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ABSTRACT:

In order to study the mechanisms of COVID-19 damage following the complement activation phase
occurring during the innate immune response to SARS-CoV-2, CR1 (the regulating complement
activation factor, CD35, the C3b/C4b receptor), C4d deposits on Erythrocytes (E), and the products
of complement activation C3b/C3bi, were assessed in 52 COVID-19 patients undergoing O thera-
py or assisted ventilation in ICU units in Rheims France. An acquired decrease of CR1 density on E
from COVID-19 patients was observed (Mean = 418, SD = 162, N=52) versus healthy individuals
(Mean = 592, SD = 287, N= 400), Student’s t-test p<10'6, particularly among fatal cases, and in
parallel with several parameters of clinical severity. Large deposits of C4d on E in patients were
well above values observed in normal individuals, mostly without concomitant C3 deposits, in more
than 80% of the patients. This finding is reminiscent of the increased C4d deposits on E previously
observed to correlate with sub endothelial pericapillary deposits in organ transplant rejection, and
with clinical SLE flares. Conversely, significant C3 deposits on E were only observed among % of
the patients. The decrease of CR1/E density, deposits of C4 fragments on E and previously reported
detection of virus spikes or C3 on E among COVID-19 patients, suggest that the handling and
clearance of immune complex or complement fragment coated cell debris may play an important
role in the pathophysiology of SARS-CoV-2. Measurement of C4d deposits on E might represent a
surrogate marker for assessing inflammation and complement activation occurring in organ capillar-
ies and CR1/E decrease might represent a cumulative index of complement activation in COVID-19
patients.

Taken together, these original findings highlight the participation of complement regulatory pro-
teins and indicate that E are important in immune pathophysiology of COVID-19 patients. Besides
a potential role for monitoring the course of disease, these observations suggest that novel therapies
such as the use of CR1, or CRI1-like molecules, in order to down regulate complement activation
and inflammation, should be considered.
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Abbreviations:

CR1 complement receptor type 1

CR1/E complement receptor type 1 per erythrocyte

CR1/E% complement receptor type 1 per erythrocyte as percentage of the CR1/E density expected
from the CR1 density polymorphism genotype of the patient
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C3 complement fragment 3

C4 complement fragment 4

Clq complement component 1q

Clr complement component 1r

Cls complement component 1s

C3a complement component 3a

C3b complement component 3b

C4a complement component 4a

C4d complement component 4d

C5a complement component S5a

DAT direct antiglobulin test

E erythrocytes

FITC fluorescein iso-thio-cyanate
HbA | glycosylated hemoglobin type A
ICU intensive care unit

IgG immunoglobulin G

IgM immunoglobulin M

MBL mannan binding lectin

MASPI1 mannan binding lectin serine proteasel
PE phyco-erythrin

RFLP restriction fragment length polymorphism
Sa02 oxygen saturation

SCR short consensus repeat

SLE systemic lupus erythematosus

HIGHLIGHTS

Acquired decrease of CR1 density on E in COVID-19 patients correlated with clinical sever-
ity and mortality.

Large C4d deposits were found on E in most patients, reminiscent of those observed on E of
patients undergoing organ transplant rejection that were associated with peri-capillary de-
posits, as well as on E from patients undergoing SLE flares.

C4d deposits on E may be useful as a surrogate marker for inflammation and complement
activation in organ capillaries.

Decreased CR1/E may be useful as a cumulative index of complement activation in
COVID-19 patients.

The use of CR1 or CR1-like molecules for down-regulating complement activation for ther-
apy should also be considered.

These original findings indicate the participation of complement regulatory proteins in
COVID-19 and on the role of E in immune mechanisms of the disease.



1. Introduction

Discovered in 1895 (Cavaillon et al., 2019), the complement system of plasma and cyto-membrane
proteins has three main functions: labeling certain microorganisms and antigens and so promoting
their attachment to the surface of cells carrying complement membrane receptors, and the attraction
of phagocytes where there is complement activation to promote cell lysis. There are three pathways
to complement activation: the classic pathway, the alternative pathway and the lectin pathway
(Mastellos et al., 2019; Morgan, 2000; Ricklin et al., 2007; Lu et al., 1990). The classic pathway
requires prior specific recognition of an antigen by an antibody, while the other two are activated
directly by surface molecules of the pathogens. Complement, a system widely conserved during
evolution, owes its name to the observation that it acts in addition to (‘“complementing”) antibodies
in the lysis of bacteria. It was later discovered that complement is also important in the innate im-
mune response, as well as having an important role as the main scavenger of dead cells or damaged
tissue. As a component of the innate immune response, it can be mobilized immediately, without
needing to recognize a specific antigen. On the other hand, complement is involved in the initiation
and progression of the adaptive immune response (Walport et al., 2001).

