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Abstract

Low vitamin D status in winter permits viral epidemics. During winter, people who do not take
vitamin D supplements are likely to have low serum 25-hydroxyvitamin D [25(OH)D]
concentrations. Vitamin D can reduce the risk of viral epidemics and pandemics in several ways.
First, higher 25(OH)D concentrations reduce the risk of many chronic diseases, including
cancers, cardiovascular disease, chronic respiratory tract infections (RTIs), diabetes mellitus, and
hypertension. Patients with chronic diseases have significantly higher risk of death from RTIs
than otherwise healthy people. Second, vitamin D reduces risk of RTIs through three
mechanisms: maintaining tight junctions, killing enveloped viruses through induction of
cathelicidin and defensins, and reducing production of proinflammatory cytokines by the innate
immune system, thereby reducing the risk of a cytokine storm leading to pneumonia.
Observational and supplementation trials have reported higher 25(OH)D concentrations
associated with reduced risk of dengue, hepatitis, herpesvirus, hepatitis B and C viruses, human
immunodeficiency virus, influenza, respiratory syncytial virus infections, and pneumonia.
Results of a community field trial reported herein indicated that 25(OH)D concentrations above
50 ng/ml (125 nmol/l) vs. <20 ng/ml were associated with a 27% reduction in influenza-like
ilinesses. From the available evidence, we hypothesize that raising serum 25(0OH)D
concentrations through vitamin D supplementation could reduce the incidence, severity, and risk
of death from influenza, pneumonia, and the current COVID-19 epidemic.

Key words: ascorbic acid, cathelicidin, coronavirus, COVID-19, cytokine storm, influenza,
observational, pneumonia, prevention, respiratory tract infection, solar radiation, treatment, UVB,
vitamin C, vitamin D

1.Introduction

The world is now experiencing its third major epidemic of coronavirus (CoV) infections. A new
CoV infection epidemic began in Wuhan, Hubei, China, in late 2019, originally called 2019-
nCoV [1] and renamed COVID-19 by the World Health Organization on February 11, 2020.
Previous CoV epidemics include severe acute respiratory syndrome (SARS)-CoV, which started
in China in 2003 [2], and Middle East respiratory syndrome (MERS)—CoV in the Middle East,
starting 2012 [3]. Those epidemics all began with animal-to-human infection. The mortality rates
were >10% for SARS and >35% for MERS [4]. The direct cause of death is generally due to
ensuing severe atypical pneumonia [4], [5].. Pneumonia also is generally the cause of death for
people who develop influenza, although the mortality rate is lower (1%—-3% for the influenza A
H5N1 pandemic of 1918-1919 in the United States) [6].

CoVs also include four types associated with seasonal respiratory tract infections (RTIs): human
CoV 229E (HCoV-229E), human CoV OC43 (HCoV-0OC43), human CoV NL63 (HCoV-NL63,
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or New Haven CoV), and human CoV HKUL. During surveillance from May 2014 to December
2015, three of those CoVs were detected in children crossing between southern China and Hong
Kong mainly around January to February, whereas HCoV-NL63 was detected only in summer
and fall [7].

Given the enormous economic impact of CoV epidemics, ways must be found to reduce the risk
of infection and death that can be easily applied to large populations at a low cost. Both vitamin
C and vitamin D may be appropriate because they have demonstrated antiviral properties [8], [9]
as well as antimicrobial properties, which are important in reducing risk of pneumonia [10], [11]
and are inexpensive. Although vitamin C can play an important role, as outlined in several

studies that have identified mechanisms whereby ascorbic acid reduces risk of RTIs [12], [13], [14],
reviewed in [15], this article focuses on a review of the evidence for vitamin D. However, several
clinical trials are being conducted on intravenous vitamin C infusion to treat COVID-19 in China
(https://clinicaltrials.gov/ct2/show/NCT04264533). Vitamin C and vitamin D can probably work
together to minimize the incidence as well as treat the infection.

This review is narrative. Searches were made in PubMed.gov and scholar.google.com for
publications regarding influenza, CoVs, and pneumonia with respect to epidemiology, innate and
adaptive immune response, vitamin D, 25-hydroxyvitamin D [25(OH)D], and parathyroid
hormone.

2.Results
2.1.Seasonal influenza

Seasonal influenza accounts for many more deaths annually than any previous CoV epidemics
have. A recent estimate of influenza-associated respiratory mortality (291,243-645,832 deaths
annually; 4.0-8.8 per 100 000 individuals) [16] are higher than previously published estimates,
[17] which estimated 148,000-249,000 annual influenza-associated respiratory deaths, and the
WHO-attributed estimate of 250,000-500,000 respiratory and circulatory deaths (3 8—7 7 per
100 000 individuals). In the United States during the 2018-2019 influenza season, an estimated
17,443 people died from influenza A(H3N2), 15,136 from influenza A(H1N1)pdmQ9, and 1364
from influenza B, for a total of 33,943 deaths [18]. However, the influenza burden is probably
higher than what was reported there because a significant number of deaths attributed to
pneumonia may be related to what was initially an influenza infection [19]:

Influenza virus affects the respiratory tract by direct viral infection or by damage from the
immune system response. Patients who develop pneumonia are more likely to be <5 years
old, > 65 years old, Caucasian, and nursing home residents; have chronic lung or heart disease
and history of smoking, and are immunocompromised. [20]

Seasonal influenza infections generally peak in winter [21]. Cannell hypothesized that the winter
peak was due in part to the conjunction with the season when solar UVB doses, and thus
25(0OH)D concentrations, are lowest in most mid- and high-latitude countries [22], extended in
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[23]. (It is impossible to produce vitamin D from solar UVB exposure in Boston, Massachusetts
[42.4N], for about 6 months of the year [24], [25].) As a result, mean serum 25(OH)D
concentrations in north and central regions of the United States are near 21 ng/ml in winter and
28 ng/ml in summer, whereas in the south region, they are near 24 ng/ml in winter and 28 ng/ml
in summer [26].] In addition, the winter peak of influenza also coincides with weather conditions
of low temperature and relative humidity that allow the influenza virus to survive longer outside
the body than under warmer conditions [27], [28], [29].

