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A B S T R A C T   

Growing clinical evidence has implicated complement as a pivotal driver of COVID-19 immunopathology. 
Deregulated complement activation may fuel cytokine-driven hyper-inflammation, thrombotic microangiopathy 
and NET-driven immunothrombosis, thereby leading to multi-organ failure. Complement therapeutics have 
gained traction as candidate drugs for countering the detrimental consequences of SARS-CoV-2 infection. 
Whether blockade of terminal complement effectors (C5, C5a, or C5aR1) may elicit similar outcomes to up
stream intervention at the level of C3 remains debated. Here we compare the efficacy of the C5-targeting 
monoclonal antibody eculizumab with that of the compstatin-based C3-targeted drug candidate AMY-101 in 
small independent cohorts of severe COVID-19 patients. Our exploratory study indicates that therapeutic 
complement inhibition abrogates COVID-19 hyper-inflammation. Both C3 and C5 inhibitors elicit a robust anti- 
inflammatory response, reflected by a steep decline in C-reactive protein and IL-6 levels, marked lung function 
improvement, and resolution of SARS-CoV-2-associated acute respiratory distress syndrome (ARDS). C3 in
hibition afforded broader therapeutic control in COVID-19 patients by attenuating both C3a and sC5b-9 gen
eration and preventing FB consumption. This broader inhibitory profile was associated with a more robust 
decline of neutrophil counts, attenuated neutrophil extracellular trap (NET) release, faster serum LDH decline, 
and more prominent lymphocyte recovery. These early clinical results offer important insights into the 
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differential mechanistic basis and underlying biology of C3 and C5 inhibition in COVID-19 and point to a 
broader pathogenic involvement of C3-mediated pathways in thromboinflammation. They also support the 
evaluation of these complement-targeting agents as COVID-19 therapeutics in large prospective trials.   

1. Introduction 

As the COVID-19 pandemic sweeps through the globe with an in
creasing death toll, pressing questions about its intricate im
munobiology arise, pointing to the urgent need for effective therapeutic 
measures against its systemic consequences [1, 2, 3]. Initially perceived 
as exclusively targeting the respiratory system, COVID-19 has been 
revealed as a complex, multiorgan disorder with a plethora of thom
boinflammatory manifestations in key vital organs, including the lungs, 
heart, liver, kidney, and brain [2]. The common denominator driving 
pathology in these organs appears to be an extensive and deregulated 
activation of innate immune pathways causing massive monocyte and 
neutrophil infiltration into infected tissues and a disseminated throm
boinflammatory response of the microvascular endothelium (throm
botic microangiopathy) [4, 5, 6, 49]. This derailed inflammatory re
sponse, marked by a systemic increase in proinflammatory cytokines 
(known as cytokine storm) reflects a maladaptive host immune re
sponse to SARS-CoV-2 that is instigated by pathogen recognition sys
tems, such as the complement cascade, which become overwhelmingly 
active in their attempt to thwart the infectious agent [5, 7]. The lack of 
effective vaccines and the growing appreciation that a multitude of host 
immune factors contribute to infection risk, disease severity and ther
apeutic outcomes have galvanized efforts to develop tailored and stage- 
specific COVID-19 therapies exploiting several antiviral, anti-in
flammatory and immune modulating treatments [8, 9, 10, 11]. 

Complement dysregulation is emerging as a key driver of COVID-19 
hyper-inflammation, immunothrombosis and microvascular endothelial 
injury [5, 7, 12, 48]. Systemic complement activation, predominantly 
via the lectin pathway (LP) and classical pathway (CP), is closely cor
related with microvascular injury, platelet-neutrophil activation, and a 
NET-dependent, Tissue Factor (TF)-driven hypercoagulable phenotype 
that disseminates through the vascular bed of multiple organs [12]. 
Mounting clinical data have implicated deregulated complement and 
coagulation pathways as risk factors for adverse outcomes in COVID-19 
[13]. Increased C5a and sC5b-9 levels and prominent activation of the 
C5a-C5aR1 axis have been reported both in the infected lungs and 
systemically [14–16]. While these studies have propelled the clinical 
evaluation of terminal pathway therapeutics (anti-C5, C5a/C5aR1 
blockade), key C3-mediated processes that fuel monocyte/neutrophil- 
driven inflammatory damage, cytokine responses and TF-driven 
thrombosis in COVID-19 remain operative [12]. These include up
stream C3 convertase activity leading to C3b-opsonization and alter
native pathway (AP) amplification via any of the triggering routes that 
SARS-CoV-2 infection engages. 

