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A large cohort study of the effects of Lewis, ABO,
13 other blood groups, and secretor status on COVID-19
susceptibility, severity, and long COVID-19
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have been suspected to have a similar effect as well.

Study design and methods: To determine whether any other blood groups
influence testing positive for SARS-CoV-2, COVID-19 severity, or prolonged
COVID-19, we used a large cohort of 650,156 Danish blood donors with vary-
ing available data for secretor status and blood groups ABO, Rh, Colton, Dufty,
Diego, Dombrock, Kell, Kidd, Knops, Lewis, Lutheran, MNS, P1PK, Vel,
and Yt.

Of these, 36,068 tested positive for SARS-CoV-2 whereas 614,088 tested nega-
tive between 2020-02-17 and 2021-08-04. Associations between infection and
blood groups were assessed using logistic regression models with sex and age
as covariates.

Results: The Lewis blood group antigen Le® displayed strongly reduced SARS-
CoV-2 susceptibility OR 0.85 CI[0.79-0.93] p < .001. Compared to blood
type O, the blood types B, A, and AB were found more susceptible toward
infection with ORs 1.1 CI[1.06-1.14] p < .001, 1.17 CI[1.14-1.2] p < .001, and
1.2 CI[1.14-1.26] p < .001, respectively. No susceptibility associations were
found for the other 13 blood groups investigated. There was no association

Abbreviations: CI, Confidence Interval; COVID-19, Coronavirus disease 2019; DBDS, The Danish Blood Donor Study; fdr, False discovery rate; Long
COVID-19, Symptoms persistingthreemonths after infection; MiBa, Danish Microbiology Database.; N, Number; OR, Odds ratio; RBC, Red blood cell;
SARS-CoV-2, Severe acute respiratory syndrome coronavirus 2; SCANDAT, SCANdinavian Donation And Transfusion database.
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1 | INTRODUCTION

Early in the SARS-CoV-2 pandemic, a link was reported
between ABO blood type and infection susceptibility.’
Evidence for this link has been mounting as size and
quality of data have grown,”” although a clear explana-
tion for the mechanism behind this link has yet to be
definitively established. One of the several explanations
that has been put forward is a potential interaction
between anti-A and/or anti-B antibodies and SARS-
CoV-2 viral products.*’ This would explain why most
studies conclude that ABO type O, with presence of both
anti-A and anti-B antibodies in the blood, confers the
lowest infection susceptibility.

Recent interest in SARS-CoV-2 and blood groups
associations has moved beyond susceptibility, to focus on
disease severity and symptom duration. While the ABO
blood group continues to be the main focus of such inves-
tigations, some studies have ventured beyond and also
looked at secretor status® ' and some of the many other

recognized blood group systems, such as Rh>''""> and
Lewis.'®
However, limitations of these previous studies

include, for example, matching patient cases with blood
donor controls*'® and small cohort sizes.'*'*'®'” In
addition, so far, few studies have looked at the effects of
the many existing blood groups beyond ABO and Rh.
With access to data on sex, age, and SARS-CoV-2 tests
results for 650,156 blood donors: Data on COVID-19
related hospitalization: Nearly complete blood type data
available for ABO and RhD: Partial availability of blood
type data for selected antigens from 13 other blood group
systems, and secretor status; The present study aimed to
address some of these shortcomings and investigated the
influence of blood groups on SARS-CoV-2 susceptibility,
COVID-19 hospitalization, and long COVID-19.

between any blood groups and COVID-19 hospitalization or long COVID-19.
No secretor status associations were found.

Discussion: This study uncovers a new association to reduced SARS-CoV-2
susceptibility for Lewis type Le® and confirms the previous link to blood group
O. The new association to Le* could be explained by a link between mucosal
microbiome and SARS-CoV-2.

ABO, blood antigen, blood groups, blood systems, COVID hospitalization, COVID severity,
COVID susceptibility, COVID-19, Diego, Dombrock, Duffy, FUT2, FUT3, Kell, Kidd, Knops,
Lewis, long COVID symptoms, long COVID-19, Lutheran, MNS, P1PK, Rh, SARS-CoV-2,

2 | MATERIALS AND METHODS
The nationwide and complete SCANDAT'® cohort of
Danish blood donors included 650,156 donors with at
least one SARS-CoV-2 real-time polymerase chain reac-
tion (RT-PCR) or antigen test registered in the Danish
Microbiology Database (MiBa)."? Sex, age, serological
ABO, and RhD blood type data were available for almost
all donors in the cohort. Data in other blood groups were
only available for varying proportions of the donors
(Table S1).

