these findings,
we stained lung tissues with antibodies against MBL and, to our great surprise, we failed to
detect tissue deposits of this protein, except for occasional faint staining of MBL in vascular
thrombi (Figure 1).

Figure 1. (A) Detection of spike and complement components in lung sections by immunofluo-
rescence analysis. The panel shows representative immunofluorescence images obtained from the
analysis of several sections of lung autopsy samples from 12 SARS-CoV-2-positive and 3 negative
cases. The sections were stained to reveal the presence of spike protein, IgG, MBL, C1q, and Factor B
(FB) (highlighted by a white arrow), as explained in materials and methods, and examined by three
independent observers. Scale bar = 50 µm. (B) Evaluation of spike and complement components by
western blot in the lungs of a COVID+ and a COVID− patients. The columns represent the staining
intensity of the western blot bands quantified using ImageJ (Fuji-NIH). Western blot bands of spike
protein, IgG, C1q, MBL and FB are shown on top of the corresponding columns.

To determine if C was activated by other initiators of the lectin pathway, such as
ficolins and collectins, we examined the autopsy specimens for the presence of MASP-2,
which is strictly required for the activation of the lectin pathway; but, as for MBL, the
staining was negative (data not shown). We next investigated the activation of the classical
pathway. Extensive deposition of C1q was found in the capillaries of the interalveolar septa
and, to a lesser extent, on alveolar cells (Figure 1).

Double staining of lung tissue section with antibodies to vWF and C1q revealed co-
localization of the two proteins on vascular endothelium and also expression of C1q on
cells that did not stain for vWF (Figure S1).

Since the distribution of C1q deposition was similar than that of IgG, C4, and C3
in all cases (Figures 1 and 2 and Table 3), we concluded that the classical pathway is a
common route of C activation in the lungs of our COVID-19 patients. We also looked
into the activation of the alternative pathway by staining the sections for FB, which was
easily detectable (Figure 1), and concluded that, in addition to the classical pathway, the
alternative pathway must be playing an important role in C activation in these patients.
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In agreement with previous data by Magro et al. and Gao et al. [16,20], we found that
the terminal complex C5b-9 localizes along the alveolar wall and on the interalveolar
microvascular vessels (Figure 2). The spike protein was detected on alveolar cells and
interalveolar septal capillaries in 5 out of 12 specimens, but, unlike IgG and C components,
displayed an uneven distribution (Figures 1 and 2). Analysis of control autopsy specimens
showed background staining for C components and activation products, IgG and spike
protein (Figures 1 and 2). To further clarify the degree of protein deposition on lung tissue,
western blot analysis and ELISA were used for quantitative evaluation of individual C
components, IgG, and spike protein in the proteins extracted from the tissue. As shown in
Figures 1B and 2B, a marked difference was observed in the amount of protein deposited
on COVID-19 positive and control tissue, while both the spike protein and MBL were
hardly detectable.

Figure 2. (A) Detection of complement components in lung sections by immunofluorescence analysis.
The panel shows representative immunofluorescence images obtained from the analysis of several
sections of lung autopsy samples from 12 SARS-CoV-2-positive and 3 negative cases. The sections
were stained to reveal the presence of C4, C3, and C5b-9, as explained in materials and methods,
and examined by three independent observers. Scale bar = 50 µm. (B) Evaluation of complement
components by western blot in the lungs of a COVID+ and a COVID− patients. The columns
represent the staining intensity of the western blot bands quantified using ImageJ (Fuji-NIH). Western
blot bands of C4 and C3 are shown on top of the corresponding columns. C5b-9 levels were measured
by ELISA and expressed as OD readings at 405 nm.
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Table 3. Complement deposition in lungs.
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To summarize, activation of both classical and alternative pathways documented
by deposition of C1q, C4, C3, and FB was observed in nine cases, while activation of
either pathway was found in two cases. C components and C activation products were
undetectable in a single case, except for a mild staining for FB and IgG (Table 3).

3.3. C Deposition in Kidney and Liver

Beyond the lungs, signs of C activation were searched for in the kidney and liver,
two organs that may be affected by the virus. The data summarized in Tables 4 and 5
show that C and IgG deposition patterns observed in kidneys (Figures 3 and 4) and liver
(Figures 5 and 6) were remarkably similar to those seen in the lung, suggesting that C
activation may follow similar pathways in all these organs. The detection of C5b-9, both in
the kidney and liver, supports the progression of C activation to completion in the majority
of cases. Interestingly, IgG and C deposits in both kidney and liver were observed in the
absence of overt pathological lesions.

