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Abstract

Background A significant proportion of SARS-CoV-2-infected patients develops respiratory
failure. Thromboembolism is also prevalent in coronavirus disease 2019 (Covid-19). Vitamin
K plays a role in coagulation and possibly also in lung diseases. We therefore hypothesized

that vitamin K is implicated in Covid-19 pathogenesis.

Methods 134 Covid-19 patients and 184 controls were included. Inactive vitamin K-
dependent matrix Gla protein (i.e. dp-ucMGP) and prothrombin (i.e. PIVKA-II) were
measured, which are inversely related to respectively extrahepatic and hepatic vitamin K
status. Desmosine was measured to quantify elastic fiber degradation. Lung involvement and

arterial calcifications severity were assessed by computed tomography.

Results Dp-ucMGP was elevated in Covid-19 patients compared to controls (P=0.001).
Higher dp-ucMGP was found in Covid-19 patients with poor compared to better outcomes
(P=0.002). PIVKA-II was normal in 81.8%, mildly elevated in 14.0% and moderately
elevated in 4.1% of Covid-19 patients not using vitamin K antagonists. Dp-ucMGP in Covid-
19 patients was correlated with desmosine (P<0.001), thoracic aortic calcification (P<0.001)

but not with pneumonia severity.

Conclusions Extrahepatic vitamin K status was severely reduced in Covid-19 patients, as
reflected by elevated inactive MGP, and related to poor outcome. Procoagulant prothrombin
activity remained preserved in the majority of Covid-19 patients, which is compatible with the
increased thrombogenicity that is frequently observed in severe Covid-19. Impaired MGP
activation was linked to accelerated elastic fiber degradation and premorbid vascular
calcifications. A trial should assess whether increasing MGP and protein S activity by vitamin

K administration improves Covid-19 outcomes.
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Introduction

Coronavirus disease 2019 (Covid-19) is an infectious disease caused by severe acute
respiratory syndrome (SARS) coronavirus (CoV)-2.! The majority of individuals who
contract SARS-CoV-2 have mild symptoms.? However, a significant proportion develops
respiratory failure due to pneumonia and/or acute respiratory distress syndrome (ARDS).’
Covid-19 may also have extrapulmonary manifestations. Coagulopathy and venous
thromboembolism are prevalent in severe SARS-CoV-2 infections and are associated with
decreased survival.** The mechanisms that activate coagulation in Covid-19 are not known at
present but appear to be linked to inflammatory responses rather than specific properties of

the virus.

Coagulation is an intricate balance between clot promoting and dissolving processes in which
vitamin K plays a well-known role. Coagulation factors II (FII; i.e. prothrombin), VII, IX and
X depend on vitamin K for carboxylation to fulfill their primary biological function. Vitamin
K is also cofactor of anticoagulant proteins C and S. In contrast to vitamin K-dependent
procoagulant factors and protein C, a significant proportion of protein S is extrahepatically
synthesized in endothelial cells, which plays a local suppressive role against thrombosis
formation in blood vessels.® Carboxylation during vitamin K deficiency is more severely
compromised for extrahepatic than hepatic vitamin K-dependent proteins (Fig. 1).” This can

paradoxically lead to enhanced thrombogenicity in a state of low vitamin K.2

Matrix Gla protein (MGP) is also vitamin K-dependent but not involved in coagulation.’
MGP is well-known as a calcification inhibitor in arterial walls.!® However, it is also strongly
expressed in lungs.!! MGP’s role in the pulmonary compartment seems to be comparable with
that in the vasculature.!? Elastic fibers are essential components of the extracellular matrix in

lungs and have high affinity for calcium.!*:'* MGP is crucial for the protection of elastic fibers
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against calcification.’ Degradation, fibrosis and mineralization of elastic fibers are interrelated
remodeling processes, as synthesis of matrix metalloproteinases (MMPs) and release of latent
transforming growth factor (TGF)-3 from the extracellular matrix are enhanced in parallel
with elastic fiber calcification.!>"!7 These processes also involve partially degraded elastic
fibers becoming prone to mineralization due to increased polarity.!* Preliminary data show
that a subset of pulmonary macrophages, which produce MMPs and play a role in lung
fibrosis,!® are increased in severe SARS-CoV-2 pneumonia.!® Covid-19 may theoretically be
linked to both vitamin K deficiency and elastic fiber metabolism through a series of sequential

pathologic steps (Fig. 2).

Vitamin K deficiency may be presumed to worsen Covid-19 outcome. Individuals with severe
SARS-CoV-2 infections often have comorbidities that are also associated with reduced
vitamin K status, such as hypertension, diabetes and cardiovascular diseases.!®?° The body
uses vitamin K very efficiently, and storage capacity is low.?! There are reasons to suspect
enhanced utilization of vitamin K for carboxylation of pulmonary MGP and coagulant factors
in Covid-19.48-2224 Depletion of vitamin K may have devastating consequences in lungs,?

and it has been suggested that these effects may be very acute.?

The aim of this study was to evaluate whether a reduced vitamin K status plays a role in the
pathogenesis of Covid-19 thereby linking, in particular, pulmonary and coagulopathic disease

manifestations.