The “NorthernFlu” consortium involved epidemiologists, clinicians, and researchers from
Estonia, Finland, Latvia, Lithuania, Norway, and Sweden. That group collected and analyzed
data to determine the effect of meteorological and other factors regarding severe influenza virus
infections [30]. A total of 62,296 influenza virus—positive specimens were collected between 1
September 2017 and 31 August 2018. Peak numbers occurred in week 7 of 2018. The Pearson
correlation coefficients found were as follows: temperature, 0.51 +0.08; UV index, 0.39 +0.11,
humidity, 0.26 +£0.15; wind speed, 0.09 £0.06; precipitation, 0.07 £0.01; and pressure, 0.03 =
0.02. In vitro laboratory experiments confirmed the findings regarding temperature and UV
radiation, although UVC was effective and UVB was not. UVC does not reach Earth’s surface. A
later article reported a laboratory experiment showing that sunlight exposure reduced the half-life
of influenza viruses in aerosols at 20% and 70% relative humidity from 31.6 minutes in darkness
to 2.4 minutes in full sunlight [31]. Thus, part of the seasonal variation in influenza incidence is
probably affected by the amount of sunlight in inactivating the virus.

Ecological studies suggest that raising 25(OH)D concentrations through vitamin D
supplementation in winter would reduce the risk of developing influenza. A comprehensive
review of the role of vitamin D and influenza was published in 2018 [32]. On the positive side,
vitamin D-related innate and adaptive immune responses to viral infections exist. A vitamin D
randomized controlled trial (RCT) conducted on schoolchildren in Japan reported significantly
reduced incidence of influenza type A but not B for children in the treatment arm taking 1200
IU/d of vitamin D [33]. Although most other trials did not support a beneficial effect of vitamin D
supplementation in reducing risk of influenza infection, another recent RCT did [34]. The
Gruber-Bzura article concluded that the evidence of vitamin D’s effects on the immune system
suggest that it should reduce the risk of influenza but that more RCTs are required to evaluate
that possibility.

An observational study conducted in Connecticut on 198 healthy adults in the fall and winter of
2009-2010 examined the relationship between serum 25(OH)D concentration and incidence of
acute RTIs (ARTIS) [35]. Only 17% of people who maintained 25(OH)D >38 ng/ml throughout
the study developed ARTIs, whereas 45% of the others did. Concentrations of 38 ng/ml or more
were associated with a significant (p < 0.0001) twofold reduction in risk of developing ARTIs
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and with a marked reduction in percentages of days ill. Eight influenza-like illnesses (ILIs)
occurred, seven of which were 2009 H1IN1 influenza.

2.2.GrassrootsHealth observational field trial

Previously unpublished data from an ongoing prospective cohort study by GrassrootsHealth, a
nonprofit organization that researches how nutrients affect public health, shows a reduction in
ILIs as 25(OH)D levels increase. In that study, launched January 2009, health and demographic
information is collected via online health questionnaires on a rolling basis from voluntary
participants who also purchase and submit home blood spot 25(OH)D tests. Liquid
chromatography—mass spectroscopy was used by ZRT Laboratory (Beaverton, OR) and Purity
Laboratory (Lake Oswego, OR) to analyze the dried blood spot tests and determine serum
25(0OH)D concentrations. The intra-assay coefficient of variation was 9% for ZRT and 5% for
Purity. ZRT and Purity assays have been validated against the DEQAS liquid chromatography—
mass spectroscopy consensus group (R? values of 0.998 and 0.994, respectively). No exclusion
criteria or requirements related to 25(OH)D concentration or supplement intake dose were in
place; however, most participants (>80%) choose to take a supplement with vitamin D.
Participants included both sexes and a wide range of ages and geographic locations (55 countries,
with 92% in the United States or Canada).

Among participants aged 18 years or older (N = 12,605), a cross-sectional analysis was
conducted to determine the percentage of participants who answered “yes” to the question “In
the last 6 months, have you had the flu with fever?” for the following 25(OH)D concentration
groups: <20, 20-39, 30-39, 40-49, 50-59, and >60 ng/ml (Figure 1). Participants with
25(OH)D concentrations of at least 60 ng/ml had a 43% lower risk of ILI than those with
25(0OH)D concentrations less than 20 ng/ml (p < 0.0001). The lower level, 20 ng/ml, is used
specifically because it is the point that the Institute of Medicine considered sufficient [36]; the
minimum upper level, 60 ng/ml, is used because the GrassrootsHealth Scientists’ Panel of 48
vitamin D researchers created a consensus statement that the recommended range is 40-60 ng/ml
(https://www.grassrootshealth.net/project/our-scientists/).
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Figure 1. Percentage of GrassrootsHealth participants who experienced ILE in the previous 6
months by 25(OH)D concentration

Vitamin D status and influenza-like illness among
GrassrootsHealth participants aged 18+ years (N=12,605)
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Multivariate regression was used to determine the association between 25(OH)D concentration
and the risk of ILI, adjusting for age and season (Table 1). People with concentrations of 40-49
ng/ml had a 25% lower risk (p = 0.04), those with concentrations of 50-59 had a 30% lower risk
(p = 0.02), and those with concentrations of at least 60 ng/ml had a 27% lower risk (p = 0.03) of
ILI than participants with 25(OH)D concentrations of less than 20 ng/ml. Age and season also
were significant predictors of ILI (p < 0.05). Higher 25(OH)D concentrations were associated
with a dose—response decrease in ILI risk, with concentrations >40 ng/ml being most protective.

Table 1. Regression results for ILI as a function of 25(OH)D concentration

) Unadjusted Risk Ratio p Adjusted* Risk Ratio | p
5(OH)D conen, | g5, ¢y (95% CI)

ng/ml (nmol/L)

<20 Ref. Ref.