Earlier studies in animal models of SARS-CoV infection underscored 
the pivotal role of C3 activation in the pathogenesis of SARS-CoV as
sociated ARDS [17]. Given that C3 activation is the convergence point 
of all complement pathways, we hypothesized that C3 targeting may 
afford broader and more comprehensive therapeutic coverage in 
COVID-19-associated ARDS [5]. 

Here we performed a comparative assessment of key clinical and 
biochemical correlates in two small COVID-19 patient cohorts with 
SARS-CoV-2 associated ARDS treated either with the C3-based ther
apeutic AMY-101 (Amyndas) or with the C5-targeting mAb eculizumab 
(Soliris, Alexion). Patients received AMY-101 within a compassionate 
use program, and eculizumab within a prospective phase I/II single arm 
clinical trial. Eculizumab is a clinically approved anti-C5 mAb that 
targets exclusively the terminal pathway [18] whereas AMY-101 is a 
C3-targeted drug candidate based on third-generation compstatins, a 
family of cyclic peptides that bind C3 and prevent its activation by C3 

convertases. AMY-101 and earlier compstatin analogs are currently in 
Phase II/III development, having shown safety in trials of chronic C3 
intervention [19]. 

2. Methods 

Study design: In our exploratory study, AMY-101 was administered 
as a continuous IV infusion at a dose of 5 mg/kg/daily to 3 severe 
COVID-19 patients with acute respiratory distress syndrome (ARDS) 
under a compassionate use program (CUP) at the San Raffaele Hospital, 
Milan, Italy (Approval granted on March 26th 2020 by the Ethics 
Committee, “Istituto Nazionale per le Malattie Infettive Lazzaro 
Spallanzani I.R.C.C.S.”, Parere N. 35 del Registro delle 
Sperimentazioni”). Eculizumab was administered intravenously once a 
week (1–3 doses of 900 mg) to 10 consecutive COVID-19 patients en
rolled in a phase I/II single arm clinical trial (registered at http://www. 
ensaiosclinicos.gov.br, no. RBR-876qb5) at the University Hospital, 
University of São Paulo, Ribeirão Preto School of Medicine, Ribeirão 
Preto, Brazil. Inclusion criteria were age 18–80 years and severe 
COVID-19 confirmed by a positive RT-PCR [20]. All patients required 
oxygen support before treatment initiation; three eculizumab-treated 
patients were subjected to mechanical ventilation during therapy. Pa
tient demographics and clinical characteristics for both cohorts are 
presented in Table S1 (supplementary files). All COVID-19 patients 
received supportive care during anti-complement therapy including 
anticoagulants and broad-spectrum antibiotics (see Table S1). The Ecu- 
cohort also received concomitant treatment with corticosteroids ac
cording to physician's assessment. All ecu-patients received penicillin 
for prophylaxis. 

Complement activity assay (APH50): Complement hemolytic activity 
via the alternative pathway (APH50) was monitored in all patient 
samples as previously described [21]. 

Complement protein levels and C3/C5 activation fragments: C3, C4, and 
FB levels were determined by nephelometry in plasma using an 
IMMAGE 800 protein chemistry analyzer (Beckman Coulter). C3dg le
vels were measured by nephelometry following PEG precipitation of 
plasma (11% w/v) and subsequent incubation with an anti-C3d anti
body (Dako). C3a and sC5b-9 levels were measured in EDTA-plasma 
collected from the patients at predetermined time points by human 
C3a- and C5b-9 -specific ELISAs according to the manufacturer's in
structions (Quidel). sC5b-9 levels were also determined using a mod
ified ELISA method described in [22]. To enable comparison of C5b-9 
measurements derived from different laboratories and to normalize 
values generated from C5b-9 ELISA-based assays with different dy
namic ranges of detection, we plotted the fold change of C5b-9 levels 
over baseline values for each patient/cohort. 

Assay for IL-6: IL-6 levels were quantified in patient EDTA-plasma 
using an ELISA automated immunoassay (Bio-Techne) following man
ufacturer's instructions. 

Monitoring of AMY-101 levels in patient plasma: Quantitation of AMY- 
101 was performed in patient EDTA-plasma samples collected at pre
determined time points during treatment by UPLC-ESI-MS as described 
previously [23]. 

Assays for procoagulant markers: Thrombin-antithrombin complex 
(TAT) levels were quantified in patient EDTA-plasma using Enzygnost 
(TAT micro; Behringwerke, Marburg, Germany) as previously described 
[22]. Neutrophil extracellular traps (NETs) were quantified in patient 
EDTA-plasma by an MPO/DNA complex ELISA, as previously described 
[24]. 

