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We do not understand why non-white ethnicity and chronic kidney disease increase
susceptibility to COVID-19. The lectin pathway of complement activation is a key
contributor to innate immunity and inflammation. Concentrations of plasma lectin
pathway proteins influence pathway activity and vary with ethnicity. We measured
circulating lectin proteins in a multi-ethnic cohort of chronic kidney disease patients with
and without COVID19 infection to determine if lectin pathway activation was contributing
to COVID19 severity. We measured 11 lectin proteins in serial samples from a cohort of 33
patients with chronic kidney impairment and COVID19. Controls were single plasma
samples from 32 patients on dialysis and 32 healthy individuals. We demonstrated
multiple associations between recognition molecules and associated proteases of the
lectin pathway and COVID-19, including COVID-19 severity. Some of these associations
were unique to patients of Asian and White ethnicity. Our novel findings demonstrate that
COVID19 infection alters the concentration of plasma lectin proteins and some of these
changes were linked to ethnicity. This suggests a role for the lectin pathway in the host
response to COVID-19 and suggest that variability within this pathway may contribute to
ethnicity-associated differences in susceptibility to severe COVID-19.

Keywords: COVID-19, coronavirus, lectin, complement, chronic kidney disease
INTRODUCTION

Infection with the coronavirus COVID-19 causes a wide range of clinical manifestations from
asymptomatic infection to severe respiratory failure and death. The pathogenic mechanisms that
determine COVID-19 severity have not been identified. In particular, risk factors that influence
individual susceptibility to severe COVID-19, such as the increased risk of COVID-19 death
associated with chronic kidney impairment and non-European ancestry, are poorly understood
(1–3).

The lectin pathway of complement activation is an important component of innate immunity
and contributes to inflammation induced thrombosis, which is a feature of severe COVID-19 (4–6).
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Upon activation, bioactive forms of complement factors are
generated and raised circulating C3a, C5a and C5b9, and
increased C5a receptor (type 1) expression associate with
severe COVID-19 (7–10). The lectin pathway can trigger these
markers of down-stream C3 convertase and terminal pathway
activity. Lectin pathway activity is determined by circulating
levels of the lectin pattern recognition molecules (PRMs).
These are M-, L-, and H-ficolin (also known as ficolin-1, -2
and -3 respectively), mannose-binding lectin (MBL), collectin
liver-1 (CL-L1) and collectin kidney-1 (CL-K1). These PRMs
circulate in complex with proteases, which include MBL-
associated serine protease (MASP)-1, -2 and -3, and non-
protease MBL associated proteins, MAp19 and MAp44 (11,
12). Following interaction with ligand, PRM/MASP complexes
can cleave complement C4 and C2 proteins resulting in C3
convertase formation and activation of C3, with subsequent
activation of the rest of the complement system. Genetic
polymorphisms and ethnicity influence the concentration of
lectin pathway proteins (13). For example, circulating MBL
levels are determined by MBL2 gene and promoter region
polymorphisms, which are present at different frequencies in
different ethnic groups worldwide (13, 14). Increased H-ficolin
and decreased MBL and MASP-3 levels have been
demonstrated in serial plasma samples from patients with
sepsis (15, 16). In contrast, no significant differences have
been detected in lectin pathway protein levels between young
and old healthy adults (17). The potential for lectin pathway
PRMs to interact with coronavirus is demonstrated by in vitro
binding of MBL to SARS-CoV proteins (18).

To date, the only peer-reviewed research of the lectin pathway
in COVID-19 are two studies of circulating MBL levels in
European-ancestry patients (8, 19). One study detected higher
median plasma MBL levels in critically ill COVID-19 patients
than healthy controls and associations between MBL levels and
pathway activity with thromboembolism (19). However, MBL
levels did not associate with survival, the need for mechanical
ventilation or acute kidney injury (19). The second study,
identified increased C4d and soluble C5b9 (sC5b9) in plasma
samples from COVID-19 patients with respiratory failure, but
did not demonstrate associations between MBL concentration
and COVID-19 severity (8).

