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Reduced exposure to solar radiation, leading to a deficiency of vitamin D and hence impaired innate immunity, has been suggested
as a trigger for influenza viral replication and as an explanation of seasonal influenza. Although this hypothesis accounts for many
unexplained facts about the epidemiology of influenza, gaps remain in understanding the pathogenesis and manifestations of the
disease. Several observations suggest a role for vitamin A compounds (retinoids) in the disease. This paper presents a new model of
the etiopathogenesis of influenza, suggesting that host resistance and susceptibility depend importantly on the ratio of vitamin D
to vitamin A activity. Retinoid concentrations within normal physiological limits appear to inhibit influenza pathogenesis whereas
higher background concentrations (i.e., very low vitamin D : A ratios) increase the risk of severe complications of the disease. There
is also evidence that influenza-induced or preexisting liver disease, diabetes, and obesity worsen the severity of infection, possibly
via liver dysfunction and alterations in retinoid metabolism. The model could be tested by determining the presence of retinoids in
the secretions of patients with influenza and by studies of retinoid profiles in patients and controls. Potential strategies for prevention

and treatment are discussed.

1. Introduction

“I had a little bird

Its name was Enza

I opened the window

And in flew Enza”

(Children’s marching rhyme, 1918).

Influenza is a respiratory viral illness with three main viral
subtypes (denoted A, B, and C) that infect and reproduce
in human epithelial cells lining the respiratory tract [1]. Of
the three subtypes, the most deadly is influenza A, which is
associated with annual epidemics and occasional pandemics
[2]. Type A has been isolated from humans, birds, pigs,
horses, and sea mammals, while types B and C are found
only in humans. Influenza A epidemics typically affect the

very young and the elderly and have an international distri-
bution. Deaths associated with influenza are due primarily to
pneumonia and typically occur in the elderly. Every year from
50,000 to 70,000 influenza-related deaths occur in the United
States, exceeding the total number of US lives lost during the
Vietnam War. Influenza thus represents an important public
health problem [3]. Persons aged 85 years and older are 32
times more likely to die from influenza than those aged 65 to
69 [4]. Annual deaths related to influenza have doubled in the
past two decades, mostly involving influenza A viruses.

The appearance of two respiratory viruses in the past
decade—severe acute respiratory syndrome coronavirus
(SARS-CoV) and avian influenza H5N1 virus—caused great
concern due to their associated case fatality rates of over 60%.
In particular, increasing outbreaks of highly pathogenic avian
H5NI1 influenza virus in poultry and its spread to humans
have raised the specter of an imminent influenza pandemic.
In the absence of effective control or therapeutic measures,



new insights on the molecular pathogenesis are needed as a
basis for developing new treatments and preventive strategies
[5].

In June 2009, cases of flu-like illness in Mexico were
reported, associated with a new strain of HIN1 influenza.
This was the second of two pandemics involving HIN1
influenza virus, the first being the 1918 pandemic; hence, it
was quickly labeled an influenza pandemic. The HIN1 virus
strain was thought to have resulted from a reassortment of
bird, swine, and human flu viruses, which further combined
with a Eurasian pig flu virus, leading it to be called “swine
flu” although it was not caused or spread by pigs. By
November 2009, over 206 countries had reported laboratory-
confirmed cases. The 2009 HIN1 strain preferentially affected
young adults. Risk factors for severe disease included obesity,
pregnancy, asthma, chronic obstructive pulmonary disease,
neurological disorders, and HIV infection. Most cases were
mild. By August 2010, contrary to expectation, the number of
cases had declined so greatly that the end of the pandemic was
officially announced. During the 2010-2011 season, influenza
A H3N2 was the dominant serotype, but the 2009 HIN1
continues to co-circulate with H3N2 and B strains [6].

This paper presents a new model of the etiopathogenesis
of influenza, suggesting that host resistance and susceptibility
to the disease depend importantly on the ratio of vitamin D to
vitamin A; reduced exposure to sunlight and/or preexisting
vitamin D deficiency simultaneously increase the accumu-
lation, expression, and potential toxicity of endogenous
retinoids, and the decreased vitamin D to vitamin A ratio
triggers viral activation or increases susceptibility to novel
strains of influenza virus. It is suggested that increased but
normal physiological concentrations of retinoid effectively
inhibit influenza pathogenesis whereas higher background
concentrations (i.e., very low vitamin D: A ratios) worsen it
and induce the severe complications of the disease. Influenza-
induced or preexisting liver disease, diabetes, or obesity may
significantly worsen the outcome of infection, possibly via
alterations in retinoid metabolism. Methods for reversing the
low vitamin D:A ratio could include increasing exposure
to solar radiation, dietary restriction, and pharmacological
approaches, and all should be investigated for potential use
in the prevention and treatment of influenza.

2. Influenza A Virus Infection

Influenza A virus belongs to the Orthomyxoviridae family
of RNA viruses that includes influenza A, B, and C. It is an
enveloped virus ranging in size from 80 to 120 nm; its genome
consists of eight segments of single-stranded negative sense
RNA, which encode 10 or 11 proteins, depending on the
isolate [7]. The virus has a spherical structure containing
RNA material, studded with two surface glycoproteins,
hemagglutinin and neuraminidase. Fifteen different types of
hemagglutinin (H) and nine types of neuraminidase (N) are
recognized. Hemagglutinins are involved in the attachment
of viruses to host cell receptors and in the fusion of the
viral and cellular membranes, resulting in the release of
virion contents into cells [8]. Neuraminidases free newly
manufactured virions from the host cell and facilitate virus
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spread to target cells in airways and facilitate virus release
from infected cells [9].

Influenza A viruses are classified according to their
unique surface antigens (e.g., HIN1, H3N2). To date, 16 H
subtypes (H1-H16) and nine NA subtypes (N1-N9) have
been identified among type A influenza viruses [7]. Out-
breaks of human influenza infection are associated with
changes in the virus, which can be either gradual or sudden
and dramatic [1]. In the case of gradual change (termed
“antigenic drift”), genetic mutations gradually transform
the surface proteins of the virus, primarily hemagglutinins,
such that host antibodies increasingly fail to match surface
antigens. Thus immunity to a particular strain of virus has
limited value in future outbreaks involving different strains,
which results in increased susceptibility to infection.

Sudden and major changes in the virus (antigenic shift)
are seen mainly in influenza A viruses and involve a rap-
id transformation of the surface proteins, rendering the
virus unrecognizable to host antibodies. Such shifts have
the potential to cause pandemic infections. In one type
of genetic reassortment, gene segments from a prevailing
human influenza virus could mingle with an avian influenza
virus through an animal intermediary such as pigs. This was
thought to have occurred in the 1957 Asian flu and the 1968
Hong Kong flu epidemics. A second type of gene mutation
could involve the reassortment of human subtypes within a
human host. Thirdly, a pandemic strain could emerge when
an avian or mammalian virus becomes infectious to humans
as well as capable of person-to-person transmission, as may
have occurred in the so-called Spanish flu pandemic of 1918
(1, 10].

In recent years the most commonly reported strain has
been H5N1, which emerged as an avian pathogen in 1996.
This strain led to an outbreak of chicken-influenza in 1997
in Hong Kong, which killed 6/18 people; 5/9 infected adults
died compared to 1 of 9 children infected [11]. This strain
has circulated in birds and spread widely, leading to sporadic
human infections. By March 11, 2009, 411 cases of humans
infected with avian influenza H5N1 virus had been reported,
with a cumulative case fatality rate of 62% [6].

Only one month later (April 21, 2009), the US Centers
for Disease Control and Prevention announced that another
pandemic was imminent, involving a new swine influenza
virus (HIN1) that was transmitted to and spread among
humans, resulting in international disease outbreaks [12].
However, the 2009 HIN1 influenza virus is likely to become
extinct unless it mutates or avoids the already high level of
global population immunity [13].

The main influenza virus serotypes that have been con-
firmed in humans, ordered by the number of known human
pandemic deaths, are

(i) HIN1—cause of “spanish flu” in 1918 and “swine flu”
in 2009,

(ii) H2N2—cause of “Asian Flu”,
(iii) H3N2—caused “Hong Kong Flu”,
(iv) H5N1—a pandemic threat,
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(v) H7N7—has unusual zoonotic potential,

(vi) HIN2—endemic in humans and pigs.

Influenza and the common cold are the most common
infectious diseases in human beings. Diagnosis is based on
symptoms, and treatments are mainly empirical, since the
mechanisms responsible for the disease manifestations are
poorly understood compared to knowledge of the disease-
causing viruses themselves. The main symptoms of influenza
infection usually last 3-5 days and include high fever, chills,
rhinitis, headache, myalgia, malaise, extreme fatigue, and
cough. Other poorly understood symptoms include sore
throat, sneezing, nasal congestion, watery eyes and sinus pain
[14]. Cough occasionally progresses to acute respiratory dis-
tress, pulmonary infiltrates, and plural effusion. Symptoms
are not restricted to the respiratory system and can include
multiorgan failure [15], especially if pneumonia or other
secondary medical conditions develop, when complications
can be fatal (Centers for Disease Control and Prevention.
Influenza fact sheet. Available at http://www.cdc.gov/flu/
about/disease/). The features of influenza overlap with other
co-circulating respiratory viruses such as respiratory syn-
cytial virus (RSV) and parainfluenza virus. In elderly and
debilitated patients with influenza, the disease may present
with less prominent respiratory symptoms and only fever,
lassitude, and confusion. Although morbidity and mortality
associated with both influenza and RSV disproportionately
affect the elderly, the 1918 Spanish influenza pandemic
caused 20-50 million deaths worldwide, with proportionately
higher mortality among young adults [10, 16].

In a report on the cause of death related to pandemic
influenza, lung tissue from 58 soldiers who died of influenza
at military bases in 1918 and 1919 was examined. Over
2,000 publications during the period 1919 to 1929 were also
reviewed, from which 118 autopsy series reports were iden-
tified, representing 8,398 individual autopsies conducted in
15 countries. Results showed that most deaths during the
pandemic of 1918-1919 were not caused by the influenza
virus acting alone but by bacterial pneumonia that followed
influenza virus infection. The samples had been preserved
in paraffin blocks and were recut and stained for micro-
scopic evaluation. Examination revealed a spectrum of tissue
damage ranging from the characteristic features of viral
pneumonia and evidence of tissue repair, to those of severe,
acute, secondary bacterial pneumonia as the main disease at
the time of death. The virus had destroyed the cells lining
the bronchial tubes, including ciliated cells, the loss of which
made other kinds of cells throughout the respiratory tract
vulnerable to attack from bacteria that migrated down the
newly created pathway from the nose and throat [17].

Avian influenza A (H5N1) viruses can cause severe dis-
ease in humans, characterized by acute lung injury, progress-
ing rapidly to acute respiratory distress syndrome (ARDS),
pneumonia, acute renal failure, and multiorgan dysfunction
[18]. Extrapulmonary organs infected with human H5N1
virus include the placenta, trachea, intestine, liver, and brain.
Increased mortality risk is associated with high viral load
and evidence of virus in extrapulmonary tissues, notably liver
and brain [19]. Human H5N1 infections are characterized

by increased chemokine and cytokine concentrations in
macrophages and respiratory epithelia [20]. The primary
targets of influenza infection in the lung are respiratory
epithelial cells, which produce large amounts of virus that
subsequently infect alveolar macrophages [21] and dendritic
cells (DCs) [22].

