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Abstract: The coronavirus disease 2019 (COVID-19) pandemic, caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), has resulted in more than 692 million cases worldwide
and nearly 7 million deaths (August 2023). Severe COVID-19 is characterised in part by vascular
thrombosis and a cytokine storm due to increased plasma concentrations of pro-thrombotic proteins
such as von Willebrand factor and cytokines secreted from endothelial and T-cells. EFCAB4B is a
gene that encodes for two proteins (CRACR2A and Rab46) that play important roles in endothelial
and T-cell secretion. In this study, using patient data recorded in the UK Biobank, we demonstrate
the importance of variants in the EFCAB4B genetic sequence with COVID-19 fatality. Using logistic
regression analysis, we determined that three single-nucleotide polymorphisms (SNPs) in the gene
cause missense variations in CRACR2A and Rab46, which are associated with COVID-19 fatality
(rs9788233: p = 0.004, odds ratio = 1.511; rs17836273: p = 0.012, odds ratio = 1.433; rs36030417: p = 0.013,
odds ratio = 1.393). All three SNPs cause changes in amino acid residues that are highly conserved
across species, indicating their importance in protein structure and function. Two SNPs, rs17836273
(A98T) and rs36030417 (H212Q), cause amino acid substitutions in important functional domains: the
EF-hand and coiled-coil domain, respectively. Molecular modelling shows minimal impact by the
substitution of threonine at position 98 on the structure of the EF-hand. Since Rab46 is a GTPase that
regulates both endothelial cell secretion and T-cell signalling, these missense variants may play a role
in the molecular mechanisms underlying the thrombotic and inflammatory characteristics observed
in patients with severe COVID-19 outcomes.
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1. Introduction

Coronavirus disease 2019 (COVID-19) caused by the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) triggered a global pandemic in 2020 [1]. Although
COVID-19 affects the respiratory system, cardiovascular complications, including abnormal
clotting, thrombosis and microvascular injury [2,3], are also part of the disease spectrum
and associated with increased morbidity and mortality. Several studies have suggested
that SARS-CoV-2 can directly infect the endothelial cells (ECs) that line the blood vessels:
indeed, endothelial dysfunction is found in severe cases of COVID-19 [4–6]. Activation
of ECs triggers exocytosis of pro-thrombotic mediators including von Willebrand factor
(vWF), angiopoietin-2 and P-selectin, all of which are elevated in the serum of severely
affected patients and are significantly associated with in-hospital fatality [6–11]. Hospi-
talised patients also present with hyper-inflammation, having excessive levels of cytokines
(cytokine storm) and other inflammatory markers that are characteristic of increased EC
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activity and lymphocyte activity [12]. These data suggest that the inappropriate degranu-
lation of both ECs and lymphocytes contributes to the pro-thrombotic, pro-inflammatory
and excessive cytokine environment observed in severe COVID-19 cases. We suggest that
genetic differences in a common molecular mechanism underlying degranulation could
confer susceptibility to both the vascular and immune abnormalities induced by COVID-19
with the subsequent increased risk of death.

In ECs, pro-thrombotic and pro-inflammatory proteins are stored in specialised vesi-
cles called Weibel–Palade bodies (WPBs) [13]. WPBs are endothelial cell-specific organelles
that, upon the release of contents, control important vascular events such as haemostasis,
inflammation, angiogenesis and vascular tone. During vascular injury, WPBs undergo
rapid degranulation and eject cargo into the vessel lumen including the following: vWF
filaments to initiate platelet plug formation [14]; P-selectin to attract leukocytes [15] and
angiopoietin-2 to induce EC migration [16]. Since the release of WPB cargo into the vessel
lumen is highly regulated, there must be molecular changes that underlie the inappropri-
ately raised plasma levels observed in COVID-19 patients. Excessive cargo release may
be evoked by the direct viral activation of ECs or an increase in cytokines acting on ECs;
however, the thrombo-inflammatory aberrations are not apparent in all infected patients
(even those with high viral load). This indicates that there is either a pre-existing deteriora-
tion of the endothelium (co-morbidity), or patients may have an increased susceptibility to
severe COVID-19 due to their genetic makeup, particularly in the genes that encode for
proteins that play a role in regulating the release of WPBs from ECs. We study the role
of a novel Rab GTPase (Rab46: CRACR2A-L; Ensembl CRACR2A-203; CRACR2A-a [17])
in EC degranulation. We have previously reported that Rab46 is necessary for anchoring
a subpopulation of WPBs to the microtubule-organising centre in response to histamine
signalling [18]. This stimuli-coupled trafficking inhibits the release of WPB cargo that is
superfluous to histamine function and thus prevents the full thrombotic response evoked
by vessel injury. Evidence of Rab46 function beyond EC biology is suggested by a function
for Rab46 in immune cells such as β- and T-lymphocytes and mast cells [19]. T-cell receptor
stimulation evokes Rab46-dependent vesicle translocation to the immunological synapse
and the activation of the vav1/JNK signalling pathways necessary for secretion [19]. In-
deed, we have reported that a patient with biallelic Rab46/CRACR2A mutations has a
compromised immune system due to reduced T-cell signalling with subsequent defective
cytokine production [20]. Since Rab46 function may regulate a secretory path common
to various cell types involved in COVID-19 severity, it is important to determine any as-
sociations between variants in the gene that encodes for Rab46 with COVID-19-related
susceptibility and fatality.

