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SUMMARY

SARS-CoV-2 pneumonitis can quickly strike to incapacitate the lung, leading to severe disease and some-
times death. In this perspective, we suggest that vitamin D deficiency and the failure to activate the vitamin
D receptor (VDR) can aggravate this respiratory syndrome by igniting a wounding response in stellate cells of
the lung. The FDA-approved injectable vitamin D analog, paricalcitol, suppresses stellate cell-derived murine
hepatic and pancreatic pro-inflammatory and pro-fibrotic changes. Therefore, we suggest a possible parallel
program in the pulmonary stellate cells of COVID-19 patients and propose repurposing paricalcitol infusion
therapy to restrain the COVID-19 cytokine storm. This proposed therapy could prove important to people of
color who have higher COVID-19 mortality rates and lower vitamin D levels.

The hallmark lethal complication of SARS-CoV pneumonitis is
a remarkably rapid and severe respiratory syndrome that ignites
an aggressive wounding response (Gralinski et al., 2013; Rockx
et al., 2009) that strikes and incapacitates the lung. The combi-
nation of inflammation and fibrosis is the body’s response to
try to corral the process. However, the electrifying rate at which
the virus spreads throughout the lungs makes it impossible to
restrain. For many patients, this results in acute respiratory
distress (ARD) with the only option being mechanical ventilation,
and for many this is a losing battle. For unknown reasons, these
complications are worse for people of color. The overarching
goal is to create a safe, effective vaccine, but that may take a
year or years to develop, produce, and distribute. So what can
we do now? One way is not to fight the virus at all but rather to
intercept the cytokine storm and damaging profibrotic response
before it takes hold. This would open the door for T and B cells of
the immune system to flood in and take the fight directly to the
virus. As no specific antiviral treatment is available, this non-
strain-specific approach may be able fend off severe complica-
tions of other viral infections or future coronavirus strains. Might
study of vitamin D, discovered 100 years ago, provide a clue?

While benefits of sun- and ultraviolet (UV)-light exposure have
been bantered about, this would not help any patient who is
gowned, covered, and isolated with no exposure to natural light.
However, a case can be made that vitamin D, long known impor-
tant in calcium regulation, may have a much broader impact.
Dietary vitamin D has an unusual form of metabolism. It is acti-
vated in the skin via UVB exposure, allowing it to become a
short-acting but powerful hormone. Once activated, vitamin D
seeks out select cells and organs that have a sensor known as
VDR, a member of the nuclear hormone receptor (NHR)
transcription factor family, the discovery of which changed
everything about our understanding of how and where these
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pre-activated steroid hormones work (Evans, 1988). The how
involves regulation of elaborate transcriptional programs such
as differentiation, inflammation, cell fate, and function; the best
way to find where vitamin D works is to locate the receptor.
Seven years ago during systematic organ- and cell-specific
screens for dominant NHR expression patterns, we unexpect-
edly found high levels of VDR in hepatic stellate cells (HSCs), a
rare lipid-loaded quiescent cell in the liver that is rapidly acti-
vated and expands ~100-fold in response to tissue injury, where
it oversees a highly conserved, short-lived homeostatic wound-
healing response (Foster et al., 2018). Repeated or persistent
hepatic injury, however, elicits pathologic wounding with consti-
tutive HSC activation and Cyp24a1 enzyme upregulation (rapidly
degrading the natural ligand, creating an anatomic microenvi-
ronment of vitamin D deficiency), resulting in excessive cytokine
and matrix-component release. Chronic liver disease, caused by
obesity, alcohol, and viruses, is a major cause of global mortality.
Currently, there is no FDA-approved anti-fibrotic liver therapy, as
regulation of the wound-healing response process had been un-
known for decades. Treatment options, therefore, are limited to
transplant in advanced cases or supportive measures address-
ing complications of portal hypertension and liver failure. We un-
covered a central mechanistic role of HSC VDR as an endocrine
checkpoint, a type of molecular “brake,” regulating the inflam-
mation-repair balance in response to tissue injury. Vitamin D
deficiency (or genetic deletion of VDR) in mice triggers a destruc-
tive combination of severe inflammation and fibrosis that, if
caught early enough, could be curtailed by synthetic VDR
agonist calcipotriol (Ding et al., 2013). In patients, severity of liver
disease correlates inversely with VDR expression, levels of
vitamin D, and metabolites (Oh et al., 2020), and hepatocellular
injury directly with progressive COVID-19 (Henry et al., 2020; Ji

et al., 2020).
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In deconstructing the checkpoint, we discovered a previously
unrecognized mechanism in which VDR, like a molecular zip
code, locates and transcriptionally silences TGFp signaling via
genomic competition with Smad3 occupancy on pro-fibrotic
and pro-inflammatory (e.g., IL-6) genes, thereby inducing a
quiescent state (Ding et al., 2013). FDA-approved analog
(generic name, paricalcitol) was the most potent VDR-agonist
in NHR drug screens and HSC/injury models, and in recent
comparative analog analyses in patients with chronic kidney dis-
ease (Geng et al., 2020). Acute lung injuries (ALls) from closely
related SARS-CoV and MERS-CoV RNA viruses share the
TGFB/Smad mechanism (Yeung et al., 2016; Zhao et al., 2008).
For example, the SARS-CoV nucleocapsid (N)-protein directly
stimulates Smad3 in human airway epithelial cell cultures
(Zhao et al., 2008). This pathologic mechanism is likely to be
relevant to SARS-CoV-2, which has 88.1% identity with the
N-protein of SARS-CoV. Smad-dependent gene transcription
is also facilitated by Ang Il (see below). Remarkably, as in our
HSC studies, VDR negatively regulates TGFp signaling via tran-
scriptional interference with Smad2/3, attenuating pro-fibroin-
flammatory changes in experimental cardiac, renal, and dermal
models (Inoue et al., 2012; Meredith et al., 2015; Zerr et al.,
2015). High levels of TGFB have been detected in acute-phase
SARS and COVID-19 (see below), related to the development
of pulmonary fibrosis, observed in autopsy studies and a sub-
stantial proportion of SARS, MERS, and emerging COVID-19
survivors (George et al., 2020; Thille et al., 2013; Zuo et al.,
2009). TGFB blockade, a proposed COVID-19 therapy (Chen,
2020), has broad biological, including deleterious, effects. VDR
disruption of N-protein-Smad3 interaction could selectively
deter SARS-CoV-2-induced ALI.