To determine whether the lectin pathway contributes to
COVID-19 pathogenes is , we measured the plasma
concentration of 11 lectin complement proteins and C3dg, a
marker of C3 activation, in a population of patients with severe
kidney impairment, the majority of whom were of non-European
ancestry. The study population provided unique opportunities to
understand COVID-19 pathogenesis. Kidney impairment alone
is a risk factor for severe COVID-19 (1, 3) and individuals with
kidney impairment often have other risk factors for severe
COVID-19 such as diabetes, cardiovascular disease and
increased age (20). Also, the requirement for individuals with
kidney failure to attend for regular dialysis provided a unique
opportunity to collect serial samples from patients with mild as
well as severe COVID-19 symptoms who would otherwise have
self-isolated and recovered in the community.
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MATERIALS AND METHODS

We screened all patients for symptoms and pyrexia at
haemodialysis, clinic or emergency hospital attendance and
tested individuals with SARS-CoV-2 nasopharyngeal PCR
swab33. Study participants provided written informed consent
and were enrolled at screening in The Impact of COVID-19 on
Renal and Immunosuppressed Patients study (IRAS ID
282077). The study was approved by the Health Research
Authority, Research Ethics Committee (reference: 20/WA/
0123) and conducted in accordance with Declaration of
Helsinki principles.

We diagnosed COVID-19 from the date of first positive
SARS-CoV-2 PCR swab. Blood sampling commenced as soon
as feasible after COVID-19 diagnosis. Our research question was
formulated and samples collected and processed during the
March 2020 COVID-19 pandemic wave in the United
Kingdom (UK) when both clinical and research resources were
limited. Consequently, we collected samples at pragmatic
intervals, but not strictly standardised time points after
COVID-19 diagnosis. Additionally, we did not use power
calculations to pre-plan the study population needed. We
collected 118 serial samples from 33 patients with chronic
kidney impairment and COVID-19 (Figure 1A and
Supplementary Table 1) and one sample from each of the 32
dialysis and 32 healthy control individuals. Serial blood samples
were taken at the start of haemodialysis sessions and at least 48
hours apart. Of the 118 COVID-19 samples, 80 were collected
coincidentally with clinical samples for CRP, 79 for white cell
count, 75 for white cell differential cell counts, 40 were
coincidental with troponin and ferritin and 33 were
coincidental with D-dimer measurements.