The activation of the various components of complement takes place as a cascade, in a manner
similar to that observed during coagulation or fibrinolysis. Some of the components endowed with
enzymatic activity circulate in an inactive form, acquiring their proteolytic or biological activity
only after limited proteolysis, thereby becoming the activator of the next protein in the activation
cascade, so each step is amplified. The classical and mannose-binding lectin (MBL) pathways are
activated by IgM/IgG and carbohydrate moieties on pathogens, respectively. The classical pathway
is triggered by interactions of C1q with antibodies whereas the lectin pathway is triggered directly
by colectins such as MBL or ficolins such as FCN3 (Bjarndottir et al., 2016), either leading to gen-
eration of Clr and Cls for the classical pathway (Kouser et al., 2015) and MBL-associated serine
proteases (MASP-1 and MASP-2) for the lectin pathway (Holers, 2014; Merle et al., 2015). Cls and
MASP-2 both cleave C2 and C4 to generate the commun classical pathway and lectin pathway C3
convertase (C4b2a), with liberation of C3a and C4a. The alternative pathway is perpetually activat-
ed thanks to the continuous hydrolysis of C3 to C3 (H20), generating the convertase C3 (C3bBb),
when factor B is cleaved by factor D (Holers, 2014; Hajishengallis et al., 2017), Factor D itself
being regulated by MASP-3 (Dob6 et al, 2016), with some possible interaction with MASP-2 serine
esterase regulation of the lectin pathway (Oroszlan et al.; 2017, Hayashi et al, 2019). Thus, all
pathways lead to form a C3-convertase, which proteolyses C3 into C3a and C3b; C3b binds to C3
convertase to form C5 convertase of the classical pathway (C4b2a3b), lectin pathway (C4b2b3b)
and the alternative pathway (C3bBb3b). The C5 convertase proteolyses C5 to release C5b and CSa.
C5b assembles with C6, C7, C8 and C9 molecules to yield the membrane attack complex (MAC)
comprised of C5b-9 (Miiller-Eberhard, 1986; Merle et al., 2015). Besides this cascade amplifica-
tion, the consequence of complement protein activation is the appearance of various biologically
active cleavage products capable of interacting with many cell types via specific receptors. Thus,
for example C5a, C3a and C4a have anaphylatoxic activity via receptors located on monocytes-
macrophages, mast cells and polymorphonuclear cells (Murakami et al., 1993; Karapesi et al., 2006;
Sacks et al., 2003).

C4d is the product of the cleavage of C4b, which is the product of the cleavage of C4 (Atkinson,
1988) during activation of C4 by the Clq, r, s complex (the classical pathway) and by the mannan-
binding lectin (MBL) — mannan binding lectin serine protease (MASP) 1 and 2 complex (the lectin
pathway). Additional mechanisms of direct activation of C4, like C3 activation, have been suspect-



ed but remain uncertain. Nevertheless, C4 is the final common entrance of both classical and lectin
dependent pathways to the C3 auto-amplified loop of the alternative pathway, the central “hub” of
complement activation. The 42 KDa single chain C4d is a short covalently bound cleavage product
of the C4 molecule. Most of the polymorphisms of C4 are located in the C4d fragment (Atkinson et
al., 1988).

C4d has been known since the 1970s as the biochemical basis of the Chido/Rodgers Blood Group
(Tilley et al., 1978). It covalently binds to cell surfaces or immune complexes via a thio-ester bridge
for an extended period of days to months (Van Del Elsen et al., 2002). C4d can be detected on the
surface of erythrocytes (E) in all mammals under physiologic conditions (Ferreira, 1980). The
origin of C4d on E surface is not known. One hypothesis is that, like C3d, the C4 molecule self-
activates at a low, steady state, like a night light ready to light up fully when needed. This phenom-
enon of a system running at idle is described by the term "tick over" (Atkinson et al., 1988, Lach-
mann and Halbwachs., 1975, Lachmann, 2019).

The detection of E C4d has been performed by flow cytometry in healthy subjects in a reproducible
manner since the early 1990s (Freysdottir and Sigfusson, 1991). Covalent C4d deposits on E are
present at low levels in normal individuals. The level of E C4d is increased in pathologic states in-
volving circulating immune complexes, such as autoimmune hemolytic anemia, autoimmune
thrombocytopenia (Leddy et al., 1974) and immuno-allergic reactions (Giles and Robson, 1991).
Higher densities of C4d on E have been found in SLE during clinical flares of the disease (Manzi et
al., 2004), as well as in kidney transplant rejection (Golocheikine et al., 2010; Haidar et al., 2012),
where it was associated with the sub-endothelial capillary C4d deposits commonly found in chronic
vascular rejection, without C3 or Ig deposits in most cases (Feucht et al., 1991). C4d deposition in
organs has also been observed in the rejection of other organ transplants (Lee et al., 2008). Most
importantly, C4d deposits in lung capillaries have been reported (Magro et al., 2020) in COVID-19
patients.

The complement receptor type 1 (CR1, CD35) regulates the activity of complement. By interfering
with its ligands C3b, C4b, C3bi (Fearon, 1980; Dobson at al., 1981; Schreiber et al., 1981; Ross et
al., 1983), a subunit of the first complement component, Clq (Klickstein et al.; 1987), MBL
(Ghiran et al., 2000) and ficolins (FCN1, FCN2, and FCN3) (Oliveira et al.; 2019), CR1 inhibits the
activation of complement (lida and Nussenzweig, 1981) and is involved in the humoral and cellular
immune responses. CR1 is a transmembrane glycoprotein present on the surface of many cell types,
such as E (Fearon, 1980), B lymphocytes (Ross et al., 1978), some T cells, cells of the monocytic
line, follicular dendritic cells (Reynes et al., 1985), glomerular podocytes (Pascual et al., 1994) and
fetal astrocytes (Gasque et al., 1996). CR1 on E in humans binds with and carries immune com-
plexes or cell fragments to spleen or liver for their clearance from the blood, (Cornacoff et al., 1983;
Waxman et al., 1984; Waxman et al., 1986), while most other mammals use platelets. CRI1 also
contributes to the inactivation of the C3 amplification loop, activated either through the classical or
the lectin pathways or directly as the alternative pathway. CR1 serves here as a co-factor of Factor I
(Inactivator).