Methods

Subjects

134 subjects hospitalized for Covid-19 in the Canisius-Wilhelmina Hospital in Nijmegen, The

Netherlands, between March 12" and April 11 2020 were included for analysis. SARS-CoV-
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2 infection was confirmed by Real Time polymerase chain-reaction (RT-PCR) testing in all
study subjects. Data on patient comorbidities were extracted from hospital admission records,
and vitamin K antagonist (VKA) usage was determined based on records from pharmacies
and anticoagulant clinics. The study was approved by the United Medical Research Ethics
Committees of the Canisius-Wilhelmina Hospital (CWZ-nr. 027-2020; date of approval 12
March 2020). The need for written informed consent was waived by the committee. There

was, however, an opt-out possibility for patients after they were informed about the study.

A total of 184 age-matched control subjects from a previous COPD study were included in
addition (www.controlled-trials.com, identifier ISRCTN86049077).2’ Covid-19 and control

subjects where use of VKA was unknown were excluded from the analysis.

Patients were followed-up until they reached one of three endpoints: 1) discharge from the
hospital, 2) admission to the intensive care unit (ICU) for intubation and mechanical
ventilation, or 3) death. Outcome of Covid-19 patients was categorized as “good” if they were
discharged from the hospital without the need for invasive ventilation, and “poor” if they

either required intubation and mechanical ventilation or died due to Covid-19.

Quantification of dp-ucMGP

Although technically feasible, direct quantification of blood vitamin K levels would not have
been an appropriate method to assess overall vitamin K status in our study due to differences
in bioavailability and half-life time between the two naturally occurring vitamin K forms

(i.e. vitamin K1 and K2). Additionally, the intake of vitamin K2, a group name of

all menaquinones, is too low to measure accurately. Measuring inactive levels of vitamin K-
dependent protein in the circulation is a valuable method for quantifying the combined deficit
of vitamin K1 and K2. Desphospho-uncarboxylated (dp-uc)MGP (i.e. inactive MGP) may be

considered as the most appropriate surrogate marker of extrahepatic vitamin K status in
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Covid-19.2%?* Subjects with high dp-ucMGP levels have low extrahepatic vitamin K status

and vice versa.

Circulating dp-ucMGP levels were determined in EDTA plasma using the commercially
available IVD CE marked chemiluminescent InaKif MGP assay on the IDS-iSYS system
(IDS, Boldon, UK).? In brief, 50 uL of patient sample or calibrators were incubated with
magnetic particles coated with murine monoclonal dpMGP antibody, an acridinium labelled
murine monoclonal ucMGP antibody and assay buffer. The magnetic particles were captured
using a magnet and a wash step performed to remove any unbound analyte. Trigger reagents
were added. The resulting light emitted by the acridinium label is directly proportional to the
concentration of dp-ucMGP in the sample. The within-run and total precision of this assay
were 0.8 — 6.2% and 3.0 — 8.2%, respectively. The assay measuring range is between 200 —

12,000 pmol/L and was found to be linear up to 11,651 pmol/L.

Maximum dp-ucMGP’s were used for comparisons between groups, and baseline values were
used for correlations of dp-ucMGP with blood and radiological biomarkers. Dp-ucMGP

values below 300 pmol/L are considered to be in the normal healthy range.

PIVKA-1I

Protein induced by vitamin K absence (PIVKA)-II (i.e. ucFII) was used to assess
hepatic/procoagulant vitamin K status. Subjects with high PIVKA-II levels have low hepatic

vitamin K status and vice versa.

Circulating PIVKA-II levels were measured using a conformation-specific monoclonal
antibody in an ELISA-based.?” Results are expressed as arbitrary units per liter (AU/mL) as in
states of vitamin K deficiency circulating ucFII may comprise multiple forms of partially

carboxylated FII and neither their relative abundance in serum nor their relative affinity for
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the antibody is known. Using electrophoretic techniques 1 AU is equivalent to 1 mg of
purified ucFII. The detection limit, as well as upper limit of normal, was 0.15 AU/mL ucFII in

serum;? 0.15-0.5 AU/mL is mildly, 0.5-2.0 moderately and >2.0 is severely elevated.

Desmosine

Plasma (p) desmosine and isodesmosine (DES) levels were used as a marker for the rate of
elastic fiber degradation.’® DES are formed during the cross-linking of tropo-elastin polymers
and are released in the bloodstream after degradation of elastic fibers.>%3! pDES is therefore

positively associated with the rate of systemic elastic fiber degradation.

DES fractions were measured using liquid chromatography-tandem mass spectrometry with
deuterium-labelled desmosine as internal standard, as previously described.?”-*® Coefficient of
variations of intra- and inter-assay imprecision were <8.2%, lower limit of quantification of

140 ng/L, and assay linearity up to 210,000 ng/L.

For each pDES measurement in a Covid-19 patient, virtual age-matched pDES values were
calculated using published pDES equations: (50+2.91*age for never-smokers and

70+3.12*age for ever smokers).*°

CT acquisition

Thin slice CT scans were acquired by using a Philips Ingenuity multi-detector row scanner
(Philips Healthcare). CT images of 1-mm thickness were reconstructed by using iterative
model-based reconstruction in the axial plane. A low-dose scanner protocol was used with

100 kVp and variable mAs without intravenous contrast administration.

CT lung assessment

d0i:10.20944/preprints202004.0457.v2
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Quantitative measurements of the volume of ground glass and consolidation were undertaken
using the Intellispace Portal (COPD package, Instellispace version 10, Philips Healthcare). In
the software, first the lungs were segmented from the chest wall and major vessels and
bronchi. Manual adjustments were implemented by a board-certified chest radiologist where
required, given the extensive lung consolidation. Subsequently, the lung voxels were counted
to derive a total lung volume in milliliters. Diseased lungs were defined as those voxels with
an attenuation of Hounsfield Units (HU) > -700 as previously defined for interstitial lung
disease.*? Visually this corresponded favorably to the COVID related abnormalities. The
abnormal voxels were expressed as a percentage of the total volume as a percentage diseased
lung. Additionally, a percentile method was employed, where the HU value at the 85th
percentile was used.*? Given that air has a HU of -1000 and water a HU of 0, the more the

lung is diseased, the higher the HU value.