We measured concentrations of 11 lectin complement
proteins and C3dg. Blood was collected in EDTA tubes and
centrifuged to obtain plasma, and stored at –80°C. Sample
processing was performed within 4 hours of venepuncture.
With the exception of L-ficolin, lectin complement pathway
proteins were analysed in EDTA plasma with time-resolved
immunofluorometric assay at Aarhus University, Denmark, as
previously described (15, 21). Briefly, plasma was thawed, diluted
in assay buffers and added to microtiter wells coated with
relevant capture antibodies, mannan (for MBL) or acetylated
bovine serum albumin (for H-ficolin). All samples were tested in
duplicate. Each microtiter plate contained three quality controls,
and the intra- and inter-assay coefficients of variation were below
15% for all assays. In-house biotinylated antibodies, europium-
labelled streptavidin (PerkinElmer) and enhancement solution
(Ampliqon, Denmark) were added in successive steps with triple
washing in between, and the europium was detected with a
fluorometer performing time-resolved fluorometry. L-ficolin was
measured using a commercial enzyme-linked immunosorbent
assay (ELISA) (Hycult Biotech, #HK336-02) as instructed by the
manufacturer. For the C3dg assay, native C3 was precipitated,
plasma was centrifuged and the supernatant was used for
analysis at Aarhus University, Denmark, as described
previously (22).
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FIGURE 1 | Lectin pathway protein levels associate with COVID-19 severity in patients with chronic kidney impairment. (A) Schematic depicting blood sample
collection in relation to symptom onset and disease severity. Each row represents one patient. Patients with severe COVID-19 infection are in the left panel, and
those with non-severe COVID-19 infection in the right panel. The Y-axis also shows patient ethnicity. Boxed diagonal black lines represent hospital admissions.
Two patients (C37 and C16) were hospitalised before developing COVID-19 symptoms. Sampling times are shown with black circles. Black crosses mark patient
deaths. Coloured bars show when patients met criteria for severe (red) and non-severe (blue) COVID-19. (B) Lectin protein levels in 118 samples from 33
patients with COVID-19. 39 samples were from patients with severe (red triangles) and 79 samples were from patients with non-severe (blue triangles) COVID-19
at sampling. Controls are 32 dialysis patients without COVID-19 (dialysis control cohort, grey squares) and 32 healthy individuals (healthy control cohort, grey
circles). (C) CRP and d-dimer levels in patients with kidney disease and COVID-19. Lines and whiskers show the median and interquartile values. Differences
between cohorts were calculated with a mixed model for repeated measures and adjusted for multiple comparisons as described in the methods. (D) Summary
of significant associations identified.
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Clinical data were collected from electronic medical records,
anonymised and stored on secure computer networks at Imperial
College Healthcare Trust. We defined COVID-19 severity based
on World Health Organisation (WHO) classifications (WHO
clinical management of COVID-19: Interim guidance 27 May
2020) adapted for clinical data availability. Mild was defined as
COVID-19 symptoms but no evidence of pneumonia and no
hypoxia. Moderate was defined as symptoms of pneumonia but
peripheral oxygen saturations (SaO2) greater than 92% on air or
an oxygen requirement no greater than 4L per minute. Severe
was defined as SaO2 less than 92% on air, respiratory rate more
than 30 per minute, or oxygen requirement more than 4L per
minute. Critical was defined as organ dysfunction, signs of
systemic shock or the need for high dependency or intensive
care support, for example for non-invasive ventilation or
intubation). Severity scores were charted throughout a patient’s
illness, including at each sampling point. For some analyses, we
combined mild and moderate COVID-19 as ‘non-severe’, and
severe and critical as ‘severe’.

Statistics
Statistical analyses were performed using R Statistical Software
and Graphpad Prism 8.0. Protein concentrations were displayed
as median with interquartile range (IQR). Differences in clinical
characteristics were calculated with the Mann-Whitney U test for
continuous and Fisher Exact tests for categorical data. Because
repeated measures ANOVA cannot handle missing values, and
we had different numbers of samples in each cohort, we analysed
differences in lectin protein levels from all available samples by
fitting a mixed model in GraphPad Prism 8.0. This mixed model
uses a compound symmetry covariance matrix and is fitted using
Restricted Maximum Likelihood (REML). We adjusted the data
for non-sphericity with the Geisser-Greenhouse correction.
Differences between first sample lectin pathway concentrations
were calculated with Kruskall-Wallis tests, follow-up comparison
of the mean rank of every column, and adjustment of P values for
multiple comparisons. We calculated correlations by applying
Pearson’s tests to log-transformed data that did not include
repeat measures, and linear mixed models with a repeated
measures correlation technique (rmcorr) to data from COVID-
19 cohorts (23). We adjusted p-values for multiple comparisons
using the method of Benjamini and Hochberg with a false
discovery rate (Q) of 5% (24).
RESULTS

We enrolled 33 chronic kidney disease (CKD) patients with
COVID-19. 36% (12 of 33) were of Asian and 21% (7 of 33) of
Black ethnicity. The controls were 32 haemodialysis patients
without COVID-19 (dialysis controls) and 32 healthy
volunteers with neither kidney disease nor COVID-19
(healthy controls). Co-morbidity was similar between the
dialysis control and COVID-19 cohorts (Table 1). Our
COVID-19 patient population had a median age of 72 years
(range 28-88 years), which was significantly older than dialysis
Frontiers in Immunology | www.frontiersin.org 4
control (62 years, p=0.01) and healthy control (49 years,
p<0.0001) cohorts (Table 1). We did not consider this to be
a limitation because lectin protein levels do not differ
significantly between older and younger adults (17). The
mean estimated glomerular filtration rates (eGFR) at
presentation of the patients not established on maintenance
dialysis were 11ml/min/1.73m2 in the CKD patients and 23 ml/
min/1.73m2 (range 12-36ml/min/1.73m2) in the kidney
transplant recipients.