Statistical analysis: In view of the small sample size no formal 
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comparisons for statistical significance were performed between the 
two patient cohorts. However, statistical analysis between two data sets 
(i.e., treatments, days) within the same group was performed using the 
unpaired (two-tailed) student's t–test (Prism, GraphPad v 8.0). The level 

of statistical significance was set to 0.05. Data are presented as mean 
values +/− standard deviation (SD). 

(caption on next page) 

D.C. Mastellos, et al.   Clinical Immunology 220 (2020) 108598

3



3. Results 

3.1. Clinical outcome 

In the AMY-101 CUP, three patients were recruited from April 10th to 
May 21st, 2020 after providing written informed consent. Treatment was 
initiated in patients fulfilling the following criteria: COVID-19, diagnosed 
with qRT-PCR and chest X-ray and/or CT scan; ARDS, defined as acute- 
onset respiratory failure with bilateral infiltrates on chest radiograph or 
CT scan, hypoxemia as defined by a PaO2:FiO2 ratio ≤ 300 mmHg with a 
positive end-expiratory pressure (PEEP) of at least 5 cm of H2O, and no 
evidence of left atrial hypertension to rule out cardiogenic edema; hyper- 
inflammation, defined as elevation of serum inflammation markers C- 
reactive protein (CRP ≥ 100 mg/L) and/or ferritin (≥ 900 ng/mL) 
(exclusion criteria listed in supplemental data). No severe adverse events 
attributable to the drug were observed. AMY-101 dosing was dis
continued when patients showed significant clinical improvement not 
requiring oxygen supplementation. Patient 1 was discharged on day 
+39, patient 2 on day +17 and patient 3 on day +12. 

In the eculizumab trial, patients meeting inclusion criteria were re
cruited from May 25th to June 30th, 2020. Inclusion criteria were: age 
18–80 years, ECOG ≤2 previous to infection, and severe COVID-19 
(respiratory frequency ≥ 30/min, blood oxygen saturation ≤ 93%, 
PaO2:FiO2  <  300 mmHg, and/or lung infiltrates > 50%) confirmed by 
a positive RT-PCR [20] and no evidence of a previous history of eculi
zumab hypersensitivity, septic shock or multiple organ dysfunction or 
failure, known active HIV, HBV, or HCV infection, current cancer treat
ment, major surgery or immunotherapy in the previous six weeks, or 
history of chronic liver or renal disease. A total of 12 patients met cri
teria, but two refused to participate. A total of 10 patients gave written 
informed consent and were enrolled during this period of time. Two 
patients who were on mechanical ventilation before enrollment died of 
mechanical ventilation-associated pneumonia on days +19 (Ecu-1) 
and + 18 (Ecu-9). The other eight patients showed clinical improve
ment, were discharged, and are alive until last follow-up on August 12th, 
2020. One patient (Ecu-5) was intubated within 12 h after the initial 
dose, required mechanical ventilation until day +9, and was discharged 
on day +17. All other patients did not require mechanical ventilation, 
but oxygen supplementation (nasal catheter, high flow oxygen mask), 
and were discharged on days +2 to +27 (median, 10 days). Three pa
tients received one dose, three patients received two doses, and four 
patients received three doses of eculizumab. Eculizumab administration 
was halted when patients showed significant clinical improvement not 
requiring oxygen supplementation. Eight out of ten patients were alive 
and discharged at day +28. No severe adverse event (CTCAE grade III or 
IV) attributable to the drug was observed. Other severe adverse events 
are described in Table S2 (supplemental data). 

3.2. Impact of complement inhibitors on tissue injury and inflammation 

Both C3 and C5 inhibition elicited a robust anti-inflammatory re
sponse in COVID-19 patients marked by a rapid decline of C-reactive 
protein (CRP) levels that led to normalization with 6–8 days after 
treatment initiation. (Fig. 1, panel A). This rapid anti-inflammatory 
response was also reflected in a reciprocal decrease of IL-6 levels in 

AMY-101- and Ecu-treated patients that led to an almost 50% reduction 
of baseline values within 48 h from the start of treatment (Fig. 1, panel 
C). The pronounced tissue protective and anti-inflammatory effect of 
complement inhibition in COVID-19 patients was indicated by a sig
nificant reduction of LDH levels in both cohorts. Of note, AMY-101 
treatment correlated with a steeper decline in LDH levels as compared 
to baseline values, in the first 7 days of treatment (Fig. 1). AMY-101 led 
to a 48.2% decrease of median LDH levels compared to 37.6% in non- 
intubated eculizumab-treated patients (n = 7). 