Rab46 (732 amino acids) is one of two functional isoforms from a possible six tran-
scripts of the gene EFCAB4B and the only isoform expressed in ECs. CRACR2A (CRACR2A-
S; Ensembl CRACR2A-201; CRACR2A-c) is a shorter (395 amino acids), non-Rab isoform
expressed in T-cells and regulates store-operated calcium entry [21] and T-cell signalling [22]
(Figure 1). The alignment of the amino acid sequences of Rab46 and CRACR2A reveals that
the N-terminal components are identical, but Rab46 contains a distinct long C-terminus
containing an extra Rab GTPase domain.
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Figure 1. Schematics of the functional domains in the EFCAB4B isoforms Rab46 and CRACR2A. 
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Stroke 256 221 35 6 29 0.81 
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filtering was carried out using —geno 0.1, —maf 0.01 and —hwe 0.000001 for variants and 
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were retained according to the start coordinate (3714799) and end coordinate (3874985) on 
human chromosome 12 based on the genome assembly version GRCh37. 
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Recently, a longitudinal analysis of patients who recovered from mild COVID-19
reported decreased CRACR2A/Rab46 levels in the switch from an inflammatory to a wound
healing response for the recovery phase of the infection [23]. Moreover, a study identified
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CRACR2A/Rab46 proteins as being significantly raised in the blood of patients with long
COVID compared to those who had acute infections [24]. Therefore, we hypothesise that
genetic variants in EFCAB4B may be instrumental in a subset of COVID-19 fatalities. Here,
we used a candidate gene association study to determine the links between COVID-19
fatality and variants in the EFCAB4B gene using COVID-19 data recorded in the UK Biobank
prior to the vaccination programme.

2. Materials and Methods
2.1. Demographic Data

The UK Biobank (application ID: 42651), from which we obtained data for use in this
study, collected data on around 500,000 individuals in the UK between 2006 and 2010 [25].
These individuals consented to the UK Biobank obtaining their genomic data, health records
and information regarding demographics and lifestyle. The UK Biobank released the data
on 10,118 individuals prior to the vaccination program, who self-identified as British and
had been tested for COVID-19, with their associated outcomes also recorded (Table 1). Co-
morbidity data were also available for those individuals, including hypertension, diabetes,
asthma, arthritis, stroke and myocardial infarction. The chi-squared test was used for
categorical variables, and the Kruskal–Wallis rank sum test was used for continuous
variables in the statistical analysis for the comparison among the three groups shown in
Table 1.

Table 1. Demographics of UK Biobank patients used in this study. Statistical tests were performed for
comparing the three groups: COVID-19 negative, Fatal and Non-fatal. Chi-squared test was used for
categorical variables and Kruskal-Wallis rank sum test was used for continuous variables.