Unexpectedly, we found that stellate cells, previously thought
to be liver specific, in the pancreas were also VDR positive and in
response to VDR ligands suppressed pancreatitis and pancre-
atic cancer progression in mice (Sherman et al., 2014, 2017).
The former is important, as pancreatitis is a serious disease
that lacks any mechanism-based therapy, associated with ALI
and severe COVID-19 (Liu et al., 2020a; Zhang et al., 2013),
and with pancreatic cancer risk. Though Cyp24a1 was very high-
ly expressed in activated pancreas stellate cells, paricalcitol
induced quiescence, reversing of immune exclusion, and fibrotic
drug resistance. When coupled with standard gemcitabine
chemotherapy, VDR signal-dependent stromal reprogramming
greatly increased tumor drug levels, response, and survival,
compared to gemcitabine alone. In addition to rodent models,
we confirmed the functional presence of the VDR checkpoint
in human cancer-associated fibroblasts (hCAFs) derived from
pancreatic cancer patients. Together these studies helped to
foster ten vitamin D-related (all paricalcitol, https://clinicaltrials.
gov) early-phase clinical trials in pancreatic cancer therapy,
including three of our own Stand Up To Cancer- and Lustgarten
Foundation-supported trials to test this novel concept, coupling
intravenous paricalcitol-VDR activation with chemotherapy
(Helms et al., 2020; Sahai et al., 2020).

In pancreatic cancer and COVID-19 patients, inflammatory
disruption of epithelial homeostasis typically precedes fibrosis.
While not recognized initially, stellate-derived CAFs are not a
monolithic cell population only laying extracellular fibrotic matrix.
For example, a classic inflammatory signal of activated stellate
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cells is IL-6, the predominant source of this cytokine in pancrea-
titis and cancer models (Ohlund et al., 2017), reported to pro-
mote immune suppression via effects on monocyte precursors
and metabolism. SARS-CoV increases IL-6 levels by various
mechanisms (Wang et al., 2007), e.g., N-protein binding to the
NF-kB regulatory element of the IL-6 promotor in human airway
epithelial cell cultures (Zhang et al., 2007). Additional studies
from our and Tuveson’s group (Biffi et al., 2019; Shi et al,,
2019) have shown that LIF, an IL-6 family member, is also highly
expressed in inflammatory pancreatic stellate cells, and thus
may be worth exploring in COVID-19 cytokine-storm patho-
genesis.

SARS pneumonitis begins with diffuse alveolar damage-
induced inflammatory and pro-fibrotic cytokine release,
including IL-1B, IL-6, TNF, and TGFB (Gubernatorova et al.,
2020; Zuo et al., 2009), at the onset of ALl in lethal SARS-CoV
infection mouse models (Gralinski et al., 2013; Rockx et al.,
2009). The key inflammatory mediators and kinetics in SARS-
CoV-infected mice parallel that in patients. Furthermore, sus-
tained pro-fibroinflammatory cytokine elevation predicts a poor
outcome (He et al., 2020; Henry et al., 2020; Lu et al., 2020; Man-
son et al., 2020). In this context, the unremitting wound-repair
response highlights the potential of activating the VDR check-
point. Vitamin D has been shown to suppress host immune-path-
ologic inflammatory responses to viral infections, including
SARS-CoV-2 (Mok et al., 2020). The profound, highly consistent
post-infection vitamin D effect dampening excessive host
response to pathogenic viruses contrasts with the little, if any,
ligand influence on the virus itself in studies of Dengue fever
(Manion et al., 2017), respiratory syncytial virus, influenza, and
coronavirus infections (Gui et al., 2017; Hansdottir et al., 2010;
Khare et al., 2013; Telcian et al., 2017).

Epidemiological studies show that large numbers of people
around the world are chronically vitamin D deficient, seasonally
worse in the winter and at higher latitudes (compare NYC to
Miami). While there are many reasons for this, poor diet, indoor
work, and low sun exposure are the most common. Perhaps of
relevance to late-stage COVID-19, rates of influenza compli-
cated by pneumonia and death during the 1918-1919 pandemic
were inversely correlated with estimated UVB exposure and
implied vitamin D deficiency (Grant and Giovannucci, 2009). A
strength of this ecologic analysis was the use of survey data
collected over 100 years ago (by the US Public Health Service,
from New Haven to San Francisco), before the isolation of
vitamin D, and thus not confounded by supplement intake.
Recently, similar vitamin D-related mortality patterns have
been reported in ARD (Pham et al., 2019), including viral out-
breaks; e.g., an estimated 4.4% increase in COVID-19 mortality
was reported for each degree latitude north of 28 degrees North
(Rhodes et al., 2020). Patient-level ARD data indicated that
vitamin D deficiency (plasma levels) correlated with hyperinflam-
mation, risk of ICU admission, advanced respiratory support,
and death (Dancer et al., 2015; Parekh et al., 2013; Vo et al.,
2018). Corresponding US and South Asian studies found that
the more the deficiency in COVID-19 patients, the worse the
outcome (Lau et al., 2020). Thus, mechanistic, therapeutic, and
epidemiologic studies clearly show prognostic value of vitamin
D deficiency in severe COVID-19, suggesting the gravity of
measuring plasma 25(OH)D levels in hospitalized patients in
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routine blood test biomarker panels (Henry et al., 2020; Manson
et al.,, 2020). Furthermore, these data suggest that restoring
vitamin D activity to critically ill patients to prime the VDR check-
point may be crucial. In contrast, stellate cell Cyp24al degrada-
tion of natural vitamin D makes enteral supplements futile (Ginde
et al., 2019, Schrumpf et al., 2017).