All patients demonstrated typical clinical features of COVID-
19 (25–27) (Table 1 and Supplementary Figure 1). Sixteen of
the 33 COVID-19 patient cohort had severe disease (Figure 1A
and Table 1). Four patients (12%) died from COVID-19. Levels
of clinical biomarkers associated with COVID-19 were higher in
the severe compared to non-severe disease cohorts (Table 1).

To determine if kidney impairment altered lectin pathway
plasma protein concentrations we first compared healthy and
dialysis controls. Plasma levels of MAp19 were higher and CL-K1
were lower in dialysis controls (p=0.01), which may be expected
given CL-K1 expression in kidney tissue (28) (Figure 1B and
Supplementary Table 2). We next questioned whether lectin
pathway protein levels associated with COVID-19 severity at the
timeof sampling.This approachallowedus toutilise all samples and
avoided sample selection bias. However, our data set included
repeated samples and different sample numbers in each cohort.
We therefore analysed these data with a mixed REML model, the
results ofwhich can be interpreted like repeatedmeasuresANOVA.
Compared to thedialysis control cohort, samples frompatientswith
non-severe COVID-19 had higher levels of the lectin PRMs M-
ficolin (p=0.02) andCL-K1 (p=0.007) and theC3 activationmarker
C3dg (p=0.02), but lower CL-L1 (p=0.02), MASP-3 (p=0.008) and
MAp19 (p=0.008) levels (Figure 1B and Supplementary Table 2).
Compared to non-severe COVID-19, samples from patients with
severe COVID-19 had higher H-ficolin (p=0.02), MASP-2
(p=0.03), and MAp19 (p=0.03) levels. MASP-3 levels were lower
but this difference did not reach statistical significance after
adjustment for multiple comparisons (p=0.07) (Figure 1B and
Supplementary Table 2). Consistent with published data, CRP
(p=0.002) and D-dimer (p=0.04) levels were significantly higher in
severe disease (Figure 1C). These data are summarised in
Figure 1D.

To demonstrate whether lectin protein levels might predict
future disease severity, we next examined protein levels from the
first samples collected after COVID-19 diagnosis. This allowed
comparison of single samples per patient. Samples were collected
at median 4 days (IQR 2 to 9 days) from positive SARS-CoV2
swab and diagnosis. From the first sample post diagnosis, plasma
CL-K1 (p=0.02) and C3dg (p=0.03) were higher and plasma
MASP-3 concentrations were lower (p=0.03) in patients with
COVID-19 than dialysis controls (Figure 2). We did not detect
associations between first sample lectin protein concentrations
and COVID-19 severity (Figure 2). We also did not detect
significant differences from the first collected sample in the 4
patients who died from COVID-19 (Supplementary Figure 2).

The COVID-19 population included 6 patients who, despite
having significant kidney disease, did not require haemodialysis
April 2021 | Volume 12 | Article 671052
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TABLE 1 | Characteristics of COVID-19 and control cohorts.

ere COVID-19 Difference 95% Cl p

17
10 2-15 0.02
24 16-28 0.0001

2 (40-84)
11 (65)
13 (76)
3 (18)
8 (47)
4 (24)
2 (12)
16 (94)
1(6)
0(0)
0 (0)
6 (35)
2 (12)
3 (18)
1(6)
2 (12)
3 (18)
10 (59)
0(0)

11 (65)
7 (41)
15 (88)
4 (24)
1(6)

1(6)** <0.0001
0 (0)** 0.04
QR 7-92) ** 61 5 to 101 0.03

QR 970-2162) 200 -275 to1943 0.2
R 22-64) ** 116 28 to 188 0.006
R 340-857) ** 1073 93 to 1546 0.01
IQR 4.3-7.0) 0.9 -2.3to1.1 0.3
R 0.6-1.2) -0.5 -0.5 to 0 0.06
R 27-103) ** 150 92 to 189 <0.0001