CRI1/E density varies from one individual to another (from 100 to 1200 CR1 / E), and from one E to
another in the same individual. Despite that low density, the large number of E makes CRI1/E the
major source of CR1 available in the blood. Some very rare individuals with the "null" KN pheno-
type express fewer than 20 CR1/E (Pham et al., 2010). The density of CRI1/E is regulated by two
co-dominant autosomal alleles associated with a point mutation in intron 27 of the gene coding for
CR1 (Wilson et al., 1986; Rodriguez De Cordoba and Rubinstein, 1986). This mutation produces
an additional restriction site for the HindIIl enzyme. The restriction fragments obtained after diges-



tion with HindlIlI in this case are 7.4 kb for the allele associated with a strong expression of CR1 (H:
High allele) and 6.9 kb for the allele associated with low CR1 expression (L: Low allele). This link
is always found in most populations. The only known exception is a single African tribe (Herrera et
al., 1998). The level of expression of E CR1 is also correlated with the presence of point nucleotide
mutations in exon 13 encoding short consensus repeat (SCR) 10 (I1643T, rs35245495), and in exon
19 encoding SCR16 (Q981H, rs3738467). It is high in homozygous (6431 / 981Q) and low in ho-
mozygous individuals (643T / 981H) (Birmingham et al., 2003). The "low" individuals express
around 150-200 CR1 / E, "medium" individuals express around 500-600 CR1 / E and "high" indi-
viduals express around 800-1000 CR1 / E. In addition to this E density polymorphism, CR1 is also
characterized by antigenic polymorphisms corresponding to the blood group KN (Moulds et al.,
1992) and a length polymorphism corresponding to 4 allotypes of different sizes: CR1*1 (190
KDa), CR1*2 (220 KDa), CR1*3 (160 KDa) and CR1*4 (250 KDa) (Dykman et al.,1985).

CRI1/E decreases by one third during the 120-day life of E in normal individuals (Cohen et al.,
1992), but a larger proportion of CR1/E can be lost in acute situations, making CR1/E measurement
a cumulative assessment of what happened during the E lifespan, like HbAlc, but in the opposite
direction. An acquired decrease of CR1/E has been described in AIDS (Jouvin et al., 1987), SLE
(Cohen et al., 1992), Alzheimer’s disease (Mahmoudi et al, 2015; Mahmoudi et al, 2018), and ma-
laria (Waitumbi et al., 2004). CR1 allele structural polymorphisms mainly located in the exon 29
mutation hot spot have been found to be associated with resistance or susceptibility to malaria in
Africa (Stoute, 2011). Polymorphism diversity among New and Old World monkeys seems to have
been under evolutionary pressure from malaria among Old World monkeys (Donvito et al., 2006).

One paper reported on a decrease of CR1/E in patients during the SARS epidemic (Wang et al.,
2005). We hypothesized that the major multi-organ crisis observed in COVID-19 disease might be
induced by the immune response and could lead to a major consumption of CR1 on E. Evidence is
accumulating on the role of the complement system in SARS (Gralinski et al., 2018) and now in
COVID-19 (Risitano et al., 2020; Magro et al.; 2020; Holter et al., 2020; Carvelli et al., 2020),
(Berzuini et al., 2020) as well as on immune-adherence of opsonized virus or virus molecules on E
in that disease (Metthew Lam et al., 2020).

Given these observations we chose to look at the CR1/E antigenic site, C3b/C3bi on E and C4d/E
deposit measurements in patients with COVID-19.

We looked at the role of complement on erythrocytes (E) in hospitalized patients with COVID-19 to
clarify the role for specific complement factors in the pathophysiology of the disease that may be
used to monitor patients and suggest novel therapies.

2. Material and Methods
2.1 Patients and controls individuals

We performed an observational study in which we determined CRI1/E density and the levels of
C3b/C3bi and C4d deposits on E in 52 COVID-19 patients undergoing O2 therapy or assisted venti-
lation in ICU units in Rheims, France. The number of longitudinal samples from a given individual
ranged from one to five, leading to 114 samples from 52 patients, 32 of the patients having been
tested more than once (supplemental Fig. 1). The first determination of CR1/E, or the lowest CR1/E
level reached during longitudinal follow-up CR1/E determination for a given patient, were used to
perform comparisons to different clinical or biological parameters from which the lower or the
higher recorded value were considered. (Lowest Sa02% or Highest D-Dimer value).



Data from historical cohorts of healthy volunteers, 400 blood donors under 60 years and 98 healthy
individuals above 80, were used as CR1/E control populations. In addition, E from 3 healthy indi-
viduals with known values of CR1/E and C4d/E were used to set-up calibration curves for CR1/E
and as positive threshold for C3 or C4d/E deposits. An historical C4d healthy cohort of 88 individu-
als was used as a reference population (Haidar et al., 2012).