African Americans and other individuals with dark complex-
ions have lower levels of plasma 25(0OH)D due to increased
skin pigmentation (Essien et al., 2013), which although protective
against excess sunlight, comes at the cost of reducing vitamin D
synthesis and activation in the skin. Vitamin D levels in Blacks are
lowest as a group compared to all other ethnic groups (Lau et al.,
2020). For example, a National Health and Nutrition Examination
Survey found that over 80% of non-Hispanic Blacks were vitamin
D deficient (25(0OH)D levels < 20 ng/mL) relative to Hispanics
(59.0%) and non-Hispanic Whites (39.5%); age and socioeco-
nomic status were also associated with serum 25(OH)D
levels < 30 nmol/L (Diaz et al., 2009; Orces et al., 2019). This
deprivation is especially serious and severe in people of color
who live in northern latitudes, associated with increased
COVID-19 mortality among Blacks across the US (Kohimeier,
2020). Not surprisingly, in the last several weeks as the COVID-
19 curve flattens for most Americans and amid delayed and
limited release of disaggregated demographic data (Abbasi,
2020; Millet et al., 2020), an alarming COVID-19 ethnic/racial
mortality signal was exposed. Notably, the newly created COVID
Racial Data Tracker (and other dashboards) revealed consistent
and stunningly high US (and UK) COVID-19 mortality rates in
Blacks —exceeding Whites in every city and state with relevant
data available, as well as exceeding American Indians and His-
panics by ~2-fold. In fact, a first major peer-reviewed primary
report was published just weeks ago—a large case series of
Ochsner Health hospitalized patients finding that Blacks
(~30% of their catchment area) comprised >80% of COVID-19
ICU admissions requiring mechanical ventilation (Price-Hay-
wood et al., 2020). This was quickly followed by research reports
from two other hotspots. A patient-level study from the Bronx
Montefiore Health System (Golestaneh et al., 2020) found
increased COVID-19 mortality in Blacks that, in contrast to His-
panics, persisted after controlling for relevant co-morbidities
(e.g., diabetes, obesity) and socioeconomic (SES) factors. A
population-based, cross-sectional study of COVID-19 hospital
mortality in Brazil (Baqui et al., 2020) found increased mortality
in Black and dark-skinned (previously shown to be vitamin D
deficient) ethnicities. The racial disparity in rates of COVID-19
severity is consistent with reports of prior viral outbreaks, e.g.,
the 1862 smallpox, and 1918 and 2009 influenza pandemics.
Despite the disproportionate ethnicity/race COVID-19 mortality,
potential contributing biologic factors are unknown and largely
unexplored (Chastain et al., 2020; Webb Hooper et al., 2020). So-
cietal determinants and socioeconomic factors are clearly
important (Evans, 2020), though these factors alone do not fully
explain severity inequalities (Office for National Statistics, 2020),
including mortality-rate differences between Blacks and His-
panics noted above in a recent study from New York.

While stellate cell activation may play a dominant role in pro-
moting liver disease, pancreatitis, and cancer, other classes of
inflammatory cells, such as monocytes and macrophages, could
represent alternate therapeutic targets. Furthermore, VDR
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signaling may provide additional beneficial effects by regulating
the renin-angiotensin system (RAS), a key player in SARS-CoV-2
infection and COVID-19 severity. Mechanistically, COVID-19
infection begins when the spike protein of SARS-CoV-2 binds
ACE2 to enter the cell, then downregulates and degrades
ACE?2 itself in the lung and heart (Oudit et al., 2009), a pivotal
early event in lethal SARS mouse models (Rockx et al., 2009).
This pathologic process removes vital ACE2 restraint of Ang Il
levels, unleashing massive amounts of Ang Il, mainly produced
by stellate-derived fibroblasts (Zuo et al., 2009), as well as acti-
vated macrophages, which provoke a sinister set of events.
This includes reactive oxygen species generation and diffuse
alveolar (and blood vessel) damage (Ackermann et al., 2020),
which can cause macrophage and neutrophil infiltration,
inducing proinflammatory cytokine release. For example, Ang Il
can directly induce IL-6 expression, via NF-kB activation, the
main stimulator of STAT3 in vivo. Ang Il also drives adhesion
molecule and extracellular matrix secretion, and ultimately
ARD, fulminant fibroinflammatory multi-organ involvement (Gu-
bernatorova et al., 2020; Liu et al., 2020b; Rockx et al., 2009),
and unchecked wound healing (Rockx et al., 2009). In fact,
Ang Il induced hepatic injury, persistent HSC activation, TGF
expression, inflammation, and progression to cirrhosis, a pro-
cess reversed with ACE2 or Ang 1-7 in pre-cirrhotic mouse
models (Abdul-Hafez et al., 2018). Interestingly, ACE2 protein
administration suppressed SARS-induced ALI and viral spread.
Estrogen-liganded NHR can also induce ACE2 expression, as
well as suppress cytokine (e.g., IL-6) expression, mitigating
H1N1 virus-induced immunopathology (Vermillion et al., 2018).

After lipopolysaccharide (LPS) challenge, VDR null mice ex-
hibited more severe ALl and higher mortality compared with
wild-type counterparts, manifested by increased pulmonary
edema, neutrophil infiltration, and inflammation, caused by
excessive induction of pulmonary renin and Ang ll, partially
ameliorated by Ang Il receptor antagonist (Kong et al., 2013; Li
et al., 2004). Chronic dietary vitamin D deficiency can lead to
RAS activation with induction of TGF-1 expression and activa-
tion of a pro-fibrotic cascade (Shi et al., 2017). Plasma 25(0OH)D
deficiency increased Ang Il and renin levels in people with essen-
tial hypertension, consistent with increased expression of renin
mRNA and Ang Il in a VDR knockout hypertensive mouse model
(Rostand, 2010). Vitamin D directly suppresses renin transcrip-
tion by a VDR-dependent mechanism (Yuan et al., 2007). Parical-
citol and other vitamin D agonists alleviated LPS-induced ALI
and preserved alveolar barrier function, reducing neutrophil
recruitment (Shi et al., 2016) and RAS activation, the latter by
inducing ACE2/Ang-(1-7) axis activity and inhibiting renin and
the ACE/Ang II/AT1R cascade (Xu et al., 2017). Similar effects
were observed in non-lung models; e.g., vitamin D deficiency
(or VDR knockout) was associated with increased renin and
Ang Il (and IL-6 and TGFp) levels in diabetic mice (Zhang et al.,
2008). In contrast, activation of VDR has been shown to
decrease Ang Il and increase levels of ACE2 in tubular cells
and enhanced expression of ACE2, MasR, and Ang(1-7) gener-
ation in microglial cells (Riera et al., 2016, Cui et al., 2019;
Xu et al., 2017). Taken together, these observations provide
evidence that VDR signaling prevents lung injury by negatively
regulating RAS and the Ang-2-Tie-2-MLC kinase cascade. Hu-
man intestinal organoids (ACE2 expressing), suggesting a
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gut enterocyte reservoir for SARS-CoV-2, fuel viral spread and
cytokine response in COVID-19 pathogenesis, another potential
enteric-phase inflammatory hurdle to oral vitamin D administra-
tion (Clevers, 2020). Heightened basal RAS (e.g., reduced
ACE2 expression, higher Ang Il levels) activation and inflamma-
tory states (Ajilore and Thames, 2020; Albert and Ridker, 2004;
Suthanthiran et al., 2000; Vinciguerra and Greco, 2020), reported
in African Americans, are associated with severe COVID-19
outcomes and relevant risk co-morbidities (e.g., hypertension,
diabetes), some linked to vitamin D deficiency (Rostand, 2010;
Yancy, 2020).