R 1347-2951) ** 1296 39 to 2849 0.049
R 22-68) ** 134 57 to 523 0.0002
R 573-937) ** 1627 475 to 2372 0.001
R 5.8-7.7) ** 1.7 0.3 to 4.3 0.03
Q R0.6-l.0)** -0.4 -0.7to -0.2 0.0003

ts. **mark statistically significant differences between patients
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COVID-19 Dialysis controls Healthy
controls

Severe COVID-19 Non-se

Number 33 32 32 16
Age, years. 72 (range 28-88) 62 (range19-86) *

48 (range
28-63) *

64 (28-88) 7
Male 22 (67) 19 (59) 17(53) 11 (69)

Ethnicity BAME 22 (67) 24 (75) 20 (63) 9 (56)
Black 7 (21) 3 (9) 6 (19) 4 (25)
Asian 12 (36) 14 (44) 14 (44) 4 (25)
White 11 (33) 8 (25) 12 (37) 7 (44)
Other 3 (9) 7 (22) 0 (0) 1(6)

Renal status Haemodialysis 27 (82) 32 (100) 11 (69)
Transplant recipient 3 (9) 0 (0) 2 (13)
Peritoneal dialysis 1(3) 0 (0) 1(6)
Chronic kidney disease 2 (6) 0 (0) 2 (13)

Kidney disease Diabetic nephropathy 13 (39) 13 (41) 7 (44)
Hypertension 3 (9) 0 (0) 1(6)
Glomerulonephritis 4 (12) 8 (25) 1(6)
Genetic 2 (6) 1(3) 1(6)
Unknown 5 (15) 9 (28) 3 (19)
Other 6 (18) 1(3) 3 (19)

Co-morbidities lschaemic heart disease 17 (52) 15 (47) 7 (44)
Current smoking 0 (0) 2 (6) 0 (0)
Ex-smoker 22 (67) 24 (75) 11 (69)
Type 2 diabetes mellitus 15 (45) 15 (47) 8 (50)
Antihypertensive medications 28 (85) 23 (72) 13 (81)
Current immuno suppression 8 (24) 2 (6) 4 (25)
Chronic obstructive pulmcnary
disease

2 (6) 1(3) 1(6)

COVID-19 progression Required hospitalisation 17 (52) 16 (100)
Died from COVID-19 4 (12) 4 (25)

COVID-19 clinical biomarker
at diagnostic swab

C-reactive protein. NR<5mg/L 60 (IQR 19-114) 91(IQR 41-153) 30 (

0-dimer.NR <500 ng/ml 1857 (IQR 1152-2899) 1887 (IQR 1403-3580) 1687 (
Serum troponin. NR <34 ng/L 63 (IQR 28-146) 152 (IQR 63-249) 36 (I
Serum ferntm. NR 20-300 ug/L 825 (IQR 417-1403) 1612 (IQR 740-2018) 539 (IQ
White cell count. NR 4-11 x10^9/L 5.6 (IQR 3.7-6.4) 4.9 (IQR 3.4-6.2) 5.8
Lymphocyte count. NR 1-4 x10^9/L 0.7 (IQR 0.5-1.0) 0.5 (IQR 0.4-0.9) 1(IQ

Peak level of COVID-19
clinical biomarker

C-reactive protein. NR<5mgiL 129 (IQR 43-177) 193 (IQR 143-242) 43 (IQ

D-dimer. NR <500 ng/ml 2141(IQR 1479-3640) 3254 (IQR 1894-5540) 1958 (IQ
Serum troponin. NR <34 ng/L 84 (IQR 33-175) 181(IQR 105-656) 47 (I
Serum ferritin. NR 20-300 ug/L 992 (IQR 641-2310) 2332 (IQR 1294-3346) 690 (IQ
White cell count. NR 4-11 x10^9/L 7.4 (IQR 5.8-9) 8.6 (IQR 7.4-10.6) 6.9 (I
Lymphocyte count, nadir. NR 1-4
x10^9/L