We identified 36,068 SARS-CoV-2 cases, defined as a
blood donor with any positive RT-PCR or antigen test
and 614,088 controls, defined as any blood donor with
only negative test result entries in the MiBa dataset, cov-
ering the period between 2020-02-17 and 2021-08-04.

RT-PCR and antigen quick tests were a cornerstone
in the Danish strategy to keep COVID-19 in check. Test-
ing is free of charge and for the unvaccinated, a negative
test result grants a temporary COVID-19 passport, which
in periods has been necessary for certain social activities,
like restaurant visits, attending events, etc. If an antigen
quick test is positive, a PCR test is encouraged to confirm
COVID-19, and upon confirmation, self-isolation is
recommended. During 2020-2021, where the Danish vac-
cination program was slowly being rolled out, the Danish
population was subject to frequent antigen and RT-PCR
testing.

2.1 | Definitions of severe and long
COVID-19

The MiBa dataset also included information on infection-
related hospitalizations, defined as either not hospital-
ized, hospitalized for short duration of less than two
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weeks, hospitalized for more than two weeks, or hospital-
ized at intensive care unit (ICU) requiring respiratory
support. Based on these additional registrations, 1317
severe COVID-19 cases were identified, defined as any
who were treated at a hospital for their infection, and
32,209 severe COVID-19 controls, who were infected, but
not treated at a hospital.

A total of 135,326 of the Danish blood donors had
previously consented to participate in the Danish Blood
Donor Study (DBDS).*° A subgroup of 80,000 active
DBDS donors was invited to fill out an online question-
naire on COVID-19 between 2020-10-30 and 2021-01-19.
A total of 32,837 donors (41%) responded to the ques-
tionnaires. The questionnaire included items on specific
COVID-19-related symptoms both at time of infection
and, if persistent, at the time of filling out the question-
naire. These included, fever, chills, runny or stuffy nose,
decreased sense of smell or taste, sneezing, sore throat,
cough, shortness of breath, headache, muscle and joint
pain, chest pain, tiredness and exhaustion, memory
problems / difficulty concentrating, lack of appetite, col-
ored sputum / mucus, reddened watery eyes, nausea,
vomiting, diarrhea, and stomach pain. Based on the
questionnaires, we identified 1578 COVID-19 cases. Of
these, 441 were long COVID-19 cases, defined as any
respondent with a positive RT-PCR test who reported
having any of the aforementioned COVID-19-related
symptoms more than three months after a positive RT-
PCR result.

2.2 | Blood group data

Blood group data were mainly sourced from a large data-
set of serological blood type tests retrieved from elec-
tronic blood bank systems. In addition, some blood type
data was generated using genetic data obtained using
Infinjum Global Screening Array from Illumina, with
subsequent imputation at deCODE genetics, Reykjavik,

Iceland, using North European reference sequence panel.
Genetic data were available for ~100,000 DBDS
participants.

All sourced blood type data, except for ABO, were
stored in binary variables, as either positive (1) or nega-
tive (0), for a given RBC antigen. This binary encoding
was used in the logistic regression models.

The ABO system blood types are categorized as A, B,
AB, or O. ABO logistic regression models were performed
using two alternate encodings of this data. First, we com-
pared type O versus either A, B, or AB. However, since
the prevailing theory on the mechanism of ABO and
COVID-19 susceptibility implicates ABO antibodies inter-
acting with the virus, an alternate encoding was used
based on presence of the ABO antibodies like anti-A,
anti-B, or anti-A + anti-B in the blood. These were
encoded as binary variables indicating present (1) or
absent (0).

