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Abstract 39 
COVID-19, the disease caused by the SARS-CoV-2 virus, can progress to multi-system organ 40 

failure and viral sepsis characterized by respiratory failure, arrhythmias, thromboembolic complications, 41 
and shock with high mortality. Autopsy and pre-clinical evidence implicate aberrant complement 42 
activation in endothelial injury and organ failure. Erythrocytes express complement receptors and are 43 
capable of binding immune complexes; therefore, we investigated complement activation in COVID-19 44 
patients using erythrocytes as a tool to diagnose complement activation. We discovered enhanced C3b 45 
and C4d deposition on erythrocytes in COVID-19 sepsis patients and non-COVID sepsis patients 46 
compared with healthy controls, supporting the role of complement in sepsis-associated organ injury. 47 
Our data suggest that erythrocytes may contribute to a precision medicine approach to sepsis and have 48 
diagnostic value in monitoring complement dysregulation in COVID-19-sepsis and non-COVID sepsis 49 
and identifying patients who may benefit from complement targeted therapies.  50 
  51 
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Introduction 52 
Despite the current availability of vaccines against SARS-CoV2, COVID-19 continues to inflict 53 

high morbidity and mortality(1). Given the concerns of highly infectious emerging variants, new 54 
strategies are urgently needed to rapidly identify and treat patients, especially those at risk for 55 
respiratory failure. Clinical, epidemiologic studies demonstrate that vulnerability to organ failure is the 56 
greatest after viral clearance from the upper airway, suggesting that dysregulation of the host immune 57 
response is a critical mediator of clinical deterioration and death(2). Autopsy and pre-clinical evidence 58 
implicate aberrant complement activation in endothelial injury and organ failure, and recent 59 
epidemiologic studies have found an association between complement dysregulation and ARDS(3-6). 60 
One potential therapeutic strategy is based on case reports of successful treatment of COVID-19 with 61 
inhibitors of complement(7, 8). However, this approach requires a careful balance between the host 62 
protective and potential injurious effects of complement activation, and biomarkers to identify the 63 
optimal timing and candidates for therapy are lacking.  64 

The complement system provides a front-line defense against invading microorganisms and is a 65 
highly coordinated system vital for the innate immune response to pathogens, the removal of dead cells, 66 
and the maintenance of homeostasis. The three pathways of complement activation can be engaged by 67 
distinct initiators, including antigen-antibody complexes (classical pathway), lectins (lectin pathway), 68 
and spontaneous C3 hydrolysis (alternative pathway). Although the complement system promotes 69 
clearance of pathogens through opsonization, inflammation, and cytolysis, dysregulated complement 70 
activation can lead to cellular injury, microvascular thrombosis, and organ failure. Animal models with 71 
complement regulator deficiencies or mutations are prone to complement-mediated tissue injury, 72 
coagulopathy, and thrombotic microangiopathy(9). The complement system is also implicated in CoV-73 
mediated tissue injury(6).  74 
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Complement-containing immune complexes bind to cells through specific receptors, including 75 
complement receptor 1 (CR1), which recognizes complement activation products C3b and iC3b. Given 76 
the sheer number of red blood cells (RBCs) in circulation, it is not surprising that RBCs account for the 77 
majority of CR1 expression in mammals. Immune adherence, the binding of antigen-antibody-78 
complement complex to RBCs first described half a century ago, is one mechanism by which RBCs 79 
modulate innate responses(10, 11). Here, we report complement deposition on circulating erythrocytes 80 
from hospitalized COVID-19 patients using flow cytometry. These findings suggest that novel 81 
erythrocyte-based diagnostics can identify patients with dysregulated complement activation.  82 