COVID-19 Positive

Characteristic Total N COVID-19
Negative

Fatal and
Non-Fatal Fatal Non-Fatal p-Value

Number of Individuals 10,118 8853 1265 194 1071
Age 70 ± 8.3 70.1 ± 8.2 68.9 ± 9.2 75.1 ± 5.7 67.7 ± 9.2 1.38 × 10−30

Sex

Male 4972 4309 663 129 534 5.09 × 10−6

Female 5146 4544 602 65 537

Co-Morbidity

Myocardial Infarction 429 375 54 13 41 0.19
Stroke 256 221 35 6 29 0.81

Arthritis 1477 1325 152 37 115 2.16 × 10−4

Diabetes Mellitus 731 627 104 27 77 1.34 × 10−3

Hypertension 3436 3010 426 86 340 2.95 × 10−3

Asthma 1380 1222 158 17 141 0.12

2.2. Analysis of EFCAB4B Variants Associated with COVID-19 Outcomes

Associations between EFCAB4B variants and COVID-19 fatality were determined by
logistic regression analysis, using an additive method. The genotype data were mainly
handled with the PLINK 2.0 analytical framework [26]. The initial screening process
generated the samples from those with a British ethnic background (coding: 1001) that have
COVID-19 test data and the variants with imputation info score > 0.4 (Table S1). Further
filtering was carried out using —geno 0.1, —maf 0.01 and —hwe 0.000001 for variants and
using —mind 0.1 for samples. In addition, only the variants residing on the EFCAB4B gene
were retained according to the start coordinate (3714799) and end coordinate (3874985) on
human chromosome 12 based on the genome assembly version GRCh37.

The three groups were defined as follows. The fatal group comprises individuals
who tested positive for COVID-19 and who were also labelled with COVID-19 deaths
(coding: U071). The non-fatal group consists of individuals who tested positive for COVID-
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19 with no records in the cause of death data. The negative group is made up of those
who tested negative for COVID-19 that are not identified in the cause of death data. To
test the association of genotypes with phenotypes, the logistic regression was performed
for case/control phenotypes accounting for covariates including sex, age and the first
ten principal components. This enables the identification of whether the presence of
variants is a risk factor for COVID-19 fatality by comparing the three groups. We created
three comparative cohorts: (1) Non-fatal vs. negative: Patients who tested positive for
COVID-19 and survived (case) as compared to those who had not been diagnosed with
COVID-19 (control); (2) Fatal vs. negative: Patients who tested positive for COVID-19 and
died (case) as compared to those who had not been diagnosed with COVID-19 (control);
(3) Fatal vs. non-fatal: Patients who had tested positive for COVID-19 and died (case)
as compared to those who survived (control). The first two comparative cohorts were
used to determine whether variants are significantly associated with disease susceptibility
(cohort 1) or fatality (cohort 2) as compared to a negative population. To determine which
variants are exclusively associated with fatality, we compared fatal vs. non-fatal (cohort 3).

For the adjustment of illnesses, an additional covariate was added respectively for
the six co-morbidities such as hypertension, myocardial infarction, stroke, diabetes melli-
tus, arthritis and asthma obtained from non-cancer illness code. Ensembl Variant Effect
Predictor (VEP) was used to predict and annotate the effect and impact of the variant on
the gene functions from the human genome (GRCh37). The SNPs identified in Table 2
were those that caused missense variations and were nominally statistically significant
(p < 0.05). Corrections for multiple testing (False Discover Rate: FDR) are included in the
Supplementary File (Tables S3–S5).

Table 2. Characterisation of three missense Rab46/CRACR2A SNPs.

SNP ID MAF (ALFA) REF ALT Type Amino Acid Change

rs9788233 0.119 T C substitution R7G
rs17836273 0.124 C T substitution A98T
rs36030417 0.145 A T substitution H212Q

MAF = minor allele frequency. REF = reference allele. ALT = alternate allele.

2.3. Conservation of Rab46 Protein Sequence across Different Species

The Rab46 sequence conservation diagram was generated using Basic Local Align-
ment Search Tool (BLAST [27]) and WebLogo 3 [28]. The amino acid sequence of Rab46
(NP_001138430.1) was searched against the protein sequence database in BLAST (BLASTP) and
aligned with the identified 100 similar protein sequences (percent sequence identity > 80%)
from 66 different species using the COBALT multiple alignment tool. The generated se-
quence alignment enabled the calculation of residue conservation scores. WebLogo 3 [28,29]
was used to visualise the level of amino acid sequence conservation around residues for
which missense variations were detected.

