
matters arising
https://doi.org/10.1038/s41590-022-01227-w

1Anesthesiology and Intensive Care Medicine, Department of Surgical Sciences, Uppsala University, Uppsala, Sweden. 2Integrative Physiology, Department 
of Medical Cell Biology, Uppsala University, Uppsala, Sweden. 3Department of Epidemiology, McGill University, Montréal, Quebec, Canada. 4Lady 
Davis Institute of Medical Research, Jewish General Hospital, Montréal, Quebec, Canada. 5Department of Perioperative Medicine and Intensive Care, 
Karolinska University Hospital, Stockholm, Sweden. 6Department of Clinical Science, Intervention and Technology, Karolinska Institutet, Stockholm, 
Sweden. 7Department of Immunology, Genetics and Pathology, Uppsala University, Uppsala, Sweden. 8Institute for Molecular Medicine Finland, University 
of Helsinki, Helsinki, Finland. 9Department of Evolutionary Genetics, Max Planck Institute for Evolutionary Anthropology, Leipzig, Germany. 10Linnaeus 
Center for Biomaterials Chemistry, Linnaeus University, Kalmar, Sweden. 11Hedenstierna Laboratory, Department of Surgical Sciences, Uppsala University, 
Uppsala, Sweden. 12Department of Neuroscience, Karolinska Institutet, Stockholm, Sweden. 13These authors contributed equally: Michael Hultström, 
Robert Frithiof, Jonathan Grip, Linnea Lindelöf, Hugo Zeberg, Oskar Eriksson. ✉e-mail: hugo.zeberg@ki.se; oskar.eriksson@igp.uu.se

A recent study demonstrated that the complement recognition 
protein mannose-binding lectin (MBL) can bind to glycosyl-
ated SARS-CoV-2 spike protein. Binding activated complement 
in a spike-dependent manner and inhibited severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2) in in vitro mod-
els1. Furthermore, genetic variants near or in the MBL2 gene that 
encodes MBL in humans were suggested as being associated with 
COVID-19 requiring hospitalization.

In the present study, we carried out genetic and biochemical anal-
yses of MBL activity in plasma in a multicenter cohort of critically ill 
COVID-19 patients and interrogated the publicly available summary 
statistics from the COVID-19 Human Genetics Initiative (COVID-
19 HGI)2. We found no evidence that genetic variants that determine 
activity of the MBL pathway are associated with hospitalization or 
intensive care admission due to SARS-CoV-2 infection. Instead, 
we demonstrated that MBL2 haplotypes determine risk for throm-
botic complications in critically ill COVID-19 patients. Specifically, 
genetically determined MBL activity confers risk for pulmonary 
embolism in a U-shaped manner, where haplotypes associated with 
intermediate MBL activity are protective. Our results demonstrate 
a complement-dependent mechanism for COVID-19-associated 
thrombosis and provide an example of how genetic variation in the 
innate immune system modulates thrombosis risk.

Patients, 426, admitted to the intensive care units at 2 tertiary 
hospitals in Uppsala and Stockholm, Sweden, were prospectively 
included in the SweCovid initiative3 between March 2020 and 
September 2021. Demographics and comorbidities of the cohort 
are shown in Supplementary Table 1. We analyzed MBL activity in 
plasma and used whole-genome genotyping data to impute genetic 
variants and construct haplotypes encompassing the MBL2 gene.