Considering the above, could paricalcitol be repurposed to
help patients with severe COVID-19 avoid mechanical ventilation
or have a better response and thus increased hope of safely get-
ting off the respirator? If so, what would be the appropriate dose
and what might be the potential complications? First, parathy-
roid hormone (PTH) is naturally suppressed by vitamin D ago-
nists and thus hypercalcemia is possible. So patients should
have PTH and calcium levels monitored at the outset and once
every 5-7 days. In our pancreatic cancer patients, our IND was
for 25 pg intravenously 3 times weekly (NCT03520790) and
was well tolerated. In the context of COVID, patients would
most likely be receiving paricalcitol treatment at this dose for a
relatively short time (1-2 weeks), increasing safety. Similar to
classic steroids, in liver injury and pancreatitis models as well
as patient-derived CAFs, paricalcitol can acutely activate the
VDR checkpoint. While more science needs to be done, we sug-
gest the major complications of SARS-CoV-2 pneumonitis may
be aggravated by vitamin D depletion and corralled by VDR ag-
onists. Thus, the promise of targeting the VDR transcriptional
switch in pro-inflammatory and pro-fibrotic stellate cells is real.
This therapeutic concept is fortuitously supported by the recent
discovery of lung stellate cells in mouse models, directly linked to
pulmonary wounding response (Xie et al., 2018). These exciting,
potentially game-changing results suggest stellate cells in the
lung may logically share the VDR regulatory mechanism and, if
so, be primed for therapeutic intervention. In the COVID-19
era, there is an urgent need for new ideas on the origin and nature
of the unusual collection of complications that arise following
infection, and repositioning existing drugs (such as dexametha-
sone) given at FDA-approved therapeutic doses but for short-
course infusions in the acute setting (Lane and Fauci, 2020). As
we await further study and formal proof, the potential of parical-
citol to trigger the VDR transcriptional “brake” to restrain and
reprogram the intense inflammatory response in COVID-19 is
compelling. As paricalcitol is injectable, pre-activated, and sta-
ble, it is a prescription drug option that can be quickly repur-
posed for bedridden, intubated COVID-19 patients with negli-
gible sun exposure in the hospital ICU setting. This could offer
much needed restoration and activation of VDR activity to the
body, and perhaps cool inflamed lungs and boost body health
enough to give patients a fighting chance to, on their own,
walk out of the darkness and into the light.

ACKNOWLEDGMENTS

We thank C. Brondos and A. Ballantyne for administrative assistance. R.M.E. is
an Investigator of the Howard Hughes Medical Institute at the Salk Institute and
March of Dimes Chair in Molecular and Developmental Biology. This work was
supported by grants from the Lustgarten Foundation and the David C. Copley

¢? CellPress

Foundation, and by a Stand Up To Cancer-Cancer Research UK-Lustgarten
Foundation Pancreatic Cancer Dream Team Research Grant (grant number
SU2C-AACR-DT-20-16). Stand Up To Cancer is a program of the Entertain-
ment Industry Foundation. Research grants are administered by the American
Association for Cancer Research, the scientific partner of SU2C. S.M.L. is
Distinguished Chugai Professor and Director of Moores Cancer Center at
UC San Diego. This work was supported by National Cancer Institute grant
P30-CA023100 (PI) and SU2C-Lustgarten Foundation Pancreatic Cancer
Interception Dream Team grant SU2C-AACR-DT-25-17 (co-leader).

REFERENCES

Abbasi, J. (2020). Taking a closer look at COVID-19, health inequities, and
racism. JAMA. Published online June 29, 2020. https://doi.org/10.1001/
jama.2020.11672.

Abdul-Hafez, A., Mohamed, T., Omar, H., Shemis, M., and Uhal, B.D. (2018).
The renin angiotensin system in liver and lung: impact and therapeutic poten-
tial in organ fibrosis. J. Lung Pulm. Respir. Res. 5, 00160.

Ackermann, M., Verleden, S.E., Kuehnel, M., Haverich, A., Welte, T., Laenger,
F., Vanstapel, A., Werlein, C., Stark, H., Tzankov, A., et al. (2020). Pulmonary
vascular endothelialitis, thrombosis, and angiogenesis in Covid-19. N. Engl.
J. Med. 383, 120-128.

Ajilore, O., and Thames, A.D. (2020). The fire this time: the stress of racism,
inflammation and COVID-19. Brain Behav. Immun. 88, 66-67.

Albert, M.A., and Ridker, P.M. (2004). Inflammatory biomarkers in African
Americans: a potential link to accelerated atherosclerosis. Rev. Cardiovasc.
Med. 5 (Suppl 3), S22-S27.

Baqui, P., Bica, |., Marra, V., Ercole, A., and van der Schaar, M. (2020). Ethnic
and regional variations in hospital mortality from COVID-19 in Brazil: a cross-
sectional observational study. Lancet Glob. Health 8, e1018-e1026.

Biffi, G., Oni, T.E., Spielman, B., Hao, Y., Elyada, E., Park, Y., Preall, J., and Tu-
veson, D.A. (2019). IL1-induced JAK/STAT signaling is antagonized by TGFf to
shape CAF heterogeneity in pancreatic ductal adenocarcinoma. Cancer Dis-
cov. 9, 282-301.

Chastain, D.B., Osae, S.P., Henao-Martinez, A.F., Franco-Paredes, C., Chas-
tain, J.S., and Young, H.N. (2020). Racial disproportionality in Covid clinical tri-
als. N. Engl. J. Med. 383, €59.

Chen, W. (2020). A potential treatment of COVID-19 with TGF- blockade. Int.
J. Biol. Sci. 16, 1954-1955.

Clevers, H. (2020). COVID-19: organoids go viral. Nat. Rev. Mol. Cell Biol. 217,
355-356.

Cui, C., Xu, P., Li, G., Qiao, Y., Han, W., Geng, C., Liao, D., Yang, M., Chen, D.,
and Jiang, P. (2019). Vitamin D receptor activation regulates microglia polari-
zation and oxidative stress in spontaneously hypertensive rats and angiotensin
Il-exposed microglial cells: role of renin-angiotensin system. Redox Biol. 26,
101295.

Dancer, R.C., Parekh, D., Lax, S., D’Souza, V., Zheng, S., Bassford, C.R., Park,
D., Bartis, D.G., Mahida, R., Turner, A.M., et al. (2015). Vitamin D deficiency
contributes directly to the acute respiratory distress syndrome (ARDS). Thorax
70, 617-624.

Diaz, V.A., Mainous, A.G., 3rd, Carek, P.J., Wessell, A.M., and Everett, C.J.
(2009). The association of vitamin D deficiency and insufficiency with diabetic
nephropathy: implications for health disparities. J. Am. Board Fam. Med. 22,
521-527.

Ding, N., Yu, R.T., Subramaniam, N., Sherman, M.H., Wilson, C., Rao, R., Leb-
lanc, M., Coulter, S., He, M., Scott, C., etal. (2013). A vitamin D receptor/SMAD
genomic circuit gates hepatic fibrotic response. Cell 153, 601-613.