Three specific markers have now been identified that
make a particular influenza virus more or less deadly, the
presence or absence of which can be determined by exam-
ining the virus genome. One such marker is the presence of
a coding sequence for PB1-F2, the smallest protein in the
influenza virus repertoire. This coding sequence is not found
in all human influenza viruses but is consistently present
in viruses that are known to be highly virulent in humans
and mice. A second marker of pathogenicity is the extent
of similarity between the viral hemagglutinin molecules of
the new strain and those of other human viruses. Low
identity indicates antigenically distinct hemagglutinin struc-
tures, suggesting that transmission between humans will not
be diminished by a degree of “herd immunity” resulting
from exposure to similar viruses. A third molecular marker
relevant to the pathogenicity of avian influenza viruses is the
polybasic cleavage site, a protease site in the viral hemaggluti-
nin that enables an expanded array of host proteases to
activate the hemagglutinin molecule, enabling virus fusion
with a host cell [23].

Annual influenza vaccination continues to be an impor-
tant public health priority, but current vaccines are neither
highly immunogenic among elderly persons [24] nor well
accepted by the public [25]. Jefferson et al. [26] sought to
identify and assess all randomized controlled trials (RCTs)
and quasi-RCTs comparing the effects of influenza vaccines
with placebo or no intervention in healthy adults. Based on
clinical trials that included over 70,000 people, the authors
concluded that influenza vaccines modestly reduce influenza
symptoms and working days lost but have no effect on pneu-
monia, other complications, or transmission. They also noted
that studies funded from public sources were significantly less
likely to report conclusions favorable to the vaccines and that
evidence on influenza vaccines was thin and unreliable.

A more recent study [27] assessed the relative reduction
in influenza risk from all circulating influenza viruses in the
US, based on randomized trials of licensed influenza vac-
cines (efficacy) as well as reduced risks based on selected
observational studies (effectiveness). The data included 17
randomized controlled trials and 14 observational studies
and included only laboratory-confirmed cases of influenza.

Pooled efficacy ranged from 59% to 83%, whereas median
vaccine effectiveness was 69% (range 60-93). It was con-
cluded that influenza vaccines provide moderate protection
against virologically confirmed influenza, but such protection
is greatly reduced or absent in some seasons; new vaccines
with improved clinical efficacy and effectiveness were needed
to reduce influenza-related morbidity and mortality.

There is no cure for influenza, and the molecular basis
of pathogenicity is not well understood. Antiviral prophy-
laxis and treatment with amantadine and rimantadine have
been administered in the past, but adverse effects and
the rapid development of drug resistance limit their use



[28]. Oseltamivir, a neuraminidase inhibitor, is a relatively
new treatment option. Stockpiling of the drug is a feature
of pandemic preparedness plans [29], but little is known
about the efficacy of oseltamivir in human influenza A
(H5N1) virus infection. Influenza A (H5N1) virus with an
amino acid substitution in neuraminidase conferring high-
level resistance to oseltamivir was isolated from two of
eight Vietnamese patients treated with oseltamivir who died
of the infection, in one case despite early treatment. The
presence of detectable virus after completion of treatment
was also associated with a poor outcome [30]. Surviving
patients had rapid declines in viral load to undetectable levels
during treatment. These observations have suggested that
resistance can emerge during oseltamivir therapy and may
be associated with clinical deterioration; hence, treatment of
influenza A (H5N1) virus infection should include additional
antiviral agents. A significant need thus exists to understand
the pathogenesis of influenza and related conditions such
as severe acute respiratory syndrome (SARS) in order to
develop effective treatments. SARS was associated with a near
pandemic in 2002-2003 and caused 8,096 known infected
cases and 774 confirmed human deaths, a case-fatality rate of
9.6% [31]. Research on SARS, a respiratory disease in humans
caused by the SARS coronavirus (SARS-CoV), has suggested
that symptom worsening is not due to uncontrolled viral
replication but to undefined immunologic damage [32]. This
leads us to a discussion of a new theory of the pathogenesis
of influenza.

3. The Vitamin D Hypothesis of
Seasonal Influenza

It has been proposed that seasonal influenza results from
vitamin D deficiency due to lack of exposure to solar
radiation, which impairs the innate immune system and
triggers viral replication [33-35]. The vitamin D deficiency
hypothesis accounts for many hitherto puzzling facts about
the epidemiology of influenza, but gaps remain in under-
standing the pathogenesis and manifestations of the disease.
Several observations are reviewed in this paper suggesting
an important contributory role for retinoids (vitamin A and
its congeners) in the pathogenesis, symptoms, and course of
influenza infection.

While working as a psychiatrist at a maximum-security
hospital, John Cannell screened his patients for vitamin D
and found that all had very low levels. This led him to
recommend that they take 2000IU/d of vitamin D, the US
“upper limit of tolerability”. Several months later an epidemic
of influenza broke out at the hospital. Cannell noticed that
none of the patients on his own ward developed symptoms,
yet sickness was rampant among patients on adjacent wards,
despite intermingling between patients and nurses [36]. This
observation suggested to Cannell that vitamin D supple-
mentation protected against influenza, an idea consistent
with several facts: influenza is a wintertime illness; children
with rickets are at increased risk of respiratory infections;
and elderly individuals in most countries are more likely
to die in winter than in summer months. Cannell and
associates [33-35] proposed that influenza is a dormant
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viral disease that becomes active in response to vitamin D
deficiency. Seasonal fluctuations in influenza were explained
in terms of annual fluctuations in 25-hydroxy-vitamin D
levels due to lack of exposure to sunlight. The vitamin D
deficiency hypothesis similarly explained the following ob-
servations:

(i) the appearance of influenza in winter, when vitamin
D levels are at their lowest,

(ii) the disappearance of influenza following the summer
solstice,

(iii) the increased prevalence of influenza in the tropics
and other areas during rainy seasons,

(iv) the inverse association between influenza and out-
door temperature,

(v) the decreased incidence of colds among children ex-
posed to sunlight.

Activated vitamin D,1,25(OH),D, a steroid hormone, is
an immune system modulator that reduces the expression of
inflammatory cytokines and increases macrophage function.
Vitamin D also stimulates the expression of potent antimicro-
bial peptides (AMPs), which exist in neutrophils, monocytes,
natural killer cells, and epithelial cells of the respiratory
tract [37]. Other observations explained by the vitamin D
hypothesis are that

(i) volunteers inoculated with live influenza virus in
winter were more likely to develop fever and serologic
evidence of an immune response than in summer
months;

(ii) vitamin D deficiency predisposes children to respira-
tory infection;

(iii) ultraviolet (UV) radiation reduces the incidence of
viral respiratory infections;

(iv) vitamin D supplementation reduces the incidence of
respiratory infections in children [33].

The vitamin D deficiency hypothesis accounts for many
hitherto unexplained facts about the epidemiology of
influenza [38, 39]. Influenza is an allegedly highly infectious
viral illness that shows marked seasonal fluctuations, peaking
in the winter months and then ending abruptly; it has an
obscure serial interval, with a very low secondary attack
rate that occurs simultaneously in countries of similar lati-
tude; it spreads very rapidly despite the absence of modern
transportation; a high percentage of seronegative volunteers
escape illness or experience only a mild illness after being
inoculated with novel influenza virus; and vaccine effective-
ness is questionable [40, 41].

Hope-Simpson [39] argued that the epidemiology of
influenza was inconsistent with the concept of a highly infec-
tious illness sustained by a continuing chain of transmission
from the sick to the well. Although influenza is still con-
sidered highly infectious [42], there is surprisingly little
evidence to support this assumption. Influenza epidemics are
often associated with close human interaction, and the first



ISRN Infectious Diseases

person identified with illness is usually considered the index
case. However, the fact that person A becomes sick before
person B does not necessarily imply that A infected B. Hope-
Simpson suggested that epidemic influenza propagates by a
series of transmissions from a small number of symptomless
latent carriers temporarily rendered highly contagious by
an unknown “seasonal stimulus” that was related to solar
radiation and that controlled the seasonality of influenza by
rendering human populations susceptible to the disease.

Cannell and his associates [33-35] proposed that this
seasonal stimulus is an impaired production of antimicrobial
peptides (AMPs) due to reduced concentrations of 25-
hydroxyvitamin D(25(OH)D), following reduced exposure to
solar radiation. Support for the suggestion of a marked sea-
sonal decline in vitamin D levels is provided by a prevalence
survey of hypovitaminosis D in the British white population
[43]. 25-Hydroxyvitamin D[25(OH)D] was measured in
7,437 whites from the 1958 British birth cohort when they
were 45 years old. Hypovitaminosis D was highest during
the winter and spring; 25(OH)D concentrations <25, <40,
and <75nmol/L were found in 15.5%, 46.6%, and 87.1%
of participants, respectively, compared to 3.2%, 15.4%, and
60.9%, respectively, during the summer and fall. 25(OH)D
concentrations were significantly higher in participants who
used vitamin D supplements or oily fish than in those who
did not (P < 0.0001 for both). 25(OH)D concentrations
<40 nmol/L were twice as common in the obese as in the
nonobese and in Scottish participants, as in those from
England and Wales. The prevalence of hypovitaminosis D in
the general population was described as “alarmingly high”
during the winter and spring, warranting action at a popula-
tion level.

Seasonal variation in vitamin D levels also occurs around
the equator [44], due to sun avoidance [45], rainy seasons,
and air pollution. Cannell et al. [34, 35] theorize that epi-
demic influenza is due to marked variations in the infectivity
of infected persons, combined with vitamin D deficiency
as the seasonal stimulus. On this basis they propose expla-
nations for a number of hitherto unresolved questions and
issues.

(1) Why is influenza both seasonal and ubiquitous, and
where is the virus between epidemics? It is postu-
lated that the disease is widely seeded in the pop-
ulation, which explains its ubiquity, while seasonal
impairments in innate immunity similarly allow for
seasonal epidemics in temperate latitudes and less
predictable epidemics in tropical areas. Extensive,
out-of-season outbreaks, such as the 1918 pandemic,
could arise when “novel antigenic viruses with sig-
nificantly greater infectivity and virulence overwhelm
innate immunity” [34, 35].

(2) Why do epidemics end so abruptly? It is speculated by
Cannell et al. [34, 35] that this may be due to the rapid
demise of those segments of the population with both
impaired innate and adaptive immunity.

(3) Why are influenza epidemics so explosive? Cannell et
al. [34, 35] suggest that abrupt fall-winter impairment

in innate immunity renders a percentage of the non-
immune population highly susceptible to background
influenza virus.

(4) What accounts for the frequent coincidental timing
of epidemics in countries of similar latitude? This
may be due to simultaneous impairments in innate
immunity at similar latitudes resulting from sunlight
deprivation.

(5) Why is the serial interval difficult to quantify? The
presence of “good transmitters” of the virus as well
as vitamin D-induced variations in innate immunity
could affect influenza’s incubation period and further
obscure the serial interval.

(6) Why is the secondary attack rate very low (about
20%); indeed, impossibly low for a highly infec-
tious virus supposedly spreading from sick to well
individuals? Because only a subpopulation of the
infected (the “good transmitters”) are infective. Such
individuals cannot yet be identified.

(7) Why did epidemics in previous ages spread so rapidly
despite the lack of modern transportation? Influenza
is embedded in the population and only erupts when
impairments in innate immunity create a susceptible
subpopulation, and thus it only appears to be spread-
ing. The occurrence of influenza in large segments of
the population seasonally and almost simultaneously
may reflect the availability of good transmitters. The
disease could actually spread as well, due to the
movements of good transmitters.

(8) Why does experimental inoculation of seronegative
humans consistently fail to cause illness? Because of
variations in the innate immunity of the volunteers,
possibly due to variations in 25(OH)D levels.