MBL activity in plasma displays extensive interindividual vari-
ability, which is largely determined by genetic variants located in 

exon 1 of the MBL2 gene or upstream of the transcription start 
site4. We imputed the genotypes of five genetic variants that, due 
to linkage disequilibrium, form six common MBL2 haplotypes 
(Table 1, rows 1–5). These include two high-expressing haplo-
types (legacy names HYA and LYA) and one low-expressing hap-
lotype (legacy name LXA), where ‘A’ indicates that these haplotypes 
express wild-type MBL protein. In addition, three commonly 
occurring missense variants in the collagen-like domain of MBL 
(legacy names D, B and C; haplotypes HYD, LYB and LYC) lead 
to amino-acid substitutions that impair MBL multimerization in a 
dominant-negative manner, resulting in monomeric or oligomeric 
MBL with little or no lectin activity. These variants result in com-
plete MBL deficiency in the homozygous state or in combination 
with the LXA haplotype, but show moderate MBL activity in com-
bination with the high-expressing HYA and LYA haplotypes5. In 
agreement with previous studies, these MBL2 haplotypes showed a 
strong genotype–phenotype correlation and predicted MBL activ-
ity in plasma (Fig. 1a). Allele frequencies of the individual genetic 
variants did not differ from the general European population in our 
cohort, which has predominantly European ancestry (Table 1, rows 
1–5). In contrast, Stravalaci et al.1 demonstrated a moderate associa-
tion between the D allele (rs5030737-A), or a combination of mis-
sense variants, and risk of COVID-19 requiring hospitalization in 
an Italian cohort of 332 cases and 1,668 controls. As the D allele is 
a loss-of-function variant, it was suggested that MBL has a protec-
tive effect against severe COVID-19. However, the B and C variants 
(rs1800450-T and rs1800451-T) share a common biological effect 
with the D variant, and would therefore be expected to give rise to 
similar signals in association studies if MBL loss of function were 
associated with COVID-19 risk.

We further interrogated these variants in COVID-19 HGI 
release 6, the largest meta-analysis of genetic association studies on 
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COVID-19 to date2. We found no effect of the D allele on either hos-
pitalization or care requiring more respiratory support than supple-
mental oxygen (Table 1). Similar results were obtained for the B allele, 
whereas the C allele was nominally significant for the latter outcome, 
but with a modest odds ratio (OR) that did not pass multiple testing 
correction. These results show that genetic variants that impair MBL 
function do not substantially increase the risk of COVID-19 requir-
ing hospitalization or advanced respiratory support.

Stravalaci et al.1 also conducted an extended analysis of a 1-MB 
region encompassing the MBL2 locus and found several candidate 
genetic variants for COVID-19 risk. Interrogation of COVID-
19 HGI revealed that none of these variants was associated with 
COVID-19 requiring hospitalization (Table 1, rows 6–11). The 
G allele at rs74974397 was nominally significant for COVID-19 
requiring advanced respiratory support, but did not pass multiple 
testing correction. We also analyzed these variants in the SweCovid 
cohort. Allele frequencies did not differ from the general population 
(Table 1, rows 6–11) and we did not observe a significant effect on 
MBL activity in plasma for any of these variants (P > 0.05).

Even though MBL does not affect the risk of hospitalization or 
severity on SARS-CoV-2 infection, it could still modulate the clini-
cal phenotype. We categorized the individual MBL2 haplotypes 
according to MBL activity into three groups (high activity, inter-
mediate activity and deficient; Fig. 1b) and analyzed their associa-
tion with outcome in the SweCovid cohort. MBL2 haplotype groups 
were not associated with either the need for invasive ventilation 
or renal replacement therapy or 90-day survival (Supplementary 
Table 2). Instead, we observed a strong association with thrombotic 
complications and pulmonary embolism. Unexpectedly, the asso-
ciation was U shaped, with intermediate MBL2 activity haplotypes 
being protective (Fig. 1c and Supplementary Table 2). Pulmonary 
embolism is a major complication among hospitalized COVID-19 
patients6 and may be the result of a primary pulmonary thrombo-
sis without a coexisting distal venous thrombosis7. The protective 
effect of intermediate MBL2 haplotypes was even more pronounced 
in this group, suggesting that MBL primarily influences thrombotic 
reactions in the lung.