3.3. Blood cell counts 

Elevated neutrophil counts have been correlated with increased 
disease severity and poor prognosis in COVID-19 patients [25]. Strik
ingly, while AMY-101-treated patients exhibited a fast and consistent 
decline of blood neutrophils numbers, starting as early as 24 h after the 
initiation of drug infusion (Fig. 2, panel A), Ecu-patients showed per
sistently elevated neutrophil counts throughout the treatment. The re
turn of neutrophil numbers to normal levels was significantly delayed 
in Ecu-patients, as shown in Fig. 2 panel A. On day 7, AMY-101-treated 
patients showed a 51.1% decline in neutrophil counts (baseline 
ANC = 8.6  ±  2.1 cellsx10 [9]/L, mean ANC value on day 
7 = 4.46  ±  0.58 cellsx10 [9]/L), while non-intubated Ecu-patients 
showed no significant change over baseline values (baseline mean 
ANC = 6.52  ±  2.8 cellsx10 [9]/L, mean ANC value on day 
7 = 7.35  ±  2.8 cellsx10 [9]/L). 

One of the cardinal features of COVID-19 is the presence of low 
lymphocyte counts in severe patients (lymphopenia) [1]. Lymphopenia 
on admission is a risk factor associated with a poor prognosis of COVID- 
19 patients [26]. In our study, complement inhibition effectively re
versed COVID-19 associated lymphopenia, leading to recovery of blood 
lymphocyte numbers over the course of treatment. Of note, the rate of 
lymphocyte recovery in the AMY-101 group was faster, with a more 
prominent increase of mean lymphocyte numbers by day 7 from the 
start of dosing (AMY-101 group: 85.8% increase of mean ALC, Ecu- 
group: 65% increase of mean ALC) (Fig. 2 panel B). This probably 
implies a more rapid reversal of the blunted adaptive cellular immune 
response described in severe COVID-19 patients [27]. 

3.4. Markers of coagulation 

Given the emerging role of complement dysregulation in COVID-19 
immunothrombosis and the presence of thrombocytopenia in severe 
COVID-19 cases [12,28,25], we next investigated the impact of com
plement inhibition on platelet counts and on distinct markers of coa
gulopathy. C3 inhibition resulted in a steeper transient increase of 
platelet numbers in COVID19 patients with a trend towards a greater 
increase in platelet counts between baseline (day 0) and day +8 in the 
AMY-101 cohort. While this finding indicates a likely more pronounced 
beneficial effect of C3 inhibition on platelet consumption early during 
the treatment, C5 blockade was also associated with a transient, albeit 
more moderate, increase in platelet counts during the same time 
window (Fig. 2, panel C). Signifying a broader downregulation of 
procoagulant and fibrinolytic responses during complement intercep
tion, both D-dimer levels and Thrombin-antithrombin (TAT) complexes 

Fig. 1. Markers of inflammation and tissue injury in severe COVID-19 patients treated with C3 and C5 inhibitors. Graphs on the left column (panels A, B) represent the 
longitudinal change of inflammatory and tissue injury-related biomarkers in all COVID-19 patients dosed with the C3 (AMY-101) or C5-targeted inhibitor (eculi
zumab). These graphs include the three mechanically ventilated Ecu-patients (Ecu-patients No 1, 3, 9). To normalize for disease severity and exclude potential 
confounding factors from our analysis, the graphs on the right column represent the differential change of these markers in the non-ventilated patients of both cohorts 
from baseline to days 6–7. Panel A, Change of CRP levels in both patient cohorts; CRP values are expressed as fold change over the upper normal limit of each patient 
cohort. Panel B, Change of LDH levels in both patient cohorts; LDH values are expressed as fold change over the upper normal limit of each patient cohort. Panel C 
shows the consistent decrease of serum IL-6 levels in both patient cohorts. The plots illustrating the dynamic profiles of all biomarkers and all individual data points 
per each patient group are colour-coded (orange: AMY-101-treated, dark blue: Eculizumab-treated). Arrows indicate the time of dosing for eculizumab. * denotes the 
upper normal limit of biomarkers, ** denotes the lower normal limit. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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were markedly decreased within the 7 first days of treatment in the 
presence of both inhibitors (supplementary data). We next sought to 
determine whether C3 and C5 inhibition modify neutrophil procoagu
lant responses (i.e. NETosis). C3 inhibition attenuated COVID-19 asso
ciated NETosis, as demonstrated by the reduction of NETs in all AMY- 
101-treated patients during the first 7 days of treatment (Fig. 3, panels 
A, B). Of note, eculizumab had a weaker effect on NETosis in all non- 
intubated patients (Fig. 3, panel B), with 4 out of 10 ecu-patients even 
displaying increased NET levels on day 7, likely reflecting the high 
neutrophil counts in their circulation (panel A). 