2.2 CRI/E antigenic site, C3b/E and C4d/E deposit measurements

We determined the CR1 density and the presence of C3b/C3bi and C4d deposits on E using flow
cytometry. After being washed three times in Bovine Serum Albumin— Phosphate Buffered Saline
(PBS/BSA) 0.15% buffer, E were incubated with biotinylated J3D3 anti-CR1 (C3b/C4b receptor
CD35) monoclonal antibody (non-commercial monoclonal antibody, courtesy of Dr J. Cook) for 45
min at 4°C. Bound antibodies were revealed using an enhancing Phycoerythrin-Streptavidin (refer-
ence: 554061, BD Biosciences, San Jose, CA, USA)/ Vector anti-streptavidin biotin (reference: BA-
0500, Eurobio Ingen, Les Ulis, France). Reference E of known CR1 densities allowed us to estab-
lish a calibration curve and absolute antigenic site number for a given sample (Cohen et al., 1987;
Kisserli et al., 2020).

The deposits of C4d on E were evaluated following the same protocol but using a biotin conjugated
monoclonal antibody (Biotinylated Anti-Human C4d (reference: A 704, Quidel, San Diego, CA,
USA). The deposits of C3b and C3bi was evaluated using only a FITC conjugated monoclonal anti-
body (FITC Anti-Human complement component C3b/C3bi mAb; reference: CL7631F, Cedarlane,
Hornby, Ontario, Canada).

C3b/C3bi or C4d deposits expressed as the number of events in an arbitrary window at the right of
the control staining distribution were considered as positive and compared to values observed in
normal individuals. Reference C3b or C4d coated E for calibrating flow cytometry and standardiz-
ing inter-assay repeatability as previously described (Haidar et al., 2012; Kerr and Stroud, 1979)
were not available due to the particular circumstances of the study, with no possibility of ordering
reagents and limited physical access to the lab. Two individuals from the historical cohort were
tested again together with the present COVID-19 patients, allowing us to convert the scale of the
historic cohort initially set to a reference standard unavailable for the present study due to the limi-
tations imposed by the lock down in place to control the epidemic.

Readings of CR1, C3b/C3bi or C4d staining were done on a LSRFORTESSA flow cytometer (ref-
erence: 647788, BD Biosciences, San Jose, CA, USA).

2.3. DNA Extraction

DNA from 3-mL whole blood samples was isolated using the QIAamp DNA Blood Mini Kit (Qi-
agen, Courtaboeuf, France). The manufacturer’s instructions were followed according to the rec-
ommended protocol. Briefly, tubes containing 200 uL of EDTA whole blood, 200 pL of lysis buffer
(containing guanidine hydrochloride), and 20 pL of proteinase K were mixed and incubated for 10
min at 56 °C. After this incubation, 200 uL of ethanol (>96%) was added and mixed, and the sam-
ples were applied to the QIAamp Spin Column. After 2 centrifugations with washing buffers, the
DNA was finally eluted with 60 pL of elution buffer after incubation for one minute and centrifuga-
tion.



2.4. CRI/E Density Genetic Polymorphism Using HindIlIl PCR-RFLP

The CR1 density polymorphism on E was determined using PCR amplification and HindlIII re-
striction enzyme digestion, as described previously (Cornillet et al., 1991). The PCR primers used
were 5'-CCTTCAATGGAATGGTGCAT-3" and 5-CCCTTGTAAGGCAAGTCTGG-3'. PCR
was performed on a MyCycler apparatus (Bio-Rad, Marnes-la-Coquette, France) using the follow-
ing conditions: a final volume of 100 puL containing 2 uL. of DNA solution (approximately 100-250
ng/uL), a 200-uM concentration of each deoxynucleoside triphosphate, a 0.5 mM concentration of
each primer, 2.5 mM MgCl, and 2.5 U of AmpliTaq Gold DNA Polymerases (ThermoFisher Sci-
entific, Illkirch, France) in the buffer supplied by the manufacturer. The amplification conditions
were as follows: 10 min at 94 °C, followed by 40 cycles of 1 min at 94 °C, 1 min at 61 °C, and 2
min at 72 °C, before being held for 10 min at 72 °C.

For RFLP determination, 30 pL of PCR product and 2 pL of HindIII were incubated in a final vol-
ume of 50 uL in the buffer supplied by the manufacturer at 37 °C for 2 h, followed by analysis on a
2% ethidium bromide gel.

Using this protocol, HindIII digestion did not cleave the PCR product (1.8 kb) from individuals who
were homozygous for the CR1 high-density allele (HH). The 1.8 kb band was fully cleaved into two
smaller bands of 1.3 and 0.5 kb in samples from individuals who were homozygous for the CR1
low-density allele (LL).

The HindIII polymorphism rs11118133, the main codominant bi-allelic SNP governing CR1 densi-
ty on E was determined for every patient using PCR-RFLP (Wilson et al., 1986) with appropriate
controls without any ambiguous allele assessment, allowing the conversion of the absolute CR1/E
antigenic site phenotypes observed to percentages of expected values based on their genotype,
termed here CR1/E%.