The hypercoagulable state in severe COVID-19 is well recognized 
and characterized by widespread fibrin deposition in lung capillaries 
and elevated plasma D-dimer levels8–10. Biomarker analysis showed 
a nonsignificant trend toward lower D-dimer levels in the interme-
diate MBL2 haplotype group, as well as significantly higher levels 
of the coagulation inhibitor antithrombin, which together indicate 
a lower degree of coagulation activation (Supplementary Table 3). 
Despite conferring protection from thrombosis, intermediate MBL2 
haplotypes were not associated with increased survival, in line with 
observations that pulmonary embolisms do not contribute signifi-
cantly to COVID-19 mortality if managed appropriately6,11.

Is a U-shaped association between MBL activity and thrombosis 
biologically plausible? Deficiency in early complement components 
is associated with defective clearance of cellular debris and apop-
totic cells12,13. Given the data presented by Stravalaci et al.1, MBL rec-
ognition of spike protein expressed on SARS-CoV-2-infected cells 
could assist in their clearance, thus removing an important source 
of potentially thrombogenic material from the intravascular space. 
In contrast, in the context of haplotypes associated with high MBL 
activity, SARS-CoV-2-infected cells could instead provide an abun-
dant substrate for MBL-dependent complement activation. The 
prothrombotic effects of excessive complement activation are well 
recognized and stem from complement-mediated endothelial dam-
age and induction of tissue factor expression on monocytes14. In this 
scenario, intermediate MBL levels may provide sufficient clearance 
of thrombogenic material, and yet will not lead to bystander cell 
damage and cell activation due to unconstrained complement acti-
vation. In support of this concept, a U-shaped association between 
MBL and thrombosis risk has been observed in the case of cardio-
vascular disease and diabetes, where intermediate MBL levels were 
protective15.

A challenge in host genetic studies is the plethora of factors 
that can modulate genetic risk. As the COVID-19 pandemic has 
unfolded, changes in treatment strategies and virus variants have 
followed that may contribute to differences in effect size of genetic 
associations. In this context it should be noted that the SweCovid 
cohort covers the first three major pandemic waves corresponding 

Table 1 | Candidate genetic variants in MBL2 locus and their association with COVID-19 outcome in the COVID-19 HGI (release 6)

rs ID Coordinates and 
alleles (GRCh38/
hg38)

Legacy 
name

aF 
SweCovid

aF gnomaD 
(European 
non-Finnish)

ORs for 
hospitalization 
in COVID-19 HGI 
(95% CI)

P value for 
hospitalization 
in COVID-19 
HGI

Odds ratios 
for advanced 
respiratory 
support in 
COVID-19 HGI 
(95% CI)

P value for 
advanced 
respiratory 
support in 
COVID-19 HGI

rs1800451 chr10:52771466:C:T C 0.02 0.02 1.01 (0.96–1.07) 0.64 1.12 (1.01–1.26) 0.04

rs1800450 chr10:52771475:C:T B 0.15 0.14 1.02 (0.99–1.05) 0.25 1.02 (0.97–1.08) 0.39

rs5030737 chr10:52771482:G:A D 0.07 0.07 0.99 (0.95–1.04) 0.75 1.00 (0.93–1.08) 0.99

rs7096206 chr10:52771925:G:C X/Y 0.78 0.77 0.99 (0.96–1.01) 0.34 0.96 (0.90–0.99) 0.02

rs11003125 chr10:52772254:G:C L/H 0.34 0.38 0.99 (0.97–1.01) 0.41 0.96 (0.92–1.00) 0.04

rs150342746 chr10:53229424:C:T N/A 0.01 8.6 × 10−3 1.11 (0.96–1.28) 0.17 1.22 (0.96–1.56) 0.10

rs10824845 chr10:52963964:G:A N/A 0.09 0.08 1.02 (0.98–1.07) 0.28 1.01 (0.94–1.09) 0.72

rs11816263 chr10:53083059:C:A N/A 0.36 0.32 1.00 (0.98–1.03) 0.80 N/A N/A

rs74974397 chr10:53104393:A:G N/A 0.03 0.03 1.05 (0.98–1.13) 0.16 1.12 (1.00–1.25) 0.04

rs71032688 chr10:53082503:A:AT N/A 0.73 0.75 0.99 (0.96–1.02) 0.45 N/A N/A

rs117108247 chr10:53155596:C:T N/A 0.03 0.03 1.05 (0.98–1.13) 0.15 1.10 (0.99–1.23) 0.08