3.5. Lung respiratory function 

The robust anti-inflammatory profile and impact of both comple
ment inhibitors on markers of COVID-19 coagulopathy was readily 
reflected in a marked improvement of lung respiratory function in all 
non-intubated patients. This improvement culminated in full resolution 
of ARDS, amelioration of SARS-CoV-2- associated bilateral interstitial 
pneumonia and weaning off oxygen support in 10–13 days following 
the start of therapy (average “time to no O2 support” for ecu-pa
tients:10.5 days, ranging between 1 and 27 days; average time for AMY- 
101-patients: 13.3 days, ranging between 9 and 18 days) (Fig. 4). 

3.6. Dissecting the in vivo biological efficacy of C3 vs C5-targeted inhibition 
in COVID-19 

We next sought to determine whether the qualitative traits suggesting 
an improved clinical response of AMY-101 over eculizumab were rooted 
in the different mechanistic basis of complement inhibition and the 

distinct in vivo potency of each inhibitor. To this end, we performed a 
comparative study of in vivo markers of complement activity in each 
patient cohort. As shown in Fig. 4, C3a levels were significantly atte
nuated in COVID-19 patients treated with AMY-101, consistent with ef
fective blockage of C3 activity (Fig. 5, panel A). C3a levels dropped 
sharply from baseline to day +2 (76.5% decline) and remained low 
throughout the treatment (data shown only until day 7 for comparison 
with the ecu-group). In contrast, persistently high levels of C3a were 
detected in the plasma of all eculizumab-treated patients from baseline 
through day 7 (Fig. 5, panel A), consistent with the notion that eculi
zumab cannot interfere with upstream C3 activation and C3a release. 

Treatment with eculizumab was associated with a dissimilar/di
vergent pattern of C5 blockade in COVID-19 patients. While sC5b-9 le
vels remained close to baseline values until day 2 (albeit with an upward 
trend), a significant rebound of sC5b-9 levels was observed on day 7 for 
most patients under eculizumab treatment (i.e., an almost 5-fold increase 
over baseline values) (Fig. 5, panel B). This rebound might indicate a 
breakthrough in C5 inhibition, which could be due to suboptimal C5 
blockade associated with overt complement activation (pharmacody
namic PD) and/or insufficient dosing of the drug. This observation fol
lows up on recent reports indicating suboptimal C5 blockade in COVID- 
19 patients treated with eculizumab, under a similar dosing regimen 
(drug infusion once every 7 days) [29]. The reasons why sC5b-9 in
creases during eculizumab treatment, apparently diverging from clinical 
course, remain to be fully elucidated, but argue against using sC5b-9 as a 
reliable biomarker of ongoing disease activity in COVID-19. 

Both inhibitors led to sustained inhibition of ex vivo AP-mediated 
complement hemolytic activity (AP50) in COVID-19 patient sera 
(Fig. 5, C). While AMY-101 treatment resulted in complete abrogation 