2.5 Data analysis

Statistical analyses were performed using BiostaTGV software http://biostatgv.sentiweb.fr/ (Institut
Pierre Louis d'Epidémiologie et de Santé Publique (IPLESP), Paris, France), Calcstat software
http://www.info.univ-angers.fr/~gh/wstat/calcstat.htm, G. Hunaut, Angers University Angers France;
GraphPad Instat (GraphPad Software, San Diego California USA), and Origin software (OriginLab,
Northampton, Massachusetts, USA). When Student’s t-test was used, the normal distribution of the
tested population was checked. Non parametric Wilcoxon or Spearman tests were used for too small
or non-normal sub-populations.

3. Results
3.1 CRI/E density from COVID-19 patients is decreased

CRI1/E as antigenic sites were measured in 52 COVID-19 patients undergoing O> therapy or assist-
ed ventilation in ICU units in Rheims, France. A large decrease in CR1/E antigenic sites among
patients was observed when compared to an historical cohort of healthy blood donors. When
COVID-19 patients (Mean = 418 SD = 162 N = 52) were compared to healthy subjects (Mean =
592 SD = 287 N = 400), the mean density of E CR1 was significantly lower in patients (Student t-
test p<0.001 (Fig. 1). As when considering the lowest CR1/E value observed for a given patient
(Mean =372 SD = 134 N = 52). Among the 10 deceased patients, a trend toward even lower CR1/E
values was detected (Mean = 361 SD =165 N = 10) (Fig. 1).



We also ruled out an effect of age on E CR1 density (mean age of the COVID-19 patients was 64)
by comparing results of E CR1 density from blood donors to historical controls consisting of indi-
viduals over 80 years of age. Values for E CR1 density from the elderly controls (Mean = 606 SD =
248 N = 98) were similar to those for blood donors under 65 (Mean = 592 SD = 287 N = 400) (Fig.
1).

Some longitudinal data was available for 32 patients. We analyzed the dynamics of CR1/E density
over the course of the disease, using the onset of symptoms as a proxy for the onset of the disease.
Although most patients exhibited low CRI1/E values early in the disease, a clear progressive de-
crease of CR1/E occurred around day 10 of symptoms in some individuals, whereas on follow-up 2-
3 weeks later, during recovery, some individuals displayed a return to values in the normal range
(Supplemental Fig. 1). Interestingly, 6 patients received blood transfusions before testing that didn’t
dramatically increase CR1/E in active disease, even after one individual received 8 E packs. These
observations suggest that the CR1/E of transfused E had been rapidly consumed as part of the dis-
ease process.

We looked at whether the acquired decrease in CRI1/E density correlated with clinical severity
parameters (Supplemental Fig. 2 and Supplemental Fig. 3). Forty-six patients with arterial O2
saturation less than 91% had a mean of E CR1 density that was lower than those with arterial
saturation greater than 91% (49 % SD = 10 N = 14 versus 62 % SD = 10 N = 32; t-test with Welch
correction p= 0.015) (Fig. 2). There was a trend toward a decreased density of CR1/E with higher
levels of D-dimers. Higher levels of D-dimers indicate an increased level of coagulation. This data
suggests that decreased CRI1/E may reflect increased coagulation and thrombosis in COVID-19
patients (Supplemental Fig. 3).

3.2 Decrease of CRI/E density among COVID-19 patients is independent of the inherited associa-
tion with Hindlll density polymorphism rs11118133

During the course of the disease, CR1/E continued to decrease (CR1/E (Low)) when compared to
initial CR1/E determination (CR1/E (First)) (Fig. 3, supplemental Fig. 1).

The HindIIl polymorphism rs11118133 was determined for every patient. As expected, the three
genotypes HH, HL, or LL were similarly represented in 52 patients and 87 elderly controls (HH =
62.7%, HL = 31.4%, LL = 5.9% and HH = 63.2%, HL = 32.2%, LL= 4.6% respectively). H stand-
ing for high, L low and HL intermediate levels.

The allele frequency was also the same in COVID-19 patients (H = 78.73%; L = 21.57%) and in
healthy individuals is (H = 79.31%; L = 20.69%). No inherited CR1 susceptibility factor for
COVID-19 was found.

As expected CR1/E values from “high” (HH genotype) were higher than CR1/E from “medium”
(HL genotype) (Fig. 3, Fig. 4A).

Expression of the CR1/E density as CR1/E% of the expected density for a given individual allowed
us to observe that both HH homozygous individuals for the rs11118133 density polymorphism
“high”, or LH or “medium”, inherited CR1/E density groups exhibited a decrease of CR1/E. Alt-



hough the “medium” group exhibited less CR1/E than the “high” group, conversion to CR1/E%
showed that the “high” group exhibited a larger decrease in CR1/E% (HH = 57% CR1/E% versus
LH = 66% CR1/E% (Fig. 4B). This is in accordance with the catabolic rate of CR1/E in vivo, which
is higher for E displaying more CR1 that on those of lower CR1 density (Dervillez et al., 1997).
This finding may be explained by established dynamics of increased catabolic rate of clearance of
CRI1 on erythrocytes, or reticulocytes in vivo (Cohen et al., 1992).