(50)
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2029 0.96 078 0.99 006
(50-74) (0.74-1.27) (0.76-1.31)

30-39 ng/mi 0.83 o1r 0.91 050
(75-99) (0.64-1.09) (0.70-1.20)

40-49 0.64 0.002 0.75 0.04
(100-124) (0.49-0.86) (0.57-0.99)

50-59 0.58 12,0003 0.70 0.00
(125-149) (0.44-0.79) (0.52-0.94)

>60 0.57 0.73

(150) (0.44-0.76) <0.0001 (0.56-0.97) 0.03

95% CI, 95% confidence interval.
*Adjusted for age and season.

In RCTs, participants do not know whether they are in the treatment or control arms, while in
open trials they do. A recent review of high-dose vitamin D supplementation trials involving
elderly participants concluded that “an open trial is easier to conduct and, when it ends, those
taking vitamin D can be offered a continuing supply so that the effect of lifelong treatment can
be studied for major diseases and life expectancy, which are unlikely to be affected by
individuals knowing whether or not they are taking vitamin D.” [37]. This review supports the
validity of the GrassrootsHealth open-label field trials such as this one and previous ones [38],
[39], [40], [41] as well as those by Pure North S’Energy Foundation [42].

2.3.Pandemic influenza

“Pandemic influenzas are unexpected rare events related to the emergence of a reassorted
human-pathogenic influenza A virus (IAV) strains that often causes increased morbidity and
spreads extremely rapidly in the immunologically naive human population, with huge clinical
and economic impact” [43].

Influenza pandemics have outcomes different from those of seasonal influenza. For example,

during the 2009 H1N1 pandemic influenza,
“Adults hospitalized with HLIN1pdmQ9 were younger (median age, 47 years) than those with
seasonal influenza (median age, 68 years; p < 0.01), and differed in the frequency of certain
underlying medical conditions. Whereas there was similar risk for many influenza-associated
complications, after controlling for age and type of underlying medical condition, adults
hospitalized with HIN1pdmO09 were more likely to have lower respiratory tract complications,
shock/sepsis, and organ failure than those with seasonal influenza. They were also more likely to
be admitted to the intensive care unit, require mechanical ventilation, or die.” [44]

2.4.Coronavirus infections

CoVs and influenza share several important features: they are enveloped viruses [45], [46], the
season of peak infection is generally in winter, and the cause of death is generally from ensuing
pneumonia. CoVs also can survive a long time outside the body. A laboratory study reported that
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CoVs could stay viable from 2 hours on aluminum and paper to up to 9 days on plastic at normal
room temperature [47]. At temperatures of 30<C to 40<C, survival times were much lower,
whereas at 4 T, persistence lasted up to 28 days.

An important reason why COVID-19 cases and deaths have been high in countries such as China
and Korea is that serum 25(OH)D concentrations are generally low in those countries, especially
in winter. In China, mean wintertime 250HD concentrations for postmenopausal women from
28N to 45N between July 2013 and February 2014 were ~14 ng/ml [48]. In Korea, between
October 2011 and May 2014, mean serum 25(OH)D concentrations for people older than 60
years were ~18 ng/ml for males and ~15 ng/ml for females [49]. Food in neither country is
fortified with vitamin D, and few inhabitants take vitamin D supplements. A 13-year study
conducted in Milan, Italy, reported that summertime mean 25(OH)D concentrations reached
about 33-35 ng/ml in summertime for both males and females and ~20 ng/ml for males and 23
ng/ml for females in winter [50]. An analysis of standardized 25(OH)D concentration data from
14 European population studies indicated that 13.0% of the 55,844 European individuals had
serum 25(OH)D concentrations <12 ng/ml on average in the year, with 17.7% and 8.3% in those
sampled during the extended winter (October—March) and summer (April-November) periods,
respectively. The prevalence was 40.4% for 25(OH)D concentrations <20 ng/ml [51].

More important, people with chronic diseases have lower 25(OH)D concentrations and increased
inflammation. A study in Triese, Italy, reported that patients with a mean age of 67 12 years
who developed acute myocardial infarction had mean serum 25(OH)D concentrations in winter
of 11 £2 ng/ml [52]. A study conducted in Wenzhou, China (28N), on diabetics and control
subjects aged 43 11 years reported that diabetics had mean 25(OH)D concentration of 13 vs.
16 ng/ml for control subjects [53]. An observational study conducted in Qinhuangdao, China,
compared serum 25(OH)D concentrations for hospital patients with pneumonia vs. those without
[54]. Serum 25(OH)D concentrations for those with pneumonia were 9 &2 ng/ml, whereas those
for the nonpneumonia group were 14 £4 ng/ml, p = 0.000. A study from China reported that
prediabetics had lower 25(OH)D concentrations than normal fasting glucose control subjects as
well as significantly higher C-reactive protein concentrations as 25(OH)D concentrations
decreased [55].

As shown in graphs of cases of the SARS-CoV epidemic as a function of week of onset [56], the
SARS-CoV epidemic started in late November 2002. The first peak occurred in late
January/early February 2003. Several additional peaks, with the last occurring in mid-April,
occurred, with few cases after the end of May. The peaks in April were due to an outbreak in
Taiwan [57].

The epidemiological characteristics of the COVID-19 outbreak in China through February 11,
2020, were recently published [58]. Factors of interest included the following:
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1. The case-fatality rate (CFR) increased monotonically from 0.2% for patients younger
than 40 years to 14.8% for those >80 years.
CFRs were higher for men than for women (2.8% vs. 1.7%).
Having comorbid conditions greatly increased the CFR (N = none, 0.9%; cancer, 5.6%;
hypertension, 6.0%; chronic RTI, 6.3%; diabetes mellitus, 7.3%; cardiovascular disease
[CVD], 10.5%).