Fig. 2. Blood cell monitoring during therapeutic complement inhibition in severe COVID-19. Graphs on the left column (panels A, B and C) represent the longitudinal 
change of blood cell counts in all COVID-19 patients dosed with the C3 (AMY-101) or C5-targeted inhibitor (eculizumab). These graphs also include the three 
mechanically ventilated Ecu-patients (Ecu-patients No 1, 3, 9). To normalize for disease severity and exclude potential confounding factors from our analysis, the 
graphs on the right column represent the differential change of these cell counts in the non-ventilated patients of both cohorts from baseline to days 7 or 8 after the 
start of drug dosing. Panel A, Change of peripheral blood neutrophil numbers in both patient cohorts; neutrophil numbers are expressed as absolute neutrophil counts 
(ANC, cellsx10 [9]/L). Panel B, Change of peripheral blood lymphocyte numbers in both patient cohorts; lymphocyte numbers are expressed as absolute lymphocyte 
counts (ALC, cellsx10 [9]/L). The dotted line represents the upper normal limit of lymphocyte counts in the circulation of healthy individuals. Panel C shows the 
longitudinal change of platelet counts in both patient cohorts. The plots illustrating the dynamic profiles of all biomarkers and all individual data points per each 
patient group are colour-coded (orange: AMY-101-treated, dark blue: Eculizumab-treated). * denotes the upper normal limit of blood counts; arrows indicate the time 
of dosing for eculizumab. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. C3 inhibition attenuates NET release (NETosis) in COVID-19 patients. NET levels were measured by an MPO/DNA complex ELISA in plasma samples collected 
from patients dosed with either AMY-101(orange-coloured symbols) or eculizumab (dark blue coloured symbols). (Panel A): The graph depicts the change of plasma 
NET levels over the course of treatment (days 0–2-7) in both patient cohorts, including the three ecu-treated patients who were mechanically ventilated. (Panel B): 
The graph depicts the change of NET levels in the plasma of all non-intubated COVID-19 patients. NET levels are expressed in arbitrary units (AU). Individual bars 
represent changes expressed as mean values ± SD. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 
article.) 
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Fig. 4. Clinical improvement of lung respiratory function and resolution of SARS-C0V-2 associated ARDS. Improvement of lung function in both patient cohorts was 
monitored as a function of the need for oxygen supplementation (expressed as % FiO2; % pf Fraction of Inspired Oxygen in Ventimask). The left graph represents the 
fraction of patients within each group that were weaned off oxygen support (by breathing in ambient air conditions, or 21% FiO2). Bars denote the baseline FiO2 

values and corresponding values at patient discharge. The right graph illustrates the average time (in days) required for each patient to achieve disengagement from 
oxygen support (expressed as ‘time to no O2 support’). Individual data points and bars are colour-coded according to treatment (Eculizumab, dark blue; AMY-101, 
orange). Changes are expressed as mean %FiO2 values ± SD. Abbreviations: ns, not statistically significant; * denotes p  <  0.05. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. In vivo biological efficacy of C3 vs C5 inhibition in COVID-19 - biomarkers of complement activity (Panel A): Plasma C3a levels, as a marker of ongoing C3 
activation, in patients treated with AMY-101 or eculizumab on days 0 (baseline), 2 and 7 following initiation of treatment. C3a values were quantified in EDTA- 
plasma samples by ELISA. Panel B: Plasma levels of sC5b-9 complexes, as a measure of ongoing terminal pathway activity (C5 activation) in patients treated with 
AMY-101 or eculizumab. Values for each patient are expressed as fold change over baseline (day 0). Panel C: Profiles of AP activity following C3 and C5 inhibition in 
COVID-19 patients. % AP activity was expressed as the % hemolytic activity of patient sera dosed with each inhibitor using ex vivo AP-mediated complement 
hemolytic assays (APH50). Panel D: Plasma levels of factor B (FB) in both patient cohorts during treatment with complement inhibitors (days 0–2-7). Total FB was 
measured in patient plasma by nephelometry using an IMMAGE 800 protein chemistry analyzer. Statistical analysis and comparisons within each group were 
performed with unpaired, two-tailed student's t-test; ** denotes p  <  0.002. 
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of AP activity throughout the treatment, a residual hemolytic activity 
(ranging between 7 and 11.5%) was detected in patient sera dosed with 
eculizumab on days 2 and 7 respectively (Fig. 5, C). This ‘leakage’ in 
activity likely correlates with the rebound of terminal pathway acti
vation products (sC5b-9) on day 7. 

4. Discussion 

Complement intervention has emerged as a promising strategy for 
ameliorating COVID-19 thromboinflammation. Consistent with this 
notion, compassionate treatment of a severe COVID-19 patient with the 
C3 therapeutic AMY-101 abrogated the hyper-inflammatory phenotype 
associated with SARS-CoV-2, leading to respiratory improvement and 
resolution of ARDS [30]. Other reports have indicated that C5 inhibi
tion or downstream C5a blockade may also benefit COVID-19 patients 
[31,15,32,29]. While several complement therapeutics are advancing 
through the biopharma pipeline as potential COVID-19 anti-in
flammatories, there has been no attempt to dissect the mechanistic 
basis of complement inhibition in COVID-19 or benchmark the efficacy 
of discrete anti-complement agents in COVID-19 patients. 