(9) Why has influenza mortality in the aged not declined
with increasing vaccination rates in the past 20 years?
Possibly because while vaccination has improved
adaptive immunity among the aged, innate immunity
among the aged has declined due to public health
warnings to avoid sunlight [46]. Cannell et al’s [34,
35] thesis that vitamin D deficiency is the seasonal
stimulus to influenza is supported by the facts that
lower respiratory tract infections are not only more
frequent in those with low 25(OH)D levels [47] but
vitamin D deficiency may be very common during the
flu season as well [48].

The basis of the protective effect of vitamin D is said
to lie in its ability to stimulate innate immunity and to
reduce inflammation [37, 49-51]. Innate immunity differs
from adaptive immunity in that the former responds rapidly
to microorganisms using genetically encoded effectors, most
notably the antimicrobial peptides (AMPs) [52]. As noted,
the active form of vitamin D (1,25-dihydroxyvitamin D;
1,25-OH, D) stimulates the expression of AMPs “endogenous
antibiotics” in human monocytes, neutrophils, and epithelial
cells [37]. AMPs protect epithelial surfaces by destroying
the lipoprotein membranes of microbes such as influenza



viruses. If the epithelial mucosal surface barrier is breached,
microbes binding to the epithelia promote the expression
of inducible AMPs including the defensins and cathelicidin.
The defensins inhibit influenza hemagglutinin A-associated
carbohydrates [53] and act with cathelicidin as chemoattrac-
tants for macrophages and neutrophils [54]. Vitamin D thus
enhances the capacity of the epithelium to produce AMPs
following exposure to microbes [34, 35]; it also dampens
the proinflammatory peptides interferon gamma, TNF-alpha
and IL-12 of the adaptive immune system, especially those
responsible for acute inflammation “cytokine storms” [55].

Recognition of microbial particles by toll-like receptors
(TLRs) induces expression of antimicrobial peptides such
as defensins and cathelicidins, which act broadly against
microorganisms, including bacteria, fungi, and viruses. Stim-
ulation of TLRs engages a vitamin D-dependent intracellular
circuit that results in the expression of cathelicidin, enhanc-
ing the microbicidal capability of the monocyte [56]. Sera
from African Americans, who have substantially lower serum
vitamin D levels than whites, were inefficient in inducing
genetic expression of cathelicidin, but supplementation with
vitamin D increased cathelicidin levels to those seen in
monocytes from whites. 1,25-OH,D induces expression of
cathelicidin and defensin 2 genes [37], and defensin (32
has inhibitory effects on adenovirus and HIV-1 [57, 58].
Defensins block viral infection by directly acting on the
virion or by affecting the target cell and indirectly interfering
with viral infection [58]. One of the defensins (retrocyclin-
2) inhibits influenza virus infection by blocking membrane
fusion mediated by viral hemagglutinin [53]. These findings
have suggested that vitamin D supplementation could pre-
vent colds and influenza.

There is presently little direct or experimental evidence to
support the hypothesis that vitamin D might protect against
influenza infection. Experiments have not yet been done in
cells or mice to evaluate the effect of vitamin D on influenza
virus [59].

In one randomized clinical study, 104 postmenopausal
African American women were given vitamin D3 (800 IU/d)
and 104 were given placebo. After 2 years, the vitamin D3
dose was increased to 50 yg/d (2000 IU) in the active group.
After 3 years, a total of 34 patients reported symptoms of
colds and influenza, eight in the vitamin D3 group versus
26 in the placebo group, a threefold reduced risk (P <
0.002). The placebo group had cold/influenza symptoms
mostly in the winter. The vitamin D group had symptoms
throughout the year while on 20 ug/d, but only one subject
had a cold/influenza while on 50 ug/d. It was concluded that
vitamin D supplementation, particularly at higher doses, may
protect against the “typical” winter cold and influenza [50]
(see Figure 1).

Urashima et al. [60] conducted a randomized, double-
blind, placebo-controlled trial comparing the effect of vita-
min Dj supplements (1200 1U/d) with placebo on the inci-
dence of seasonal influenza A in schoolchildren, diagnosed
with influenza antigen testing with a nasopharyngeal swab
specimen. Influenza A occurred in 10.8% of 167 children in
the vitamin D3 group compared with 18.6% of 167 in the
placebo group (RR: 0.58; 95% CI: 0.34, 0.99; P = 0.04), but the
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FIGURE 1: Incidence of reported cold and influenza symptoms
according to season. Subjects (n = 104) in placebo group (light
shading) reported cold and flu symptoms year-round, with most
symptoms in winter. While on 800 IU/d (intermediate shading), 104
test subjects were as likely to get sick in summer as in winter. Only 1
of 104 test subjects had cold and/or influenza symptoms during the
final year of the trial, when they took 2,000 IU/d of vitamin D (dark
shading; from Cannell et al. [34, 35], modified from Aloia and Li-Ng
[50] with permission).

protective effect was more marked in children who had not
been taking other vitamin D supplements (RR: 0.58; 95% CI:
0.17,0.79; P=0.006) and who started nursery school after age
3 years (RR: 0.36; 95% CI: 0.17, 0.78; P = 0.005). In children
with a previous diagnosis of asthma, attacks of asthma were
also significantly reduced in the vitamin D supplement group
compared to the placebo group (P = 0.006). This study
suggests that vitamin D5 supplements during the winter may
reduce the incidence of influenza A.

Plasma levels of 25(OH)D are lower in African than in
white Americans and are insufficient to stimulate the vitamin
D-dependent AMPs, although supplementary 25(OH)D can
enhance AMP expression [56]. High melanin concentrations
in dark-skinned individuals shield keratinocytes from the
UV radiation that generates vitamin D in the skin [61].
Production of vitamin D in skin also diminishes with aging
[54]. Hence dark-skinned and aged individuals are at risk of
innate immune deficiency, especially in winter. Since vitamin
D is mostly obtained from sunlight, vitamin D deficiency is
generally higher in winter in aged, dark-skinned, and obese
individuals as well as in high northern and southern latitudes
[48].

4. Role of Retinoids in the Pathogenesis and
Symptoms of Influenza: New Hypothesis

The seasonality and other observations on the epidemiology
of influenza A are attributed to population-wide states of
impaired innate immunity due to reduced exposure to sun-
light during the winter months and a resulting deficiency of
vitamin D [33-35]. Cannell’s theory postulates that influenza
epidemics are the result of a dormant disease that becomes
active in response to vitamin D deficiency. Although the
vitamin D deficiency hypothesis accounts for many hitherto
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unexplained facts about the epidemiology of influenza, gaps
remain in understanding the pathogenesis, symptoms, and
course of influenza infections.

Several observations reviewed in this paper suggest that
vitamins A and D have interactive roles in influenza and that
retinoids (the collective term for vitamin A and its natural and
synthetic congeners) have an independent role in influenza
infection and pathogenesis. For instance, solar radiation has
opposite effects on vitamins A and D, catabolizing vitamin
A but increasing the concentration of vitamin D; the effects
of the two vitamins are mutually inhibitory; retinoids reg-
ulate airway epithelial cell growth, differentiation, and gene
expression; the symptoms of influenza are similar to those
of retinoid toxicity; supplementary and/or pharmacological
concentrations of retinoids induce influenza-like symptoms;
viral activity is regulated in part by retinoids; and retinoids
influence the mechanisms that both inhibit and contribute to
influenza pathogenesis.

It is hypothesized that reduced sunlight exposure and/or
preexisting vitamin D deficiency simultaneously increase the
accumulation, expression and potential toxicity of endoge-
nous retinoids (i.e., decrease the vitamin D-to-vitamin A
ratio), which trigger viral activation or increase host sus-
ceptibility to novel strains of influenza virus. Furthermore,
while normal physiological concentrations of retinoid appear
to work with vitamin D to inhibit influenza pathogenesis,
higher background concentrations (very low vitamin D: A
ratios) worsen it and may induce the severe or lethal com-
plications of the disease. In short, the outcome of influenza
infections may depend in part on the ratio or balance between
background concentrations of vitamin A and vitamin D. The
role of vitamin D and vitamin A in influenza could also, of
course, extend to genetic differences in the metabolism and
availability of these vitamins (c.f. [62]).

4.1. Retinoids. Vitamin A and its natural and synthetic
congeners “retinoids” are mainly dietary-derived fat-soluble
signaling molecules that are stored principally in the liver
and are essential for normal cellular homeostasis, embry-
onic development, tissue differentiation, growth, and mucus
secretion [63, 64]. Retinoic acid (RA), the active form of vita-
min A in most cellular differentiation systems, binds to and
activates specific retinoid receptors (retinoic acid receptors
(RARs); and retinoid X receptors (RXRs)) that regulate the
transcription of many target genes [65-67].

The RARs and RXRs are members of the lipophilic
steroid/thyroid superfamily of ligand-dependent nuclear
transcription factors and include the steroids, retinoids,
thyroid hormones, and vitamin Dj;. Because they can readily
diffuse from a source and permeate a target, these lipophilic
hormones are potent regulators of development, cell differen-
tiation, and organ physiology [68, 69]. The RARs and RXRs
exist as three distinct gene products—e, 3, and y. Upon
ligand activation, these receptors function as heterodimeric
transcription factors and control the expression of target
genes by binding to specific DNA sequences, termed RA
response elements (RAREs) [70, 71].

Retinoic acid is produced from free retinol by hydrolysis
of retinyl esters stored in the liver and the release of retinol
into the circulation and delivery to the target organ tissues
bound to retinol-binding protein (RBP). Retinol is first
oxidized to retinaldehyde via an alcohol dehydrogenase, and
then RA is synthesized from retinaldehyde primarily within
the cell microsomes via the enzyme retinaldehyde dehydro-
genase. Serum retinol levels remain stable due to a carefully
regulated transport system that ensures that the target tissues
receive the necessary amounts of retinol despite major fluctu-
ations in dietary intake [72]. Retinoic acid also influences the
action of many transcription factors, for example, repressing
the activation of AP-1 by inhibiting the induction of c-Jun
and c-fos [73]. RA also regulates other nuclear receptors
including the peroxisome proliferator-activated receptors
(PPARs), vitamin D receptor, the liver X receptor, and
farnesoid X receptor, which heterodimerizes with RXR and
regulates the activation of transcription factors, for example,
NF-«xB, AP-1, and STAT-1 [67]. RA exerts opposing effects
on cell growth via the alternative activation of RARs versus
PPARSS [74].

Low concentrations of retinoic acid are essential growth
factors for certain types of cells, but higher concentrations
inhibit cell growth and are cytotoxic, mutagenic, and ter-
atogenic. Exogenous vitamin A toxicity can occur due to
excessive dietary consumption or from treatment with reti-
noids. Although vitamin A toxicity from provitamin A plant
carotenoid sources has never been reported, the absorption
and hepatic storage of preformed vitamin A from animal
foods, fortified foods, and supplements in the form of retinyl
esters can result in hypervitaminosis A. An endogenous
form of retinoid intoxication can also occur naturally during
cholestasis, when vitamin A metabolites are refluxed into
the circulation from the liver in bile acids [75]. A variety of
environmental factors can interact with endogenous sources
of vitamin A to induce localized forms of retinoid toxicity or
overexpression, as reviewed in this paper.