A possible reason for the monotonic increase in CFR with increasing age could be that the
presence of chronic diseases increases with age. For example, the global prevalence of diabetes
mellitus increases from about 1% below the age of 20 years to ~10% at 45 years to 19% at 65
years, decreasing to 14% by 95 years [59]. Invasive lung cancer incidence rates for females in the
United States in 2015 increased from 1.1/100,000 for those aged 30—34 years, to 51.0/100,000
for those aged 50-54 years, 204.1/100,000 for those aged 65-79 years, and 347.3 for those aged
7579 years [60]. Several studies report that people with chronic diseases have lower 25(OH)D
concentrations than healthy people. A study in Italy reported that male chronic obstructive
pulmonary disease patients had mean 25(OH)D concentrations of 16 (95% CI, 13 to 18) ng/ml,
whereas female patients had concentrations of 13 (95% CI, 11 to 15) ng/ml [61]. A study in South
Korea reported that community-acquired pneumonia (CAP) patients had a mean 25(0OH)D
concentration at admission of 14 8 ng/ml [62]. A study in Iran reported that hypertensive
patients had lower 25(OH)D concentrations than control subjects: males, 13 11 vs. 21 +11
ng/ml; females, 13 10 vs. 20 =11 ng/ml [63].

A large body of evidence indicates that vitamin D supplementation and higher 25(OH)D
concentrations are causally linked to reduced risk of many chronic diseases, including cancers,
CVD, and diabetes mellitus [64], [65], [66]. Table 2 presents evidence that the comorbid
conditions associated with higher CFR are due in part to low 25(OH)D concentrations.

Table 2. Evidence that relate comorbid conditions to vitamin D deficiency

Outcome Evidence Ref.
Cancer Observational field trials of 25(0OH)D [38],
[41]

Secondary analyses of a 2000-1U/d vitamin Ds RCT [67]

Hypertension Results of an open-label, high-dose vitamin D3 supplementation field | [42]
trial

COPD Meta-analysis of risk, severity, and exacerbation with respect to [68]
25(0OH)D concentration

Diabetes Secondary analyses of a 4000-1U/d vitamin Ds RCT [69]

mellitus

CvD Meta-analysis of CVD incidence and mortality rates related to [70]
25(OH)D concentration in prospective studies
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25(0H)D, 25-hydroxyvitamin D; COPD, chronic obstructive pulmonary disease; CVD,
cardiovascular disease; RCT, randomized controlled trial.

As for frail health, mortality rates in the United States from CVD and other diseases are about 25%
higher in winter than in summer [71]. However, that effect occurs mainly for the elderly who
already have CVD, indicating that factors such as cold temperature and low 25(0OH)D
concentrations finally take their toll. Calcitriol concentrations also vary with season and vitamin

D supplementation. A study in Europe involving men aged 40-79 years reported that calcitriol
concentrations varied from 54 pg/ml in winter to 67 pg/ml in summer, whereas 25(OH)D
concentrations varied from 20 ng/ml in winter to 35 ng/ml in summer [72]. A meta-analysis
reported that vitamin D supplementation in trials with low risk of bias increased calcitriol
concentrations by 18.1 (95% Cl, 9.2 to 28.4) pmol/l [73].

Another factor that affects immune response with age is reduced 1,25-dihydroxyvitamin D
[1,25(0H)2D, or calcitriol], the active vitamin D metabolite, with increased age. Parathyroid
hormone (PTH) concentration increases with age. A U.S. study was based on 312,962 paired
serum PTH and 25(OH)D concentration measurements from July 2010 to June 2011. For
participants with 20-ng/ml 25(OH)D concentration, PTH increased from 27 pg/ml for those <20
years to 54 pg/ml for those >60 years [74]. Serum calcitriol concentrations are inversely related to
PTH concentrations. In a study conducted in Norway on patients with a mean age of 50 (SD, 21)
years, calcitriol decreased from 140 pmol/I for those aged 20—39 years to 98 pmol/I for those >80
years despite an increase in serum 25(OH)D from 24 ng/ml for those 2039 years to 27 ng/ml for
those >80 years [75].

Evidence also suggests that health outcomes are related to calcitriol concentrations. In a study of
infections in 3340 consecutive cardiac surgical patients, the adjusted odds ratio for low vs. high
calcitriol concentration was 2.57 (95% ClI, 1.47 to 4.49) vs. 1.62 (95% CI, 0.87 to 3.20) for low
vs. high 25(OH)D concentration [76]. A study of renal transplant patients reported significantly
increased hazard ratio for polyomavirus infection during the first year after transplant for
calcitriol concentrations <20 pg/ml [hazard ratio = 2.14 (95% CI, 1.12 to 4.78)] and
cytomegalovirus infection [hazard ratio = 2.33 (95% CI, 1.05 to 5.24)] [77].

Another factor relates to age-associated changes in the innate immune response. A review on
immunosenescence reported that the innate immune response increases cytokine production with
aging [78]. By contrast, young children are more susceptible to severe influenza A infection as a
result of differences in the innate immune response [79].

The male-to-female ratio of CFR of 1.6 is probably due largely to the fact that males in China

smoke much more than females. A study in Shanghai reported that 48% of adult males and 0.2%
of adult females were smokers [80]. That study also reported adjusted odds ratios of tobacco-
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related chronic diseases for smokers in comparison with nonsmokers: cancer, 10.5; hypertension,
1.39; chronic RTI, 2.34; diabetes mellitus, 1.33; coronary diseases, 1.35. However, the fact that
the male-to-female ratio is not higher may exist because women have lower mean 25(0OH)D
concentrations than males [48].

The seasonality of many viral infections is associated with low 25(OH)D concentrations, as a
result of low UVB doses owing to winter in temperate climates and the rainy season in tropical
climates—such as respiratory syncytial virus infection [81]. That is the case for influenza [21], [22]
and SARS-CoV [82]. However, MERS showed a peak in the April-June quarter [83], probably
affected by both Hajj pilgrims gathering and that 25(OH)D concentrations show little seasonal
variation in the Middle East [84]. In the tropics, seasonality is related more to rainy periods (low
UVB doses), for example, for influenza [85] and respiratory syncytial virus [86].