Similar to most other antigen data, the Lewis blood
group system was determined serologically for the Le®
and Le® antigens separately and combined into the Lewis
phenotypes Le(a+b-), Le(a-b+), and Le(a-b-). The Lewis
blood group logistic models were first based on being
either positive (1) or negative (0) for a given Lewis phe-
notype. This encoding was chosen due to a previous
study'® finding an association between having Lewis phe-
notype Le(a-b-) and lower COVID-19 severity. However,
separate Le* and Le” RBC antigen models were also ana-
lyzed because there were more serological test results
available for Le? than Le® (102,000 vs 67,000) to increase
the statistical power.

Secretor status has known associations with suscepti-
bility to infectious agents, including certain viruses.”"*
Given prior viral associations, secretor status has been
suspected to influence ABO COVID-19 susceptibility in
other studies.* To verify these findings, logistic models
were made accounting for a potential interaction
between secretor status and the effect of ABO types on
COVID-19 susceptibility.

TABLE 2 Sex & age COVID-19 associations
Model COVID-19 association N N-diagnosis(+) N-diagnosis(—) OR (95% CI) P-value
Age susceptibility 650,156 36,068 614,088 0.977 (0.9766-0.9780) ~0
Sex (M/F) susceptibility 650,156 36,068 614,088 1.044 (1.022-1.067) 9.365 E—05
Age severity 33,526 1317 32,209 1.066 (1.062-1.070) 1.374 E-240
Sex (M/F) severity 33,526 1317 32,209 1.356 (1.209-1.520) 1.840 E-07
Age length 1578 441 1137 1.019 (1.010-1.027) 9.906 E—06
Sex (M/F) length 1578 441 1137 0.669 (0.530-0.842) 6.532 E—-04

Note: Cohort tally and results from the logistic regression model exploring the effect of sex and age on COVID-19 susceptibility, severity, and symptom length
(above or below three months). N-diagnosis tallies the number of persons in the cohort with (+), or without (—) a given diagnosis. The diagnosis in question is

denoted in the COVID-19 association column.
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All secretor status data in our study was genetically
derived using variant rs601338,>* while all Lewis, ABO,
and RhD data were based on serological tests. The
remaining blood groups were a mix of both genetic and
serological sources (Table S2).

3 | STATISTICS
All data analysis was performed using the glm function
in R v4.0.0. Logistic regression models were used in all
statistical analyses reporting odds ratios (ORs) with 95%
confidence intervals (CI). All logistic regression model
results are reported with having a positive phenotype as
the dependent/outcome variable. All logistic regression
models are adjusted for sex and age.

p-values for models in blood groups with prior pub-
lished COVID-19 associations (ABO, secretor, Lewis,
RhD) were not adjusted for multiple testing, as the tests
were assessed as confirming prior findings. For the
remaining analyses, the false discovery rate was set using
the Benjamini & Hochberg procedure (fdr)."?

4 | RESULTS

The demographic data are presented in Table 1. SARS-
CoV-2 cases were on average five years younger than the
controls and the hospitalized SARS-CoV-2 cases were on
average eight years older than those that were not hospi-
talized. The OR of infection susceptibility with increasing
age was 0.98 CI[0.977-0.978] p < 2 e—16, for each year
increase in age. Infection severity and long COVID-19
were both strongly associated with each year of increas-
ing age, with ORs of 1.07 CI[1.06.-1.07] p = 1.37 e—240
and 1.02 CI[1.01-1.03] p = 9.91 e—06, respectively. There
was a strong association with sex, with males having a
higher susceptibility OR of 1.04 CI[1.02-1.07] p = 9.36
e—05, a higher severity OR of 1.36 CI[1.2-1.52] p = 1.84
e—07, and a lower long COVID-19 OR of 0.67 CI[0.53—-
0.84] p = 6.53 e—04. (Table 2).

TABLE 5 Secretor status COVID-19 associations
COVID-19 N- N-
Model association N
Secretor susceptibility 97,494 78,140 19,354
Secretor Severity 5430 4379 1051
Secretor Length 1069 862 207

phenotype (4+) phenotype (—) diagnosis (+) diagnosis (—) OR (95% CI)