2.4. Rab46 Structural Analysis

The predicted AlphaFold [30,31] structure of full-length human Rab46 and the crystal
structure of the EF-hand domain (PDB: 6PSD) were pre-processed and energy-minimised
using the Protein Preparation Wizard (Maestro software, Release 2020-1, Glide, Schrödinger,
LLC, New York, NY, USA, 2020).

The effect of the A98T variation was modelled using the available crystal structure of
the EF-hand domain of Rab46. Alanine residue at position 98 was mutated to threonine
using the ‘Mutate Residue’ tool in the Maestro graphical user interface (Maestro software,
Release 2020-1, Glide, Schrödinger, LLC, New York, NY, USA, 2020). Side chains of
amino acids within 5 Å from the introduced variation were minimised using the OPLS3
forcefield [32]. The alignment of the wild-type and mutant EF-hand domain structures was
visualised using PyMOL (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger,



COVID 2024, 4 1091

LLC) and changes to the structure visualised using Pymol and the Maestro graphical
user interface.

3. Results
3.1. Demographics

Here, we analysed genomic data held in the UK Biobank from 10,118 subjects, who
had self-identified as British. Of these, 50.86% were female and 49.14% males, with a mean
age of 70 ± 8.3 years (means ± SD). In total, 1265 patients were diagnosed COVID-19
positive (Table 1). The positive cases were further categorised into fatal and non-fatal, with
fatal indicating the individuals who died due to COVID-19 based on data obtained from
the National Death Registries Database. Among those who tested positive, 194 (15.34%)
were reported to have died due to COVID-19 (fatal), while 1071 (84.66%) were non-fatal
(Table 1). In addition, because any determined associations between EFCAB4B variants and
COVID-19 fatality could be due to the variant predisposing an individual to a COVID-19-
susceptible health condition, we evaluated the co-morbidities of these individuals. Of the
1265 COVID-19-positive individuals, 426 (33.68%) self-reported hypertension, 54 (4.27%)
myocardial infarction, 35 (2.77%) stroke, 104 (8.22%) diabetes mellitus, 152 (12.02%) arthritis
and 158 (12.49%) asthma.

3.2. Variants in the EFCAB4B Gene Are Associated with Susceptibility to COVID-19 Infection and
COVID-19 Fatality

The Venn diagram shown in Figure 2 depicts the overlap of the variants significantly
(p < 0.05) associated with each comparative cohort (Tables S3–S5). A total of 128 variants
are associated with COVID-19 infection (both fatal and non-fatal) compared with the non-
infected population, and 106 variants are associated with COVID-19 fatality when compared
to non-infected populations (cohort 2). Among them, the overlap between cohort 2 and
cohort 3 indicates that 54 variants are distinctly associated with fatality and not due to
disease susceptibility. Herein, we specifically explored the variants associated with fatality
or susceptibility that affect the translation of the EFCAB4B gene into its relevant proteins
by inducing missense variations; however, the identified intronic variants merit further
analysis and could play an important regulatory role in gene expression or isoform levels.
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3.3. EFCAB4B Missense Variants Associated with COVID-19

Three SNPs with a minor allele frequency (MAF) > 0.05 were identified as causing
missense variations in both CRACR2A and Rab46 (Table 2, Figure 3). We determined
these SNPs as being significantly associated with COVID-19 fatality in cohort 2 (Table 3).
The results showed the following: (1) the C allele of rs9788233 is significantly associated
with fatality with an OR of 1.511 (p = 0.004); (2) the T allele of rs17836273 has an OR of
1.433 (p = 0.012) and (3) the T allele of rs36030417 has an OR of 1.393 (p = 0.013) (Table 3).
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There variants are nominally significant (p < 0.05) but not significant after correcting for
multiple testing (Tables S3–S5). As a further measure of association with COVID-19 fatality,
we also analysed associations between fatal versus non-fatal (Table 3). In these analyses,
rs17836273 and rs36030417 displayed p = 0.099 and p = 0.054, respectively; however, due
to the significant associations between these SNPs and COVID-19 susceptibility being
reported in the REGENERON study (meta-analyses of data collected in UK Biobank,
ANCESTRYDNA and TopMed: [33,34]), and the location of these variants in important
domains that regulate protein function, we included them in further analyses. Firstly, since
COVID-19 susceptibility and fatality may be due to co-morbidities, we adjusted the data to
account for six underlying disorders known as risk factors for COVID-19: hypertension,
myocardial infarction, stroke, diabetes mellitus, arthritis and asthma (Table 4). Consistently
across six models of logistic regression, the results supported the relevance of the same
three missense variants to COVID-19 susceptibility and fatality.
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Table 3. Association analysis of three missense Rab46/CRACR2A SNPs with COVID-19 outcomes.