Considerable indirect evidence is inferred from effects found for other enveloped viruses. Higher
vitamin D status has been inversely associated with enveloped virus infections such as dengue
[871, [88], [89], [90], hepatitis [91], [92], herpesvirus [93], HIV [94], influenza [95], respiratory
syncytial virus [96], and rotavirus [97], [98], among others [10], [99]. ““/An association has been
established between low levels of vitamin D and upper respiratory and enteric infections,
pneumonia, otitis media, Clostridium infections, vaginosis, urinary tract infections, sepsis,
influenza, dengue, hepatitis B, hepatitis C, and HIV infections.” [100].

An analysis based on 357 SARS cases and 245 MERS cases reported that 17% of SARS patients
required invasive mechanical ventilation and 5% died, whereas for MERS, 37% required

invasive mechanical ventilation and 29% died [5]. The differences were partially attributed to
differences in host factors such as age and underlying diseases but more importantly to CoV-
particular differences in effects. Fatal cases were reported mainly in frail patients such as
neonates, the elderly, and immunocompromised patients. However, for four other CoV infections,
CFRs were low [5].

One way that CoVs injure the lung epithelial cells and facilitate pneumonia is through increased
production of Thl-type cytokines as part of the innate immune response to viral infections,
giving rise to the cytokine storm. A laboratory cell study reported that interferon v is responsible
for acute lung injury during the late phase of the SARS-CoV pathology [101].

Proinflammatory cytokine storms from CoV infections have resulted in the most severe cases for
SARS-CoV [102] and MERS-CoV [103]. However, COVID-19 infection also initiated increased
secretion of Th2 cytokines (e.g., interleukins 4 and 10) that suppress inflammation, which differs
from SARS-CoV infection [104], (Novel Coronavirus Pneumonia Emergency Response
Epidemiology Team, 2020).

2.5.Pneumonia

11

d0i:10.20944/preprints202003.0235.v1


https://doi.org/10.20944/preprints202003.0235.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 March 2020 d0i:10.20944/preprints202003.0235.v1

An example of the role of vitamin D in reducing risk of death from pandemic respiratory tract
infections is found in a study of CFRs resulting from the 1918-1919 influenza pandemic in the
United States [6]. The U.S. Public Health Service conducted door-to-door surveys of 12
communities from New Haven, Connecticut, to San Francisco, California, to ascertain incidence
and CFRs. The canvasses were made as soon as possible after the autumn 1918 wave of the
epidemic subsided in each locality. A total of 146,203 people, 42,920 cases, and 730 deaths were
found. As shown in their Table 25, fatality rates averaged 1.70 per 100 influenza cases but
averaged 25.5 per 100 cases of pneumonia. The pneumonia CFR (excluding Charles County,
MD, because of inconsistencies in recording cause of death) was 28.8 per thousand for whites
and 39.8 per 1000 for blacks. As discussed in an ecological study using those CFR data,
communities in the southwest had lower CFR than those in the northeast because of higher
summertime and wintertime solar UVB doses [105]. Previous work suggested that higher UVB
doses were associated with higher 25(OH)D concentrations, leading to reductions in the cytokine
storm and killing of bacteria and viruses that participate in pneumonia. One reason CFRs were
higher for blacks than whites is that with darker skin pigmentation, blacks have lower 25(OH)D
concentrations. An analysis of serum 25(OH)D concentrations by race for 2001-2004 indicated
mean 25(OH)D concentrations for people over 40 years: non-Hispanic whites, ~25-26 ng/ml;
non-Hispanic blacks, 14-17 ng/ml; Mexican-Americans, 18-22 ng/ml [106].

A study in China reported that elderly people who developed CAP had lower 25(OH)D
concentrations than those in the control group (9 %2 vs. 13 4 ng/ml; p < 0.001) [54].

Smoking is a significant risk factor for CAP. A study from Spain involving 74,610 adults in
Barcelona, of whom 205 developed pneumonia, reported that “smoking any type of tobacco had
an odds ratio (OR) of CAP of 2.0 for ever smokers (95% confidence interval [Cl], 1.24 to 3.24);
1.88 for current smokers (95% CI, 1.11 to 3.19); and 2.14 for ex-smokers (95% ClI, 1.26 to 3.65).
A positive trend for increased risk of CAP was observed for an increase in the duration of the
habit, the average number of cigarettes smoked daily, and cumulative cigarette consumption.”
[107].

CAP infections vary seasonally. A U.S. study for 1998 to 2000 reported that CAP infection rates
were approximately twice as high in winter as in summer [108].

A prospective study involving 723 men and 698 women aged 53—73 years, free of pneumonia,
other pulmonary diseases, and cancer at baseline in 1998-2001, was conducted in Finland [109].
The mean (SD) serum 25(OH)Ds concentration of the study population was 17 =7 ng/ml.
Seventy-three subjects had at least one hospitalization episode due to pneumonia during an
average follow-up of 9.8 years. After multivariable adjustments, the subjects in the lowest serum
25(0OH)D: tertile had a 2.6-fold (95% Cl, 1.4 to 5.0, ptena across tertiles = 0.005) higher risk of
developing pneumonia than subjects in the highest tertile.
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A meta-analysis of vitamin D deficiency and incidence of CAP on the basis of eight
observational studies involving 20,966 subjects was reported [110]. The only prospective study
was the one from Finland [109]. The others were case—control, cross-sectional, or retrospective.
In that meta-analysis, CAP patients with vitamin D deficiency [serum 25(OH)D concentrations
<20 ng/mL] experienced a significantly increased risk of CAP (odds ratio [OR] = 1.64; 95% ClI,
1.00 to 2.67), and an obvious decrease of —5.63ng/mL (95% CI, -9.11 to —2.14) in serum
25(0OH)D was demonstrated in CAP patients.