CT vascular assessment

Coronary and aortic calcifications were quantified in the Intellispace Portal (Heartbeat CS
package, Instellispace version 10, Philips Healthcare). Calcifications were defined as dense
areas with a HU of 130 and higher. The calcifications were visually localized up to the arterial
wall by a board-certified chest radiologist, who semi-automatically segmented the

calcifications. The volume of calcifications was used as a measure of calcification burden.

Statistical analysis

Statistical analyses were performed using SPSS (version 24, IBM, Chicago, IL, USA).
Analysis of variance (ANOVA) was used to compare dp-ucMGP levels between Covid-19
patients and controls as well as to compare dp-ucMGP and radiological scores between
Covid-19 patients with good and poor outcomes, respectively. In subjects with Covid-19, the

correlation between dp-ucMGP and pDES was assessed using Pearson’s correlation

d0i:10.20944/preprints202004.0457.v2
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coefficient. Pearson’s correlation coefficient was also used for the association between dp-
ucMGP and Covid-19 severity score, coronary artery calcium (CAC) score and thoracic aortic
calcium (TAC) score on CT. Full factorial (including all interactions for fixed factors)
analysis of covariance (ANCOVA) was used to perform aforementioned dp-ucMGP and
radiological analyses adjusted for age, gender and use of VKA. pDES was adjusted for age in
the comparison between Covid-19 patients and reference values as well as between Covid-19

patients with good and poor outcomes.

Dp-ucMGP, pDES and radiological scores had a log-normal distribution and were therefore
natural log-transformed prior to analyses. The mean difference and 95% CI of the log-

transformed values was back-transformed to the mean fold change.

Use of VKA is associated with extremely high PIVKA-II and, therefore, users of VKA were
separately assessed in the analysis with PIVKA-II as variable. Dialysis has a strong influence
on pDES, and therefore, patients receiving dialysis at baseline were excluded from analysis

involving pDES.

Normally distributed continuous variables are presented as mean =+ standard deviation (SD),
whereas continuous variables with a natural-log distribution were presented as back-
transformed mean and 95% CI. A P-value of <0.05 was used as threshold for statistical

significance.

Results

The mean age of COVID-19 patients was 68+12 years, 93 (70%) were male and 12 (9.0%)
used VKA. Of the historical controls, 85 (46%) were male, 3 subjects (1.6%) were currently

taking VKA, and mean age was 61+6.5 years. Characteristics are shown in Table 1.

Dp-ucMGP

d0i:10.20944/preprints202004.0457.v2
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Dp-ucMGP levels were significantly higher in Covid-19 patients (1482 pmol/L, 95% CI, 1346
to 1633 pmol/L) compared to healthy controls (471 pmol/L, 95% CI, 434 to 511 pmol/L,
mean fold change 3.15, 95% CI, 2.78 to 3.58, P<0.001, Fig. 3A), which remained significant
after adjustments (P=0.001). Dp-ucMGP levels were significantly higher in Covid-19 patients
with poor outcome (1998 pmol/L, 95% CI, 1737 to 2298 pmol/L) compared to those with
good outcome (1163 pmol/L, 95% CI, 1027 to 1319, mean fold change 1.72, 95% CI, 1.42 to

2.07, P<0.001; Fig. 3A), and significance was maintained after adjustments (P=0.002).

PIVKA-1I

PIVKA-II levels were normal in 81.8%, mildly elevated in 14.0% and moderately elevated in
4.1% of Covid-19 patients not using VKA (Fig. 3B). In Covid-19 patients with good outcome
and not using VKA, PIVKA-II levels were normal in 79.4%, mildly elevated in 16.2% and
moderately elevated in 4.4%. In Covid-19 patients with poor outcomes and not using VKA,
PIVKA-II levels were normal in 84.9%, mildly elevated in 11.3% and moderately elevated in

3.8%.

PIVKA-II levels were severely elevated in 100% of Covid-19 patients using VKA.

Desmosine

pDES levels were significantly higher in Covid-19 patients (0.38 ng/L, 95% CI, 0.35 to 0.40
ng/L) compared to age-dependent reference values of never-smokers (0.24 ng/L, 95% CI,
0.23 to 0.26 ng/L; mean fold change 1.55, 95% CI, 1.41 to 1.71, P<0.001) and former or
current smokers (0.28 ng/L, 95% CI, 0.26 to 0.30 ng/L, mean fold change 1.36, 95% CI 1.24
to 1.50, P<0.001; Fig. 4A).° pDES levels, corrected for age, were significantly higher

in Covid-19 patients with poor (0.43 ng/L, 95% CI 0.38 to 0.48 ng/L) compared to good
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outcomes (0.34 ng/L, 95% CI 0.31 to 0.38 ng/L; mean fold change 1.26, 95% CI, 1.08 to

1.48, P=0.004).

Dp-ucMGP was significantly associated with pDES (n=123, r=0.51, P<0.001; Fig. 4B).