A difference in ABO blood type ratios was seen
between SARS-CoV-2 cases and controls with the latter
having approximately 4% higher occurrence of blood
type O, and lower occurrence of the other ABO blood
types (Table 1). Individuals with blood types B, A, and AB
were found more susceptible to SARS-CoV-2 with ORs of
1.10 CI[1.06-1.14] p = 542e—07, 1.17 CI[1.14-1.20]
p = 1.29e—36, and 1.20 CI[1.14-1.26] p = 7.85e—12,
respectively, when compared to blood type O. ABO
antibody-specific models revealed strong SARS-CoV-2
protective effects for presence of both anti-A + anti-B in
blood, only anti-A in blood or only anti-B in blood, with
ORs 0.86 CI[0.84-0.88] p = 5.85 e—37, 0.87 CI[0.85-0.89]
1.52 e—34, and 0.95 CI[0.93-0.99] p = 6.61 e—03, respec-
tively (Table 3). We performed a sensitivity analysis
revealing that the significance of the finding could be
eliminated (p > .05) by reducing the ABO cohort size
down below 1.2% (~7000 donors); however, the ORs
remain higher for A, B, and AB compared to O.

We found no evidence for an interaction between
genetically determined secretor status and higher infec-
tion susceptibility of ABO blood types A, B, or AB,
p > .05 (Table 3).

An association was found between SARS-CoV-2 posi-
tives and the non-secretor Lewis phenotype Le(a+b—)
with OR 0.88 CI[0.78-0.99] p = 0.029, whereas pheno-
types Le(a-b+) and Le(a-b—) were not associated, p > .05.
The Lewis Le* antigen-specific model resulted in a stron-
ger association with OR 0.85 CI[0.79-0.93] p = 4.85 e—04,
while the Le® RBC antigen model was insignificant
p > .05 (Table 4). No infection severity associations were
found for Lewis phenotypes Le(a+b-), Le(a-b+), and Le
(a-b—), and results did not change when using the Lewis
RBC antigen-specific models, p > .05. Furthermore, no
association between Lewis types Le(a+b—) and Le(a-b-+)
and long COVID-19 were found. There was insufficient
data for a Le(a-b—) model. The Lewis antigen-specific
models did not shift the results (Table 4).

Secretor status by itself was neither associated with infec-
tion susceptibility, disease severity, nor long COVID-19,
p > .05 (Table 5).

N- N-
p-value

5822 91,672 1.035 (0.968-1.107) .318
133 5297 0.680 (0.458-1.033) .14 E—02
303 766 1.140 (0.813-1.586) .441

Note: Cohort tally and results from the logistic regression model exploring the effect secretor status on COVID-19 susceptibility, severity, and symptom length.
N-diagnosis tallies the number of persons in the cohort with (+) or without (—) the given diagnosis. The diagnosis in question is denoted in the COVID-19
association column. N-phenotype tallies the number of persons with (+) or without (—) a given phenotype. The phenotype in question is denoted in the first

column.
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After adjusting for multiple testing, no blood group
antigens or phenotypes beyond ABO and Lewis gave any
significant associations to any of the outcomes tested
(Tables S3 and S4).

5 | DISCUSSION

This large nationwide Danish study on SARS-CoV-2 and
blood groups confirmed previous reports of type O being
least susceptible to infection. This study further reports a
new association suggesting that those who have the Le®
blood group antigen are also less susceptible to infection.
Since the presence of Le® antigen signals a non-secretor
phenotype, this association is well compatible with previ-
ous reports suggesting increased disease severity for
secretors® on one hand and decreased susceptibility to
disease for non-secretors, at least for blood group A.’

In accordance with previous large studies, we found
support for type AB having the highest OR for infection
susceptibility.>> However, AB is the rarest ABO type with
a 5% prevalence in the Danish population. This is
reflected in a wider confidence interval for AB compared
to the more common type A, which has a high preva-
lence of 42% in the Danish population.

There have been conflicting reports regarding ABO
blood type and SARS-CoV-2 susceptibility. One study has
pointed to AB being least susceptible,”* while most
studies seem to agree that type O is least susceptible to
infection.>*> >11>15 Conflicting results may well reflect
the small sample sizes for the majority of published stud-
ies or because of the setting of the studies. Some studies
have much higher exposure risk and inoculum sizes than
others.>>*® Thus, as previous studies have speculated, the
protective effect of ABO-antibodies on SARS-CoV-2 sus-
ceptibility could be eliminated with increasing exposure.*”