3.3 Decrease of CRI/E density according to the age of patients

Among all patients, age was a major predictive factor of decreased CR1/E. We used 350 CR1/E as a
low-level cut-off of CR1/E. We looked at levels of CR1/E in HH or HL bearing genotype patients
and there was a significant difference of 7.7 years of age between those with high versus low values
(Mean age = 71.24, Days = 17966 SD = 2319 N = 20 versus Mean age = 63.53, Days = 20778 SD
= 5206 N = 32. Student’s t-test p < 0,015) Medians were also different by 6.19 Year (66.40 versus
70.59) (Fig. 5). That can also be visualized by plotting CR1/E versus dates of birth. (Supplemental
Fig. 4).

3.4 Large C4d and fewer C3b/C3bi deposits are observed in COVID-19 patients

C3b /C3bi and C4d deposits were detected at E surface of 114 samples from 52 COVID-19 patients.
In most patients, the levels observed were greater than the basal levels observed in healthy subjects.
Twenty five percent of COVID-19 patients had deposits of C3b / C3bi and 83% of COVID-19 pa-
tients had huge deposits of C4d on the surface of their E. These large deposits were in most patients,
and were several fold more abundant than C4d deposits found in normal individuals, p<10 (Fig. 6).
The values for the control, healthy population were converted to the scale of the C4d deposit meas-
urement used in the present study, using the values of 2 healthy individuals tested in both studies:
Mean =499 SD =59 N = 88 (Fig. 6B). There is a trend towards a correlation between the deposi-
tion of C4d and the low density of CR1/E. (Supplemental Fig. 6).

No concomitant increase in C3b /C3bi deposits was found on the E samples with the highest C4d
deposits.

3.5 Acquired decrease in CRI1/E among patients is related to clinical severity of the disease.

There are several observations that indicate that the magnitude of the acquired decrease of CR1/E
that we observed is likely to be associated with more severe disease and possibly mortality. De-
ceased patients exhibited a trend toward lower CRI1/E levels (Fig. 1), CR1/E was lower in more
aged patients known to be at higher risk for more severe disease (supplemental Fig. 4 and supple-
mental Fig. 5), the physiological index IGS2, (Le Gall J. et al., 1983) at ICU admission was inverse-
ly related to the CR1/E level (Fig. 7), and CR1/E was lower among patients with refractory hypox-
emia (Fig. 2).

4. Discussion
From what is known about the clinical course of severe COVID-19, and the role of complement
activation in the pathophysiology of the severe COVID-19, we hypothesized that the regulation of



complement activation on E was involved and we found evidence that it does. This is in keeping
with the role of E complement receptors, mostly CR1, as the main “cooling system” of complement
activation and inflammation on endothelial cells in capillaries among many infectious or auto-
immune diseases.

A deterioration in the clinical course of the disease after the 7th day of symptoms has been de-
scribed in COVID-19 patients (Hozhabri et al., 2020). We considered that the complement system,
by activating during the first days of the SARS-CoV-2 infection, during the innate immune re-
sponse, could be modified by the virus, causing its deregulation, leading to increased activation of
specific, critical components of the immune system and deterioration of the patient's state of health
during a second phase.

We assessed complement activation by analyzing the presence of C3b/ C3bi and C4d residual mol-
ecules of complement activation on the surface of patients' E. We focused in the CR1 receptor on E,
which plays a key role in inhibiting complement activation and in the clearance of immune com-
plexes from the blood.

We conducted this study in the context of the first French lock-down due to COVID-19, with the
practical limitations of a limited number of patients with variable follow-up. These results were
obtained from patients at an advanced stage of the disease, and were not from a longitudinal study
from the early onset of the disease that would have been more informative, but impracticable, in the
context of the epidemic. Correlations with other biological or clinical parameters that can only be
considered as trends that would need to be confirmed in further studies have been given in the sec-
tion supplemental materials.

Most of the patients only had deposits of C4d on the E. This agrees with the work of A. Berzuini et
al. who detected C3 in only 12% of their COVID-19 patients using anti-C3d with the direct anti-
globulin test (DAT). This is consistent with our observation that the C4d deposits we found were
isolated in many cases, without concomitant C3 deposits (Berzuini et al., 2020). These findings are
also similar to those observed in kidney transplant rejection (Golocheikine et al., 2010; Haidar et
al., 2012), and clinical flare-ups of SLE (Manzi et al., 2004). Peri-vascular C4d deposits in chronic
vascular rejection are also observed without C3 or Ig deposits in most cases.

The deposits of C4d on the E of patients with COVID-19 might reflect a phenomenon in the periph-
eral blood that is also occurring in capillaries, resulting in the end-organ damages seen clinically.
Recently, Holter ef al. from Norway reported on complement activation in the plasma fluid phase of
COVID-19 patients. They found a trend of elevated plasma C4d levels in COVID-19 patients with
hypoxemia (Holter et al., 2020). This trend of increased C4d was in the same direction we found in
our subjects with hypoxemia. This represents two independent cohorts that were examined us-
ing different approaches, Holter ef al. looking at the fluid phase as an instantaneous measurement of
C4d, while in our study C4d was evaluated on E as a cumulative parameter that reflects long-terms
changes during the course of the disease. Measuring complement fragments in the serum gives a
snapshot at a given time, whereas measuring CR1/E gives a picture of the patient’s response to in-
fection over a longer duration, much like HbAlc in diabetes mellitus.