Essien, U., Goel, N., and Melamed, M.L. (2013). Role of vitamin D receptor acti-
vation in racial disparities in kidney disease outcomes. Semin. Nephrol. 33,
416-424.

Evans, R.M. (1988). The steroid and thyroid hormone receptor superfamily.
Science 240, 889-895.

Evans, M.K. (2020). Covid’s color line - infectious disease, inequity, and racial
justice. N. Engl. J. Med. 383, 408-410.

Cell Metabolism 32, November 3, 2020 707



https://doi.org/10.1001/jama.2020.11672
https://doi.org/10.1001/jama.2020.11672
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref2
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref2
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref2
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref3
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref3
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref3
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref3
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref4
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref4
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref5
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref5
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref5
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref5
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref7
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref7
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref7
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref8
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref8
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref8
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref8
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref9
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref9
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref9
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref10
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref10
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref11
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref11
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref12
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref12
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref12
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref12
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref12
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref13
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref13
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref13
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref13
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref14
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref14
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref14
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref14
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref15
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref15
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref15
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref16
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref16
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref16
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref17
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref17
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref18
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref18

¢? CellPress

Foster, D.S., Jones, R.E., Ransom, R.C., Longaker, M.T., and Norton, J.A.
(2018). The evolving relationship of wound healing and tumor stroma. JCI
Insight 3, €99911.

Geng, X., Shi, E., Wang, S., and Song, Y. (2020). A comparative analysis of the
efficacy and safety of paricalcitol versus other vitamin D receptor activators in
patients undergoing hemodialysis: a systematic review and meta-analysis of
15 randomized controlled trials. PLoS One 15, e0233705.

George, P.M., Wells, A.U., and Jenkins, R.G. (2020). Pulmonary fibrosis and
COVID-19: the potential role for antifibrotic therapy. Lancet Respir. Med. 8,
807-815.

Ginde, A.A., Brower, R.G., Caterino, J.M., Finck, L., Banner-Goodspeed, V.M.,
Grissom, C.K., Hayden, D., Hough, C.L., Hyzy, R.C., Khan, A,, et al.; National
Heart, Lung, and Blood Institute PETAL Clinical Trials Network (2019). Early
high-dose vitamin D3 for critically ill, vitamin D-deficient patients. N. Engl. J.
Med. 3817, 2529-2540.

Golestaneh, L., Neugarten, J., Fisher, M., Billett, H.H., Gil, M.R., Johns, T.,
Yunes, M., Mokrzycki, M.H., Coco, M., Norris, K.C., et al. (2020). The associ-
ation of race and COVID-19 mortality. EClinicalMedicine 25, 100455.

Gralinski, L.E., Bankhead, A., 3rd, Jeng, S., Menachery, V.D., Proll, S., Belisle,
S.E., Matzke, M., Webb-Robertson, B.J., Luna, M.L., Shukla, A K., et al.
(2013). Mechanisms of severe acute respiratory syndrome coronavirus-
induced acute lung injury. MBio 4, e00271-e00273.

Grant, W.B., and Giovannucci, E. (2009). The possible roles of solar ultraviolet-
B radiation and vitamin D in reducing case-fatality rates from the 1918-1919
influenza pandemic in the United States. Dermatoendocrinol 7, 215-219.

Gubernatorova, E.O., Gorshkova, E.A., Polinova, A.l., and Drutskaya, M.S.
(2020). IL-6: relevance for immunopathology of SARS-CoV-2. Cytokine
Growth Factor Rev. 53, 13-24.

Gui, B., Chen, Q., Hu, C., Zhu, C., and He, G. (2017). Effects of calcitriol (1, 25-
dihydroxy-vitamin D3) on the inflammatory response induced by HIN2 influ-
enza virus infection in human lung A549 epithelial cells and in mice. Virol. J.
14,10.

Hansdottir, S., Monick, M.M., Lovan, N., Powers, L., Gerke, A., and Hunning-
hake, G.W. (2010). Vitamin D decreases respiratory syncytial virus induction of
NF-kappaB-linked chemokines and cytokines in airway epithelium while main-
taining the antiviral state. J. Immunol. 184, 965-974.

He, L., Andaloussi Mae, M., Sun, Y., Muhl, L., Nahar, K., Vazquez Liébanas, E.,
Jonsson Fagerlund, M., Oldner, A., Liu, J., Genové, G., et al. (2020). Pericyte-
specific vascular expression of SARS-CoV-2 receptor ACE2 - implications for
microvascular inflammation and hypercoagulopathy in COVID-19. bioRxiv.
https://doi.org/10.1101/2020.05.11.088500.

Helms, E., Onate, M.K., and Sherman, M.H. (2020). Fibroblast heterogeneity in
the pancreatic tumor microenvironment. Cancer Discov. 10, 648-656.

Henry, B.M., de Oliveira, M.H.S., Benoit, S., Plebani, M., and Lippi, G. (2020).
Hematologic, biochemical and immune biomarker abnormalities associated
with severe illness and mortality in coronavirus disease 2019 (COVID-19): a
meta-analysis. Clin. Chem. Lab. Med. 58, 1021-1028.

Inoue, K., Matsui, I., Hamano, T., Fujii, N., Shimomura, A., Nakano, C., Kusu-
noki, Y., Takabatake, Y., Hirata, M., Nishiyama, A., et al. (2012). Maxacalcitol
ameliorates tubulointerstitial fibrosis in obstructed kidneys by recruiting
PPM1A/VDR complex to pSmad3. Lab. Invest. 92, 1686-1697.

Ji, D., Qin, E., Xu, J., Zhang, D., Cheng, G., Wang, Y., and Lau, G. (2020). Non-
alcoholic fatty liver diseases in patients with COVID-19: a retrospective study.
J. Hepatol. 73, 451-453.

Khare, D., Godbole, N.M., Pawar, S.D., Mohan, V., Pandey, G., Gupta, S., Ku-
mar, D., Dhole, T.N., and Godbole, M.M. (2013). Calcitriol [1, 25[OH]2 D3] pre-
and post-treatment suppresses inflammatory response to influenza A (H1N1)
infection in human lung A549 epithelial cells. Eur. J. Nutr. 52, 1405-1415.

KohImeier, M. (2020). Avoidance of vitamin D deficiency to slow the COVID-19
pandemic. BMJ Nutrition, Prevention & Health 3, e000096.

Kong, J., Zhu, X., Shi, Y., Liu, T., Chen, Y., Bhan, |., Zhao, Q., Thadhani, R., and

Li, Y.C. (2013). VDR attenuates acute lung injury by blocking Ang-2-Tie-2
pathway and renin-angiotensin system. Mol. Endocrinol. 27, 2116-2125.