Our comparative study of the patients' clinical response following 
complement modulation with two distinct inhibitory strategies revealed 
both common and divergent traits. Clearly both C3 and C5 inhibition led 
to a prominent and sustained anti-inflammatory response that likely 
mirrors the potential of both approaches to quench the proinflammatory 
actions of the C5a-C5aR1 axis [14]. However, the tendency towards a 
steeper initial decline of LDH levels in the AMY-101 group may reflect a 
broader therapeutic effect of C3 inhibition on microvascular endothelial 
injury, aberrant pulmonary vascularization and lung damage, likely 
mediated by the blockage of the C3a-C3aR axis, the attenuation of C3 
opsonization on injured endothelial or alveolar cells or the abrogation of 
tissue-injurious AP amplification [3]. Of note, enhanced C3-mediated 
signaling has been implicated as an early driver of the host inflammatory 
response to SARS-CoV-2- infection. C3 expression showed robust tran
scriptional upregulation in both lung epithelial cells and nasopharyngeal 
swabs of COVID-19 patients [13,33], while both C3aR and CD46 ex
pression in the myeloid, lymphoid and lung epithelial compartments 
appear to correlate with disease severity in COVID-19 [34]. 

The prominent decrease of neutrophil counts in AMY-101-treated 
patients indicates that concomitant interception of C3a and C5a-trig
gered inflammation abrogates neutrophil recruitment, having im
portant implications for long-term organ function. The concomitant use 
of corticosteroids (methyprednisolone, dexamethasone) in the Ecu- 
cohort may have skewed this response, affecting neutrophil turnover, 
migration between the circulation and tissues and vascular adhesion 
[35]. The prolonged presence of high neutrophil numbers may entail 
long-term consequences in Ecu-patients that remain to be determined in 
follow-up studies. Given the ability of COVID-19 neutrophils to produce 
procoagulant TF-bearing NETs in the presence of intact C3 activation 
[12], future studies should address whether these high neutrophil 
counts under C5 blockade invoke long-term implications for organ 
function, despite recovery from SARS-CoV-2-induced pneumonia. 

Aberrant NETosis is increasingly appreciated as a disease-exacer
bating mechanism in COVID-19 immunothrombosis [12,36]. The 
greater decline of NETs in the AMY-101-treated patient cohort validates 
in vivo the capacity of C3 inhibitors to intercept neutrophil-mediated, 
NET-driven thromboinflammatory pathways. It also points to a broader 
impact of C3 inhibition on COVID-19 coagulopathy. Given that NETs 
can serve as scaffolds for amplifying complement activation [37], 
thereby enhancing endothelial injury and microvascular thrombosis, 
C3-targeted therapeutics may provide a platform for developing multi- 
pronged therapeutic interventions in COVID-19. Of note, the increase of 
NETosis in a fraction of ecu-treated patients with high neutrophil 
counts, despite the concomitant use of corticosteroids, likely argues 
against a steroid-driven effect on neutrophilia. This notion is consistent 
with evidence that corticosteroids can dampen neutrophil responses 

and NET release in lung patients [38]. 
COVID-19 lymphopenia has been mainly linked to T-cell hyper-ac

tivation and/or depletion, likely mediated by increased IL-6 or TNF- 
signaling, enhanced recruitment of lymphocytes to the respiratory tract 
or increased adhesion to the vascular endothelium [39]. Interception of 
C3 signaling with AMY-101 could reverse T cell depletion through the 
rapid lowering of the IL-6 inflammatory burden on peripheral lym
phocytes. Furthermore, both C3a and C5a instruct the homing of acti
vated T cells into inflamed tissues by altering endothelial adhesion 
molecules such as V-CAM-1 [40]. By blocking both mediators, AMY- 
101 could likely exert a more profound inhibitory effect on the homing 
activity or pulmonary endothelial adhesion of COVID-19 lymphocytes. 
While other C3-independent mechanisms may influence lymphocyte 
recovery, this finding could have important implications in the context 
of developing a COVID-19-directed therapy. 

The trend towards a greater transient increase of platelets in AMY- 
101 treated patients likely indicates a broader impact of C3 inhibition 
on platelet consumption and COVID19-thrombocytopenia. This effect 
may be related to mechanisms such as C3aR-dependent platelet adhe
sion to the vascular endothelium, C3a-driven thrombus formation via 
endothelial P-selectin upregulation, or C3-mediated opsonophagocy
tosis [41,42]. 