C3b /C3bi and C4d have been detected by a flow cytometry using sensitive methods that allow
evaluation of the low levels found in normal individuals. C3b /C3bi or C4d staining patterns in pa-
tients were quite different. C3b /C3bi deposits remained in the normal range in 3% of patients, Y4
exhibited larger deposits.
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The number of C4d positive E cells was above values observed in normal individuals in 83% of the
tested samples. No increase in C3b /C3bi deposits was found on the E samples with the highest lev-
els of C4d deposits, suggesting that the increased C4d did not result in a similar activation of the C3
loop from the alternative pathway. Taken together, these data suggest that C4 activation occurring
mostly through the lectin pathway doesn’t lead to a major activation of the C3 loop in most
COVID-19 patients. C3 loop might be inhibited by the interactions between MASP1 and 2 of the
lectin pathway with MASP-3 regulating factor D activity and thus alternative pathway turn-over
pace. That mechanism could also be involved in situations where C4d without C3 deposition are
also observed, particularly in transplanted organ rejection. (Hayashi et al, 2019; Oroszlan et al.;
2017, Feucht et al., 1991)

We also saw a decrease in the number of CR1 receptors on the surface of the E of COVID-19 pa-
tients. The allele frequencies of the rs11118133 SNP associated with the CR1/E density polymor-
phism were not different from those of the general population. Therefore, this decrease in CR1 re-
ceptors was not due to genetic factors in our cohort. However, the acquired decrease of CR1/E ob-
served in patients was proportionally larger among individuals with the HH polymorphism that is
associated with a higher inherited CR1/E density. This is in accordance with the larger decrease of
CR1 during E life among individuals expressing a high density of CR1/E, as well as among patients
with Alzheimer’s disease who had the high-density genotype (Mahmoudi et al., 2018).

With less CR1, complement inhibition is reduced, which enables increased, ongoing activation of
the complement cascade, amplifying the immune response. In addition, with lower levels of CR1,
immune complexes are not cleared as efficiently from the blood and so will accumulate and partici-
pate in tissue inflammation, which could explain the phenomena of disseminated thrombosis seen in
COVID-19 patients (Oikonomopoulou et al., 2012; Risitano et al., 2020).

The magnitude of the acquired decrease of CR1/E appeared to be associated with increased severity
of the disease. Deceased patients exhibited a trend toward lower CR1/E levels, CR1/E was lower in
older patients known to be at risk for more severe disease, the physiological index 1GS2 at ICU ad-
mission was inversely related to CR1/E level, D-Dimer levels showed a trend in the same direction,
and CR1/E was lower among patients with a refractory hypoxemia.

The decreased CR1/E among elderly patients was strikingly similar to the now well-known effect of
age on the mortality curve of COVID-19 patients (Williamson et al., 2020). (Supplemental Fig. 5).
The hypothesis can be made that some as yet unknown factor changes with age that determines the
magnitude of the deleterious inflammation and complement activation in COVID-19 patients.

The decreased CR1/E density presented here, the detection of virus surface spike molecule, and the
presence of C3 (Metthew Lam et al., 2020) or C4 fragments on E among COVID-19 patients, are
likely to be different aspects of the same phenomenon.

From these data we make the hypothesis that in COVID-19 patients, CR1 on E captures comple-
ment fragment coated-virus, virus-containing immune complexes or cellular debris, as well as inac-
tivates the C3 loop complement amplification on all of them. When overwhelmed by the amount of
immune complexes they are required to handle and by the magnitude of complement activation at E
surface, E are shedding CR1 through exocytosis or proteolysis, resulting in a decrease of CR1 den-
sity on E. Complement fragment deposits, mostly C4d, then accumulate more on less efficiently
defended E. This leads to a cycle that amplifies the immune response to the virus in a vicious cycle.
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Our results showing an acquired decrease in CR1/E and the presence of C4d/E deposits in most
patients confirms the role of complement in COVID-19. An additional implication of our findings
is that elevated C4d/E deposition, which was found to be elevated in most ICU COVID-19 patients,
might be an early signal of vascular damage, a surrogate marker for an increased risk of end organ
damage and thrombosis, indicating the potential use of these parameters for patient monitoring.
CRI1/E assessment, when coupled to rs11118133 SNP assessment and C4d/E deposits could be also
evaluated as a predictive factor in COVID-19 patients. These results also suggest that complement
regulatory molecules could be useful in the treatment of COVID-19. The abundance of C4d may be
related to the recognition of SARS-Cov-2 by MASP-2 molecule, which is responsible for cleaving
C4 in the lectin pathway. As suggested by its inhibition using Narsoplimab, a MASP-2 inhibitor,
that already rendered good preliminary results in compassionate treatment of COVID-19 patients
(Rambaldi A et al., 2020). This may include the use of CR1, or CR1-like molecules with the aim of
down regulating complement activation and inflammation for therapy, either in the liquid phase or
increasing the CR1 density on E to the higher range observed in other primates (Oudin et al., 2000;
Ricklin et al. 2018; Mastellos et al., 2019).
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Footnotes