CT assessment

Percentage pneumonia involvement was significantly higher in Covid-19 patients with poor
(29.1%, 95% CI, 24.9 to 34.2%) vs. good outcome (21.0%, 95% CI, 18.2 to 24.2%, mean fold
change 1.39, 95% CI, 1.12 to 1.72, P=0.003). TAC score was significantly higher in Covid-19
patients with poor (2053, 95% CI, 1120 to 3763) vs. good outcome (754, 95% CI, 402 to
1415, mean fold change 2.72, 95% CI, 1.14 to 6.51, P=0.025), which remained significant
after adjustments (P=0.019). CAC score was not significantly different between Covid-19
patients with poor (449, 95% CI, 230 to 878) and good outcomes (235, 95% CI, 115 to 481,

mean fold change 1.92, 95% CI, 0.72 to 5.11, P=0.19, P=0.092 after adjustments).

The association between pulmonary involvement on CT and dp-ucMGP levels was not
significant (n=108; r= 0.023; P=0.81). Dp-ucMGP levels were significantly associated with

TAC scores (n=106; r= 0.39; P<0.001) but not with CAC scores (n=106; r=0.093; P=0.35).

Discussion

The results of this study demonstrated severely reduced extrahepatic vitamin K status in
hospitalized Covid-19 patients. Impaired MGP activation was found to be associated with
poor outcome and accelerated elastic fiber degradation. Procoagulant FII activity remained
preserved in the majority of Covid-19 patients, which is compatible with the increased

thrombogenicity that is frequently observed in severe Covid-19.
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Low dietary vitamin K intake and VKA use are evident causes of vitamin K shortage.?!-3

However, ongoing pathological processes leading to upregulation of vitamin K-dependent
protein production and causing accelerated utilization of vitamin K for carboxylation may be

another important reason for severe vitamin K extrahepatic insufficiency in Covid-19.

Intriguingly, many comorbid conditions, which we and others found to be related to worse
Covid-19 clinical outcomes, are associated with compromised vitamin K status.!%2%27 The
same holds true for ageing.?*>* Vitamin K insufficiency is irrefutably linked to vascular
calcifications by reducing active MGP levels required for inhibition of elastic fiber
mineralization.»!° Circumstantial evidence suggests that similar processes also occur in
lungs.!1:12:23-26 There seems to be an association between vascular mineralization and lung
pathologies, as both lung fibrosis and emphysema are associated with arterial calcification
scores.>®7 Calcification and degradation of elastic fibers are closely related pathological
processes.!® This is illustrated by the strong correlation between circulating DES levels, which
reflect the rate of systemic elastic fiber degradation, and arterial calcification score in
COPD.* Furthermore, both elastic fiber degradation and arterial calcification are related to
all-cause mortality in COPD patients underscoring the clinical relevance of these
biomarkers.*®*° We demonstrated accelerated elastic fiber degradation in Covid-19 and a
correlation of circulating dp-ucMGP with DES levels, suggesting an interrelationship between
vitamin K shortage, insufficient MGP carboxylation and elastic fiber degradation in Covid-19
patients. We also found enhanced TAC scores on CT in Covid-19 patients with poor
prognosis, reflecting preexisting elastic fiber dysfunction. Vitamin K insufficiency could
therefore represent a unifying risk factor for Covid-19 disease severity. Hypertension,
diabetes, cardiovascular disease and older age are associated with remodeling of elastic
tissues.!? These damaged and calcified elastic fibers are more prone to further degradation

than intact fibers.!>* We speculate that this pre-existing elastic fiber dysfunction renders

11
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them more susceptible to degradation following enhanced MMP production by macrophages

during Covid-19.!8:1?

We did not find a significant correlation between vitamin K status and pneumonia severity on
CT. There are various possible explanations for this lack of association. Vitamin K
insufficiency in Covid-19 patients is most likely the result of premorbid status and acute
modifications secondary to the infection. It is plausible that SARS-CoV-2 infected patients
with comorbid conditions develop respiratory failure with less lung involvement than those
who are otherwise healthy. Furthermore, CT severity is a dynamic process that may change
on a day-to-day basis.*! A clinical trial in which change of both vitamin K status and CT
severity are simultaneously assessed before and after vitamin K supplementation would be a

more suitable method to determine the effect of vitamin K on SARS-CoV-2 pneumonia.

Dp-ucMGP is associated to mortality in various cohorts.*? Vitamin K supplementation has a
reducing effect on dp-ucMGP levels;***344 the opposite holds true regarding VKA use.?
Administration of vitamin K has previously demonstrated favorable effects on clinically
relevant outcome measures.**** We found very high levels of dp-ucMGP in Covid-19 patients
with poor prognosis. It may be expected that vitamin K administration has an improving
effect on vitamin K status in Covid-19 patients, this, however, has never been studied.
Additionally, it remains to be evaluated whether improving vitamin K status would result in a

better prognosis in Covid-19 patients.