SNP ID Effect Allele
Non-Fatal vs.

Negative
p-Value/OR

Fatal vs.
Negative

p-Value/OR

Fatal vs.
Non-Fatal

p-Value/OR

rs9788233 C - 0.004/1.511 0.021/1.487
rs17836273 T - 0.012/1.433 0.099/1.314
rs36030417 T - 0.013/1.393 0.054/1.351

OR = odds ratio. - indicates no significant association found.

Table 4. COVID-19 outcome and Rab46 missense SNPs association analysis after adjustment for
co-morbidities.

Patient
Cohort SNP ID Effect Allele Hypertension

p-Value/OR
Diabetes

p-Value/OR
Asthma

p-Value/OR
Arthritis

p-Value/OR
Stroke

p-Value/OR

Myocardial
Infarction

p-Value/OR

Fatal vs.
negative

rs9788233 C 0.004/1.512 0.004/1.516 0.005/1.505 0.004/1.51 0.004/1.511 0.004/1.511
rs17836273 T 0.012/1.435 0.011/1.44 0.014/1.426 0.013/1.433 0.012/1.433 0.012/1.433
rs36030417 T 0.013/1.395 0.012/1.398 0.015/1.386 0.013/1.394 0.013/1.393 0.013/1.394

Fatal vs.
non-fatal

rs9788233 C 0.022/1.481 0.018/1.498 0.022/1.482 0.024/1.474 0.022/1.483 0.021/1.487
rs17836273 T 0.105/1.309 0.089/1.325 0.102/1.311 0.117/1.297 0.104/1.309 0.1/1.313
rs36030417 T 0.054/1.352 0.05/1.359 0.056/1.35 0.062/1.34 0.053/1.353 0.055/1.351

OR = odds ratio.
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3.4. EFCAB4B Missense Variants Affect Highly Conserved Residues

These three missense SNPs induce amino acid substitutions in both the CRACR2A and
Rab46 protein when translated from the EFCAB4B gene (Table 2, Figure 3). The arginine
to glycine (R7G) change induced by rs9788233 occurs at the N-terminus in a structurally
undefined region. The substitutions incurred by both rs17836273 and rs36030417 (alanine
to threonine A98T and histidine to glutamine H212Q, respectively) occur in functionally
important domains found in both CRACR2A and Rab46 (the canonical motif of the EF-hand
domain and the coiled-coil domain). To determine the importance of these amino acid
residues, we explored their evolutionary conservation (Figure 4). The conservation of Rab46
across 100 different sequences and 66 species was obtained through conducting BLAST
sequence alignments of the Rab46 protein sequence. From the multiple alignments, it was
found that arginine (rs9788233) in a domain of unknown function was conserved across
80% of species. Other common amino acids found in the 20% of non-conserved species
were lysine and asparagine. Alanine (rs17836273) at position 98 in the second EF-hand
motif was highly conserved (98%), and histidine (rs36030417) located in the coiled-coil
domain was the most conserved (99%). The high level of conservation of these residues
suggests that these amino acids are critical to the function of Rab46 and CRACR2A.
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3.5. Prediction of Missense Variants on Rab46 Structure

The structure of Rab46 is unknown, but we sought further insight into the role of the
missense variants in protein function by the analysis of an AlphaFold prediction of the
structure of full-length Rab46 and the available crystal structure of the EF-hand domain
(Figure 5). The AlphaFold prediction, whilst speculative, suggests that the EF-hand and
the coiled-coil domains are of high confidence, and here, we suggest that these residues
likely have solvent-exposed side chains (highlighted in yellow).

We further explored the A98T variation through the availability of the crystal structure
for the EF-hand domain (PDB: 6PSD). To understand the possible impact of the threonine
residue that is substituted for alanine (A98T) in rs17836273, we used molecular modelling
to overlay the crystal structure of the wild-type (WT) alanine-containing variant (blue) with
the threonine-substituted variant (cream: Figure 6). Rab46 contains two EF-hand motifs;
however, the crystal structure and Ca2+ binding data predict that only the second EF-hand
coordinates Ca2+ (Figure 6). The aspartate/alanine/aspartate (DAD: the WT structure)
motif in this second EF-hand is necessary for coordinating calcium [35]. Overlaying the WT
crystal structure with the modelled structure of the A98T variant (shown in cream) reveals
only minor structural changes within the binding domain, entailing a slight (<1 Å) shift in
the D97-G100 loop.