Retinyl esters in serum, normally <0.2 umol/L in the
fasting state, increase significantly after a large vitamin A-
containing meal, after which they are converted to retinol and
stored in the liver. Retinol binds to RBP and is transported to
the target tissues. Vitamin A toxicity is generally associated
with increased levels of retinyl esters circulating with plasma
lipoproteins unbound to RBP. Retinyl esters react more
randomly with cell membranes than the physiologically
sequestered RBP and hence are a major form of vitamin A
toxicity. Fasting retinyl ester concentrations >10% of total
circulating vitamin A (retinol plus esters) are considered
a biomarker for toxicity [76]. An acute increase in the
concentration of other retinoids, for example, retinoic acid,
a 40-fold more potent teratogen than retinol [77] occurs after
ingesting a large amount of vitamin A. Retinoic acid and
other acidic retinoids are much more biologically active and
hence more toxic than retinol. However, the precise ranges
of serum retinoic acid associated with symptomatic acute or
chronic vitamin A toxicity are not well defined. Treatment
with 13-cis-RA at 30 mg/kg/d raises circulating levels of
retinoic acid from a physiological range of about 1-2 ng/mL
to >10 ng/mL and occasionally to as high as 70 ng/mL [78].



Serum retinol concentrations (normally 1-3 ymol/L) do
not reflect hepatic vitamin A concentrations over a wide
range of liver values, since the secreted RBP is under home-
ostatic control. Thus serum retinol concentrations vary little
despite major alterations in vitamin A intake. Case reports of
hypervitaminosis A often show serum retinol concentrations
within normal limits, indicating that serum retinol is not a
valid measure of vitamin A status during toxicity [76, 79].

Research on vitamin A toxicity has been carried out
mostly in animals, but observational studies suggest that
>75% of people in developed countries routinely consume
more than the recommended dietary allowance (RDA) for
vitamin A [80]. Children are particularly sensitive to vita-
min A, since toxicity can be induced with daily intakes of
1500 IU/kg body weight [81]. Prospective studies have identi-
fied an association between preformed vitamin A intake and
hip fracture or osteoporosis ([76], for review). The vitamin
A dietary intakes related to bone disease were low (1500 RE):
half the amount usually associated with the risk of toxicity
and lower than the highest amount thought to pose no risk
of adverse health effects in the general population, that is, the
tolerable upper level of intake (3000 RE). These observations
suggest that intakes much lower than the amount conven-
tionally thought to lead to toxicity (10 times the RDA) may
increase the risk of osteoporosis, that is, about twice the RDA
for adult females (700 RE).

As for more general effects on health, vitamin A is
considered an antioxidant vitamin and supplements are
widely available as measures to prevent disease. In a Cochrane
Review of the effect of antioxidant supplements (including
vitamin A) on mortality, based on randomized trials, Bje-
lakovic et al. [82] reviewed all randomized trials involving
adults consuming beta-carotene, vitamins A, C, E, and
selenium either singly or combined. They included 68 ran-
domized trials with 232,606 participants. When all trials of
antioxidant supplements were pooled together, there was no
significant effect on mortality (RR: 1.02; 95% CI: 0.98-1.06).
However, multivariate regression analyses showed that, in the
better designed “low bias” trials, beta-carotene was associated
with a significant 7% increased risk, vitamin A with a 16%
risk, and vitamin E with a 4% increased risk of mortality,
whereas vitamin C and selenium had no significant effect on
mortality. The authors concluded that treatment with beta-
carotene, vitamin A, and vitamin E may increase mortality.

Several lines of evidence support the proposed model, as
summarized below.

(i) Vitamin A is sensitive to photooxidation.

(ii) Vitamins A and D are inversely associated in that
vitamin A can inhibit the actions of vitamin D and
vice versa.

(iil) Retinoic acid, the major metabolite of retinol, plays an
essential role in the regulation of airway epithelial cell
growth, differentiation, and gene expression.

(iv) The symptoms of influenza are mimicked by retinoid
toxicity, for example, the retinoic acid syndrome,
induced by the use of synthetic retinoids for the
treatment of acute promyelocytic leukemia.
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(v) Supplementary vitamin A can induce influenza-like
symptoms.

(vi) Viral activity in general is regulated by retinoids.

(vii) Retinoids influence the factors and mechanisms that
both inhibit and contribute to influenza pathogenesis.

5. Solar Radiation Photooxidizes Vitamin A

Solar radiation increases vitamin D levels, as noted above. On
the other hand, vitamin A is sensitive to photooxidation and
may be destroyed by it. Two forms of vitamin A are found
in human skin: all-trans-retinol (A;) and 3-dehydrotretinol
(A,). Dermal retinol is derived partly from the adjacent
subcutis, which contains 10-20 times more vitamin A than
both skin and blood [83]. 3-Dehydroretinol occurs mainly in
the epidermis and may be a metabolite of retinol [84]. Small
amounts of retinoic acid are also found in human skin and
represent a mixture of 13-cis/trans isomers of retinoic acid. In
Caucasian human skin, levels of retinyl esters and retinol are
3.5 and 5.0 times higher, respectively, in the epidermis than
in the dermis [85].

As an intrinsic modulator of proliferation and differen-
tiation in human epidermis, vitamin A may be destroyed
by ultraviolet radiation (UVR) impinging on the skin. The
solar spectrum of UVR (290 to 400nm) is commonly
divided into three bands, from longer to shorter wavelength
regions: UVA (320-400 nm), UVB (290-320 nm), and UVC
(200-290 nm). UVB and UVA radiation are the principal
wavelengths causing sunburn [86]. The absorption maxima
of most retinoids range from 280 to over 400 nm [87]. From
35% to 50% of incident ultraviolet-A radiation (UVA) is
transmitted through Caucasian epidermis [88] and absorbed
directly by blood in the capillaries of the papillary dermis.
UVA radiation produces histologic changes in skin at greater
depths than the shorter UVB or UVC wavelengths [89].
Ultraviolet radiation has a biphasic effect on human blood
vitamin A levels [90]: first, an increase, which peaks at 7
hours following irradiation, and then a fall 24-48 hours
later. Tang et al. [85] investigated the effect of sunlight on
retinyl esters and retinol in human skin, blood, and cul-
tured keratinocytes. Sunlight irradiation led to a significant
reduction in epidermal retinyl esters in Caucasian skin in
both summer and winter, whereas epidermal and dermal
retinol and dermal retinyl esters were affected to a lesser
extent. When serum from volunteers who had taken a large
dose of retinyl palmitate to elevate serum retinyl esters was
exposed to sunlight, the serum retinyl esters disappeared
after 10 minutes of exposure. Andersson et al. [91] stud-
ied endogenous retinoid concentrations and metabolism
in cultured human keratinocytes and melanocytes exposed
to UVR. Before UVR the retinoid content was similar in
keratinocytes and melanocytes. In both cell types, UVR (i.e.,
UVA 360 mJ/cm® plus UVB 140 m]/cmz) instantaneously
reduced the concentration of retinol by about 50% and that of
3,4-didehydroretinol by about 20%. The uptake of retinol was
threefold higher and that of retinoic acid was tenfold higher
in the melanocytes, and in both types of irradiated cells the
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accumulation of the biologically most active metabolite, all-
trans retinoic acid, was about 60% higher than in control
cells. Retinoid concentrations returned to normal within 1-
2 days after irradiation. The metabolism of retinoic acid was
reduced, especially in irradiated keratinocytes, which may
have contributed to the restoration of retinoid levels after
UV exposure. These observations point to a complex pattern
and sequence of changes in retinoid metabolism following
exposure to solar radiation.

6. Vitamins A and D Are Inversely Related

The fat-soluble vitamins A, D, E, and K normally work
interactively together. For instance, earlier suggestions that
the function of vitamin D requires vitamin A [92] now
find support in the important observation that the RXR
ligand 9-cis-retinoic acid (9-cis-RA), a hormonally active
form of vitamin A, potentiates vitamin D-dependent gene
expression and thus has a role in vitamin D signaling that
was previously unknown. It was found that when 9-cis-RA
acid was unavailable, vitamin D could only bind weakly to
DNA and exerted only a small effect on gene expression;
conversely, the presence of 9-cis-RA conferred significant
agonistic activity to a vitamin D receptor ligand with very
low agonistic activity and also increased the differentiation
of colon cancer cells by vitamin D. Most remarkably, the
addition of 9-cis-RA restored the functioning of a mutant
(defective) vitamin D receptor present in a hereditary form
of rickets that cannot normally be cured by vitamin D
[93].

On the other hand, the evidence suggests that in the
event of major perturbations in either vitamin A or D, due
to dietary or other factors, there is an inverse, mutually
inhibitory relationship between them in that vitamins A and
D counterbalance their potentially toxic individual effects
[94]. For instance, while vitamin A can reduce the toxicity
of vitamin D (e.g., [92, 95]), vitamin D can also interact
inversely with vitamin A and reduce the toxicity of vitamin A.
Although little is known about the effect of reduced sunlight
exposure and/or deficient vitamin D levels on vitamin A
metabolism, even small to moderate doses of vitamin D in
chickens reduce liver vitamin A stores and lower the level
of vitamin A in blood [96]. Exposure of chickens to UV
light (which produces vitamin D) likewise reduces liver stores
and blood levels of retinol [97]. In humans, concomitant
supplementation with vitamin D greatly increases the dose
of vitamin A required to cause toxicity; for instance, Myhre
et al. [98] found that the median dose for inducing vitamin
A toxicity was >2,300 IU/kg of body weight per day higher
when vitamin D was added to the diet. For a hypothetical
75kg person representing the median, vitamin D supple-
mentation would have allowed an additional 175,000 IU
vitamin A/day before toxicity symptoms were likely to be
reported. In the Nurses” Health Study, a positive association
was found between retinol intake and fracture risk in that
vitamin D intake increased as retinol intake increased, but at
a lower rate. In a multivariate analysis controlling for many
factors, vitamin D was found to be protective against retinol-
associated risks of fracture [99].

The potential toxicity of high intakes of vitamin A
may thus depend in part on the amount of vitamin D
consumed. On the other hand, vitamin D deficiency would
be expected to increase the potential toxicity of vitamin
A. Indeed, consumption of preformed retinol, even in the
usual amounts consumed in the United States in the forms
of multivitamins, may cause osteoporotic bone changes in
adults with low vitamin D concentrations [76]. Scandinavian
countries, which have the highest fracture rates in Europe
and even worldwide [100], have higher average intakes of
vitamin A and are also at far higher latitudes (60 degrees),
where vitamin D “winters” (periods of time in which vitamin
D cannot be produced by the action of sunlight on the skin)
are longer and vitamin D is less available from the sun, even
in the months when sunlight is present.

With regard to the impact of vitamin A on vitamin D,
in humans the amount of vitamin A in a single serving of
liver inhibits the rise in serum calcium induced by vitamin
D [101]. Retinoic acid can antagonize the action of vitamin D
and its active metabolite 1,25-dihydroxycholecalciferol in rats
[102]. A high intake of retinol also completely abolished the
protective effect of vitamin D on distal colorectal adenoma,
women in the highest quintile of vitamin D intake ingested
about 10,0001U/day of retinol, and there was a strong
correlation overall between dietary intakes of vitamins A and
D [103].

Sunlight in the ultraviolet (UV-B) spectrum converts a
cholesterol precursor, 7-dehydrocholesterol, into the acti-
vated form of vitamin D (calcitriol). Thirty minutes of whole-
body exposure of pale skin to sunlight with clothing or
sunscreen can result in the synthesis of from 10,000 to
20,000 IU of vitamin D. Further radiation converts excess
vitamin D in the skin into inactive metabolites. Melanin
pigment also accumulates in skin, thereby decreasing the
production of vitamin D [104]. On this basis it has been
suggested that, in order to maintain serum levels of 25(OH)D
at the optimal range of 50 ng/mL during a vitamin D
“winter”, 4,000IU vitamin D should be consumed per day
[105].