Another source of conflicting results could be due to
cohort mixing, such as case-control studies where cases
are COVID-19 patients from the general population,
while the controls are blood donors.'®* Blood bank
cohorts are known to have different blood type ratios
when compared to the general population. This is a
known phenomenon due to blood banks having biases
toward certain blood types, deemed more useful for
transfusions, giving rise to a slight overrepresentation of
blood donors with the desired blood types.*®

In regards to the mechanism behind the association,
the theory of ABO antigens facilitating SARS-CoV-2 entry
is contented.”” When considering the alternate theory of
ABO antibodies interacting with the SARS-CoV-2
virus,”° the results of the ABO antibody centric models
make more sense. The hypothesis is that anti-A has a
stronger protective effect, providing subsequent lower

susceptibility, when compared to anti-B. Supporting this
notion, having both anti-A and anti-B showed the lowest
susceptibility in our data, benefiting from a hypothesized
two-way antibody attack on the virus. A third theory cur-
rently under investigation relates to iron levels, which
have been linked to ABO blood type,’® and play an
important role in the immune system.>"

A potential confounder is admixture of blood donors
of other ethnicities than Danish (approximately 4% of the
donors) who might have different blood type ratios than
the Danish population. In addition, a higher infection
rate has been reported among these, which we confirmed
by observing a 1.8% higher incidence of infection among
donors with a birth country other than Denmark in our
cohort. The majority of our foreign donors are European,
mainly from Germany and Scandinavia. To verify that
non-European donors did not bias the results, we
removed persons born outside Europe (1.8%) and
repeated the analysis. This did not impact the p-values,
or ORs of the associations (Table S5).

Secretor status is determined by the FUTZ2 gene,
where individuals with at least one functional allele,
called secretors, produce the al-2-fucosyltransferase
2 enzyme. This enzyme has a crucial role to play in deter-
mining if ABH antigens are present in body fluid of the
individual. Furthermore, Lewis phenotypes are deter-
mined by both the FUT2 and FUT3 genes. Having at least
one functional FUT3 allele leads to the production of an
al-3/4-fucosyltransferase which synthesizes the Le* and
Le® antigens from type 1 (Le) precursor and H type
1 (Le?) glycolipids, respectively. In the absence of a func-
tional FUT2-encoded enzyme, the FUT3-encoded enzyme
will convert almost all precursor into Le® and result in
the Le(a + b—) non-secretor phenotype, while its pres-
ence will result in the Le(a-b+) secretor phenotype. The
absence of a functional FUT3 allele on the other hand
results in the Le(a-b—) phenotype regardless of the
FUT2-derived enzyme.

Judging from our results, there seem to be a protec-
tive effect associated with having the Le* blood group
antigen. This is not related to Lewis antibodies interact-
ing with SARS-CoV-2, in a similar manner to the one
supposed in the ABO blood group, since Lewis antibodies
are irregular, rare, and almost exclusively found in
Le(a-b—) individuals,** which are also the rarest pheno-
type (8%). In our models, Le(a-b—) individuals did not
have a different infection susceptibility, which also does
not support involvement of Lewis antibodies.

In the Lewis blood group, the Le® and Le® antigens
are mostly mutually exclusive. Therefore, there is a
chance that Le® is actually conferring a higher infection
susceptibility, but remains insignificant in our model
because we have fewer Le” antigen test results. In that
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case, the protective effect of Le® in our model might just
be due to Le* excluding Le®. If we enrich our data with
hypothetical antigen tests where each positive Le® test
would generate a negative Le® test and vice versa, and
rerun the Le® and Le® models, then both will indeed
become statistically significant, with opposing ORs as
expected. This would indeed mimic the studies which
have indicated non-secretors to be protected and secre-
tors to be worse off.>° However, we choose to base our
Lewis results on actual serological test data, so the
enriched data models aren't included in this study.

The mutually exclusive nature of Le* and Le® makes
it difficult to conclude which antigen is directly responsi-
ble for our SARS-CoV-2 infection susceptibility findings,
or if they merely signal a certain secretor or non-secretor
status.