Vitamin K 1, the main source of vitamin K in The Netherlands,* is preferentially transported
to the liver, implying that the grade of carboxylation is usually higher for hepatic than
extrahepatic vitamin K-dependent proteins (Fig. 1).%74¢ This may be the reason that dp-
ucMGP was severely elevated, while PIVKA-II was normal in the majority of Covid-19

patients. Furthermore, we assume that vitamin K insufficiency in Covid-19 patients has

12
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greater effects on protein S than on FII production (Fig. 1). This would be compatible with
enhanced thrombogenicity in Covid-19.° Preferred vitamin K-dependent activation of hepatic
procoagulation factors over endothelial protein S would be compatible with findings from an
autopsy series revealing bilateral deep venous leg thrombosis in all thromboembolic cases, as
well as with thrombosis of the prostatic venous plexus in the majority of men who died of
Covid-19.47 Although increased thrombosis risk in a state of vitamin K insufficiency may
sound paradoxical, this phenomenon has previously been described in calciphylaxis, a rare
and life-threatening disorder.® Calciphylaxis is characterized by the occlusion of cutaneous
blood vessels due to calcification, leading to ischemic infarction of the skin.? It is noteworthy
that increased levels of inactive MGP are found in skin tissues and increased circulating levels
of dp-ucMGP are noticed in calciphylaxis patients.®*® Anticoagulant activity is impaired in
calciphylaxis, similar to what we found in Covid-19, with thrombosis of microvessels as key
histopathological features of both calciphylaxis and Covid-19 in skin and lungs,

respectively . $4°

VKA form a class of anticoagulant drugs that reduce the activity of procoagulation factors, as
well as of other vitamin K-dependent proteins, by interfering with vitamin K metabolism. In
line with our findings of compromised anticoagulant and relatively spared procoagulant
activity during vitamin K insufficiency in Covid-19, stroke risk paradoxically increases in the
first days following VKA initiation in atrial fibrillation patients.’® Calciphylaxis risk and
mortality is also significantly increased by VKA use,® and VKA is related to reduced survival
in idiopathic pulmonary fibrosis.?® Anticoagulants have also been shown to be associated with
the risk of Covid-19 in a recent study.®! This, however, did not specify use of VKA or non-
VKA anticoagulants.’! A proof-of-concept study on vitamin K1 supplementation in
calciphylaxis is currently ongoing.® We propose that such a trial should also be conducted in

Covid-19.
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The major strengths of our study are the thorough characterization of the Covid-19 patients
included, use of robust biomarkers to quantify hepatic and extrahepatic vitamin K status,
automated assessment of CT scans, and presentation of data suggesting relevant underlying
disease mechanisms. However, there were also some limitations that should be addressed. It
was impossible to determine which proportion of circulating dp-ucMGP and DES levels
originated from the lungs, as both biomarkers are not tissue specific. There is urgent need for
experimental data to better link vitamin K insufficiency specifically with Covid-19-related
lung pathologies. Furthermore, we did not have the availability of a test to quantify protein S
levels that have not been activated by vitamin K. Given the extreme extrahepatic vitamin K
insufficiency in Covid-19, however, it seems reasonable to assume that carboxylated protein S
levels in Covid-19 patients are reduced. As low vitamin K levels are found in comorbidities

90,1020 another limitation is that we were unable

that are related to poor outcome of Covid-1
formally to determine whether vitamin K insufficiency truly predisposes patients to the
development of severe Covid-19 or whether it is merely an epiphenomenon. However, the
latter seems highly unlikely given the extreme elevation of dp-ucMGP levels in Covid-19
patients, which was much more pronounced than in hypertensive, diabetic and cardiovascular
patients without Covid-19 (Supplementary Table 1). The strong correlation, which we found
between vitamin K status and the rate of elastic fiber degradation, also suggests causality. We
had to make use of a historical control group, due to the implementation of quarantines and
social distancing practices to contain the Covid-19 pandemic. We do not consider this to be a
major problem, however, as dp-ucMGP levels of our historical controls were poorer than
previously reported in large groups of controls (Supplementary Table 2). Furthermore,
differences in dp-ucMGP levels between Covid-19 patients and controls were of such a

magnitude that loss of significance when comparing to a matched control group would be

highly unlikely.
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In conclusion, extrahepatic vitamin K status was severely compromised in Covid-19 and
lower in patients with a poor outcome compared to those with good outcome. Covid-19
patients with premorbid elastic fiber pathologies appeared, in particular, to be at increased
risk of complicated disease course. Extrahepatic/procoagulant prothrombin activation
remained preserved. The data provided suggest potential mechanistic links between reduced
vitamin K status, lung tissue injury and thrombogenicity in Covid-19. An intervention trial is
now needed to assess whether vitamin K administration improves outcome in patients with

Covid-19.

Authors’ contributions

RJ developed the theory. ASMD, RJ and LJS designed the study. LJS, PL. and CM were
responsible for the dp-ucMGP and PIVKA-II, and IMWO and HD for the DES
measurements. PAJ performed the CT analyses. JW, HD, EGAK and CV analyzed the data,
and IP performed the statistical analysis. RJ, IP, and JW wrote the first draft of the
manuscript. ASMD, LJS, IMWO, TMH, RG, LEMK, and EFMW critically revised the

manuscript.

Conflict of interest statements

LJS reports consultancy fee from Immunodiagnostic systems and grants from NattoPharma.

JMWO and RJ are owners of Desmosine.com and RJ is owner of Emphysema Solutions BV.
R1J discloses application of a patent on vitamin K in Covid-19 for prognostic and therapeutic
purposes. ASMD, 1P, JW, TMH, PAJ, RG, PL, HD, CM, EGAK, LEMK, CV, and EFMW

declare no competing interests.

Role of funding source

None

15


https://doi.org/10.20944/preprints202004.0457.v2
https://doi.org/10.1093/cid/ciaa1258

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 May 2020 d0i:10.20944/preprints202004.0457.v2

Ethics committee approval

The local review committee of the Canisius-Wilhelmina Hospital approved the protocol

(CWZ-nr. 027-2020).
Acknowledgments

The authors would like to thank Twan Beijers, Manon Bindels, Monique Bruns, Edwin van
Harn, Karin Hoppenbrouwers, Britt Hulsen, Wim Kools, Maarten Paul, Anne Rikken-Krijnen,
Leon Tax, Dirk Traufelder, and Yannick van Til; and the Departments of Internal Medicine,
Pulmonary Medicine, Microbiology, and Radiology of the Canisius-Wilhelmina Hospital for

their support.
References

1. Munster VJ, Koopmans M, van Doremalen N, van Riel D, de Wit E. A Novel Coronavirus Emerging in China -
Key Questions for Impact Assessment. N Engl J Med 2020;382:692-4.