Possible Interactive Roles of Vitamins A and D in the Season-
ality of Influenza. The marked peak in influenza infections
in the cold winter months in temperate regions [3] may be
explained on the present hypothesis as follows: the seasonal
pattern of influenza peaks in the winter months and troughs
in the summer may be due not only to seasonal changes in
vitamin D availability and its effects on vitamin A but also
to the simultaneous influence of solar radiation on vitamin
A metabolism, together with seasonal changes in ambient
temperature and its effect on vitamin A metabolism.
Vitamin A is affected by changes in temperature as well
as light; both light and warm temperatures cause vitamin A
to be catabolized. In one study, twin calves were fed 6 mg
carotene daily per 1001b body weight and subjected to high
and low ambient temperatures. High temperatures increased
liver vitamin A utilization; moreover, identical twin calves
exposed to solar radiation for 38 days lost more hepatic
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vitamin A than their cotwins in the shade [106]. Thus, rising
temperatures and greater sunlight in the summer months
could catabolize tissue concentrations of vitamin A to such a
degree that it would prevent influenza viruses from making
use of it to replicate. Conversely, the seasonal increase in
influenza during the winter months may occur partly from
the fact that vitamin A remains available for the virus to
replicate in cooler temperatures.

In summary, reduced solar radiation and cooler tem-
peratures during the winter months may serve at once to
reduce vitamin D reserves and to increase the accumula-
tion and hence potential toxicity of vitamin A, that is, to
lower the vitamin D: A ratio. Here it is proposed that the
increased endogenous concentrations of vitamin A in turn
interact with and activate the influenza virus, resulting in the
signs and symptoms of infection via molecular mechanisms
that are discussed below. If this hypothesis is correct, not
only reduced solar radiation and vitamin D deficiency but
also vitamin A supplementation (and/or conditions asso-
ciated with high preexisting retinoid concentrations) could
increase susceptibility to influenza, especially in a situation
of reduced sunlight exposure and/or vitamin D deficiency.
At the same time—given the interaction between vitamins
A and D—vitamin D supplementation may protect against
influenza, partly by inhibiting the expression of vitamin A.
This line of reasoning suggests that seasonal and possibly pan-
demic influenza could be prevented and treated by methods
to increase the vitamin D : A ratio.

7. Role of Retinoids in Affected Tissues

Influenza infection primarily but not exclusively affects the
respiratory system. Vitamin A and its active metabolites
are likewise importantly involved in the growth and dif-
ferentiation of mucosa-associated airway epithelia. Delivery
of retinol via the bloodstream to target cells ensures a
sufficient cellular supply. Vitamin A is stored in the target
tissues as retinyl esters, which provide an additional source
of the vitamin [107]. Retinoic acid, the major biologically
active metabolite of retinol, plays an essential role in the
regulation of airway epithelial cell growth, differentiation,
and gene expression. Levels of retinoid binding proteins, the
RA receptors, and RA synthesizing enzymes all peak post-
natally. Retinoic acid is also required throughout life for the
maintenance of lung alveoli, and a deficiency leads to a loss
of alveoli and to features of emphysema. Exogenous retinoic
acid has been reported to induce alveolar regeneration in
a rat model of experimental emphysema, and an inhibitor
of retinoic acid synthesis, disulfiram, disrupts alveologenesis
[108].

Using cDNA microarray, Di et al. [109] identified a clone,
DD4, that contains the cDNA of a novel gene, spurt (secretory
protein in upper respiratory tracts), which is significantly
induced by retinoic acid in primary cultured human tracheo-
bronchial epithelia and is located on chromosome 20q11.21.
Spurt mRNA is expressed at high levels in human nasal,
tracheal, and lung tissues and secretory cell types and is
present in clinical sputum and tissue samples.
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8. The Symptoms of Influenza A Infection Are
Similar to Those of Hypervitaminosis A

As noted, the clinical spectrum of influenza A infection,
including avian influenza H5N1, is not restricted to the lung
and can range from mild influenza-like illness to severe
pneumonia, acute respiratory distress syndrome (ARDS),
acute lung injury (ALI), and multiorgan failure [15]. Fever,
rhinitis, myalgia, malaise, headache, cough, dyspnea, sore
throat, and fatigue are the main presenting symptoms.
Complications include pneumonia, bronchitis, or sinusitis,
and rarely encephalitis, transverse myelitis, Reye syndrome,
myocarditis, or pericarditis [110]. Additional features associ-
ated with severe disease and mortality include diarrhea, vom-
iting, abdominal pain with widespread viral dissemination,
and cardiovascular events (stroke, myocardial infarction)
[5]. It has also become clear that influenza virus can cause
severe hepatitis and liver damage; indeed, screening with
biochemical liver tests is recommended in severe influenza
infection [111-113].

The retinoic acid syndrome is a potentially life-threatening
complication seen in patients with acute promyelocytic
leukemia (APL) treated with all-trans-retinoic acid (ATRA).
The syndrome is similar to that of ARDS and commonly
includes fever, headache, acute respiratory, pleural or peri-
cardial effusions; pulmonary edema, and infiltrates requiring
mechanical ventilation in about 25% of patients; eosinophilia,
marked basophilia and hyperhistaminemia, granulomatous
proliferation, alterations in weight, peripheral edema, throm-
boembolic events, episodic hypotension, nausea, vomiting,
and acute renal failure requiring hemodialysis in some
patients. Specific influenza-like symptoms include muscle
aches, fever, chills, and fatigue [114, 115].

In an unusual case report, the symptoms of influenza
A infection were described as being perfectly mimicked by
the retinoic acid syndrome [116]. A 47-year-old man was
hospitalized for typical APL and treated with ATRA and
chemotherapy. On day 3 the patient developed fever and
acute respiratory distress and was admitted to the critical
care unit. ATRA was stopped since the diagnosis of retinoic
acid syndrome was suspected. Bronchoalveolar lavage and
immunofluorescence examination showed the presence of
influenza A virus, which was confirmed by the rise of specific
antibody levels in sera obtained during the acute illness
and 3 weeks later. This case report shows that an infectious
disease—influenza A infection—can perfectly mimic the
retinoic acid syndrome and suggests that endogenous sources
of retinoic acid could contribute to influenza and its seque-
lae.

Headache, a common symptom of influenza [117], is
also a major feature of retinoid toxicity [118]. Conjunctivitis
and photophobia are also common during acute seasonal
influenza infection, especially in avian influenza A infections
in humans [119]. An oculorespiratory syndrome (ORS)
consisting of red eyes, photophobia, blurred vision, palpebral
edema, ocular pain and itching, and conjunctival secretions is
reported after influenza vaccination [120]. A similar pattern
of ocular side effects has been described in diet-induced
hypervitaminosis A and secondary to isotretinoin use. In a
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review of 1,741 spontaneous case reports, as well as data from
the Drug Safety Section of Roche Pharmaceuticals and the
world literature, adverse ocular reactions classified as “cer-
tain” to have been associated with isotretinoin use included
photophobia, abnormal meibomian gland secretion, ble-
pharoconjunctivitis, corneal opacities, decreased dark adap-
tation, decreased tolerance to contact lens, decreased vision,
increased tear osmolarity, keratitis, meibomian gland atro-
phy, myopia, ocular discomfort, and ocular sicca [121].
Similarities between the features of hypervitaminosis A and
influenza infection are shown in Table 1.

9. Supplementary Vitamin A Can Induce
Influenza-Like Symptoms

It has been recognized for decades that vitamin A deficiency
is associated with increased susceptibility to most infections
and with defects in the innate and adaptive immune systems
[67]. The traditional view of vitamin A as an “anti-infective”
vitamin was based partly on earlier studies in which vitamin
A—in cod liver oil (CLO)—was successful in preventing
infection [122]. Since earlier preparations of CLO contained
higher amounts of vitamin D in proportion to vitamin A than
do currently available preparations, possibly due to modern
deodorization procedures, which remove vitamin D, it has
been suggested by Cannell et al. [34, 35] that the anti-infective
properties of CLO were partly or wholly due to vitamin A.
Consistent with Cannell’s hypothesis, vitamin A supple-
mentation has not been shown to improve recovery during
acute pneumonia in most human clinical trials. In a double-
blind, placebo-controlled trial of vitamin A supplementation
on childhood morbidity in Haiti, 11,124 children ages 6-83
months were sequentially assigned by household units to
receive either a capsule containing 200,000 IU of vitamin
A and 40.6mg vitamin E or a capsule containing only
40.6 mg vitamin E (placebo) every 4 months. Indicators
of childhood morbidity were studied 2-8 weeks after each
administration of vitamin A and placebo capsules. At 2 weeks
after supplementation the vitamin A group had an increased
prevalence of all symptoms and signs of childhood morbidity,
including diarrhea, rhinitis, cold/flu symptoms, cough, and
rapid breathing. The risk of morbidity was highest 8-17
weeks after receiving the megadose of vitamin A. The study
showed an increased 2-week prevalence of diarrhoea and the
symptoms of respiratory infections after vitamin A supple-
mentation, although mortality rates of the 2 groups were
similar [123]. A meta-analysis of vitamin A supplementation
trials concluded that when given alone, vitamin A slightly
increased the incidence of respiratory tract infections [124].
Stephensen et al. [125] conducted a randomized, double-
blind, placebo-controlled clinical trial to test the hypothe-
sis that high-dose vitamin A supplements would enhance
recovery of children ages 3 months to 10 years (N = 95)
hospitalized with pneumonia in Lima, Peru. Children <1
year of age received 100,000 IU of water-miscible vitamin A
on admission to the hospital and an additional 50,000 [U
the next day; children >1 year of age received 200,000 IU
on admission and 100,000IU the next day. Contrary to
expectation, by day 3 the children receiving vitamin A had
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TABLE 1: Similarities between the signs and symptoms of influenza
infection and of hypervitaminosis A (sources: references cited in the
text).

Signs/symptoms Influenza Hypervitaminosis A

High fever + +
Chills
Rhinitis
Headache
Myalgia

Malaise

+ + 4+ o+ o+ o+

Fatigue
Cough

Acute respiratory distress

+ 4+ o+

Pulmonary infiltrates

-~

Peripheral edema

Thromboembolic events

+
+ 4+ o+ o+ o+ o+ o+ o+ o+ o+ o+ o+

Hepatitis +

lower blood oxygen saturation (the mean difference was
1.1%), higher prevalence rates of retractions (37% in the
vitamin A group, 15% in the placebo group), auscultatory
evidence of consolidation (28% in the vitamin A group,
17% in the placebo group), and were more likely to require
supplemental oxygen (21% in the vitamin A group, 8% in
the placebo group) compared to children in the placebo
group. Adjustment for baseline severity of disease and nutri-
tional status did not alter the association of vitamin A with
increased clinical severity; there was no difference in duration
of hospitalization or in chest X-ray changes 14 days after
admission; no deaths occurred. The authors concluded that
high-dose vitamin A supplements caused modest adverse
effects in children recovering from pneumonia and should
not be used therapeutically in such patients in the absence
of clinical evidence of vitamin A deficiency or concurrent
measles infection.

Cui et al. [126] tested the hypothesis that high vitamin
A intake would decrease the production of T-helper type-1
(Th1) cytokines and inhibit antiviral responses and thereby
impair recovery from viral respiratory infections. Three
interventions were tested on patients with viral pneumonia:
(1) a high-level vitamin A (250,0001U/kg diet or 75,000
retinol equivalents (RE)/kg), (2) control diet (4000 IU/kg diet
or 1200 RE/kg) given before and during infection, and (3)
initiating the high level diet upon infection to simulate the
adjuvant therapy used in clinical trials. No difference was
seen among the interventions in severity of disease in terms of
weight loss, lung virus titers, and survival. However, the high-
level diet group (and that in which vitamin A was increased
at the time of infection) had greater salivary immunoglobulin
(Ig)A responses than did the control group. In contrast,
the serum IgG response was higher in the control group
than in the high-level group, although it did not differ from
the group in which the diet was changed upon infection.