The Rheims University Hospital has obtained the authorization to create plasma and serum libraries
from the Human Protection Committee (CPP Est III, national number: 2020-A01093-36) in order to
study the soluble Vascular Endothelial Growth Factor (sFlt-1) receptor, in intensive care patients
with severe COVID-19 pneumonitis. The patients or their families signed an informed consent form
to participate, specifying that other elements, such as the red blood cells that were to be thrown
away, could be used for research for other purposes, in the context of the COVID-19 epidemic.
Blood donors were healthy unpaid Volunteers who signed the general informed consent from the
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national Etablissement Francais du Sang (EFS). Aged patients were from a cohort with individual
informed consents approved by the regional ethics committee (CPP Est II), under the protocol num-
ber 2011-A00594-37. Consents of the healthy volunteers of the C4d/E reference cohort were also
approved by the local ethics committee in 2006.
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Legends for Figures:

Fig. 1. Comparison of CR1/E density between COVID-19 patients and healthy individuals.
CRI antigenic sites on E. CR1/E (low): from the left to the right: patients at the lowest value during
longitudinal follow-up. (Mean = 372 SD = 134 N = 52). CR1/E (first): CR1 on erythrocyte from
patients at the first determination (Mean =418 SD = 162 N = 52). Deceased: CR1/E among patients
deceased as in-patients (Mean = 361 SD = 165 N = 10). <65: CR1/E among healthy blood donors
below 65 year old (Mean = 592 SD = 287 N = 400). >80: healthy controls above 80 years (Mean =
606 SD = 248 N = 98). Means are depicted as open squares. Patients at first determination, at the
lowest determination during follow-up, or deceased, displayed a significant lower density of CR1/E
than healthy blood donors. Wilcoxon test p<0.001).

Fig. 2. Comparison of CR1/E% and SaO2 between COVID-19 patients. SaO2 <91% (Mean =
48.71 SD = 10.39 N = 14) versus SaO2 greater than or equal to 91% (Mean = 61.47 SD =23.50 N =
32). Means are depicted as open squares. Patients with SaO2 lower than 91% under the best O2
therapy were considered as refractory hypoxemia. A reduced erythrocyte CRI1 density was
observed in severely affected patients with SaO2 <91%. Wilcoxon signed rank test p<0.01.

Fig. 3. Comparison of CR1/E density among COVID-19 patients according to CR1 density
genotypes. CR1/E (low): from patients at the lowest value during longitudinal follow-up. (Mean =
372 SD = 134 N = 52). CRI1/E (first): CR1 on erythrocyte from patients at the first determination
(Mean =418 SD = 162 N = 52). Among CR1/E (low) HH: patients homozygous for the high densi-
ty genotype (Mean = 426 SD = 122 N = 32). LH patients heterozygous for the high and low density
genotypes (Mean = 308 SD = 93 N = 17). Means are depicted as open squares. The 3 patients ho-
mozygous for the LL low density genotype are not shown. Heterozygous patients displayed lower
CR1 density values than homozygous patients. Wilcoxon median test (p<0,001).

Fig. 4. Comparison of the decrease of CR1/E density at first determination among COVID-19
patients according to CR1 density genotypes. (A) Among CR1/E (low) from patients at the low-
est value during longitudinal follow-up (Mean = 372 SD = 134 N = 52). HH: patients homozygous
for the high density genotype (Mean = 426 SD = 122 N = 32). LH patients heterozygous for the
high and low density genotypes (Mean = 308 SD = 93 N = 17). (B) CR1/E%: CRI/E were ex-
pressed as the percentage of the mean CRI1/E density predicted from the genotype of a given indi-
vidual. Among CR1/E (low) from patients at the lowest value during longitudinal follow-up (Mean
=60 SD = 18.3 N = 52). HH% (Mean = 57 SD = 16.3 N = 32); LH% (Mean = 66 SD = 199 N =
17). Means are depicted as open squares. Proportionally, patients with the HH high density geno-
type displayed a more important loss of CR1/E than LH heterozygous patients. Wilcoxon median
test (p< 0.001).

Fig. 5. Comparison of age of COVID-19 patients and CR1/E. At a cut-off of density greater than
350 (>350 CR1/E) CRI1/E antigenic sites or below 350 (<350 CR1 / E). The standard error of the
mean is also represented. A significant difference of 7.7 years is observed when compared COVID-
19 patients > 350 CR1 / E (Mean age = 63.53, Days = 20778 SD = 5206 N = 32) to COVID-19 pa-
tients < 350 CR1 / E (Mean age = 71.24, Days = 17966 SD = 2319 N = 20). Student’s t-test p <
0,015).

Fig. 6. C4d deposits on erythrocyte from COVID-19 patients and healthy individuals.
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(A) Distribution of C4d staining on erythrocyte from COVID-19 patients and historical healthy con-
trols (Mean = 499 SD = 58.92 N = 88) rescaled to the scale of the present study using values of 2
patients tested in both studies. Y axis: Positive events. Values of 3 patients up to 32000 are not dis-
played at the chosen scale. The positive threshold used is depicted in grey. (B) Levels of C4d stain-
ing on erythrocytes in healthy individuals. The scale has been adapted to expand the limited range
of C4d staining in normal individuals.

Fig. 7. Comparison of CR1/E density at first determination to acute physiological score IGS2.

CR1/E density is inversely related to IGS 2 severity index, N=27 f(x) = -196 In (x) +1120 R?>= 0.16
p<0,05.
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