COVID 2024, 4 1094

COVID 2024, 4, FOR PEER REVIEW 8 
 

 

(shown in cream) reveals only minor structural changes within the binding domain, en-
tailing a slight (<1 Å) shift in the D97-G100 loop. 

 
Figure 5. The prediction of the position and orientation of the three missense SNPs in an AlphaFold 
model of a full-length Rab46 structure. The box indicated by the dotted line in the full-length struc-
ture is enlarged in order to demonstrate the position and orientation of the side chains of the three 
missense SNPs: R7G; A98T and H212Q. 

 
Figure 6. The modelling of the effect of A98T substitution on the EF-hand domain of Rab46. Right: 
the crystal structure of the wild-type (WT) and a modelled structure of the mutant (A98T) EF-hand 
domain aligned using PyMOL. Left: expanded boxes demonstrating subtle changes within the cal-
cium binding loop. 

In summary, we have described three missense variants in the EFCAB4B gene that 
are associated with fatality in patients with COVID-19, of which two could cause changes 
to protein structure and function. 

4. Discussion 
Here, we performed logistic regression analysis using recorded COVID-19 outcomes 

from patient data deposited in the UK Biobank, prior to the vaccination programme, and 
links between known EFCAB4B variants. Three missense variants (rs9788233, rs17836273, 
rs36030417) that caused substitutions in the translated protein were significantly associ-
ated with COVID-19 fatality when compared to a negative population. This suggests that 
these SNPs induce genetic variations in the EFCAB4B gene that are associated with 
COVID-19 fatality. As a more predictive measure of fatality, we also analysed associations 
between fatal versus non-fatal (cohort 3). rs17836273 and rs36030417 did not show 

Figure 5. The prediction of the position and orientation of the three missense SNPs in an AlphaFold
model of a full-length Rab46 structure. The box indicated by the dotted line in the full-length
structure is enlarged in order to demonstrate the position and orientation of the side chains of the
three missense SNPs: R7G; A98T and H212Q.

COVID 2024, 4, FOR PEER REVIEW 8 
 

 

(shown in cream) reveals only minor structural changes within the binding domain, en-
tailing a slight (<1 Å) shift in the D97-G100 loop. 

 
Figure 5. The prediction of the position and orientation of the three missense SNPs in an AlphaFold 
model of a full-length Rab46 structure. The box indicated by the dotted line in the full-length struc-
ture is enlarged in order to demonstrate the position and orientation of the side chains of the three 
missense SNPs: R7G; A98T and H212Q. 

 
Figure 6. The modelling of the effect of A98T substitution on the EF-hand domain of Rab46. Right: 
the crystal structure of the wild-type (WT) and a modelled structure of the mutant (A98T) EF-hand 
domain aligned using PyMOL. Left: expanded boxes demonstrating subtle changes within the cal-
cium binding loop. 

In summary, we have described three missense variants in the EFCAB4B gene that 
are associated with fatality in patients with COVID-19, of which two could cause changes 
to protein structure and function. 

4. Discussion 
Here, we performed logistic regression analysis using recorded COVID-19 outcomes 

from patient data deposited in the UK Biobank, prior to the vaccination programme, and 
links between known EFCAB4B variants. Three missense variants (rs9788233, rs17836273, 
rs36030417) that caused substitutions in the translated protein were significantly associ-
ated with COVID-19 fatality when compared to a negative population. This suggests that 
these SNPs induce genetic variations in the EFCAB4B gene that are associated with 
COVID-19 fatality. As a more predictive measure of fatality, we also analysed associations 
between fatal versus non-fatal (cohort 3). rs17836273 and rs36030417 did not show 

Figure 6. The modelling of the effect of A98T substitution on the EF-hand domain of Rab46. Right:
the crystal structure of the wild-type (WT) and a modelled structure of the mutant (A98T) EF-hand
domain aligned using PyMOL. Left: expanded boxes demonstrating subtle changes within the
calcium binding loop.