0.6 (IQR 0.4-0.9) 0.4 (IQR 0.3-0.6) 0.8 (

Data are numbers (%), median (range) or median (inter-quartile range (IQR)). *mark statistically significant differences between COVID-19 and dialysis control or healthy control coho
with severe and non-severe peak COVID-19 clinical severity. Differences calculated with the Mann-Whitney U test for continuous and Fisher Exact tests for categorical data.
v
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B

FIGURE 2 | Lectin pathway protein concentrations associate with COVID-19 from the first samples after diagnosis. (A) Lectin protein levels from first sample
collected after COVID-19 diagnosis in 33 kidney disease patients, of whom 16 developed severe COVID-19 (red triangles) and 17 had non-severe disease (blue
triangles). Controls are 32 haemodialysis patients without COVID-19 (grey squares). (B) CRP and d-dimer levels from first sample collected after COVID-19 diagnosis
in patients with kidney disease and COVID-19. Lines and whiskers show the median and interquartile values. Differences between cohorts were calculated with a
Kruskall-Wallis test and follow-up comparison of the mean rank of every column. P values were adjusted for multiple comparisons as described in the methods.
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at enrolment. In contrast, all dialysis control patients were
established on chronic intermittent haemodialysis. To establish
whether this difference influenced the results, we repeated
analyses after exclusion of non-haemodialysis patients. The
demographic and clinical characteristics of the haemodialysis
COVID-19 cohort were similar to the complete COVID-19
cohort (Supplementary Table 3). Also, analyses of the
haemodialysis only COVID-19 cohort revealed very similar
associations between lectin protein concentrations and
COVID-19 (Supplementary Figures 3–5).

Since lectin pathway gene polymorphisms associate with
ethnicity and influence protein concentrations, most notably
for MBL (13), we next assessed protein levels in all available
samples according to self-reported White, Black and Asian
ethnicity sub-groups (Figure 3). Lectin protein concentrations
did not differ between dialysis control cohorts of White, Black or
Asian ethnicity (Figure 3A) and the proportions of patients with
MBL deficiency were similar regardless of either ethnicity or
COVID-19 severity (Figure 3B). However, amongst individuals
of Asian ethnicity, levels of H-ficolin (p=0.004), MASP-2
(p=0.03) and MAp19 (p=0.01) were higher in severe disease
(Figure 3A). Amongst individuals of White ethnicity, MASP-3
levels were lower in severe compared with non-severe COVID-
19 (p=0.02. Figure 3A). Taken together, these data showed that
associations between lectin pathway proteins and severe and
non-severe COVID-19 differed between ethnic groups.

We next correlated lectin proteins with biomarkers of COVID-
19 severity and identified eight correlations that were statistically
significant after adjustment for multiple comparisons (Figures 4A,
B). Of these, the correlation regression slopes were significantly
non-zero for six correlations:M-ficolinwithCRP,neutrophil count,
and white cell count, L-ficolin with D-dimer, MASP-3 with CRP,
andC3dgwith ferritin (Figure 4C). Since lectin proteins circulate as
complexes of PRMswith proteases andnon-enzymatic proteins, we
also performed correlations between lectin components (Figure4D
and Supplementary Figure 6). CL-L1 and CL-K1 levels correlated
which was expected since these proteins circulate as polypeptide
hetero-trimers (29) (Figure 4D and Supplementary Figure 6A).
For most protein pairs, correlations were similar across all cohorts
(Supplementary Figure 6). Notably, correlations betweenMASP-1
and Map19 and between MASP-3 and MAp19 were negative in
COVID-19 patients but positive indialysis controls (Figure 4D and
Supplementary Figure 6B) providing further evidence that lectin
protein levels are altered during COVID-19 infection.We repeated
the analysis in only samples taken during severe COVID-19 and
demonstrated similar correlations to the total COVID-19 cohort
(Supplementary Figure 7). This implies that correlations between
lectin pathway proteins are influenced more by the presence of
COVID-19 infection than COVID-19 severity.
DISCUSSION