Table 4. Complement deposition in kidneys.
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Figure 3. Detection of IgG, C1q, and C4 in kidney sections by immunofluorescence analysis. The
panel shows representative immunofluorescence images obtained from the analysis of several sec-
tions of kidney autopsy samples from 12 SARS-CoV-2-positive and 3 negative cases. See legend
to Figure 1 for further details. White arrows show IgG, C1q, and C4 periglomerular deposition.
Scale bar = 50 µm.

Figure 4. Detection of C3 and C5b-9 in kidney sections by immunofluorescence analysis. The panel
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shows representative immunofluorescence images obtained from the analysis of several sections of
kidney autopsy samples from 12 SARS-CoV-2-positive and 3 negative cases. See legend to Figure 1
for further details. White arrows in C3 image show periglomerular deposition; * in C5b-9 image
shows glomerular staining. Scale bar = 50 µm.

Figure 5. Detection of IgG, C1q, and C4 in liver sections by immunofluorescence analysis. The panel
shows representative immunofluorescence images obtained from the analysis of several sections of
liver autopsy samples from 12 SARS-CoV-2-positive and 3 SARS-CoV-2-negative cases. See legend to
Figure 1 for further details. White arrows indicate vessels in the portal area. Scale bar = 50 µm.

Figure 6. Detection of C3 and C5b-9 in liver sections by immunofluorescence analysis. The panel
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shows representative immunofluorescence images obtained from the analysis of several sections of
liver autopsy samples from 12 SARS-CoV-2-positive and 3 SARS-CoV-2-negative cases. See legend to
Figure 1 for further details. White arrows indicate vessels in the portal area. Scale bar = 50 µm.

A detailed analysis of kidney sections revealed the presence of IgG and C components
on tubules, vessels, and in the periglomerular areas, and mild C5b-9 staining in glomeruli
(Figures 3 and 4). Staining for the spike protein was found in 5 out of 12 cases and was
seen in the tubules and some small vessels, but undetectable in the glomeruli.

As for the liver, the portal area represents the main site of C localization, which was
observed primarily on the hepatic artery and portal vein (Figures 5 and 6), supporting
the vascular involvement in C-mediated tissue damage in COVID-19 patients. The spike
protein was found to localize in the portal area of 5 out of 12 cases.

4. Discussion

C activation products detected in the plasma of COVID-19 patients have recently
emerged as useful markers to monitor the progression of the disease from early to advanced
stages. However, it is important to acknowledge that these methods fail to report on the
extent of local C activation, whose information is key to a better understanding of the
mechanisms underlying tissue damage and disease progression. This work investigates
C deposition in 12 COVID-19 patients at tissue level. Our results show that C deposits
are present in the lungs, kidneys, and liver, providing additional evidence for multi-organ
injuries in the disease [5,7,25], and suggesting that C-mediated damage can potentially
affect other organs besides the lungs.

C deposits were found in the lungs of the majority of our patients, localized on the wall
of the interalveolar septal capillaries and, to some extent, also on alveolar epithelial cells.
Accumulation of C deposits in these anatomical structures is likely to cause lung alterations,
including alveolar damage, interstitial edema, and vascular injury responsible for the
impaired gas exchange [21,26]. It is also likely to exacerbate the inflammatory response
associated with tissue damage. The intensity of C staining was generally related to the
extent of pulmonary pathological alterations with particular reference to the severity and
diffusion of the inflammatory response. There was one notable exception in a patient who
had massive inflammation with loss of lung architecture and yet no sign of C deposition.
The reason for this observation is not apparent, but it may well be that in this case, the
inflammatory process is induced and sustained by pro-inflammatory cytokines known to
be involved in the pulmonary inflammation in COVID-19 patients [27].