2. Gandhi RT, Lynch JB, Del Rio C. Mild or Moderate Covid-19. N Engl J Med 2020 Apr 24 (Epub ahead of
print).

3. Guan WJ, Ni ZY, Hu Y, et al. Clinical Characteristics of Coronavirus Disease 2019 in China. N Engl J
Med 2020;382:1708-20.

4. TangN, Li D, Wang X, Sun Z. Abnormal coagulation parameters are associated with poor prognosis in patients
with novel coronavirus pneumonia. J Thromb Haemost 2020;18:844-7.

5. Cui§, Chen S, Li X, Liu S, Wang F. Prevalence of venous thromboembolism in patients with severe novel
coronavirus pneumonia. J Thromb Haemost 2020 Apr 9 (Epub ahead of print).

6. Fair DS, Marlar RA, Levin EG. Human endothelial cells synthesize protein S. Blood 1986;67:1168-71.

7. Booth SL, Martini L, Peterson JW, Saltzman E, Dallal GE, Wood RJ. Dietary phylloquinone depletion and
repletion in older women. J Nutr 2003;133:2565-9.

8. Nigwekar SU, Thadhani R, Brandenburg VM. Calciphylaxis. N Engl ] Med 2018;378:1704-14.

9. Luo G, Ducy P, McKee MD, et al. Spontaneous calcification of arteries and cartilage in mice lacking matrix
GLA protein. Nature 1997;386:78-81.

10. Chatrou ML, Winckers K, Hackeng TM, Reutelingsperger CP, Schurgers LJ. Vascular calcification: the price to
pay for anticoagulation therapy with vitamin K-antagonists. Blood Rev 2012;26:155-66.

11. Fraser JD, Price PA. Lung, heart, and kidney express high levels of mRNA for the vitamin K-dependent matrix
Gla protein. Implications for the possible functions of matrix Gla protein and for the tissue distribution of the
gamma-carboxylase. J Biol Chem 1988;263:11033-6.

12. Price PA, Buckley JR, Williamson MK. The amino bisphosphonate ibandronate prevents vitamin D toxicity and
inhibits vitamin D-induced calcification of arteries, cartilage, lungs and kidneys in rats. J Nutr 2001;131:2910-5.

13. Abraham T, Hogg J. Extracellular matrix remodeling of lung alveolar walls in three dimensional space identified
using second harmonic generation and multiphoton excitation fluorescence. J Struct Biol 2010;171:189-96

14. Rucker RB. Calcium binding to elastin. Adv Exp Med Biol 1974;48:185-209.

15. Basalyga DM, Simionescu DT, Xiong W, Baxter BT, Starcher BC, Vyavahare NR. Elastin degradation and
calcification in an abdominal aorta injury model: role of matrix metalloproteinases. Circulation 2004;110:3480-
7.

16. Bouvet C, Moreau S, Blanchette J, de Blois D, Moreau P. Sequential activation of matrix metalloproteinase 9
and transforming growth factor beta in arterial elastocalcinosis. Arterioscler Thromb Vasc Biol 2008;28:856-62.

16


https://doi.org/10.20944/preprints202004.0457.v2
https://doi.org/10.1093/cid/ciaa1258

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 May 2020 d0i:10.20944/preprints202004.0457.v2

17. LeeJS, Basalyga DM, Simionescu A, Isenburg JC, Simionescu DT, Vyavahare NR. Elastin calcification in the
rat subdermal model is accompanied by up-regulation of degradative and osteogenic cellular responses. Am J
Pathol 2006;168:490-8.

18. Morse C, Tabib T, Sembrat J, et al. Proliferating SPP1/MERTK-expressing Macrophages in Idiopathic
Pulmonary Fibrosis. Eur Respir J 2019;54:1802441.

19. Liao M, Liu Y, Yuan J, et al. The landscape of lung bronchoalveolar immune cells in COVID-19 revealed by
single-cell RNA sequencing. February 26, 2020
(https://www.medrxiv.org/content/10.1101/2020.02.23.20026690v1). preprint.

20. Zhou F, Yu T, Du R, et al. Clinical course and risk factors for mortality of adult inpatients with Covid-19 in
Wuhan, China: a retrospective cohort study. Lancet 2020;395:1054-62.

21. Usui Y, Tanimura H, Nishimura N, Kobayashi N, Okanoue T, Ozawa K. Vitamin K concentrations in the plasma
and liver of surgical patients. Am J Clin Nutr 1990;51:846-52.

22. Alperin JB. Coagulopathy caused by vitamin K deficiency in critically ill, hospitalized patients.

JAMA 1987;258:1916-9.

23. Booth AJ, Hadley R, Cornett AM, et al. Acellular normal and fibrotic human lung matrices as a culture system
for in vitro investigation. Am J Respir Crit Care Med 2012;186:866-76.

24. Hardie WD, Korfhagen TR, Sartor MA, et al. Genomic profile of matrix and vasculature remodeling in TGF-
alpha induced pulmonary fibrosis. Am J Respir Cell Mol Biol 2007;37:309-21.