708 Cell Metabolism 32, November 3, 2020

Cell Metabolism

Lane, H.C., and Fauci, A.S. (2020). Research in the context of a pandemic.
N. Engl. J. Med. Published online July 17, 2020. https://doi.org/10.1056/
NEJMe2024638.

Lau, F.H., Majumder, R., Torabi, R., Saeg, F., Hoffma, R., Cirillo, J.D., and
Greiffenstein, P. (2020). Vitamin D insufficiency is prevalent in severe
COVID-19. medRxiv. https://doi.org/10.1101/2020.04.24.2007583.

Li, Y.C., Qiao, G., Uskokovic, M., Xiang, W., Zheng, W., and Kong, J. (2004).
Vitamin D: a negative endocrine regulator of the renin-angiotensin system
and blood pressure. J. Steroid Biochem. Mol. Biol. 89-90, 387-392.

Liu, F., Long, X., Zhang, B., Zhang, W., Chen, X., and Zhang, Z. (2020a). ACE2
expression in pancreas may cause pancreatic damage after SARS-CoV-2
infection. Clin. Gastroenterol. Hepatol. 78, 2128-2130.e2.

Liu, M., Wang, T., Zhou, Y., Zhao, Y., Zhang, Y., and Li, J. (2020b). Potential
role of ACE2 in coronavirus disease 2019 (COVID-19) prevention and manage-
ment. J. Transl. Int. Med. 8, 9-19.

Lu, L., Zhang, H., Zhan, M., Jiang, J., Yin, H., Dauphars, D.J., Li, S.Y., Li, Y.,
and He, Y.W. (2020). Preventing mortality in COVID-19 patients: which cyto-
kine to target in a raging storm? Front. Cell Dev. Biol. 8, 677.

Manion, M., Hullsiek, K.H., Wilson, E.M.P., Rhame, F., Kojic, E., Gibson, D.,
Hammer, J., Patel, P., Brooks, J.T., Baker, J.V., and Sereti, |.; Study to Under-
stand the Natural History of HIV/AIDS in the Era of Effective Antiretroviral Ther-
apy (the ‘SUN Study’) Investigators (2017). Vitamin D deficiency is associated
with IL-6 levels and monocyte activation in HIV-infected persons. PLoS One
12, e0175517.

Manson, J.J., Crooks, C., Naja, M., Ledlie, A., Goulden, B., Liddle, T., Khan, E.,
Mehta, P., Martin-Gutierrez, L., Waddington, K.E., et al. (2020). COVID-19-
associated hyperinflammation and escalation of patient care: a retrospective
longitudinal cohort study. Lancet Rheumatol. Published online August 21,
2020. https://doi.org/10.1016/S2665-9913(20)30275-7.

Meredith, A., Boroomand, S., Carthy, J., Luo, Z., and McManus, B. (2015). 1,25
Dihydroxyvitamin D3 inhibits TGFB1-mediated primary human cardiac myofi-
broblast activation. PLoS ONE 70, e0128655.

Millet, G.A., Jones, A.T., Benkeser, D., Baral, S., Mercer, L., Beyrer, C., Hon-
ermann, B., Lankiewicz, E., Mena, L., Crowley, J.S., et al. (2020). Assessing dif-
ferential impacts of COVID-19 on black communities. Ann. Epidemiol.
47, 37-44.

Mok, C.K., Ng, Y.L., Ahidjo, B.A., Lee, R.C.H., Loe, M.W.C., Liu, J., Tan, K.S.,
Kaur, P., Chng, W.J., Wong, J.E.-L., et al. (2020). Calcitriol, the active form of
vitamin D, is a promising candidate for COVID-19 prophylaxis. bioRxiv. https://
doi.org/10.1101/2020.06.21.162396.

Office for National Statistics (2020). Coronavirus (COVID-19) related deaths by
ethnic group, England and Wales: 2 March 2020 to 10 April 2020. https://www.
ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/
deaths/articles/coronavirusrelateddeathsbyethnicgroupenglandandwales/
2march2020to10april2020.

Oh, T.G., Kim, S.M., Caussy, C., Fu, T., Guo, J., Bassirian, S., Singh, S., Ma-
damba, E.V., Bettencourt, R., Richards, L., et al. (2020). A universal gut-micro-
biome-derived signature predicts cirrhosis. Cell Metab. Published online June
30, 2020. https://doi.org/10.1016/j.cmet.2020.06.005.

Ohlund, D., Handly-Santana, A., Biffi, G., Elyada, E., Aimeida, A.S., Ponz-Sar-
vise, M., Corbo, V., Oni, T.E., Hearn, S.A., Lee, E.J., et al. (2017). Distinct
populations of inflammatory fibroblasts and myofibroblasts in pancreatic can-
cer. J. Exp. Med. 274, 579-596.

Orces, C., Lorenzo, C., and Guarneros, J.E. (2019). The prevalence and deter-
minants of vitamin D inadequacy among U.S. older adults: National Health and
Nutrition Examination Survey 2007-2014. Cureus 11, €5300.

Oudit, G.Y., Kassiri, Z., Jiang, C., Liu, P.P., Poutanen, S.M., Penninger, J.M.,
and Butany, J. (2009). SARS-coronavirus modulation of myocardial ACE2
expression and inflammation in patients with SARS. Eur. J. Clin. Invest. 39,
618-625.

Parekh, D., Thickett, D.R., and Turner, A.M. (2013). Vitamin D deficiency and
acute lung injury. Inflamm. Allergy Drug Targets 12, 253-261.

Pham, H., Rahman, A., Majidi, A., Waterhouse, M., and Neale, R.E. (2019).
Acute respiratory tract infection and 25-hydroxyvitamin D concentration: a
systematic review and meta-analysis. Int. J. Environ. Res. Public Health
16, 3020.