Considering that all our patients were elderly people aged more than 70, it is not
surprising that they had multiple comorbidities that may have contributed to induce C
activation together with SARS-CoV-2 infection. However, while this possibility cannot
be excluded, it should be pointed out that the comorbidities in the majority of cases did
not specifically affect the respiratory tract, and when they did in three cases, C deposits
were either reduced or not much different compared to all the other cases. This finding
is consistent with the observation that C and IgG deposition is negligible or undetectable
in the lung of COVID-19 negative patients, despite the clinical and radiologic signs of
pathologic conditions such as COPD and pulmonary embolism documented in two patients.
A point of concern was that the post-mortem period varying between 1 and 3 days prior to
autopsies might have had an impact on the degree of tissue C deposition, but the autopsies
of COVID-19 and control groups, with the only exception of case 6, were performed within
the same range of post-mortem interval. An interesting finding of this study was that
the C deposits were not restricted to the lungs but were also detected in kidneys and
liver of the same patients, in line with the accepted view that COVID-19 is a multi-organ
disease [4,5,25]. Both these organs shared with the lungs a common feature of predominant,
though not exclusive, C localization on blood vessels, suggesting the contribution of locally
deposited C activation products to microvascular injury and thrombosis.
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Published reports have suggested that C is mainly activated through the lectin path-
way in patients infected by SARS-CoV-2 [28,29]. The viral spike protein has been proposed
as a possible candidate to trigger the lectin pathway, given the high degree of glycosylation
that may enable this protein to interact with the recognition molecules of the pathway,
though the evidence to support this possibility is lacking. Yu and colleagues [30] have
recently published data showing that the spike protein activates the alternative pathway
that can be prevented by inhibition of factor D and C5. The other viral protein that may
be implicated in the activation of the lectin pathway is the N protein of SARS-CoV-2. Gao
and colleagues [16] reported in a non-peer reviewed publication, data indicating that N
protein binds MASP2 and enhances the cleavage of C4 and C3 induced by the immobilized
MBL-MASP2 complex. They also showed that components of the lectin pathway were
present in the pulmonary tissue of COVID-19 patients, although the protein deposits were
hardly visible in the published figure, raising some doubt on the in vivo relevance of these
results. Staining for MASP-2 was also observed by Magro et al. [20] in the post-mortem
pulmonary analysis in COVID-19 patients, but the finding was limited to one out of five
patients examined, and no information was given on the tissue localization of MBL and
other recognition molecules of the lectin pathway. The faint or absent staining of our
patients’ lung for MBL and MASP-2 cannot be attributed to the failure of the antibodies to
recognize their targets, as both proteins were detected in the liver cells that synthesize these
proteins, but rather indicates that the lectin pathway is not the main driver of C activation
in our study group. However, we cannot exclude that the lectin pathway may be involved
in the promotion of thrombosis, one the hallmarks of COVID-19 disease. Eriksson and
coworkers [31] have recently reported increased levels of MBL in COVID-19 patients with
thrombotic episodes that were correlated with the levels of plasma D-dimers, but not with
the inflammatory process and organ alterations. These data are consistent with our recent
observation that MBL interacts with beta2-glycoprotein expressed on endothelial cells and
activates the lectin pathway, leading to MASPs-mediated cleavage of prothrombin and
thrombin generation [32]. The pro-coagulant activity of MASPs may explain the benefi-
cial effects observed in COVID-19 patients treated with Narsoplimab [33] which inhibits
MASP-2, preventing C activation and thrombus formation, although the small number of
treated patients and the concomitant use of other drugs represent important limitations
recognized by the authors of this study.

The positive staining of the patients’ lung for C1q points to the classical pathway as
an important route of C activation, likely triggered by the IgG that were widely distributed
in the lungs of all patients examined. Unfortunately, the immunohistochemical analysis
does not permit definition of the antigenic specificity of these IgG. However, it is tempting
to speculate that the spike protein of SARS-CoV-2 present in several tissue samples is
a potential target, although we cannot exclude that other viral and tissue antigens may
also be recognized by the antibodies. The latter possibility was suggested by the reports
of sequence homology between SARS-CoV-2 and human proteins-derived peptides pub-
lished by different groups [34–36] and is supported in this study by the finding of spike
protein-independent localization of IgG in the lung of COVID-19 patients. An impor-
tant implication of these observations is that, because of cross-reactivity of human and
viral proteins, the antibody response to SARS-CoV-2 may contribute to the pathogene-
sis of the disease, causing tissue damage possibly as a result of C activation. A similar
conclusion was reached some years ago by Yang and colleagues [37] who were able to
detect antibodies to primary human pulmonary endothelial cells and human pulmonary
epithelial cell line in patients with SARS-associated coronavirus infection. More recently,
Wang and colleagues [38] have reported a substantial increase of autoantibodies directed
against immunomodulatory molecules responsible for dysregulation of immune functions
in COVID-19 patients.