A high-dose (250,000 or 500,000 IU) vitamin Ds trial in ventilated intensive care unit patients in
Georgia with mean baseline 25(OH)D concentration of 20-22 ng/ml reported that hospital length
of stay was reduced from 36 (SD, 19) days in the control group to 25 (SD, 14) days in the
250,000-1U group [25(OH)D = 45 20 ng/ml] and 18 (11) days in the 500,000-1U group
[25(OH)D =55 %14 ng/ml]; p = 0.03 [111].

In a pilot trial involving 30 mechanically ventilated critically ill patients, 500,000 IU of vitamin
D3 supplementation significantly increased hemoglobin concentrations and lowered hepcidin
concentrations, improving iron metabolism and the blood’s ability to transport oxygen [112].

3.Discussion

3.1.Hospital-acquired infection

Hospitals are a source of RTIs for both patients and medical personnel. For example, during the
SARS-CoV epidemic, a woman returned to Toronto from Hong Kong with SARS-CoV in 2003
and went to a hospital. The disease was transmitted to other people, leading to an outbreak
among 257 people in several Greater Toronto Area hospitals [113]. During the 2014-2015
influenza season, 36% of health care workers in Germany developed influenza infection [114].

Working in a hospital dealing with COVID-19 patients is associated with increased risk of
COVID-19 infection. For example, 40 of 138 hospitalized COVID-19 patients in Wuhan in the
Zhongnan Hospital from 1 to 28 January were medical staff, and 17 more were infected while in
the hospital [115]. It was announced on February 14, 2020, that more than 1700 Chinese health
workers were infected by COVID-19 and six had died (https://www.huffpost.com/entry/chinese-
health-workers-infected-by-virus_n_5e46a0fec5b64d860fc97clb).

Hospital workers are at high risk of having low 25(OH)D concentrations as a result of long hours
working indoors. A sample of 114 female nurses in an Iranian children’s hospital had a mean
25(OH)D concentration of 12 £9 ng/ml [116]. However, in the United States, practicing
physicians had a mean concentration of 22 2 ng/ml, whereas nurses and other health care
workers had mean concentrations of 25 +4 ng/ml [117].

Vitamin D supplementation to raise serum 25(OH)D concentrations can help reduce

hospital-acquired infections [118]. Concentrations at least 40-50 ng/ml (100-125 nmol/l) are
indicated on the basis of observational studies such as the one presented here. During the
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COVID-19 epidemic, all people in the hospital, including patients and staff, should take vitamin
D supplements to raise 25(OH)D concentrations as an important step in preventing infection and
spread. A trial on that hypothesis would be worth conducting. That hypothesis also should be
evaluated for people quarantined on cruise ships with COVID-19-infected passengers or
crewmembers.

3.2.Children

Children have had much lower COVID-19 infection rates than adults, especially the elderly [119].
An editorial reported that prepubertal mice had decreased morbidity and mortality from HIN1
influenza and sepsis than those of mice that reach puberty [120]. The authors hypothesized that
the finding relates to a unique prepubertal immune profile characterized by immunocompetence,
developmental plasticity, and a lack of exposure to sex hormones. As mentioned, the innate
immune response increases cytokine production with aging [78].

3.3.Vitamin D and mechanisms to reduce microbial infections

The general metabolism and actions of vitamin D are well known [121]. Vitamin Ds is produced
in the skin through the action of UVB radiation reaching 7-dehydocholesterol in the skin,
followed by a thermal reaction. That vitamin D3 or oral vitamin D is converted to 25(OH)D in
the liver and then to the hormonal metabolite, 1,25(0OH).D (calcitriol), in the kidneys or other
organs as needed. Most of vitamin D’s effect arises from calcitriol entering the nuclear vitamin D
receptor, a DNA binding protein that interacts directly with regulatory sequences near target
genes and that recruits chromatin active complexes that participate genetically and epigenetically
in modifying transcriptional output [122].

Several reviews consider the ways in which vitamin D reduces risk of viral infections [123], [124],
[125], [126], [127], [128], [32], [129], [130]. One article noted that UV exposure appears to confer
additional benefits [127].

Vitamin D has many mechanisms by which it reduces risk of microbial infection and death. A
recent review regarding the role of vitamin D in reducing risk of the common cold grouped those
mechanisms into three categories: physical barrier, cellular natural immunity, and adaptive
immunity [129]. Vitamin D helps maintain tight junctions, gap junctions, and adherens junctions
(e.g., E-cadherin) [131]. Several articles discussed how viruses disturb junction integrity,
increasing infection by the virus and other microorganisms [132], [133], [134]. That action by
viruses is an important reason why viral infections progress to pneumonia.

Vitamin D enhances cellular natural immunity partly through induction of antimicrobial peptides,
including human cathelicidin, LL-37, by 1,25-dihdroxyvitamin D [135], [136] and defensins [137].
Cathelicidins exhibit direct antimicrobial activities against a spectrum of microbes, including
gram-positive and gram-negative bacteria, enveloped viruses, and fungi. Those host-derived
peptides kill the invaded pathogens by perturbing their cell membranes and can neutralize
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biological activities of endotoxin [138]. They have many more important functions, as described
therein. CoVs are enveloped viruses [139]. Human cathelicidin, LL-37, can reduce the production
of proinflammatory cytokines in the lungs of mice infected in with influenza A virus, implying a
direct effect on the influenza virion [140]. A clinical trial on asthma patients indicated that
calcitriol supplementation reduced risk of RTIs related to the increase in LL-37 [141].

Vitamin D also enhances cellular natural immunity in part by reducing the cytokine storm
induced by the innate immune system. The innate immune system generates both
proinflammatory and anti-inflammatory cytokines in response to viral and bacterial infections, as
observed in COVID-19 patients [104]. Vitamin D can reduce the production of proinflammatory
Th1 cytokines, such as tumor necrosis factor a and interferon vy, but not Th2 cytokines [142].
Administering vitamin D reduces the expression of proinflammatory cytokines and increases the
expression of anti-inflammatory cytokines by macrophages by upregulating mitogen-activated
protein kinase phosphatase 1 and suppressing p38 activation [130] and references therein).