 83 
Methods 84 
SARS-CoV2/COVID-19 cohort and blood processing. Whole blood was obtained in EDTA tubes 85 
(B.D. Bioscience) from inpatient subjects positive for SARS-CoV2 enrolled in the Molecular 86 
Epidemiology of SepsiS in the ICU-COVID (MESSI-COVID) study at the University of Pennsylvania, 87 
except for those samples used for ELISA which were collected in sodium citrate. Studies involving 88 
human subjects were approved by the University of Pennsylvania Institutional Review Board(12). 89 
Subjects were screened and approached for informed consent during the first 3 days of hospitalization. 90 
Informed consent, in accordance with protocols approved by the regional ethical research boards and the 91 
Declaration of Helsinki, was given by subjects or their proxies. Samples were processed within three 92 
hours of collection. Whole blood was centrifuged for 15 minutes at 3,000 rpm, and plasma was 93 
collected.  94 
 95 
ELISA. Immulon 4 HBx 96-well plates were coated with recombinant SARS-CoV-2 spike protein (2 96 
µg/mL, B.E.I. Resources) for 2 hours, washed 3 times with 0.1% Tween-20 in PBS (PBS/T, wash 97 
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buffer), then blocked for 1 hour with 3% nonfat milk in PBS/T.  COVID-19 patient plasma diluted 1:20 98 
with 1% nonfat milk in PBS/T was added for 1 hour, then plates were washed 3 times.  Complement 99 
deposition was detected by adding C3/C3b/iC3b/C3d antibody (0.3 µg/mL, BioLegend) in 1% nonfat 100 
milk in PBS/T for 30 minutes.  After subsequent washes, peroxidase-conjugated goat anti-mouse IgG 101 
(0.1 µg/mL) was added for 30 minutes, then washed plates were developed with T.M.B. substrate 102 
(Seracare).  After 5 minutes, the enzymatic reaction was stopped with 1 M HCl, and O.D. at 450 nm was 103 
measured on a Synergy 2 plate reader (BioTek Instruments). 104 
 105 
Red blood cell isolation. Whole blood was obtained from healthy donors (H.D.) in EDTA tubes. Blood 106 
from H.D. and patients was centrifuged for 5 minutes at 800 g, and the remaining plasma and buffy coat 107 
were removed. RBCS were then diluted at 1 µL RBC/ 1mL PBS for flow cytometry and microscopy. All 108 
work was conducted in the biosafety cabinet under enhanced-BSL2 conditions.  109 
 110 
Flow cytometry. Diluted RBCs (100uL) were incubated with anti-C3/C3b/iC3b/C3d (BioLegend, 1 111 
µg/mL), anti-C4d (Immunoquest, 1 mg/mL), or isotype (BioLegend, 1 ≤g/mL) antibody for 45 minutes 112 
followed by two washes in PBS. Cells were resuspended in 100uL of PE Goat-anti-mouse IgG 113 
secondary antibody (BioLegend, 2 µg/mL) for 45 minutes before two washes in PBS and fixation in 114 
E.M. grade glutaraldehyde (Polysciences, 2.5%) for 15 minutes. After subsequent washes, data were 115 
acquired using the L.S.R. Fortessa, and analysis was performed using FlowJo Software. 116 
 117 
Microscopy. Diluted RBCS were fixed in 0.05% glutaraldehyde for 10 minutes before two washes in 118 
FACS buffer (2% F.B.S. in PBS) followed by resuspension in FACS (1uL R.B.C./ 1mL buffer). 100 µL 119 
of diluted RBCs were incubated with anti-C3/C3b/iC3b/C3d or anti-SARS-CoV spike (GeneTex, 1:200) 120 
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antibodies overnight at 4°C. Cells were washed twice in FACS and incubated with AlexaFluor488 Goat-121 
anti-mouse IgG secondary antibody (Thermofisher, 2 µg/mL) for 45 minutes. After subsequent washes, 122 
cells were fixed in 2.5% glutaraldehyde, washed, and mounted on slides with fluoromount G. Slides 123 
were imaged using Nikon eclipse microscope, and images were analyzed using ImageJ software. 3-5 124 
fields/sample were counted for quantification. 125 
 126 
Statistics. Clinical correlations were analyzed by Stata (StataCorp L.L.C.), and all other statistical 127 
analyses were performed with SigmaPlot (SyStat Software Inc.)  128 
 129 
Results and Discussion 130 