25. Noth I, Anstrom KJ, Calvert SB, et al. A placebo-controlled randomized trial of warfarin in idiopathic
pulmonary fibrosis. Am J Respir Crit Care Med 2012;186:88-95.

26. Alagha K, Secq V, Pahus L, et al. We should prohibit warfarin in idiopathic pulmonary fibrosis. Am J Respir
Crit Care Med 2015;191:958-60.

27. Piscaer I, van den Ouweland IMW, Vermeersch K, et al. Low Vitamin K Status Is Associated with Increased
Elastin Degradation in Chronic Obstructive Pulmonary Disease. J Clin Med 2019;8:1116.

28. Jaminon AMG, Dai L, Qureshi AR, et al. Matrix Gla protein is an independent predictor of both intimal and
medial vascular calcification in chronic kidney disease. Sci Rep 2020;10:6586.

29. Belle M, Brebant R, Guinet R, Leclercq M. Production of a new monoclonal antibody specific to human des-
gamma-carboxyprothrombin in the presence of calcium ions. Application to the development of a sensitive
ELISA-test. ] Immunoassay 1995;16:213-29.

30. Huang JT, Bolton CE, Miller BE, et al. Age-dependent elastin degradation is enhanced in chronic obstructive
pulmonary disease. Eur Respir J 2016;48:1215-8.

31. Partridge SM, Elsden DF, Thomas J, Dorfman A, Telser A, Ho PL. Incorporation of labelled lysine into the
desmosine cross-bridges in elastin. Nature 1966;209:399-400.

32. Salaffi F, Carotti M, Di Donato E, Di Carlo M, Ceccarelli L, Giuseppetti G. Computer-Aided Tomographic
Analysis of Interstitial Lung Disease (ILD) in Patients with Systemic Sclerosis (SSc). Correlation with
Pulmonary Physiologic Tests and Patient-Centred Measures of Perceived Dyspnea and Functional Disability.
PLoS One 2016;11:€0149240.

33. Ninaber MK, Stolk J, Smit J, et al. Lung structure and function relation in systemic sclerosis: application of lung
densitometry. Eur J Radiol 2015;84:975-9.

34. Cranenburg EC, Koos R, Schurgers LJ, et al. Characterisation and potential diagnostic value of circulating
matrix Gla protein (MGP) species. Thromb Haemost 2010;104:811-22.

35. Theuwissen E, Magdeleyns EJ, Braam LA, et al. Vitamin K status in healthy volunteers. Food
Funct 2014;5:229-34.

36. Nathan SD, Weir N, Shlobin OA, et al. The value of computed tomography scanning for the detection of
coronary artery disease in patients with idiopathic pulmonary fibrosis. Respirology 2011;16:481-6.

37. Bhatt SP, Nath HP, Kim Y1, et al. Centrilobular emphysema and coronary artery calcification: mediation
analysis in the SPIROMICS cohort. Respir Res 2018;19:257.

38. Rabinovich RA, Miller BE, Wrobel K, et al. Circulating Desmosine Levels Do Not Predict Emphysema
Progression but Are Associated With Cardiovascular Risk and Mortality in COPD. Eur Respir J 2016;47:1365-
73.

39. Williams MC, Murchison JT, Edwards LD, et al. Coronary Artery Calcification Is Increased in Patients With
COPD and Associated With Increased Morbidity and Mortality. Thorax 2014;69:718-23.

40. Umeda H, Aikawa M, Libby P. Liberation of desmosine and isodesmosine as amino acids from insoluble elastin
by elastolytic proteases. Biochem Biophys Res Commun 2011;411:281-6.

41. Wang Y, Dong C, Hu Y, et al. Temporal Changes of CT Findings in 90 Patients with COVID-19 Pneumonia: A
Longitudinal Study. Radiology 2020 Mar 19 (Epub ahead of print).

42. Roumeliotis S, Dounousi E, Eleftheriadis T, Liakopoulos V. Association of the Inactive Circulating Matrix Gla
Protein with Vitamin K Intake, Calcification, Mortality, and Cardiovascular Disease: A Review. Int J] Mol
Sci 2019;20:628.

17


https://doi.org/10.20944/preprints202004.0457.v2
https://doi.org/10.1093/cid/ciaa1258

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 May 2020 d0i:10.20944/preprints202004.0457.v2

43. Brandenburg VM, Reinartz S, Kaesler N, et al. Slower Progress of Aortic Valve Calcification With Vitamin K
Supplementation: Results From a Prospective Interventional Proof-of-Concept Study.

Circulation 2017;135:2081-3.

44. Knapen MH, Braam LA, Drummen NE, Bekers O, Hoeks AP, Vermeer C. Menaquinone-7 supplementation
improves arterial stiffness in healthy postmenopausal women. A double-blind randomised clinical trial. Thromb
Haemost 2015;113:1135-44.

45. Schurgers LJ, Vermeer C. Determination of phylloquinone and menaquinones in food. Effect of food matrix on
circulating vitamin K concentrations. Haemostasis 2000;30:298-307.

46. Fair DS, Revak DJ. Quantitation of human protein S in the plasma of normal and warfarin-treated individuals by
radioimmunoassay. Thromb Res 1984;36:527-35.

47. Wichmann D, Sperhake JP, Liitgehetmann M, et al. Autopsy Findings and Venous Thromboembolism in
Patients With COVID-19: A Prospective Cohort Study. Ann Intern Med 2020 May 6 (Epub ahead of print).