Lung impairment and SARS-CoV-2 associated ARDS were similarly 
attenuated in both patient cohorts, reflecting a robust anti-in
flammatory response by both inhibitors. AMY-101 treated patients 
showed consistent respiratory improvement without having received 
concomitant treatment with corticosteroids, as in the case of the Ecu- 
cohort. While the concomitant use of steroids in the most severe Ecu- 
patients may have led to synergistic effects in lung function improve
ment [43], the profound clinical gain observed under both inhibitory 
strategies paves the way to larger randomized trials that will formally 
benchmark the efficacy of these inhibitors in a well-controlled setting. 

The persistently high C3a levels in the Ecu-treated patients confirmed 
that C5 blockade does not interfere with upstream C3 activation in 
COVID-19. A fully operative C3a-C3aR axis under C5 blockade could 
potentiate: i) monocyte/neutrophil recruitment to the infected lungs ii) 
cytokine release from macrophages and lymphocyte hyper-activation 
and iii) endothelial cell-platelet-neutrophil interactions promoting pro
coagulant responses, endothelialitis and TMA [3,44]. This finding pro
vides a mechanistic basis for a broader therapeutic effect of C3 inhibition 
in COVID-19 thromboinflammation. A trend towards lower median C3a 
levels in ecu-patients, on day 7 (approximately 35% decrease over 
baseline) (Fig. 5, panel A), may reflect the cumulative therapeutic effect 
of eculizumab on vascular/organ injury which likely results in lower 
tissue damage-triggered complement activation in later stages. 

CP and LP activity have been implicated in SARS-CoV-2 pathogen
esis through the interaction of the heavily glycosylated N protein with 
MASP-2 [15] and the colocalization of viral S protein, immune com
plexes and C4d on COVID-19 erythrocytes [45]. Moreover, the promi
nent presence of C4d and MASP-2 deposits in the microvascular en
dothelium of COVID-19 biopsies argues for a key role of these pathways 
[4,46] To date, it remains debated whether the AP contributes to dys
regulated complement activation in COVID-19. In our study, while 
plasma FB levels remained constant under C3 inhibition, they exhibited 
a consistent decline in all COVID-19 patients under eculizumab treat
ment, suggesting that in the presence of C5 blockade there is ongoing 
AP amplification (C3 convertase activity) that may lead to consumption 
of FB (Fig. 5, D). To our knowledge, this is the first indication of on
going AP activity in COVID-19 that is effectively blocked by AMY-101. 
Furthermore, these data are consistent with the ‘leakage’ in comple
ment inhibition reflected by residual AP activity and rebound of sC5b-9 
observed on day 7 from eculizumab treatment. The possibility that total 
FB levels are subject to the combined effect of protein consumption and 
altered biosynthesis due to an acute phase response associated with the 
viral infection cannot be excluded. Further studies interrogating the 
presence of activated FB fragments (Bb, Ba) in COVID-19 patients are 

D.C. Mastellos, et al.   Clinical Immunology 220 (2020) 108598

8



expected to shed more light on the precise role of the AP. The notion 
that these reduced FB levels likely reflect AMY-101's potency in 
blocking AP activity is further supported by a significant decrease of Bb 
and Ba fragments in AMY-101 treated patient samples (data not 
shown). 

In conclusion, we have shown that clinical complement inhibition 
affords significant therapeutic benefit in COVID-19 patients by inter
cepting key SARS-CoV-2-induced thromboinflammatory pathways. This 
robust anti-inflammatory response culminates in respiratory improve
ment and resolution of COVID19-associated ARDS. C3 inhibition may 
exert a broader therapeutic effect in COVID19 patients by intercepting 
simultaneously upstream (C3-mediated) activation, AP amplification and 
terminal pathway activity, thereby preventing not only the cytokine 
storm and lung inflammation, but also NET generation and subsequent 
thrombotic microangiopathies (supplemental Fig. 2) [49]. The greater 
decline of NETs in the AMY-101-treated patients strongly supports this 
conceptual basis, indicating a broader impact of C3 inhibition on 
thrombogenic pathways. The distinct inhibitory profile of AMY-101 is 
associated with qualitative traits of improved clinical response over 
eculizumab. These improved clinical correlates indicate a broader en
gagement of C3-mediated pathways in COVID-19 pathophysiology. In 
light of the recent negative results from Phase III trials evaluating anti-IL- 
6 therapies in severe COVID-19 [47], complement inhibition emerges as 
a more comprehensive strategy to block IL-6 release and dampen the 
maladaptive host inflammatory response to SARS-CoV-2 [5]. Future 
randomized controlled trials will conclusively discern the relative clinical 
efficacy of these two anti-complement strategies in COVID-19 patients. 
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