http://refhub.elsevier.com/S1550-4131(20)30485-X/sref19
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref19
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref19
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref20
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref20
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref20
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref20
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref21
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref21
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref21
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref22
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref22
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref22
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref22
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref22
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref22
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref23
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref23
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref23
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref24
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref24
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref24
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref24
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref25
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref25
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref25
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref26
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref26
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref26
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref27
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref27
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref27
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref27
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref28
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref28
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref28
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref28
https://doi.org/10.1101/2020.05.11.088500
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref30
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref30
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref31
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref31
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref31
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref31
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref32
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref32
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref32
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref32
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref33
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref33
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref33
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref34
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref34
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref34
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref34
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref35
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref35
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref36
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref36
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref36
https://doi.org/10.1056/NEJMe2024638
https://doi.org/10.1056/NEJMe2024638
https://doi.org/10.1101/2020.04.24.2007583
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref39
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref39
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref39
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref40
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref40
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref40
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref41
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref41
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref41
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref42
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref42
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref42
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref43
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref43
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref43
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref43
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref43
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref43
https://doi.org/10.1016/S2665-9913(20)30275-7
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref45
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref45
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref45
http://refhub.elsevier.com/S1550-4131(20)30485-X/opttSY5UIqRZD
http://refhub.elsevier.com/S1550-4131(20)30485-X/opttSY5UIqRZD
http://refhub.elsevier.com/S1550-4131(20)30485-X/opttSY5UIqRZD
http://refhub.elsevier.com/S1550-4131(20)30485-X/opttSY5UIqRZD
https://doi.org/10.1101/2020.06.21.162396
https://doi.org/10.1101/2020.06.21.162396
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/articles/coronavirusrelateddeathsbyethnicgroupenglandandwales/2march2020to10april2020
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/articles/coronavirusrelateddeathsbyethnicgroupenglandandwales/2march2020to10april2020
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/articles/coronavirusrelateddeathsbyethnicgroupenglandandwales/2march2020to10april2020
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/articles/coronavirusrelateddeathsbyethnicgroupenglandandwales/2march2020to10april2020
https://doi.org/10.1016/j.cmet.2020.06.005
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref49
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref49
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref49
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref49
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref50
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref50
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref50
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref51
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref51
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref51
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref51
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref52
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref52
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref53
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref53
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref53
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref53

Cell Metabolism

Price-Haywood, E.G., Burton, J., Fort, D., and Seoane, L. (2020). Hospitaliza-
tion and mortality among Black patients and white patients with Covid-19.
N. Engl. J. Med. 382, 2534-2543.

Rhodes, J.M., Subramanian, S., Laird, E., Griffin, G., and Kenny, R.A. (2020).
Perspective: vitamin D deficiency and COVID-19 severity - plausibly linked
by latitude, ethnicity, impacts on cytokines, ACE2 and thrombosis. J. Intern.
Med. Published online July 2, 2020. https://doi.org/10.1111/joim.13149.

Riera, M., Anguiano, L., Clotet, S., Roca-Ho, H., Rebull, M., Pascual, J., and
Soler, M.J. (2016). Paricalcitol modulates ACE2 shedding and renal ADAM17
in NOD mice beyond proteinuria. Am. J. Physiol. Renal Physiol. 370,
F534-F546.

Rockx, B., Baas, T., Zornetzer, G.A., Haagmans, B., Sheahan, T., Frieman, M.,
Dyer, M.D., Teal, T.H., Proll, S., van den Brand, J., et al. (2009). Early upregu-
lation of acute respiratory distress syndrome-associated cytokines promotes
lethal disease in an aged-mouse model of severe acute respiratory syndrome
coronavirus infection. J. Virol. 83, 7062-7074.

Rostand, S.G. (2010). Vitamin D, blood pressure, and African Americans:
toward a unifying hypothesis. Clin. J. Am. Soc. Nephrol. 5, 1697-1703.

Sahai, E., Astsaturov, I., Cukierman, E., DeNardo, D.G., Egeblad, M., Evans,
R.M., Fearon, D., Greten, F.R., Hingorani, S.R., Hunter, T., et al. (2020). A
framework for advancing our understanding of cancer-associated fibroblasts.
Nat. Rev. Cancer 20, 174-186.

Schrumpf, J.A., Amatngalim, G.D., Veldkamp, J.B., Verhoosel, R.M., Ninaber,
D.K., Ordonez, S.R., van der Does, A.M., Haagsman, H.P., and Hiemstra, P.S.
(2017). Proinflammatory cytokines impair vitamin D-induced host defense in
cultured airway epithelial cells. Am. J. Respir. Cell Mol. Biol. 56, 749-761.

Sherman, M.H., Yu, R.T., Engle, D.D., Ding, N., Atkins, A.R., Tiriac, H., Collis-
son, E.A., Connor, F., Van Dyke, T., Kozlov, S., et al. (2014). Vitamin D receptor-
mediated stromal reprogramming suppresses pancreatitis and enhances
pancreatic cancer therapy. Cell 159, 80-93.

Sherman, M.H., Yu, R.T., Tseng, T.W., Sousa, C.M., Liu, S., Truitt, M.L., He, N.,
Ding, N., Liddle, C., Atkins, A.R., et al. (2017). Stromal cues regulate the
pancreatic cancer epigenome and metabolome. Proc. Natl. Acad. Sci. USA
114, 1129-1134.

Shi, Y.Y., Liu, T.J., Fu, J.H., Xu, W., Wu, L.L., Hou, A.N., and Xue, X.D. (2016).
Vitamin D/VDR signaling attenuates lipopolysaccharide-induced acute lung
injury by maintaining the integrity of the pulmonary epithelial barrier. Mol.
Med. Rep. 13, 1186-1194.

Shi, Y., Liu, T., Yao, L., Xing, Y., Zhao, X., Fu, J., and Xue, X. (2017). Chronic
vitamin D deficiency induces lung fibrosis through activation of the renin-
angiotensin system. Sci. Rep. 7, 3312.

Shi, Y., Gao, W., Lytle, N.K., Huang, P., Yuan, X., Dann, A.M., Ridinger-Saison,
M., DelGiorno, K.E., Antal, C.E., Liang, G., et al. (2019). Targeting LIF-mediated
paracrine interaction for pancreatic cancer therapy and monitoring. Nature
569, 131-135.

Suthanthiran, M., Li, B., Song, J.O., Ding, R., Sharma, V.K., Schwartz, J.E., and
August, P. (2000). Transforming growth factor-beta 1 hyperexpression in Afri-
can-American hypertensives: a novel mediator of hypertension and/or target
organ damage. Proc. Natl. Acad. Sci. USA 97, 3479-3484.

Telcian, A.G., Zdrenghea, M.T., Edwards, M.R., Laza-Stanca, V., Mallia, P.,
Johnston, S.L., and Stanciu, L.A. (2017). Vitamin D increases the antiviral ac-
tivity of bronchial epithelial cells in vitro. Antiviral Res. 137, 93-101.