48. KramannR, Brandenburg VM, Schurgers LJ, et al. Novel Insights Into Osteogenesis and Matrix Remodelling
Associated With Calcific Uraemic Arteriolopathy. Nephrol Dial Transplant 2013;28:856-68.

49. Ackermann M, Verleden SE, Kuehnel M, et al. Pulmonary Vascular Endothelialitis, Thrombosis, and
Angiogenesis in Covid-19. N Engl J Med 2020 May 21 (Epub ahead of print).

50. AzoulayL, Dell'Aniello S, Simon TA, Renoux C, Suissa S. Initiation of Warfarin in Patients With Atrial
Fibrillation: Early Effects on Ischaemic Strokes. Eur Heart J 2014;35:1881-7.

51. Mancia G, Rea F, Ludergnani M, Apolone G, Corrao G. Renin-Angiotensin-Aldosterone System Blockers and
the Risk of Covid-19. N Engl J Med 2020 May 1 (Epub ahead of print).

18


https://doi.org/10.20944/preprints202004.0457.v2
https://doi.org/10.1093/cid/ciaa1258

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 May 2020 d0i:10.20944/preprints202004.0457.v2

Table 1: Baseline characteristics of Covid-19 patient and healthy control cohorts.

Covid-19 Controls

Good outcome  Poor outcome

Subjects 74 60 184
Age (years) 64+13 72+10 61+6.5
Male (%) 46 (62) 47 (78) 85 (46)
VKA use (%) 5(6.8) 7(12) 3(1.6)
Hypertension (%) 28 (38) 22 (35) -
Self-reported hypertension (%) - - 41 (22)
Measured hypertension (%)* - - 96 (52)
Diabetes mellitus (%) 15 (20) 15 (25) 14 (7.6)
Cardiac or cardiovascular disease (%) 17 (23) 21 (35) 12 (6.5)
Asthma/COPD (%) 13 (18) 12 (20) 7 (3.8)
Other respiratory disease (%) 5(6.8) 10 (17) 3(1.6)
Immunocompromised (%) 4(5.4) 2(3.3) 0(0)
Dialysis dependent (%)** 1(1.4) 2(3.3) 0(0)
Active malignancy (%) 6 (8.1) 6 (10) 0(0)

Covid-19: Coronavirus 2019; VKA: Vitamin K antagonist; COPD: chronic obstructive
pulmonary disease; * Systolic blood pressure >140 mmHg or diastolic blood pressure >90

mmHg; ** At admission
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Figure 1. Distribution of vitamin K1 in the body
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(1) After absorption, vitamin K1 is preferentially transported to the liver via the portal
circulation, where it is utilized for carboxylation of hepatic coagulation factors. This implies
that during periods of vitamin K insufficiency, (2) the grade of carboxylation is usually higher

for hepatic factor II (3) than for endothelial protein S in veins and pulmonary matrix Gla

protein (MGP).
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Figure 2. Proposed sequential pathologic steps linking SARS-CoV-2 pneumonia to

vitamin K insufficiency and accelerated elastic fiber degradation
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(1) Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) enters alveolar type 11
(AT2) cell. (2) The infected AT2 cell responses by upregulating synthesis of proinflammatory
cytokines. (3) This leads to an increase in the number and activation of pulmonary
macrophages. (4) These infiltrating macrophages produce matrix metalloproteinases (MMPs)
(5), which leads to accelerated degradation of elastic fibers (5a) and thereby the release of
desmosine from these fibers (5b) leading to elevated desmosine levels in lungs and blood. (6)
The increased polarity of partially degraded elastic fibers (7) enhances their affinity for
calcium, and consequently, leads to increased elastic fiber calcium content. (7a) MMP
synthesis is upregulated in parallel with calcium content, which further accelerates elastic
fiber degradation in a self-propagating vicious circle. (8) Matrix Gla protein (MGP) synthesis

is upregulated in an attempt to protect elastic fibers from calcification and degradation, (8a)
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which means that need for vitamin K to activate additional MGP increases. (8b) This
increased utilization of vitamin K may induce vitamin K insufficiency, (9) in which case
increased production of MGP in a state of vitamin K insufficiency leads to increased

desphospho-uncarboxylated (dp-uc)MGP in lungs and blood.
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Figure 3: Circulating dp-ucMGP and PIVKA-II in Covid-19 patients. (A) Dp-ucMGP

was measured in plasma of Covid-19 patients with a good outcome (discharge without

mechanical ventilation, n=74, orange) or poor outcome (mechanical ventilation and/or death,

n=60, red), compared to a cohort of healthy controls. Subjects with high dp-ucMGP have low

extrahepatic vitamin K status and vice versa. The maximal dp-ucMGP measured during the

study is shown, with open circles representing those patients using VKA at admission. (B)

PIVKA-II was measured in plasma at baseline in those patients not using VKA (n=121). The

normal range for healthy controls is shown in gray.
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Figure 4: Correlation between dp-ucMGP and desmosine. (A) For all Covid-19 patients
who were not dialysis dependent at admission with a good outcome (discharge without
mechanical ventilation, n=73, orange) or poor outcome (mechanical ventilation and/or death,
n=58, red) log-transformed baseline dp-ucMGP and desmosine values are shown, with open
circles representing VKA users. The black line represents a linear regression analysis. (B)
Scatterplot showing circulating desmosine levels in those patients over 40 years old (n=128)
by age, the black line represents the deduced equation for Covid-19 patients. The green and
blue lines represent Huang et al’s calculated equations for non-smoking and smoking

controls, respectively.
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