12

The production of interferon-gamma (IFN-gamma), aThl
cytokine, was significantly lower in the high-level diet group
compared with the control group, whereas the production of
interleukin-10 (IL-10), a Th2 cytokine, was higher with the
high-level diet than that with the control. It was suggested
that the observed change in the Th1/Th2 pattern was insuf-
ficient to affect recovery from viral pneumonia but may have
accounted for the increased IgA and decreased IgG responses
seen with the high-level vitamin A diet. These data were
interpreted as reinforcing the lack of utility of vitamin A in
treating acute pneumonia in children, consistent with other
evidence that high-dose vitamin A supplements enhance
Th2-mediated immune responses, which have been found
beneficial in extracellular bacterial and parasitic infections
and IgA-mediated responses to mucosal infections.

Other evidence suggests that supplementary vitamin A
may be unhelpful and indeed harmful in respiratory illnesses,
including influenza and pneumonia. Influenza is commonly
associated with lower respiratory tract infections (LTRIs) in
children. In a review of the literature on the effectiveness
and safety of vitamin A for preventing LRTIs in children up
to seven years of age, several databases were searched for
randomised controlled trials [127]. Most studies found no
significant effect of vitamin A on the incidence of acute LRTI
or symptom prevalence. Vitamin A supplementation was
associated with an increased incidence of acute LRTT in one
study and with an increase in cough and fever and increased
symptoms of cough and rapid breathing in two others; three
reported no differences and no protective effect of vitamin A;
two studies reported that vitamin A significantly reduced the
incidence of acute LRTI with children with poor nutritional
status or weight but increased LRTI in normal children. The
authors concluded that vitamin A supplements should not be
given to all children to prevent acute LRTIs but appeared to
benefit children with low serum retinol or poor nutritional
status.

In another meta-analysis of the literature on the effec-
tiveness of supplementary vitamin A for infants and chil-
dren diagnosed with nonmeasles pneumonia, the authors
reviewed parallel-arm, randomised and quasi-randomised
controlled trials in which children younger than 15 years old
with nonmeasles pneumonia were treated with adjunctive
vitamin A [128]. Based on five trials involving 1,453 infants
and children, no significant reduction was found in deaths
from pneumonia in children treated with vitamin A com-
pared to untreated controls. There was also no effect on hos-
pital length of stay, the results of chest X-rays, and symptoms
of vomiting, diarrhea, or irritability. There was, however, an
apparent effect on bulging of the fontanelle (OR: 8.25; 95%
CI: 0.44-155.37). Disease severity after supplementary high-
dose vitamin A was also significantly worse in children who
received vitamin A compared with placebo; on the other
hand, low-dose vitamin A was associated with a significant
reduction in the recurrence rate of bronchopneumonia (OR:
0.12; 95% CI: 0.03-0.46). This meta-analysis failed to show a
significant reduction in mortality and measures of morbidity,
and there was no effect on the clinical course of pneumonia
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in children with nonmeasles pneumonia following vitamin A
supplementation.

10. Viral Activity Is Regulated in
Part by Retinoids

Consistent with the role of retinoic acid in cell growth and
differentiation, viral growth is also regulated in part by vita-
min A [129]. A number of virus infections are known to be
influenced in complex ways by retinoids. For instance, when
different cell lines are infected with human cytomegalovirus
(hCMYV), exposure of the cells to retinoic acid (RA) enhances
viral gene expression and susceptibility to infection [129].
RA also reactivates CMV expression in latently infected
glioblastoma cells in tissue culture [130]. Reactivation of
latent virus is believed to result from a signal transduction
event that induces immediate-early (IE) gene transcription,
a crucial viral control element. Ghazal et al. [131] have
shown that the major IE promoter of hCMYV is activated by
physiological levels of RA in human embryonal carcinoma
cells (i.e., functions as a retinoic acid response element or
RARE) and is a specific target site for the direct interaction
of nuclear receptor proteins for RA. These findings suggest
that RA is a potential modulator of hCMV pathogenesis.

Murine CMV (mCMYV) is also susceptible to regulation
by natural and synthetic retinoids at different levels. In
tissue culture cells, the major IE enhancer can be activated
by RA via multiple RA-responsive elements (RAREs) that
bind RXR-RAR heterodimers. Viral growth was dramatically
increased following RA treatment of infected tissue culture
cells. RAR activation was required to mediate the response
of mCMV to RA and selectively promoted viral growth;
moreover, the stimulatory effects of RA on enhancer activity
and viral growth were prevented by treatment with an RAR-
specific antagonist. Oral administration of RA to infected
mice worsened an acute infection by mCMYV, whereas an
RAR-antagonist, also administered orally, protected against
the adverse effects of RA in mCMYV infection [132].

Human immune deficiency virus (HIV-1) expression
in macrophages is similarly enhanced by RA, and retinoid
signals are mediated by RARs and RXRs that bind to specific
RA response elements (RAREs) in the promoter region of
the susceptible genes [133]. A RARE in the long terminal
repeat (LTR) region allows activation of the HIV-1 LTR.
An RAR-antagonist also strongly inhibited retinoid-induced
activation of the HIV-1 RARE [134]. The observation that
treatment with an RAR antagonist protects against viral
infection induced by RA suggests the possibility that RAR
antagonists could be therapeutically useful in viral infections
other than CMV.

Noting that retinoic acid (RA) induces epithelial cell dif-
ferentiation and that the conversion of retinol to RA requires
retinol dehydrogenase enzymes, Jones et al. [135] have shown
that gastric carcinoma cells containing a transmissible form
of Epstein-Barr virus (EBV) have enhanced expression of
a gene (DHRSY) that encodes an enzyme that mediates
conversion of retinol into RA. DHRS9 expression was also
increased following induction of viral infection in EBV-
positive Burkett lymphoma cells. Jones et al. show that the
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EBYV early-intermediate protein BZLF1 activates the DHRS9
promoter through a direct DNA binding mechanism. BZLF1
expression in gastric carcinoma cells was also sufficient to
activate DHRS9 gene expression and increased the ability
of retinol to induce the RA-responsive gene CYP26A1. The
authors suggest that production of RA during EBV infection
may enhance viral replication by promoting keratinocyte
differentiation.

11. Retinoids Influence the Factors
That Both Inhibit and
Contribute to Influenza Pathogenesis

Manicassamy and Pulandran [67] reviewed recent work
on the role of retinoic acid in the regulation of immune
responses by dendritic cells and macrophages. The dendritic
cell plays a central role in the innate immune response, which
occurs early after exposure to infectious agents, including
influenza virus infection. Dendritic cells (DCs), derived
from bone marrow, are found in the subepithelial layer of
the respiratory tract and throughout the body. Their role
is to identify and capture invading pathogens (bacteria,
viruses, parasites, and fungi) through pattern (or pathogen)
recognition receptors (PPRs), based on pathogen-associated
molecular patterns. The several classes of antiviral PPRs
include the Toll-like receptors (TLRs) and the retinoic acid-
inducible gene-I-like receptors (RIG-I) [136]. The 13 TLRs
[137] collectively sense a wide array of microbial stimuli,
including influenza virus [138]. Intracellular TLR signaling
within dendritic cells is mediated by several adapter proteins,
including MyD88 and toll-interleukin-1-receptor domain-
containing adapter-inducing interferon beta (TRIF). After
decoding and integrating the signals generated by sensing
microbial molecules within TLRs, the adapter proteins con-
vey this information to naive antigen-specific T cells and B
cells, thereby launching the adaptive immune response to
invading pathogens [139].

Antiviral cytokine gene expression in epithelial cells
induced by influenza A is triggered by RIG-I and mda-5,
whose expression is positively regulated by IFN-alpha [140].
RIG-I and melanoma differentiation-associated gene (mda-
5) function as receptors for double-stranded RNA. Both
interferon (IFN)-alpha and IFN-beta strongly enhance RIG-I
and mda-5 mRNA in DCs and epithelia. Influenza A virus-
induced RIG-I detects influenza after fusion and replication
in infected cells [141]. Influenza genomic RNA is also recog-
nized by Toll-like receptor (TLR) 7 [138, 142] although most
DCs use the RIG-I pathway in response to virus infection
[141]. Signaling through both RIG-I and TLR7 results in the
production of IFNs, which limit viral replication and increase
resistance to infection.

Influenza virus infection is associated with IL-1f3 pro-
duction in bronchoalveolar lavage fluid of mice [143] and
activates IL-1f and IL-18 production in human macrophages
[144]. IL-1 is responsible for acute lung immunopathology
but promotes survival of the mice after influenza virus infec-
tion [145].
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DCs suppress immune responses through the generation
of Foxp3" regulatory T cells (Tregs) and fine-tune the
response by altering the T-helper (Th)1/2/17 balance. Foxp3
is a transcription factor essential for the differentiation and
function of Tregs [146]. TLRs are also expressed by Tregs,
which inhibit TLR hyperactivity and prevent sepsis and
autoimmune diseases, but direct TLR activation on Tregs can
block Treg function and amplify immune responses [147].
Recent evidence suggests that the catalysis of vitamin A into
retinoic acid (RA) in subsets of DCs is vital for the induction
of Foxp3" Tregs. RA generation in DCs also enhances IgA
secretion by B cells ([67]; see Figure 2).

DCs in the lamina propria of the small intestine induce
Tregs via a mechanism that depends on retinoic acid [148].
Conversion of naive T cells to T regulatory cells was impaired
by adding inhibitors of retinal dehydrogenases, indicating
that the RA produced by the DCs facilitated the conversion.
However, RA alone failed to induce the conversion of naive T
cells to T regulatory cells but did so in the presence of TGF-
B. In the mesenteric lymph node the DCs express aldhla2, a
retinal dehydrogenase involved in the conversion of retinol
to retinoic acid [149], and induce T regulatory cells in the
presence of TGF-f. Certain subsets of DCs in the lamina
propria of the small intestine induce robust Th17 responses
and promote the differentiation of Th17 cells.

Retinoic acid has a concentration-dependent effect in
promoting Th17 responses: low doses (1 nM) stimulate Th17
responses whereas higher doses (10 nM) suppress both Th17
and Thl responses [150, 151]. Th17 cells synthesize and
secrete IL-17, and a reciprocal relationship exists between
Th17 cells and Tregs whereby the differentiation of induced
Tregs and Th17 cells depends on retinoic acid via TGF-3
dependent induction of Foxp3 [152]. It is known that DCs
in the gut express aldhlal and aldhla2 [153]. In contrast to
the gut, although vitamin A is stored in the liver, lungs, and
bone marrow [72], it is not known if DCs in these organs
constitutively express vitamin A metabolizing enzymes in
different subpopulations of APCs during influenza infection
or other inflammatory disease conditions [67].