Thille, A.W., Esteban, A., Fernandez-Segoviano, P., Rodriguez, J.M., Ara-
mburu, J.A., Vargas-Errazuriz, P., Martin-Pellicer, A., Lorente, J.A., and
Frutos-Vivar, F. (2013). Chronology of histological lesions in acute respiratory

¢? CellPress

distress syndrome with diffuse alveolar damage: a prospective cohort study of
clinical autopsies. Lancet Respir. Med. 7, 395-401.

Vermillion, M.S., Ursin, R.L., Attreed, S.E., and Klein, S.L. (2018). Estriol re-
duces pulmonary immune cell recruitment and inflammation to protect female
mice from severe influenza. Endocrinology 759, 3306-3320.

Vinciguerra, M., and Greco, E. (2020). Sars-CoV-2 and black population: ACE2
as shield or blade? Infect. Genet. Evol. 84, 104361.

Vo, P., Koppel, C., Espinola, J.A., Mansbach, J.M., Celeddn, J.C., Hasegawa,
K., Bair-Merritt, M., and Camargo, C.A., Jr. (2018). Vitamin D status at the time
of hospitalization for bronchiolitis and its association with disease severity.
J. Pediatr. 203, 416-422.e1.

Wang, W., Ye, L., Ye, L., Li, B., Gao, B., Zeng, Y., Kong, L., Fang, X., Zheng, H.,
Wu, Z., and She, Y. (2007). Up-regulation of IL-6 and TNF-alpha induced by
SARS-coronavirus spike protein in murine macrophages via NF-kappaB
pathway. Virus Res. 728, 1-8.

Webb Hooper, M., Napoles, A.M., and Pérez-Stable, E.J. (2020). COVID-19
and racial/ethnic disparities. JAMA 323, 2466-2467.

Xie, T., Wang, Y., Deng, N., Huang, G., Taghavifar, F., Geng, Y., Liu, N., Kulur,
V., Yao, C., Chen, P., et al. (2018). Single-cell deconvolution of fibroblast het-
erogeneity in mouse pulmonary fibrosis. Cell Rep. 22, 3625-3640.

Xu, J., Yang, J., Chen, J., Luo, Q., Zhang, Q., and Zhang, H. (2017). Vitamin D
alleviates lipopolysaccharide-induced acute lung injury via regulation of the
renin-angiotensin system. Mol. Med. Rep. 16, 7432-7438.

Yancy, C.W. (2020). COVID-19 and African Americans. JAMA. Published
online April 15, 2020. https://doi.org/10.1001/jama.2020.6548.

Yeung, M.L., Yao, Y., Jia, L., Chan, J.F., Chan, K.H., Cheung, K.F., Chen, H.,
Poon, V.K., Tsang, A.K., To, K.K., et al. (2016). MERS coronavirus induces
apoptosis in kidney and lung by upregulating Smad7 and FGF2. Nat. Microbiol.
1, 16004.

Yuan, W., Pan, W., Kong, J., Zheng, W., Szeto, F.L., Wong, K.E., Cohen, R.,
Klopot, A., Zhang, Z., and Li, Y.C. (2007). 1,25-dihydroxyvitamin D3 sup-
presses renin gene transcription by blocking the activity of the cyclic AMP
response element in the renin gene promoter. J. Biol. Chem. 282,
29821-29830.

Zerr, P., Vollath, S., Palumbo-Zerr, K., Tomcik, M., Huang, J., Distler, A., Beyer,
C., Dees, C., Gela, K., Distler, O., et al. (2015). Vitamin D receptor regulates
TGF-B signalling in systemic sclerosis. Ann. Rheum. Dis. 74, e20.

Zhang, X., Wu, K., Wang, D., Yue, X., Song, D., Zhu, Y., and Wu, J. (2007).
Nucleocapsid protein of SARS-CoV activates interleukin-6 expression through
cellular transcription factor NF-kappaB. Virology 365, 324-335.

Zhang, Z., Sun, L., Wang, Y., Ning, G., Minto, A.W., Kong, J., Quigg, R.J., and
Li, Y.C. (2008). Renoprotective role of the vitamin D receptor in diabetic ne-
phropathy. Kidney Int. 73, 163-171.

Zhang, H., Neuhofer, P., Song, L., Rabe, B., Lesina, M., Kurkowski, M.U.,
Treiber, M., Wartmann, T., Regnér, S., Thorlacius, H., et al. (2013). IL-6
trans-signaling promotes pancreatitis-associated lung injury and lethality.
J. Clin. Invest. 7123, 1019-1031.

Zhao, X., Nicholls, J.M., and Chen, Y.G. (2008). Severe acute respiratory syn-
drome-associated coronavirus nucleocapsid protein interacts with Smad3
and modulates transforming growth factor-beta signaling. J. Biol. Chem.
283, 3272-3280.

Zuo, W., Zhao, X., and Chen, Y.G. (2009). SARS coronavirus and lung fibrosis.

In Molecular Biology of the SARS-Coronavirus, S.K. Lal, ed. (Springer),
pp. 247-258.

Cell Metabolism 32, November 3, 2020 709



http://refhub.elsevier.com/S1550-4131(20)30485-X/sref54
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref54
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref54
https://doi.org/10.1111/joim.13149
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref56
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref56
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref56
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref56
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref57
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref57
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref57
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref57
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref57
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref58
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref58
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref59
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref59
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref59
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref59
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref60
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref60
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref60
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref60
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref61
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref61
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref61
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref61
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref62
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref62
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref62
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref62
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref63
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref63
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref63
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref63
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref64
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref64
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref64
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref65
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref65
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref65
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref65
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref66
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref66
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref66
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref66
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref67
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref67
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref67
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref68
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref68
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref68
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref68
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref68
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref69
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref69
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref69
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref70
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref70
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref71
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref71
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref71
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref71
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref72
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref72
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref72
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref72
http://refhub.elsevier.com/S1550-4131(20)30485-X/optNAQjKrYNCx
http://refhub.elsevier.com/S1550-4131(20)30485-X/optNAQjKrYNCx
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref73
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref73
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref73
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref74
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref74
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref74
https://doi.org/10.1001/jama.2020.6548
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref76
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref76
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref76
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref76
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref77
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref77
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref77
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref77
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref77
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref78
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref78
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref78
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref79
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref79
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref79
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref80
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref80
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref80
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref81
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref81
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref81
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref81
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref82
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref82
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref82
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref82
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref83
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref83
http://refhub.elsevier.com/S1550-4131(20)30485-X/sref83

	Shining Light on the COVID-19 Pandemic: A Vitamin D Receptor Checkpoint in Defense of Unregulated Wound Healing
	Acknowledgments
	References