The five genetic variants that form the major MBL2 haplotypes are indicated by their legacy names: rs1800451 (p.Gly57Glu), rs1800450 (p.Gly54Asp) and rs5030737 (p.Arg52Cys) are missense variants, 
whereas rs7096206 and rs11003125 are promoter variants; rs150342746, rs10824845, rs11816263, rs74974397, rs71032688 and rs117108247 were identified as candidate variants associated with COVID-
19 risk in the study by Stravalaci et al.1. Allele frequencies (AFs) give the frequency of the alternative (nonreference) allele. AFs for individuals of European non-Finnish ancestry are shown as a reference 
and were obtained from gnomAD (gnomad.broadinstitute.org). Outcomes in COVID-19 HGI were either hospitalization or requirement for respiratory support more than supplemental oxygen. The 
hospitalization analysis is based on 24,274 hospitalized cases and 2,061,529 controls whereas the respiratory support analysis is based on 8,779 cases and 1,001,875 controls. N/A, not available.
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to the original SARS-CoV-2 variant as well as the alpha and delta 
variants of concern. Likewise, COVID-19 HGI, release 6 represents 
a world-wide meta-analysis of COVID-19 studies from the start of 
the pandemic until 30 April 2021, thus taking into account differ-
ences in hospital systems and geographical locations.

The unique polymorphic nature of the MBL2 locus, with a high 
frequency of naturally occurring knockouts devoid of functional 
MBL, allows for an assessment of the role of MBL activity in observa-
tional studies. We show that genetically determined MBL deficiency 
does not influence the risk of COVID-19 requiring hospitalization 
or admission to intensive care. Instead, our results demonstrate that 
the interaction between genetic variation in the MBL2 gene and 
SARS-CoV-2 infection determines thrombosis risk in critically ill 
patients, a finding with important clinical implications given the 
high rate of thrombotic complications in COVID-19 patients.

Online content
Any methods, additional references, Nature Research reporting 
summaries, supplementary information, acknowledgements, peer 
review information; details of author contributions and competing 
interests; and statements of data and code availability are available 
at https://doi.org/10.1038/s41590-022-01227-w.
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Fig. 1 | MBL2 haplotypes predict MBL activity in plasma and thromboembolic complications during intensive care. a, MBL activity across individual 
haplotype combinations. MBL activity in plasma at day 1 of intensive care was measured by a functional ELISA using a mannan matrix for MBL capture. 
Activity is expressed as a percentage of pooled normal human serum (NHS). The genetic variants shown in Table 1, rows 1–5 give rise to six major 
MBL2 haplotypes, which are denoted by their legacy names: HYA, LYA, LXA, HYD, LYB and LYC. The HYA, LYA and LXA haplotypes encode wild-type 
MBL protein and are referred to as ‘A’ haplotypes. The HYD, LYB and LYC haplotypes contain the missense variants referred to as the D, B or C alleles, 
respectively, and are shown together as ‘0’ haplotypes because they share a common deleterious effect on MBL activity. b, Haplotypes categorized 
according to MBL activity into high (HYA/HYA, LYA/LYA, HYA/LYA, HYA/LXA, LYA/LXA), intermediate (LXA/LXA, HYA/0, LYA/0) and deficient 
(LXA/0, 0/0). MBL activity differed significantly between the groups (230% (168–400, median and interquartile range) for the high group, 40% 
(24–70) for the intermediate group and 0.56% (0.00–1.25) for the deficient group; P < 0.0001). The horizontal bars indicate the median. c, Forest plot 
displaying ORs with 95% confidence intervals (CIs) for thromboembolic events, renal replacement therapy, need for mechanical ventilation and 90-day 
survival. Primary pulmonary thrombosis comprises events without a known concurrent distal venous thrombosis. A logistic regression model with MBL2 
intermediate activity haplotypes, sex and age as covariates was used. *P < 0.05, **P < 0.01, **** P < 0.0001.