We questioned whether lectin complement pathway protein
levels associated with COVID-19 severity and whether this was
influenced by ethnicity in patients with kidney disease. We
Frontiers in Immunology | www.frontiersin.org 7
demonstrated associations between COVID-19 and circulating
levels of lectin PRMs, (M- and H-ficolin, CL-L1 and CL-K1) and
proteases (MASP-2, MAp19 andMASP-3). We detected increased
plasmaH-ficolin,MASP-2 andMAp19 in severe compared to non-
severe COVID-19. Also, increased CL-K1, C3dg and CRP, and
reduced MASP-3 were detectable from first available samples,
indicating associations between lectin complement pathway
activation early in COVID-19 disease course. Together, these data
indicate lectin pathway protein concentration and activity
contributes to COVID-19 pathogenesis. We also demonstrated
differences in lectin complement protein levels between non-
infected haemodialysis patients and healthy controls, which
suggests kidney failure and haemodialysis also influence lectin
pathway activity and warrants further investigation.

Ethnicity analyses revealed different lectin protein patterns
and associations with COVID-19 severity. Increased levels of
the PRM H-ficolin and associated proteases and proteins
MASP-2 and MAp19 associated with severe disease in Asian
patients, and the association of reduced MASP-3 with severe
COVID-19 was detected in White patients only. Additionally,
we noticed differences that did not reach statistical significance
after multiple comparison; we detected lower MBL levels in
severe than non-severe COVID-19 in Asian individuals
(adjusted p-value = 0.08); and amongst individuals of Black
ethnicity, levels of M-ficolin and MASP-1 were higher in severe
disease (Figure 3A, adjusted p-values 0.06 for M-ficolin and
0.08 for MASP-1). Although these results were derived from
small numbers of patients and should be interpreted with
caution, they suggest the lectin pathway proteins that
contribute to COVID-19 pathogenesis are influenced by
ethnicity. This is important evidence that immunological
variants, that can be quantified and potentially targeted
therapeutically, contribute to the additional risk of severe
COVID-19 in non-White ethnicity groups (1, 2, 30).

Evidence of specific lectin pathway activation is very difficult
to identify in clinical samples from infected patients because
products of lectin pathway activity, such as C4a and C4d, can
also result from classical pathway activation. Therefore, as a
surrogate of complement pathway activity, we demonstrated
associations between circulating C3dg, a marker of down-
stream complement activation (the assay detects both free and
protein-bound C3dg), and COVID-19. We also showed that M-
ficolin, L-ficolin, MASP-3 and C3dg correlated with clinical
biomarkers of inflammation and thrombosis known to
associate with COVID-19 infection and severity (Figure 4).
Finally, we demonstrated that relationships between lectin
prote ins are a l tered in COVID-19 (Figure 4 and
Supplementary Figure 6). Together these data indicate that
circulating concentrations of lectin pathway proteins
contribute to complement activity, inflammation and severity
of COVID-19. In addition to providing pathogenic insight, our
research could direct the re-purposing of existing therapeutic
agents that target lectin pathway activity, such as the MASP-2
inhibitor Narsoplimab, to clinical trials of COVID-19.

Our study provides the first comprehensive analysis of lectin
pathway activity in COVID-19. We conceived, designed and
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collected samples for our research during the worsening first
peak of the COVID-19 pandemic. This provided valuable serial
samples from individuals with multiple risk factors for severe
COVID-19, many of whom were enrolled with mild symptoms
Frontiers in Immunology | www.frontiersin.org 8
early in disease course when screened at dialysis units. However,
due to limited resources sample collection and timing was non-
uniform. We also included patients with a range of demographic
and clinical characteristics, including individuals with significant
A

B

FIGURE 3 | Changes in lectin pathway protein levels during COVID-19 are influenced by ethnicity. (A) Samples are grouped by patient self-reported White (circles),
Black (squares) or Asian (triangles) ethnicity. 57 samples were collected from 19 White patients, 23 samples were collected from 10 Black patients, and 61 samples
were collected from 26 Asian patients. COVID-19 status at sampling was negative (‘Neg’, grey), non-severe (‘Non-S’, blue) or severe (‘S’, red) at sampling. We did
not detect differences for CL-L1, CL-K1 and MAp44 (data not shown). Lines and whiskers show the cohort median and interquartile values. Differences between
cohorts were calculated with a mixed model for repeated measures and P values adjusted for multiple comparisons as described in the methods. (B) Prevalence of
MBL deficiency, defined as plasma MBL level less than 100ng/ml, in each ethnicity and severity groups.
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kidney impairment but not established on chronic
haemodialysis. Consequently, we adopted statistical tools to
adjust for repeated and missing samples and repeated analyses
after excluding non-haemodialysis patients. Our analysis is also
limited by the unavailability of a plasma marker of specific lectin
complement pathway activation.