The detection of IgG and C1q in kidneys and liver is consistent with similar findings in
the lung specimens and supports the conclusion that the classical pathway is the prevailing
route of C activation, further amplified by the involvement of the alternative pathway,
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although the finding of MASP-2 deposits in 2 out of 9 COVID-19 renal biopsies by Pfister
et al. [39] suggested the possible contribution of the lectin pathway. As hypothesized for
C activation in the lung, the complex of antibody and spike protein documented in both
the kidney [40,41] and liver [42] may be the initial trigger of C activation, followed by
the intervention of additional factors that contribute to potentiate C activation with the
progression of the disease severity.

5. Conclusions

In conclusion, this work has shown that antibodies and C deposits can be detected in
post-mortem biopsy specimens of various organs, including the lung, kidney, and liver,
collected from COVID-19 patients supporting the accepted view that this is multi-organ
disease. In addition, evidence has been provided that C is preferentially activated through
the classical pathway with the important contribution of the alternative pathway. Taken
together, these data further support the involvement of C in COVID-19 pathogenesis
and the use of therapeutic agents to prevent C-dependent tissue damage and sustained
inflammatory response associated with this severe infectious disease.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biomedicines9081003/s1, Figure S1: Detection of vWF and C1q in lung sections by immunoflu-
orescence analysis. The panel shows representative immunofluorescence images obtained from
the analysis of several sections of lung autopsy samples from 12 SARS-CoV-2-positive cases. The
sections were double stained to reveal the co-localization of vWF and C1q, as explained in materials
and methods, and examined by three independent observers. White arrow indicate co-localized
staining of the two antibodies; white arrowheads show C1q staining without anti-vWF binding.
Scale bar = 50 µm.; Table S1: Laboratory findings after diagnosis.

Author Contributions: P.M. designed the study, wrote the manuscript, analyzed the tissue sections
and prepared tables and figures; P.D. performed the immunofluorescence staining, analyzed the
results, and prepared figures; A.M. organized the study and analyzed the tissue sections; R.B.
performed autopsies and collected tissue samples; L.D.M. set up and performed western blot and
ELISA analysis; S.D. collaborated with the Committee of Regione Friuli Venezia Giulia for ethical
approval; M.Z. collected clinical and laboratory data; N.P. contributed to design the study and to
write the manuscript; P.L.M. assisted in the clinical evaluation of the patients and provided important
suggestion for the design of the study; F.T. designed the study, wrote the manuscript, and analyzed
the tissue sections. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by grants from the Italian Ministry of Health (COVID-2020-
12371808) to PLM, and the. National Institutes of Health HL150146 to NP, and these are
gratefully acknowledged.

Institutional Review Board Statement: This work was approved by the Ethical Committee of the
Regione Friuli Venezia Giulia, Italy (Prot. N. 0025523/P/GEN/ARCS).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Grants from the Italian Ministry of Health (COVID-2020-12371808) to PLM and
the National Institutes of Health HL150146 to NP are gratefully acknowledged.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Remuzzi, A.; Remuzzi, G. COVID-19 and Italy: What next? Lancet 2020, 395, 1225–1228. [CrossRef]
2. Fu, L.; Wang, B.; Yuan, T.; Chen, X.; Ao, Y.; Fitzpatrick, T.; Li, P.; Zhou, Y.; Lin, Y.F.; Duan, Q.; et al. Clinical characteristics of

coronavirus disease 2019 (COVID-19) in China: A systematic review and meta-analysis. J. Infect. 2020, 80, 656–665. [CrossRef]
[PubMed]

3. Schaefer, I.M.; Padera, R.F.; Solomon, I.H.; Kanjilal, S.; Hammer, M.M.; Hornick, J.L.; Sholl, L.M. In situ detection of SARS-CoV-2
in lungs and airways of patients with COVID-19. Mod. Pathol. 2020, 33, 2104–2114. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/biomedicines9081003/s1
https://www.mdpi.com/article/10.3390/biomedicines9081003/s1
http://doi.org/10.1016/S0140-6736(20)30627-9
http://doi.org/10.1016/j.jinf.2020.03.041
http://www.ncbi.nlm.nih.gov/pubmed/32283155
http://doi.org/10.1038/s41379-020-0595-z
http://www.ncbi.nlm.nih.gov/pubmed/32561849