To detect complement activation in patients with COVID-19, we performed ELISA to detect the 131 
deposition of C3b by patient plasma on immobilized spike protein (Fig. 1A). Patient plasma deposited 132 
significantly more C3b on spike-coated plates than did plasma from healthy subjects (P < 0.004), this 133 
would suggest that SARS-CoV-2 infection led to complement activation in vivo. Then, we measured 134 
erythrocyte-bound C3b/iC3b/C3dg and C4d on healthy donors, hospitalized COVID patients, and 135 
COVID-negative septic patients using flow cytometry (patient characteristics are described in Table 1). 136 
The percentage of RBCs with bound C3b/iC3b/C3dg and C4d was markedly elevated in hospitalized 137 
sepsis, and COVID-19 patients admitted to the ICU compared with healthy donors, and these 138 
percentages increased even further by day 7 in COVID-19 patients (Fig. 1B, E-G). Immunofluorescence 139 
demonstrated that patient erythrocytes bind C3 fragments and bound viral spike protein, suggesting 140 
activation of complement and immune complex deposition on the RBCS (Fig. 1C-D). Together, these 141 
data indicate that complement activation products and viral antigens are present on RBCs in patients 142 
with COVID-19.  143 
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 Although the small sample size precludes drawing associations between RBC-bound 144 
complement and clinical outcomes, several clinically relevant implications arise from our findings. First, 145 
our findings may support a potential role for complement-mediated pathophysiology in patients with 146 
COVID-19, which is consistent with recently published studies(3, 4). Second, because plasma-based 147 
assays of individual complement components or total complement activity may fail to reflect the levels 148 
of complement activation on cell surfaces responsible for tissue injury, flow cytometry of RBCs may 149 
serve as a readily accessible, sensitive, and more relevant measure of complement activation. Third, an 150 
increase in RBC-bound complement over time might serve as a biomarker for severe COVID-19 disease 151 
and help depict disease trajectory and identify potential patients for clinical trials of anti-complement 152 
therapy. While immune adherence may serve to immobilize and transport pathogens to immune cells, 153 
deposition of immune complexes and complement on RBCs may alter their rheology and promote 154 
intravascular stasis and thrombosis, contributing to the pathogenesis of virus-associated lung injury.  155 

In sum, our findings suggest that RBC-immune adherence occurs in patients with COVID-19, 156 
and flow cytometric analysis of RBCS provides a clinically feasible means to help identify patients who 157 
are susceptible to complement-mediated host injury and might therefore benefit from intervention with 158 
complement inhibitors. The role of R.B.C. immune adherence in delivering viral antigen to immune 159 
cells has yet to be elucidated. However, exploiting this innate immune mechanism to detect pathologic 160 
complement activation may hold one key to preventing organ injury in infectious and autoimmune 161 
systemic disorders characterized by complement dysregulation.  162 
  163 
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Table 1. Baseline Characteristics of COVID-19 and Non-COVID-19 Sepsis patients. 
 COVID-19 Patients 

(n=72) 
Non-COVID-19 

Sepsis (n=11) 
Age 60 ± 14 57 ± 14 
Male 42 (58%) 3 (27%) 
Race 
  African American 
  White 
  Asian 

 
51 (71%)  
17 (24%) 
4 (5%) 

 
4 (36%) 
6 (55%) 
1 (9%) 

Ventilatory/Oxygen Support 
   Invasive Ventilation 
   Non-Invasive Ventilation* 
   Nasal Cannula Oxygen 
   No support 

 
25 (35%) 
13 (18%) 
22 (31%) 
12 (17%) 

 
5 (45%) 
2 (18%) 
3 (27%) 
1 (9%) 

ARDS** 24 (33%) 2 (18%) 
Septic shock 16 (22%) 6 (55%) 
Clotting complication 15 (21%) 4 (36%) 
Mortality  13 (18%) 2 (18%) 
Table 1 246 
*Non-Invasive Ventilation includes non-invasive mask ventilation, helmet ventilation, and high flow 247 
nasal cannula oxygenation. **ARDS defined by the Berlin Criteria with the added requirement of 248 
invasive mechanical ventilation.  249 
 250 
Figure Legends 251 
Figure 1. Complement activation and deposition on RBCs during COVID-sepsis and non-COVID 252 
sepsis. (A) ELISA for C3/C3b/iC3b deposition on immobilized spike protein. Plasma from healthy 253 
donors and patients with COVID-19 was tested, n=4-9 subjects, p<0.004. (B) C3 deposition on RBCS 254 
from healthy donors (H.D., n=10), patients hospitalized with COVID-19 associated organ injury (n=72), 255 
and COVID-negative septic patients (n=11) evaluated on day zero of ICU admission (p=0.0025 and 256 
p=0.0021, one-way ANOVA with Dunn’s post-hoc (HD v COVID and HD v non-COVID sepsis). (C) 257 
C3 and CoV spike protein detection on RBCs, bright green punctae indicate positive staining, RBCs 258 
from a healthy donor are show for control.  Results were quantified and correlation between d0 and d7 259 
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are shown in (D), d0: r2=0.59, p=0.01; d7: r2=0.78, p=0.014. (E) C3 deposition on RBCs in COVID 260 
patients. Comparison of C3 on RBCs at day 0 and day 7 of study enrollment, p=0.0017, t-test. (F) RBC-261 
bound C3 from individual patients on d0 and d7, p=0.0069, paired t-test. (G) C4d deposition on RBCS 262 
from patients with COVID-19 (one-way ANOVA, Dunn’s post-hoc). 263 
 264 
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