A study of cytokine profiles in patients with mild and
severe new variant (nv) influenza A HIN1 infection during
the first five days following infection [154] found high levels
of type-II interferon (IFN-y) and of mediators of T-helper 17
(IL-8, IL-9, IL-17, IL-6) and T-helper 1 (TNF-«, IL-15, IL-
12p70) responses exclusively among the hospitalized patients
(n = 20). The hallmarks of critical illness were IL-15, IL-
12p70, and IL-6, and they were inversely associated with a
reduced partial pressure of oxygen (PaO,) in arterial blood.
On the other hand, in the one patient who died (on day 5 after
disease onset), there was a high viral load but undetectable
serum levels of IL-17. Th1 adaptive immunity is an important
response against intracellular microbes such as viruses, and
Th17 cells participate in host defense reactions as well as in
tissue inflammation in several autoimmune diseases, allergic
diseases, and asthma [155]. It remains unclear whether the
findings indicate a detrimental or beneficial role for these
Thl- and Th17-driven cytokine profiles in severe influenza.
Th17 cells are associated with tissue inflammation in several
autoimmune and allergic diseases, and vitamin D reduces the
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FIGURE 2: Retinoic acid synthesis pathway in dendritic cells and its effects on lymphocytes. Retinoic acid is produced from vitamin A (retinol)
via a two-step enzymatic pathway that oxidizes retinol to retinaldehyde and then retinaldehyde to RA. Oxidation of retinol to retinaldehyde
requires the activities of several alcohol dehydrogenises (ADH-1, -4, -5) and subsequently, retinaldehyde is oxidized to retinoic acid by retinal
dehydrogenases (RALDH). RA produced by DCs acts on T and B lymphocytes and induces the mucosal homing receptors a4 37-integrin,
and CCRY. RA in the presence of TGF-f promotes the conversion of naive T cells into Foxp3+ regulatory T cells and at high concentration
inhibits the differentiation of Th-17 cells. In addition, RA synergizes with IL-6 and IL-5 and promotes class-switching to IgA in B cells (source:

(67]).

number of IL-17 secreting cells [156]. Given the balance-type
or inverse association between vitamins D and A, vitamin
A could contribute to IL-17-secretion since the main target
cells of IL-17 are neutrophils, and the latter are influenced by
retinoids.

Neutrophils are the most prevalent white blood cells in
the circulation and represent the first line of defense against
invading microorganisms. Influenza virus induces inflamma-
tory cytokines from primed human neutrophils, a process
that requires endosomal acidification and viral uncoating;
moreover, TLR-7 is essential for influenza recognition and
inflammatory cytokine production by murine neutrophils
and thus is critically involved in influenza-induced neu-
trophil activation [157]. In severe cases of influenza infection
a pronounced neutrophil infiltrate is seen in the lungs,
accompanied by intense cytokine and chemokine production
[158]. Pluripotent stem cells in bone marrow differentiate
into mature neutrophils, enter the blood stream, and die
within 24 hr via apoptosis. Retinoids (retinoic acid, in partic-
ular) play a critical role in the differentiation and maturation
of neutrophils [159]. RA directly modulates gene expression
via binding to its nuclear receptors, which in turn activate
transcription of genes that are essential for differentiation of

immature cells to neutrophils. Involvement of RA receptors
in the pathogenesis of acute promyelocytic leukemia (APL)
reflects the important role played by these receptors in the dif-
ferentiation of immature myeloid cells into neutrophils. APL
is characterized by the t(15;17) chromosomal translocation
and formation of the abnormal PML-RAR« fusion protein
[160]. Human neutrophils also contain defensins, a family
of small cysteine-rich endogenous antimicrobial peptides
that can inactivate influenza A virus [161]. The induction of
defensins in epithelial cells is mediated by cell-surface TLRs
[162].

Cathepsin proteases are primary neutrophil granule com-
ponents and mediators of osteoclastic bone resorption and
are potent catabolic agents that result in destruction of
collagen, elastin, gelatin, and bone. Retinoic acid strongly
upregulates neutrophil cathepsins. Superoxide is also induced
by retinoids in neutrophils, contributing to the acute ability
of the neutrophil to cause tissue damage. All-trans-retinoic
acid (ATRA, <200 uM) dose-dependently induces superox-
ide generation in neutrophils, contributing to the “retinoic
acid syndrome” which occurs in up to 26% of ATRA-
treated patients with acute promyelocytic leukemia. ATRA
induces superoxide through both direct (transcriptional) and
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indirect mechanisms [163]. Conversely, neutrophil function
is reduced in vitamin A-deficient animals due to a reduction
of superoxide production, associated with increased infec-
tivity [164]. Chemotherapy with ATRA is associated with
hematologic, inflammatory, and immunologic reactions,
including a Sweets syndrome-like neutrophilic panniculitis
(inflammation of subcutaneous adipose tissue) that occurs
concomitantly with neutrophilic differentiation [165]. The
mechanism of systemic spread of H5N1 virus in patients with
avian influenza is unknown. Based on immunohistochemical
findings of H5N1 nucleoprotein and hemagglutinin in the
nucleus and cytoplasm of neutrophils in the placental blood
of a pregnant woman, it was suggested that neutrophils could
serve as a vehicle for viral replication and transportation in
avian influenza [166].

12. Retinoic Acid Influences Factors
Associated with Severe Influenza Infection

The foregoing review indicates that retinoids are importantly
involved in many of the factors and mechanisms associ-
ated with the response to influenza viral infection. Could
the severity of influenza be influenced in a concentration-
dependent fashion by retinoic acid? It has been noted that
low concentrations of retinoic acid stimulate and promote
Th17 responses, whereas higher concentrations suppress
both Th17 and Thl responses [150]. Consistent with this
observation, Bermejo-Martin et al. [154] reported low lev-
els of IL-17 in hospitalized patients with severe influenza,
suggesting high concentrations of circulating retinoids. In
the same study, one of the hallmarks of critical illness was
elevated IL-6, a finding reported earlier by Kaiser et al. [167].
Heltzer et al. [168] studied cytokine levels in 10 children with
severe influenza and 24 noninfected controls and similarly
found significantly increased plasma levels of IL-6 as well as
IL-12 and IFN-y in patients versus controls. Based on parallel
in vitro infection studies, the ability to produce TNF-& was
also found to be compromised. It has been reported that a
subset of dendritic cells in the lung has an intrinsic capacity
to promote Th2 responses via their production of IL-6 [169].
Given that retinoic acid, via RAR, directly suppresses Thl
development and directly enhances Th2 development [170],
this observation provides further evidence linking retinoic
acid and IL-6 production.

Vitamin A is also required for B-cell-mediated immu-
noglobulin A (IgA) responses to bacterial polysaccaride
antigens in addition to its role in the induction of T cells
in the gut. Normal intestinal mucosa contains abundant
IgA-secreting cells, which are generated from B cells in
gut-associated lymphoid tissues (GALTs). DCs from GALT
induce T-cell-independent expression of IgA and gut-homing
receptors on B cells. GALT-DC-derived retinoic acid alone
conferred gut tropism but could not promote IgA secretion.
However, RA potently synergized with GALT-DC-derived
IL-6 or IL-5 to induce IgA secretion [171]. IL-6 is also induced
by IL-17 and contributes to the generation of Th17 cells [151].
RA and the IL-6 family of cytokines have a synergistic effect
on astrogliogenesis in mouse neural precursor cells [172].
Glial fibrillary acidic protein (GFAP) is the main astroglial
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marker during astrogliogenesis. The canonical pathway for
GFAP expression in astrocytes is triggered by binding of
cytokines from the IL-6 family to their receptors, which
subsequently activate the JAK/STAT intracellular pathway,
leading to the expression of GFAP in astrocytes. Herrera et
al. [173] reported that RAR« links retinoic acid signaling to
the cytokine-stimulated pathway leading to GFAP expression
and also plays a key part in the synergistic actions of retinoic
acid and IL-6 in this pathway. The specific RAR« antagonist
Ro 41-5253 also reduced cytokine-induced GFAP [173].

Studies of lung tissues from fatal infantile cases of
influenza provide evidence of robust viral replication and
heightened expression of markers of apoptosis (programmed
cell death). High titers of influenza induce DC apoptosis
[174]. Severe infantile RSV and influenza virus infection
of the lower tract respiratory tract is characterized by
inadequate adaptive immune response, robust viral replica-
tion, and apoptotic crisis [175]. Infection of human airway
epithelial cells with human rhinovirus, both in vitro and
in vivo, increases the expression of inducible nitric oxide
(NO) synthase, which correlates with increased levels of NO
in exhaled air. The common cold is triggered by a vari-
ety of viral pathogens, mostly rhinoviruses; complications
include sinusitis, otitis media, and exacerbations of asthma
and chronic obstructive lung disease. NO inhibits human
rhinovirus-induced epithelial expression of several proin-
flammatory cytokines; it inhibits viral replication in epithelial
cells in vitro and modulates several signal transduction path-
ways associated with cytokine generation; it is also involved
in the nitrosylation of viral proteases and interacts with the
immune system. Increased NO generation during rhinovirus
infections is associated with fewer symptoms, more rapid
improvement in symptoms, and more rapid viral clearance
[176]. In experimental studies in A/NWS/33 influenza-
infected BALB/c mice, marked increases were reported in
the levels of metabolites of NO in the olfactory bulb and
hippocampus. Influenza infection was associated with the
activation of astrocytes, the major cell type in the brain,
as well as NO synthase (NOS-2) expression, which in turn
enhanced NO production and the expansion of capillary
blood vessels [177].

Observations on the roles of apoptosis and nitric oxide
(NO) in colds and influenza are relevant to the hypothesis that
the severity of influenza infection is associated with increased
retinoic acid concentrations. Retinoids are inversely related
to and suppress cytokine-induced production of NO, which
is antiapoptotic, whereas retinoic acid is proapoptotic [178].
Nitric oxide is a potent vasodilator, generated enzymatically
from L-arginine by the action of nitric oxide synthase (NOS)
[179]. All-trans-RA blocks the release of tumor necrosis
factor from peritoneal macrophages stimulated with endo-
toxin and interferon-gamma and inhibits NO production
in these cells [180]. All-trans-RA and its active analogues
also block cytokine-stimulated expression of inducible NO
in cultured vascular smooth muscle cells and isolated rat
aortic rings [181]. 9-cis RA, an agonist of both RARs and
RXRs, suppressed the production of TNF-alpha and NO in
a concentration-dependent manner in lipopolysaccharide-
stimulated rat Kupffer cells in vitro [182]. RA also regulates
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NO production in rat aortic smooth muscle cells, and
the latter expresses NOS-2 in response to proinflammatory
cytokines. RA inhibited IL-1-beta-induced NOS-2 mRNA
expression and NO production. These effects were attenuated
by the retinoic acid receptor (RAR) antagonist CD3106,
indicating that they were mediated through the RARs [183].
Thus, NO may be therapeutically effective in colds (and
possibly influenza) by inhibiting the actions of retinoids.

13. Role of the Liver in Severe
Influenza A Infection

A clue to understanding severe or lethal influenza may lie
in observations implicating the liver, the main storage organ
for vitamin A, in influenza infection. In addition to being
the target of viruses that are specifically hepatotropic, for
example, hepatitis A, B, C, and E, the liver can also be
affected as part of a generalized host infection with viruses,
including influenza, which primarily target other tissues,
notably the upper respiratory tract [112]. Mild infection
is thought to cause few extrapulmonary manifestations.
However, gastrointestinal complications in more severe cases
of influenza A can include pancreatitis, hemorrhagic gastritis,
Reye’s syndrome, and acute hepatic decompensation in adults
with underlying chronic liver disease [184]. Cases have been
reported of acute hepatitis with or without liver failure in
previously healthy children with influenza A infection, none
of whom had received aspirin or other known hepatotoxic
drugs except acetaminophen. This led Whitworth et al. [113]
to suggest that influenza A may be hepatotropic and that
children with severe influenza A should be screened for liver
injury.