Biomedicines 2021, 9, 1003 14 of 15

4. Li, P.; Xie, M.; Zhang, W. Clinical characteristics and intrauterine vertical transmission potential of coronavirus disease 2019
infection in 9 pregnant women: A retrospective review of medical records. Am. J. Obstet. Gynecol. 2020, 223, 955–956. [CrossRef]

5. Hamming, I.; Timens, W.; Bulthuis, M.L.; Lely, A.T.; Navis, G.; van Goor, H. Tissue distribution of ACE2 protein, the functional
receptor for SARS coronavirus. A first step in understanding SARS pathogenesis. J. Pathol. 2004, 203, 631–637. [CrossRef]
[PubMed]

6. Hikmet, F.; Mear, L.; Edvinsson, A.; Micke, P.; Uhlen, M.; Lindskog, C. The protein expression profile of ACE2 in human tissues.
Mol. Syst. Biol. 2020, 16, e9610. [CrossRef]

7. Yang, X.; Yu, Y.; Xu, J.; Shu, H.; Xia, J.; Liu, H.; Wu, Y.; Zhang, L.; Yu, Z.; Fang, M.; et al. Clinical course and outcomes of critically ill
patients with SARS-CoV-2 pneumonia in Wuhan, China: A single-centered, retrospective, observational study. Lancet Respir. Med.
2020, 8, 475–481. [CrossRef]

8. Rodriguez, Y.; Novelli, L.; Rojas, M.; De Santis, M.; Acosta-Ampudia, Y.; Monsalve, D.M.; Ramirez-Santana, C.; Costanzo, A.;
Ridgway, W.M.; Ansari, A.A.; et al. Autoinflammatory and autoimmune conditions at the crossroad of COVID-19. J. Autoimmun.
2020, 114, 102506. [CrossRef]

9. Zhou, Y.; Zhang, J.; Wang, D.; Guan, W.; Qin, J.; Xu, X.; Fang, J.; Fu, B.; Zheng, X.; Wang, D.; et al. Profiling of the immune
repertoire in COVID-19 patients with mild, severe, convalescent, or retesting-positive status. J. Autoimmun. 2021, 118, 102596.
[CrossRef]

10. Vardhana, S.A.; Wolchok, J.D. The many faces of the anti-COVID immune response. J. Exp. Med. 2020, 217, e20200678. [CrossRef]
11. Luo, W.; Zhang, J.W.; Zhang, W.; Lin, Y.L.; Wang, Q. Circulating levels of IL-2, IL-4, TNF-alpha, IFN-gamma, and C-reactive

protein are not associated with severity of COVID-19 symptoms. J. Med. Virol. 2021, 93, 89–91. [CrossRef]
12. Merle, N.S.; Church, S.E.; Fremeaux-Bacchi, V.; Roumenina, L.T. Complement System Part I—Molecular Mechanisms of Activation

and Regulation. Front. Immunol. 2015, 6, 262. [CrossRef]
13. Ricklin, D.; Hajishengallis, G.; Yang, K.; Lambris, J.D. Complement: A key system for immune surveillance and homeostasis.

Nat. Immunol. 2010, 11, 785–797. [CrossRef]
14. Cugno, M.; Meroni, P.L.; Gualtierotti, R.; Griffini, S.; Grovetti, E.; Torri, A.; Lonati, P.; Grossi, C.; Borghi, M.O.;

Novembrino, C.; et al. Complement activation and endothelial perturbation parallel COVID-19 severity and activity.
J. Autoimmun. 2021, 116, 102560. [CrossRef] [PubMed]

15. Cugno, M.; Meroni, P.L.; Gualtierotti, R.; Griffini, S.; Grovetti, E.; Torri, A.; Panigada, M.; Aliberti, S.; Blasi, F.; Tedesco, F.; et al.
Complement activation in patients with COVID-19: A novel therapeutic target. J. Allergy Clin. Immunol. 2020, 146, 215–217.
[CrossRef] [PubMed]