We do not know the causes of lectin protein concentration
differences in COVID-19, but speculate this is secondary to lectin
pathway activation within the lung and other infected tissues.
Experimental models suggest MBL can bind the SARS-CoV
spike protein (18), which is densely decorated with
heterogeneous N-linked glycans (31). The majority of the
Frontiers in Immunology | www.frontiersin.org 9
SARS-CoV glycosylation sequences are conserved in SARS-
CoV-2 (32). However, the interaction of lectin pathway PRMs
with SARS-CoV-2 has not been demonstrated. Additionally,
lectin pathway activation could occur via mechanisms not
specific to SARS-CoV-2, such as binding to glycan structures
on injured cells and inflamed tissue. Consistent with this and in
line with our results, increased plasma H-ficolin, MASP-2 and
MAp19 concentrations have been documented in severely ill
patients with septic shock (15). However, whether severe
inflammation drives increased H-ficolin, MASP-2 and MAp19
levels or pre-existing protein concentrations predispose
individuals to severe sepsis is unclear. Also similar to our data,
A

B

D

C

FIGURE 4 | Associations between lectin protein levels and biomarkers of COVID-19 severity. (A) Heat map of correlations between lectin proteins and clinical
biomarkers in 33 patients with COVID-19. Correlations calculated from 80 samples pairs for CRP, 79 for white cell count (WCC), 75 for neutrophil count and
lymphocyte count, 33 for D-dimer, and 40 for troponin and ferritin. (B) Heat map of correlations that reached statistical significance after adjusting p-values for
multiple analyses. Of these, six correlations had best fit line gradients that were significantly non-zero (C). Solid and dotted lines show the lines of best fit and 95%
confidence intervals (95% CI). (D) Heat map of correlations between lectin protein levels in 32 healthy controls, 32 haemodialysis patients without COVID-19 (dialysis
controls) and 118 samples from 33 patients with kidney impairment and COVID-19. Red stars mark correlations that reached statistical significance after adjusting for
multiple analyses. Double red stars mark statistically significant correlations detected in more than one cohort. For the healthy controls and dialysis controls cohorts,
we calculated Pearson correlations (R) on log-transformed data. For the COVID-19 cohort, we applied linear mixed models and repeated measures correlation
technique (rmcorr) of log-transformed data to calculate correlations (Rrm) (23).
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lower plasma MASP-3 concentrations have been identified in
patients with bacterial sepsis (15). MASP-3 is the exclusive
physiological activator of pro-factor D to factor D, which is a
key enzyme in alternative complement pathway activation (33).
Therefore, lung deposition of MASP-3 with subsequent
alternative pathway activation and inflammation could explain
associations between reduced circulating MASP-3, lung
inflammation and COVID-19 severity. However, tissue-level
complement analysis will be required to determine the
contribution of complement to lung injury. Interestingly,
multiple studies have demonstrated associations between
COVID-19 and increased circulating concentrations of the
anaphylatoxins C3a and C5a, C5a receptor expression, and the
terminal pathway effector molecule C5b9 (7–10, 34, 35).
Therefore, down-stream complement activity, which could be
triggered by the lectin and alternative pathways, is very likely to
be important to COVID-19 pathogenesis.

In summary, analysis of the lectin complement pathway in
CKD patients with COVID-19 has highlighted multiple
associations, some of which are unique to individuals of Asian
ethnicity. These data require further research to identify the
mechanisms of lectin pathway activation and to validate lectin
pathway inhibition as a potential treatment for severe
COVID-19.
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