In summary, we have described three missense variants in the EFCAB4B gene that are
associated with fatality in patients with COVID-19, of which two could cause changes to
protein structure and function.

4. Discussion

Here, we performed logistic regression analysis using recorded COVID-19 outcomes
from patient data deposited in the UK Biobank, prior to the vaccination programme, and
links between known EFCAB4B variants. Three missense variants (rs9788233, rs17836273,
rs36030417) that caused substitutions in the translated protein were significantly associated
with COVID-19 fatality when compared to a negative population. This suggests that these
SNPs induce genetic variations in the EFCAB4B gene that are associated with COVID-19
fatality. As a more predictive measure of fatality, we also analysed associations between fatal
versus non-fatal (cohort 3). rs17836273 and rs36030417 did not show significance at p < 0.05
in this comparison, therefore suggesting these SNPs are associated with susceptibility to
COVID-19 infection. We recognise that a potential limitation of our study is the relatively
small size of the COVID-19 data set, especially as the higher p values observed here could
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be due to the small sampling size in cohort 3. An analysis of additional data as they become
available will be important for a deeper understanding and exploration of EFCAB4B,
especially in different populations and ethnicities. However, the association of these
variants with COVID-19 susceptibility still validated them to be included in this analysis.
A synonymous variant, rs17697920, was also found to be significantly associated with
COVID-19 fatality but not included in our analysis as CTG-CTA both encode for leucine. In
addition, intronic variants were observed in all comparative groups. Whilst further analysis
has focused on the missense variants, many of the intronic variants identified as being
significantly associated with both COVID-19 susceptibility and fatality could be of interest,
especially if they cause changes in expression levels or isoform splicing. We will specifically
investigate these variants in our future studies when we explore the regulation of EFCAB4B
splicing and determine how the expression levels of each isoform (CRACR2A/Rab46)
contribute to health and disease.

Two missense variants, rs17836273 and rs36030417, are highly conserved (98% and
99%, respectively) and are located in the N-terminus of both the CRACR2A and Rab46
protein in domains that have roles in protein function. Variant rs36030417 causes a histidine
to glutamine switch in a region that is predicted to be a coiled-coil domain. Coiled-coils
have several important roles in proteins, but they are mostly important for facilitating
protein–protein interactions. Histidine and glutamine are fairly conserved in size, which
is important for residues that have to be packed inside an alpha helix; however, the
imidazole ring on histidine could be important for metal coordination which is often used
in coiled-coils for the reinforcement of an oligomerised protein complex [36]. Particularly,
it is suggested by the predicted AlphaFold structure that the amino acid at position 212
orientates outwardly and therefore would be more important in molecular interactions
than helix stability. Both Rab46 and CRACR2A are suggested to act as multimers, and
therefore, the biochemical analysis of this variant is necessary to determine the impact it
has on this function.

Variant rs17836273 is located in the EF-hand domain of both Rab46 and CRACR2A.
EF-hands consist of a helix–loop–helix motif, and the binding of calcium to the loop region
causes a change in the EF-hand conformation, which is propagated through a protein to
enable function. The second EF-hand of Rab46 consists of a canonical calcium binding
motif of 12 amino acids (DADGNGYLTPQE). Amino acids in positions 1, 3, 5, 7, 9 and 12 in
this motif are important in the coordination of the calcium ion [37]. The A98T substitution
conferred by this SNP is a fairly conserved alanine to threonine variation, and it is located
in position 2 of the motif, which is thought to be a changeable site. Overlaying the crystal
structure of the EF-hand domain and an in silico model of the A98T form, we observe that
the shape of the calcium binding loop is minimally altered by the threonine substitution, and
Ca2+ binding would appear unaffected. On the available structural and modelling evidence
at the domain level, the effect of the variation is thus currently unexplained. The effect
of A98T will need further biochemical and biophysical (ITC, NMR) analysis to determine
the impact on both calcium binding and cell physiology; it is possible that its effect is
manifested at the level of domain interactions rather than individual domain function.