16. Gao, T.; Hu, M.; Zhang, X.; Li, H.; Zhu, L.; Liu, H.; Dong, Q.; Zhang, Z.; Wang, Z.; Hu, Y.; et al. Highly pathogenic coronavirus N
protein aggravates lung injury by MASP-2-mediated complement over-activation. medRxiv 2020, 25. [CrossRef]

17. Valenti, L.; Griffini, S.; Lamorte, G.; Grovetti, E.; Uceda Renteria, S.C.; Malvestiti, F.; Scudeller, L.; Bandera, A.; Peyvandi, F.;
Prati, D.; et al. Chromosome 3 cluster rs11385942 variant links complement activation with severe COVID-19. J. Autoimmun. 2021,
117, 102595. [CrossRef]

18. Carvelli, J.; Demaria, O.; Vely, F.; Batista, L.; Chouaki Benmansour, N.; Fares, J.; Carpentier, S.; Thibult, M.L.; Morel, A.;
Remark, R.; et al. Association of COVID-19 inflammation with activation of the C5a-C5aR1 axis. Nature 2020, 588, 146–150.
[CrossRef] [PubMed]

19. Holter, J.C.; Pischke, S.E.; de Boer, E.; Lind, A.; Jenum, S.; Holten, A.R.; Tonby, K.; Barratt-Due, A.; Sokolova, M.;
Schjalm, C.; et al. Systemic complement activation is associated with respiratory failure in COVID-19 hospitalized patients.
Proc. Natl. Acad. Sci. USA 2020, 117, 25018–25025. [CrossRef]

20. Magro, C.; Mulvey, J.J.; Berlin, D.; Nuovo, G.; Salvatore, S.; Harp, J.; Baxter-Stoltzfus, A.; Laurence, J. Complement associated
microvascular injury and thrombosis in the pathogenesis of severe COVID-19 infection: A report of five cases. Transl. Res. 2020,
220, 1–13. [CrossRef] [PubMed]

21. Bussani, R.; Schneider, E.; Zentilin, L.; Collesi, C.; Ali, H.; Braga, L.; Volpe, M.C.; Colliva, A.; Zanconati, F.; Berlot, G.; et al.
Persistence of viral RNA, pneumocyte syncytia and thrombosis are hallmarks of advanced COVID-19 pathology. EBioMedicine
2020, 61, 103104. [CrossRef] [PubMed]

22. Colombo, F.; Durigutto, P.; De Maso, L.; Biffi, S.; Belmonte, B.; Tripodo, C.; Oliva, R.; Bardini, P.; Marini, G.M.; Terreno, E.; et al.
Targeting CD34+ cells of the inflamed synovial endothelium by guided nanoparticles for the treatment of rheumatoid arthritis.
J. Autoimmun. 2019, 103, 102288. [CrossRef]

23. Capolla, S.; Mezzaroba, N.; Zorzet, S.; Tripodo, C.; Mendoza-Maldonado, R.; Granzotto, M.; Vita, F.; Spretz, R.; Larsen, G.;
Noriega, S.; et al. A new approach for the treatment of CLL using chlorambucil/hydroxychloroquine-loaded anti-CD20 nanopar-
ticles. Nano Res. 2016, 9, 11. [CrossRef]

24. Ruffatti, A.; Tarzia, V.; Fedrigo, M.; Calligaro, A.; Favaro, M.; Macor, P.; Tison, T.; Cucchini, U.; Cosmi, E.; Tedesco, F.; et al.
Evidence of complement activation in the thrombotic small vessels of a patient with catastrophic antiphospholipid syndrome
treated with eculizumab. Autoimmun. Rev. 2019, 18, 561–563. [CrossRef]

25. Chen, T.; Wu, D.; Chen, H.; Yan, W.; Yang, D.; Chen, G.; Ma, K.; Xu, D.; Yu, H.; Wang, H.; et al. Clinical characteristics of 113
deceased patients with coronavirus disease 2019: Retrospective study. BMJ 2020, 368, m1091. [CrossRef]