Vitamin D also affects adaptive immunity [129]. However, that effect would be useful if a second
epidemic of a viral strain returned, as was observed during the 1918-1919 pandemic influenza.
People alive during a previous pandemic influenza HIN1 epidemic had relative immunity, with
the result that the age distribution of deaths was shifted to younger people [143].

Serum 25(OH)D concentrations decrease with age [144]. Reasons include less time spent in the
sun and reduced production of vitamin D as a result of lower levels of 7-dehydrocholesterol in
the skin [145]. In addition, many pharmaceutical drugs reduce serum 25(OH)D concentrations by
activating the pregnane-X receptor [146]. Such drugs include antiepileptics, antineoplastics,
antibiotics, anti-inflammatory agents, antihypertensives, antiretrovirals, endocrine drugs, and
some herbal medicines. Pharmaceutical drug use increases with age.

Vitamin D supplementation also enhances the expression of genes related to antioxidation
(glutathione reductase and glutamate—cysteine ligase modifier subunit) [147]. The increased
glutathione production spares the use of ascorbic acid (vitamin C), which has antimicrobial
activities.

3.4.Proposed actions

The evidence reviewed here supports the role of higher 25(OH)D concentrations in reducing risk
of infection and death from ARTIs, including those from influenza, CoV, and pneumonia. The
peak season for ARTIs is generally when 25(OH)D concentrations are lowest. Thus, vitamin D3
supplementation should be started or increased several months before winter to raise 25(OH)D
concentrations to the range necessary to prevent ARTIs. Although the degree of protection
generally increases as 25(OH)D concentration increases, the optimal range appears to be in the
range of 40-60 ng/ml (100-150 nmol/l). To achieve those levels for approximately half the
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population could take at least 2000-5000 1U/d of vitamin D3 [148]. Various loading doses have
been studied for achieving a 25(OH)D concentration of 30 ng/ml. For example, one study used a
weekly or fortnightly dose totaling 100,000-200,000 1U over 8 weeks (1800 or 3600 1U/d) [149].
However, to achieve 40-60 ng/ml would take higher loading doses. GrassrootsHealth has results
from several volunteers who have taken 10,000 1U/d of vitamin D3 for extended periods. They
reported no adverse health effects. A trial involving Canadian breast cancer patients with bone
metastases treated with bisphosphonates but without comorbid conditions reported that doses of
10,000 1U/d of vitamin D3 over a 4-month period showed no adverse effects but did unmask two
cases of primary hyperparathyroidism [150].

The efficacy and safety of high-dose vitamin D supplementation has been demonstrated in a
psychiatric hospital in Cincinnati, Ohio [151]. The age range was from 18 to 90 years. Half of the
patients were black, and nearly half were white. All patients entering since 2011 were offered
supplementation of 5000 or 10,000 1U/d vitamin Ds. For 36 patients who received 5000 1U/d for
12 months or longer, mean serum 25(OH)D concentration rose from 24 ng/ml to 68 ng/ml while
for the 78 patients who received 10,000 1U/d, mean concentrations increased from 25 ng/ml to
96 ng/ml. There were no cases of vitamin D-induced hypercalcemia. This article includes a brief
review of other high-dose vitamin D studies including that vitamin D doses of 60,000 to 600,000
IU/d were found to treat and control such diseases as asthma, rheumatoid arthritis, rickets, and
tuberculosis in the 1930s and 1940s. These doses are much higher than the 10,000 to 25,000 1U/d
vitamin D3 that can be made from solar UVB exposure [152]. However, after reports of
hypercalcemia associated with use of supra-physiological doses of vitamin D surfaced, e.g. [153],
high-dose vitamin D supplementation fell out of favor.

A recent article on high-dose vitamin D supplementation trial in New Zealand involving 5110
participants found that over a median of 3.3 years, monthly supplementation with 100,000 U
vitamin Dz did not affect the incidence rate of kidney stone events, or hypercalcemia. [154].

The efficacy and safety of high-dose vitamin D supplementation has been demonstrated in a
psychiatric hospital in Cincinnati, Ohio [151]. The age range was from 18 to 90 years. Half the
patients were black and nearly half were white. All patients entering since 2011 were offered
supplementation of 5000 or 10,000 1U/d of vitamin D3. For 36 patients who received 5000 1U/d
for 12 months or longer, mean serum 25(OH)D concentration rose from 24 to 68 ng/ml, whereas
for the 78 patients who received 10,000 IU/d, mean concentrations increased from 25 to 96
ng/ml. No cases of vitamin D-induced hypercalcemia were reported. A recent article on a high-
dose vitamin D supplementation trial in New Zealand involving 5110 participants reported that
over a median of 3.3 years, monthly supplementation with 100,000 IU of vitamin D3 did not
affect the incidence rate of kidney stone events or hypercalcemia [154].
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Cholecalciferol (vitamin D3) should be used, not ergocalciferol (vitamin D2). Supplementation
studies have shown that vitamin D3 is better at raising serum 25(OH)D concentrations than
vitamin D> [155], [156], [157]. More important, vitamin D3 supplementation has demonstrated
better health outcomes than vitamin D supplementation. For example, a meta-analysis of
vitamin D supplementation and all-cause mortality rate reported that the risk ratio for all-cause
mortality was 0.95 (95% CI, 0.90 to 1.00) for vitamin D3 and 1.03 (95% CI, 0.98 to 1.09) for
vitamin D [158]. Vitamin D is used in the U.S. medical system mainly because the U.S. Federal
Medicaid program will pay for prescriptions of vitamin D2 and not for over-the-counter vitamin
D3, and because the Physician’s Desk Reference still lists vitamin D2 but not vitamin D3 as of
March 2020 (https://www.pdr.net/drug-summary/Drisdol-ergocalciferol-1904). However,
vitamin Ds is readily available online and is much cheaper.