NaTuRE IMMuNOLOGy | VOL 23 | JUNE 2022 | 861–864 | www.nature.com/natureimmunology 863

https://doi.org/10.1038/s41590-022-01227-w
http://www.nature.com/natureimmunology


matters arising NaTure ImmuNology

 3. SweCovid. The genetic predisposition to severe COVID-19. Genomic analysis 
of critically ill COVI-19 patients in Sweden. https://swecovid.org

 4. Garred, P. et al. A journey through the lectin pathway of complement—MBL 
and beyond. Immunol. Rev. 274, 74–97 (2016).

 5. Madsen, H. O. et al. Interplay between promoter and structural gene variants 
control basal serum level of mannan-binding protein. J. Immunol. 155, 
3013–3020 (1995).

 6. Miró, Ò. et al. Pulmonary embolism in patients with COVID-19: incidence, 
risk factors, clinical characteristics, and outcome. Eur. Heart J. 42,  
3127–3142 (2021).

 7. Ackermann, M. et al. Pulmonary vascular endothelialitis, thrombosis, and 
angiogenesis in Covid-19. N. Engl. J. Med. 383, 120–128 (2020).

 8. Leentjens, J., Haaps, T. F., van, Wessels, P. F., Schutgens, R. E. G. & 
Middeldorp, S. COVID-19-associated coagulopathy and antithrombotic 
agents—lessons after 1 year. Lancet Haematol. 8, e524–e533 (2021).

 9. Eriksson, O. et al. Mannose-binding lectin is associated with thrombosis and 
coagulopathy in critically ill COVID-19 patients. Thromb. Haemost. 120, 
1720–1724 (2020).

 10. Lipcsey, M. et al. The outcome of critically ill COVID-19 patients is linked to 
thromboinflammation dominated by the kallikrein/kinin system. Front. 
Immunol. 12, 627579 (2021).

 11. Gómez, C. A. et al. Mortality and risk factors associated with pulmonary 
embolism in coronavirus disease 2019 patients: a systematic review and 
meta-analysis. Sci. Rep. 11, 16025 (2021).

 12. Leffler, J., Bengtsson, A. A. & Blom, A. M. The complement system in 
systemic lupus erythematosus: an update. Ann. Rheum. Dis. 73,  
1601–1606 (2014).

 13. Stuart, L. M., Takahashi, K., Shi, L., Savill, J. & Ezekowitz, R. A. B. 
Mannose-binding lectin-deficient mice display defective apoptotic cell 
clearance but no autoimmune phenotype. J. Immunol. 174,  
3220–3226 (2005).

 14. Eriksson, O., Mohlin, C., Nilsson, B. & Ekdahl, K. N. The human platelet as 
an innate immune cell: interactions between activated platelets and the 
complement system. Front. Immunol. 10, 1590 (2019).

 15. Gedebjerg, A. et al. Mannose-binding lectin and risk of cardiovascular events 
and mortality in type 2 diabetes: a Danish cohort study. Diabetes Care 43, 
2190–2198 (2020).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature America, Inc. 2022

NaTuRE IMMuNOLOGy | VOL 23 | JUNE 2022 | 861–864 | www.nature.com/natureimmunology864

https://swecovid.org
http://www.nature.com/natureimmunology


matters arisingNaTure ImmuNology

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this article.
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ega-archive.org) under the accession number EGAS00001006266. The COVID-19 HGI 
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GWAS (Genome Wide Association Studies) Catalog (study code GCST011074).
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