http://doi.org/10.1016/j.ajog.2020.08.059
http://doi.org/10.1002/path.1570
http://www.ncbi.nlm.nih.gov/pubmed/15141377
http://doi.org/10.15252/msb.20209610
http://doi.org/10.1016/S2213-2600(20)30079-5
http://doi.org/10.1016/j.jaut.2020.102506
http://doi.org/10.1016/j.jaut.2021.102596
http://doi.org/10.1084/jem.20200678
http://doi.org/10.1002/jmv.26156
http://doi.org/10.3389/fimmu.2015.00262
http://doi.org/10.1038/ni.1923
http://doi.org/10.1016/j.jaut.2020.102560
http://www.ncbi.nlm.nih.gov/pubmed/33139116
http://doi.org/10.1016/j.jaci.2020.05.006
http://www.ncbi.nlm.nih.gov/pubmed/32417135
http://doi.org/10.1101/2020.03.29.20041962
http://doi.org/10.1016/j.jaut.2021.102595
http://doi.org/10.1038/s41586-020-2600-6
http://www.ncbi.nlm.nih.gov/pubmed/32726800
http://doi.org/10.1073/pnas.2010540117
http://doi.org/10.1016/j.trsl.2020.04.007
http://www.ncbi.nlm.nih.gov/pubmed/32299776
http://doi.org/10.1016/j.ebiom.2020.103104
http://www.ncbi.nlm.nih.gov/pubmed/33158808
http://doi.org/10.1016/j.jaut.2019.05.016
http://doi.org/10.1007/s12274-015-0935-3
http://doi.org/10.1016/j.autrev.2019.03.015
http://doi.org/10.1136/bmj.m1091


Biomedicines 2021, 9, 1003 15 of 15

26. Carsana, L.; Sonzogni, A.; Nasr, A.; Rossi, R.S.; Pellegrinelli, A.; Zerbi, P.; Rech, R.; Colombo, R.; Antinori, S.; Corbellino, M.; et al.
Pulmonary post-mortem findings in a series of COVID-19 cases from northern Italy: A two-centre descriptive study.
Lancet Infect. Dis. 2020, 20, 1135–1140. [CrossRef]

27. Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical features of patients infected
with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497–506. [CrossRef]

28. Conway, E.M.; Pryzdial, E.L.G. Is the COVID-19 thrombotic catastrophe complement-connected? J. Thromb. Haemost. 2020, 18,
2812–2822. [CrossRef] [PubMed]

29. Polycarpou, A.; Howard, M.; Farrar, C.A.; Greenlaw, R.; Fanelli, G.; Wallis, R.; Klavinskis, L.S.; Sacks, S. Rationale for targeting
complement in COVID-19. EMBO Mol. Med. 2020, 12, e12642. [CrossRef] [PubMed]

30. Yu, J.; Yuan, X.; Chen, H.; Chaturvedi, S.; Braunstein, E.M.; Brodsky, R.A. Direct activation of the alternative complement pathway
by SARS-CoV-2 spike proteins is blocked by factor D inhibition. Blood 2020, 136, 2080–2089. [CrossRef]

31. Eriksson, O.; Hultstrom, M.; Persson, B.; Lipcsey, M.; Ekdahl, K.N.; Nilsson, B.; Frithiof, R. Mannose-Binding Lectin is Associated
with Thrombosis and Coagulopathy in Critically Ill COVID-19 Patients. Thromb. Haemost. 2020, 120, 1720–1724. [CrossRef]

32. Durigutto, P.; Macor, P.; Pozzi, N.; Agostinis, C.; Bossi, F.; Meroni, P.L.; Grossi, C.; Borghi, M.O.; Planer, W.; Garred, P.; et al.
Complement Activation and Thrombin Generation by MBL Bound to beta2-Glycoprotein I. J. Immunol. 2020, 205, 1385–1392.
[CrossRef]

33. Rambaldi, A.; Gritti, G.; Mico, M.C.; Frigeni, M.; Borleri, G.; Salvi, A.; Landi, F.; Pavoni, C.; Sonzogni, A.; Gianatti, A.; et al.
Endothelial injury and thrombotic microangiopathy in COVID-19: Treatment with the lectin-pathway inhibitor narsoplimab.
Immunobiology 2020, 225, 152001. [CrossRef] [PubMed]

34. Kanduc, D.; Shoenfeld, Y. Molecular mimicry between SARS-CoV-2 spike glycoprotein and mammalian proteomes: Implications
for the vaccine. Immunol. Res. 2020, 68, 310–313. [CrossRef]

35. Lyons-Weiler, J. Pathogenic priming likely contributes to serious and critical illness and mortality in COVID-19 via autoimmunity.
J. Transl. Autoimmun. 2020, 3, 100051. [CrossRef]