Unfortunately, most countries do not have guidelines supporting vitamin D supplementation
doses and desirable serum 25(OH)D concentrations that would deal with wintertime RTIs.
Guidelines for many countries consider 20 ng/ml (50 nmol/l) adequate. According to the
statement from the European Society for Clinical and Economic Aspects of Osteoporosis,
Osteoarthritis, and Musculoskeletal Diseases, “attainment of serum 25-hydroxyvitamin D levels
well above the threshold desired for bone health cannot be recommended based on current
evidence, since safety has yet to be confirmed.” [159]. A recent review on the status of vitamin D
deficiency worldwide stated that because of inadequate evidence from clinical trials, “a
25(0OH)D level of >50 nmol/L or 20 ng/ml is, therefore, the primary treatment goal, although
some data suggest a benefit for a higher threshold.” [160]. A companion article in the same issue
of the journal stated, “although 20 ng/ml seems adequate to reduce risk of skeletal problems and
ARTls, concentrations above 30 ng/ml have been associated with reduced risk of cancer, type 2
diabetes mellitus, and adverse pregnancy and birth outcomes.” [161]. However, on the basis of
the findings in several studies discussed here, the desirable concentration should be at least 40—
50 ng/ml.

The U.S. Institute of Medicine issued vitamin D and calcium guidelines in 2011 [36]. The
institute recommended vitamin D supplementation of 600 1U/d for people younger than 70 years,
800 IU/d for those older than 70 years, and a serum 25(OH)D concentration of 20 ng/ml (50
nmol/l) or higher. That recommendation was based on the effects of vitamin D for bone health.
The institute recognized that no studies had reported adverse effects of supplementation with less
than 10,000 1U/d of vitamin D but set the upper intake level at 4000 1U/d, partly out of concern
stemming from observational studies that found U-shaped 25(OH)D concentration—health
outcome relationships. However, later investigation determined that most reports of J- or U-
shaped relationships were from observational studies that did not measure serum 25(OH)D
concentrations and that the likely reason for those relationships was a result of enrolling some
participants who had started taking vitamin D supplements shortly before enrolling [162].
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Also in 2011, the Endocrine Society recommended supplementation of 1000-4000 1U/d of
vitamin D and a serum 25(OH)D concentration of 30 ng/ml or higher [163]. Those guidelines
were for patients. It appears that anyone with chronic disease should be considered in that
category.

Measuring serum 25(OH)D concentration may not be useful for everyone. A recent article
recommended testing for groups of people who were likely to have low concentrations and could
benefit from higher concentrations, such as pregnant women, the obese, people with chronic
diseases, and the elderly [161]. Part of the rationale for testing was to increase awareness of actual
25(0OH)D concentrations and the benefits of higher concentrations. In addition, increases in
25(0OH)D concentration with respect to vitamin D supplementation depend on various personal
factors, including genetics, digestive system health, weight, and baseline 25(OH)D concentration.
For about half the population, taking 5000 1U/d of vitamin D3 or 30,000—35,000 1U/wk would
raise 25(OH)D concentration to 40 ng/ml.

Vitamin D supplementation is required for many individuals to reach 25(OH)D concentrations
above 30 ng/ml, especially in winter [164]. However, vitamin D fortification of basic foods such
as dairy and flour products [165], [166] can raise serum 25(OH)D concentrations of those

members of various populations with the lowest concentrations by a few nanograms per milliliter.
Doing so can result in reduced risk of ART]s for individuals with extreme vitamin D deficiency.
[167], [168].

Magnesium supplementation is recommended when taking vitamin D supplements. Magnesium
helps activate vitamin D, which in turn helps regulate calcium and phosphate homeostasis to
influence growth and maintenance of bones. All the enzymes that metabolize vitamin D seem to
require magnesium, which acts as a cofactor in the enzymatic reactions in the liver and kidneys
[169]. The dose of magnesium should be in the range of 250-500 mg/d, along with twice that
dose of calcium.

Supplementing with vitamin D has beneficial effects beyond preventing RTIs. The VITamin D
and OmegA-3 TriaL (VITAL) reported in the secondary analyses that supplementing participants
with 2000 U/d of vitamin Ds for a mean follow-up time of 5.3 years significantly reduced
overall cancer incidence for participants with body mass index <25 kg/m? of body surface area
and those who were black [67]. The trial also reported significantly reduced overall cancer
mortality rates for all participants if the first 1 or 2 years of deaths were omitted. We consider p =
0.06 to indicate statistical significance on the basis of an opinion piece in Nature, titled
“Scientists rise up against statistical significance” [170].

The Vitamin D and type 2 diabetes (D2d) study was an RCT to examine whether vitamin D
supplementation could reduce the risk of progressing from prediabetes to diabetes mellitus type 2
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[69]. Participants with prediabetes were supplemented with 4000 1U/d of vitamin D3 or placebo
for 2.3 years. In the secondary analyses, significant reductions in progression to type 2 diabetes
mellitus were reported for people with body mass index <30 kg/m?, males, people not taking
calcium supplements, and those older than 60.9 years.

According to a recent review, the human immune system requires particular micronutrients, such
as vitamins A, Bs, B12, C, D, and E, as well as copper, folate, iron, selenium, and zinc. Those
nutrients work together; without enough of those in the right proportions, physical barriers and
immune cells cannot do their work properly. The review notes that existing daily recommended
dietary allowances may not be high enough to reflect what the immune system actually needs.
Some people don’t get enough micronutrients, and other people under the physiological burdens
of infection, stress, and pollution experience greater loss of those nutrients stored in the body.
Even slight deficiency in one or more of the essential micronutrients can dampen the immune
system. The review continues: “Although contradictory data exist, available evidence indicates
that supplementation with multiple micronutrients with immune-supporting roles may modulate
immune function and reduce the risk of infection. Micronutrients with the strongest evidence for
immune support are vitamins C and D and zinc. Better design of human clinical studies
addressing dosage and combinations of micronutrients in different populations are required to
substantiate the benefits of micronutrient supplementation against infection.” [130]
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