However, the secretor model does not report such an
association. This could be due to 8% of our cohort having
Lewis phenotype Le(a-b-), for whom secretor status is not
a factor. These 8% could reduce the link between Lewis
phenotype and secretor status enough to require a much
larger cohort to reach above the significance threshold. It
is worth noting that, although not significant, the secretor
susceptibility model does report an elevated OR for secre-
tors, which is what we would expect. Since both the secre-
tor and Lewis models have large cohorts, the fact that
Lewis is significant, but secretor is not, hints that suscepti-
bility might be more directly linked to Lewis phenotype,
and not secretor status. While other published studies
have reported links between SARS-CoV-2 infection and
secretor status,>° our cohort size for both Lewis and
secretor status dwarfs them all by a substantial degree.

It is worth noting that there are known cases of
viruses and bacteria using Lewis antigens as receptors for
cell invasion, with resulting higher susceptibility to the
disease in question. Lewis antigens aren't produced by
the red blood cells themselves, but rather secreted by epi-
thelial cells, and subsequently absorbed passively onto
the RBC surface. The specific binding of norovirus virus-
like particles to ABO and Lewis antigens has been dem-
onstrated.>® Norovirus uses secreted Lewis antigens for
attachment to human epithelial cells.**>® This favors a
theory of Le® perhaps acting as a mediator for SARS-
CoV-2 infection in a similar manner. In addition, both
Lewis and secretor status associate to microbiota of the
mucosal surfaces which could explain the association to
infection susceptibility.””*® The present results provide
sufficient evidence of a potential link between SARS-
CoV-2 and the Lewis blood group to warrant future
investigations exploring the association in greater detail
and testing these theories experimentally.

We did not find any other associations between blood
groups and SARS-CoV-2. This questions the validity of

previous findings of an association to the Rh blood
group.'11,12,14,15

Two COVID-19 severity results worth discussing are
blood type O vs AB, which was significant (p = .008),
and secretor status, which was close to being signifi-
cant (p = .06). Blood type AB is a rare phenotype
(5%), which reduces confidence in that result. It's also
worth noting that type A and B, which are more com-
mon phenotypes, do not report significant results for
COVID-19 severity. Some meta-analysis studies report a
potential link between COVID-19 severity and ABO
phenotype,® while others do not.> The secretor/severity
cohort is both small, and has an OR of 0.68, which is
in conflict with other studies.®® Given the above facts,
we do not feel confident in interpreting these findings
either way.

51 | Strength and limitations

This study benefits greatly from having access to a large,
national cohort. The SARS-CoV-2 test results were regis-
tered by a centralized authority, which circumvents
potential confounding biases. The entire cohort, being
composed of blood donors, ensures a degree of homoge-
neity among cases and controls, thereby circumventing
other potential confounders including, for example,
undetected SARS-CoV-2 cases.” We have adjusted for the
most common confounders in the analysis.

There are arguments to be made in favor of including
other covariates often used in such association studies,
and one such covariate is Charlson comorbidity score.*
However, it could be argued that while the inclusion of a
Charlson score might be advantageous in studies of nor-
mal background population cohorts, it is not likely to
make much of a difference for a blood donor study. Blood
donors are known to be healthier than the background
population, in a phenomenon called the healthy donor
effect.** In an earlier published study,” only 3.5% of
37,808 DBDS participants were found to have a Charlson
score above 0.

The fact that blood donors are known to be healthier
than the background population, likely makes obtaining
sufficient statistical strength for severity and long
COVID-19 studies more difficult. As such, while we can
be reasonably assured that our findings regarding severity
and long COVID-19 are internally consistent within
blood donors, the higher healthiness of such a cohort
might cast doubts on the external validity of these results
when applied to the general population. This could
potentially be why we could not replicate the findings of
other smaller studies.>*'*** However, the differences in
our findings might also be due to different thresholds for
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admitting patients to hospitals, and in the way we define
COVID-19 severity.

5.2 | Conclusion

In this study, we found strong associations between ABO
and Lewis blood groups and SARS-CoV-2 susceptibility,
whereas the other investigated blood group systems did
not display such an association. Larger studies of these
blood groups might yet find other SARS-CoV-2 associa-
tions; however, these are expected to be small given the
large sample sizes in our study.

In our long COVID-19 and disease severity models,
the cohort sizes were comparatively small and could war-
rant bigger cohort studies in the future for a more defi-
nite conclusion regarding links to COVID-19. This is
especially true for the Lewis blood group and secretor
status.
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