36. Vojdani, A.; Vojdani, E.; Kharrazian, D. Reaction of Human Monoclonal Antibodies to SARS-CoV-2 Proteins With Tissue Antigens:
Implications for Autoimmune Diseases. Front. Immunol. 2020, 11, 617089. [CrossRef] [PubMed]

37. Yang, Y.-H.; Huang, Y.-H.; Chuang, Y.-H.; Peng, C.-M.; Wang, L.-C.; Lin, Y.-T.; Chiang, B.-L. Autoantibodies against human
epithelial cells and endothelial cells after severe acute respiratory syndrome (SARS)-associated coronavirus infection. J. Med. Virol.
2005, 77, 1–7. [CrossRef]

38. Wang, E.Y.; Mao, T.; Klein, J.; Dai, Y.; Huck, J.D.; Liu, F.; Zheng, N.S.; Zhou, T.; Israelow, B.; Wong, P.; et al. Diverse Functional
Autoantibodies in Patients with COVID-19. medRxiv 2020. [CrossRef]

39. Pfister, F.; Vonbrunn, E.; Ries, T.; Jack, H.M.; Uberla, K.; Lochnit, G.; Sheriff, A.; Herrmann, M.; Buttner-Herold, M.;
Amann, K.; et al. Complement Activation in Kidneys of Patients With COVID-19. Front. Immunol. 2020, 11, 594849. [CrossRef]

40. Su, H.; Yang, M.; Wan, C.; Yi, L.X.; Tang, F.; Zhu, H.Y.; Yi, F.; Yang, H.C.; Fogo, A.B.; Nie, X.; et al. Renal histopathological analysis
of 26 postmortem findings of patients with COVID-19 in China. Kidney Int. 2020, 98, 219–227. [CrossRef]

41. Varga, Z.; Flammer, A.J.; Steiger, P.; Haberecker, M.; Andermatt, R.; Zinkernagel, A.S.; Mehra, M.R.; Schuepbach, R.A.;
Ruschitzka, F.; Moch, H. Endothelial cell infection and endotheliitis in COVID-19. Lancet 2020, 395, 1417–1418. [CrossRef]

42. Sonzogni, A.; Previtali, G.; Seghezzi, M.; Grazia Alessio, M.; Gianatti, A.; Licini, L.; Morotti, D.; Zerbi, P.; Carsana, L.;
Rossi, R.; et al. Liver histopathology in severe COVID 19 respiratory failure is suggestive of vascular alterations. Liver Int.
2020, 40, 2110–2116. [CrossRef] [PubMed]

http://doi.org/10.1016/S1473-3099(20)30434-5
http://doi.org/10.1016/S0140-6736(20)30183-5
http://doi.org/10.1111/jth.15050
http://www.ncbi.nlm.nih.gov/pubmed/32762081
http://doi.org/10.15252/emmm.202012642
http://www.ncbi.nlm.nih.gov/pubmed/32559343
http://doi.org/10.1182/blood.2020008248
http://doi.org/10.1055/s-0040-1715835
http://doi.org/10.4049/jimmunol.2000570
http://doi.org/10.1016/j.imbio.2020.152001
http://www.ncbi.nlm.nih.gov/pubmed/32943233
http://doi.org/10.1007/s12026-020-09152-6
http://doi.org/10.1016/j.jtauto.2020.100051
http://doi.org/10.3389/fimmu.2020.617089
http://www.ncbi.nlm.nih.gov/pubmed/33584709
http://doi.org/10.1002/jmv.20407
http://doi.org/10.1101/2020.12.10.20247205
http://doi.org/10.3389/fimmu.2020.594849
http://doi.org/10.1016/j.kint.2020.04.003
http://doi.org/10.1016/S0140-6736(20)30937-5
http://doi.org/10.1111/liv.14601
http://www.ncbi.nlm.nih.gov/pubmed/32654359

	Introduction 
	Materials and Methods 
	Study Group 
	Tissue Sample Collection 
	Immunofluorescence Analysis 
	Western Blot Analysis 
	ELISA for C5b-9 Analysis 

	Results 
	Clinical Data 
	C Deposition in the Lungs 
	C Deposition in Kidney and Liver 

	Discussion 
	Conclusions 
	References