Similar coiled-coil and EF-hand-containing proteins (e.g., STIM1) have variation in
these domains that cause disease; for example, an activating variation in the STIM1 coiled-
coil region is associated with Stormoken syndrome [38], whilst an EF-hand variation causes
tubular aggregate myopathy [39]. We do not know if these variants in CRACR2A/Rab46
evoke activation or inactivation. We know that in endothelial cells, Rab46 acts as a brake
in response to certain stimuli to prevent the total release of WPB contents [18]. Therefore,
we could predict that the inhibition of this function would lead to an increase in the
release of pro-thrombotic and pro-inflammatory cargo thus leading to some of the clinical
features observed in severe cases of COVID-19. In T-cells, Rab46 is important for T-cell
signalling [22]; moreover, we have shown that a patient who has biallelic mutations in
the gene EFCAB4B (double mutation in allele1: R144G and E300*; allele 2 E278D), so
that they no longer express full-length Rab46 or CRACR2A, exhibits reduced cytokine
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expression due to decreased calcium influx and JNK signalling [20]. This suggests that the
overexpression or over-activation of Rab46 in T-cells could lead to the increase in cytokine
release as observed in patients with cytokine storm reactions to COVID-19.

A role for Rab46/CRACR2A in the immune response to COVID-19 infection is indi-
cated in a study by Furuyama et al. [40]. The intramuscular injection of a SARS CoV-2
spike-containing vaccine in Rhesus macaques resulted in a cellular and humoral immune
response and provided protection from COVID-19-driven pneumonia compared to in-
tranasal administration. The transcriptional analysis of differentially expressed genes from
the lung tissues of infected animals demonstrated the upregulation of Rab46/CRACR2A in
the protected monkeys. Moreover, in a study by Talla et al., the characterisation of signals
associated with recovery in individuals with mild COVID-19 demonstrated a reduced
expression of inflammatory proteins, including Rab46/CRACR2A, after the early immune
response [23]. The indication that CRACR2A impacts disease severity due to its role in
the immune response is also supported by the function of CRACR2A in T-cells, where
CRACR2A is necessary for store-operated calcium entry (SOCE) [21]. This is of particu-
lar importance as SOCE impacts COVID-19 susceptibility [41] through the regulation of
interferon-dependent immunity [42], a system where the loss of function and rare variants
are highly associated (OR > 27) with life-threatening COVID-19 infection [43], particularly
in younger patients [44]. More recently, Patel et al. (24) identified CRACR2A/Rab46 as a
protein found in patients with long COVID. These studies indicate that regulating the ex-
pression of Rab46 and/or CRACR2A is important for both the initial response and recovery
phases of COVID-19 infection.

To understand the importance of the identified EFCAB4B missense variants being
associated with COVID-19 fatality requires further structural analysis and longer-term
studies using appropriate animal models. Particularly, the generation of CRISPR-Cas9
endothelial/immune cells and mouse models expressing either the missense or some of
the intronic variants will provide a valuable understanding of the mechanisms underlying
CRACR2A/Rab46 function and how these proteins contribute to COVID-19 infectivity or
fatality. Exploring how genetic variants influence disease also informs us of the physiologi-
cal pathways that play roles in disease susceptibility or severity, and this is of particular
importance when we consider that age and sex are risk factors for COVID-19. Whilst
EFCAB4B is not sex-linked, an understanding of how the immune system and endothelium
contribute to disease will provide novel targets for therapeutic treatments. We also need
to be aware of the limitations of this study because the reported data are from a relatively
small sample size in an aged population prior to the rollout of a vaccination programme
in the UK. Moreover, there may be population differences in the allele frequencies, and
due to the number of samples, we had to restrict our analysis to those who self-identified
as British. The obtained results would require further validation in larger cohorts with
different ethnicities and geographical regions.

5. Conclusions

COVID-19 has been generally accepted as a multigenic and multifactorial disease with
different determinants. Although the understanding of the pathophysiology of COVID-19
is improving, the prognosis is poor in many patients with severe disease. The identification
of the genetic variants associated with susceptibility to COVID-19 infection or fatality is
the key to better understanding the pathological mechanisms underlying an individual’s
increased risk for COVID-19 infection or severity. The results of the present study, despite
their intrinsic limitations, showed that SNPs in EFCAB4B could be associated with a higher
risk for COVID-19 infection or fatality. From a clinical perspective, further studies of this
gene with regards to COVID-19 infection, or indeed other viral pathologies, may present
EFCAB4B as a potential biomarker and thereby inform of clinical risk management and,
eventually, personalised treatment plans.
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