Respiratory infections in humans, including influenza,
are often accompanied by mild hepatitis, although the mech-
anisms are not well understood. In their study of patients who
were hospitalized with severe nvHIN1 infection, Bermejo-
Martin et al. [154] found that, in addition to the symptoms
of fever, cough, headache, tiredness, myalgia, and dysp-
nea, lactate dehydrogenase and transaminases were raised
fourfold above those of hospitalized but noncritical illness
controls, providing evidence of necrotic damage in the liver.
Polakos et al. [111] infected 15 subjects intranasally with
influenza A (HIN1), and 4/15 developed elevated serum
transaminases (>3 times the upper limit in 2 subjects),
suggesting clinically significant hepatitis. The rise in liver
enzymes occurred after the decline in fever, implying that
liver involvement was not caused by the initial viral replica-
tion and activation of the innate immune system. Hepato-
cytes were found to be damaged by viral specific CD8" T cells
generated in the lungs, a condition Polakos et al. described as
“collateral damage”, since there was no evidence of influenza
viral antigen in the liver.

The model proposed here aims to explain the mechanism
of influenza A-associated liver dysfunction and its role in
increasing the severity of infection. It is consistent with
the overall low vitamin D:A ratio hypothesis of severe
influenza and involves alterations in retinoid metabolism. It is
suggested that influenza-induced liver involvement worsens
the outcome of infection via the hepatic release of unbound
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retinyl esters and retinoic acids which are transported to and
damage the lung as well as other organs, thereby contributing
to the development of pneumonia, heart and kidney failure,
and sepsis.

13.1. Outline of the Model. (1) Viral-specific CD8" T cells
generated in response to influenza infection outside the liver
trigger cell-mediated apoptotic hepatitis [111]. This pro-
cess may occur through infection-induced activation of the
retinoid cascade in the liver, leading to increased retinoic acid
production and RAR activation and expression within the
hepatic cell nuclei.

In their study of experimentally induced influenza,
Polakos et al. [111] found evidence of clinically significant
hepatitis and hypothesized that the latter was due to the
formation of inflammatory foci that included apoptotic
hepatocyte antigen specific CD8" T cells and Kupffer cells.
Using a mouse model of influenza, Polakos et al. found that
the severity of hepatitis correlated with the magnitude of the
antiviral CD8" T cells response despite the lack of detectable
virus in the liver; they also noted that the hepatitis was
markedly less severe in the absence of Kupffer cells, which
they attributed to the loss of resident macrophages.

According to the model proposed here, influenza-
induced increased RAR activation inhibits the production
and secretion of retinol binding-protein (RBP) via a process
of feedback inhibition [185], thereby lowering serum retinol
concentrations and simultaneously increasing the accumula-
tion and expression of retinoids in the liver. These changes
induce inflammation and tissue damage, consistent with the
known role of excessive vitamin A in inducing liver damage
[186] and apoptosis [187]. The suggested mechanism of tissue
damage involves Kupfter cells which, in addition to being
the source of macrophages in the liver, also play a critical
role in hypervitaminosis A. Vitamin A activates Kupfter cells
through INF-y production by activated T lymphocytes [188],
and activated Kupffer cells potentiate liver toxicity even with
low levels of hepatotoxins such as alcohol [189]. Hence,
the observation of Polakos et al. [111] that the severity of
hepatitis in mice infected with influenza was reduced in the
absence of Kupffer cells could be due to the fact that these
cells play a critical role in the processes mediating vitamin A
intoxication.

Vitamin A hepatotoxicity is associated histologically with
the accumulation of perisinusoidal lipocytes, associated fi-
brosis, obstruction of sinusoids and terminal venules, sclero-
sis of central veins, atrophy of adjacent hepatocytes, and an
increase in basement membrane-like material and collagen
within the perisinusoidal space in association with lipid-
filled Ito cells [190-192]. The nonparenchymal Ito (or stellate)
cells in the liver contain about 90% of the total vitamin A
reserves of the body and appear to be the primary source
of the extracellular matrix deposition in liver fibrosis and of
the apoptotic mediators involved in fibrosis [193]. During
hepatic fibrosis, the normally quiescent vitamin A-storing
stellate cells transform into myofibroblastic cells and lose
their intracellular droplets of retinyl esters, the storage form
of vitamin A. The loss of retinyl esters is associated with
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increased RA formation, which in turn facilitates TGF-beta-
mediated liver fibrogenesis [194]. This phenotypic transfor-
mation induces potent proinflammatory and profibrogenic
activities and is underpinned by changes in the expression of
numerous genes [195].

(2) Retinoid induced Kupffer cell activation and hepa-
totoxicity, lead to a transient form of cholestatic liver dys-
function, a condition in which bile regurgitates into the
circulation, raising the level of all biliary substances in the
blood [192, 196].

In cholestasis, vitamin A metabolites and bile acids are
refluxed from the liver and stored retinyl esters leak into
the circulation from damaged hepatocytes. Metabolites of
retinol, retinyl acetate, retinal, retinoic acid, retinol beta-
glucuronide, retinotaurine, and other unidentified vitamin A
compounds are excreted in the bile [79, 197] in proportion
to the total liver stores of the vitamin [198]. A variety of
infections and stressors are associated with transient declines
in plasma retinol concentrations [199, 200], but plasma
retinol concentrations tend to rebound when the inflamma-
tory stimulus is removed [201].

The hypothesized net effect of transient cholestasis in
influenza A infection is high circulating concentrations of
retinoid metabolites and retinyl esters, with low or normal
concentrations of retinol and RBP. In studies of infective
hepatitis, the RBP-prealbumin complex and plasma vitamin
A were decreased in association with reduced hepatic mobi-
lization and very high liver levels of vitamin A, resulting in
a mixed symptom pattern of hypo- and hypervitaminosis A
[202].

(3) Retinoic acid and stored retinyl esters released into the
circulation from damaged liver cells cause acute lung injury
(ALI) via apoptosis and necrosis of lung tissue.

The symptoms of ALI involve the destruction of alveolar
epithelial tissue, diffuse alveolar damage with hyaline mem-
brane formation, bronchiolitis with squamous metaplasia,
and pulmonary congestion. At the molecular level the patho-
genesis of ALI includes acute neutrophilic infiltration and
proinflammatory cytokine secretion in the lungs [5]. Cell
death and injury due to apoptosis and necrosis are seen in
the lung during the pathogenesis of ALI/ARDs. Apoptosis in
the alveolar epithelial cells of influenza H5N1 virus-infected
humans suggests that it plays a major role in influenza
pathogenesis in humans by destroying alveolar epithelial cells
[203]. Apoptosis of lymphocytes has been reported in mice
infected with lethal influenza H5N1 virus [204], but the
mechanism is unclear. Neutrophil counts may be high in the
initial phases of influenza infection but are often very low in
bacterial pneumonia that can occur as a sequel to influenza
infection [16]. While increased retinoid may drive the early
increase in neutrophil count, a point may be reached where
rising concentrations of circulating retinoid compounds as
a result of liver damage could induce massive apoptosis of
the neutrophils and lymphocytes. The net effect would be
to lower the functionality of the immune system, leading to
progressive bacterial infection and sepsis.

The three recognized stages of sepsis, severe sepsis,
and septic shock are proinflammatory and procoagulant
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responses to invading pathogens associated with a progres-
sively increased risk of multiorgan failure and death. In
cirrhosis, sepsis is accompanied by a markedly imbalanced
cytokine response “cytokine storm” in which responses that
are normally beneficial for fighting infections are converted
into excessive, damaging inflammatory responses [205]. The
molecular mechanisms of this excessive proinflammatory
response are poorly understood. In patients with cirrhosis
and severe sepsis, proinflammatory cytokines are thought to
play a role in worsening liver function and the development
of shock, renal failure, acute lung injury or acute respiratory
distress syndrome, coagulopathy, hepatic encephalopathy,
hyperglycemia, defective arginine-vasopressin secretion, and
adrenal insufficiency [206].

The suggested association between liver damage-induced
sepsis and alterations in retinoid metabolism is supported by
a study of serum and hepatic vitamin A levels in patients with
cirrhosis [207], in which serum retinyl ester concentrations
were significantly higher than those in controls (Table 2).
However, the percentage of serum retinyl esters as a fraction
of total vitamin (retinol plus esters), which was not calculated
but is an accepted indicator of vitamin A toxicity when >10%,
was 20%, that is, double the percentage criterion for vitamin
A toxicity.

A low vitamin D: A ratio has been postulated to increase
the severity of influenza infection. The risk of severe illness
may be further exacerbated by the effect of illness on the
liver and its stored contents of vitamin A. On this model,
activation of the retinoid cascade causes liver damage and
the spillage of retinoic acid and unbound retinyl esters into
the circulation. It is hypothesized that this induces lung
damage, multiorgan failure, and sepsis. Given the toxicity
of retinoids and the fact that retinoid stores in the liver are
sufficient to last the average adult for about two years [79],
the presumably high quantity of retinoids spilled into the
circulation in cholestatic conditions, including influenza, has
the potential to cause considerable tissue damage.

(4) The mechanisms of tissue damage following the
release of retinoids from the liver in influenza infection also
could be due to the hepatic release of the enzyme xanthine
oxidase (XO), which affects vitamin A metabolism.

Mice infected intranasally with influenza virus have high
levels of XO, TNE, and IL-6 in bronchoalveolar lavage within
3 d after infection, as well as high levels of XO in serum and
lung tissue [208, 209]. In humans, XO plays an important
role in the catabolism of purines and is normally found in
the liver but is released into the blood during severe liver
damage [210]. XO catalyzes the oxidation of hypoxanthine
to xanthine and of xanthine to uric acid. XO can also catalyze
the conversion of retinaldehyde to retinoic acid [211]. Hence,
increased circulating XO may be associated with increased
concentrations of retinoic acid.

(5) Preexisting liver disease, conditions associated with
liver dysfunction such as pregnancy, and metabolic condi-
tions including obesity and diabetes are strongly associated
with an increased risk of severe influenza A infection [212-
214]. It is proposed that susceptibility to severe infection
induced by these conditions is due to liver dysfunction and
associated alterations in retinoid metabolism.
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TABLE 2: Serum vitamin A concentrations in controls and in patients
with cirrhosis.

Controls Patients with cirrhosis

Variable p
Median Range Median  Range

Retinol, ug/L 259 84-1138 166 46-918 <0.001

Retinylesters, 13 159 4 0-152  <0.001

ug/L

RBP, mmol/L 2.1 <1.1-24.2 1.8 <1.1-5.8 <0.001

RBP: retinol-binding protein (source: Ukleja et al. [207]).

In a study of 63 patients hospitalized with the 2009
HINT1 influenza infection at the Mayo Clinic in Rochester,
Minnesota, the three most common comorbidities were
hypertension (47%), obesity (44%), and diabetes melli-
tus (32%) [215]. The present hypothesis—that alterations
in retinoid metabolism in these conditions contribute to
increased risks of severe influenza infection—is consistent
with growing evidence of a role for retinol-binding protein
in diabetes [216-219]. Retinoid profiles were studied in a
rat model of gestational diabetes, preeclampsia and fetal
growth restriction by the present author and colleagues
[220]. Liver damage, indicated by elevated liver enzymes, was
accompanied by significantly lower median plasma retinol
(ROL) concentration but also by a significantly higher retinyl
ester-to-ROL ratio, a significantly higher percent retinyl ester
level (median, 24% versus 11%; P = 0.008), and a significantly
higher concentration of all-frans-RA in the experimental rats
compared to the controls. These results suggest that gesta-
tional diabetes, preeclampsia and fetal growth restriction may
be associated with an endogenous form of retinoid toxicity
associated with impaired liver function.

14. Implications for Prevention and Treatment

Efforts to prevent and treat influenza have focused primarily
on the virus [221]. Since antiviral agents are expensive
and in short supply, identifying effective, inexpensive and
universally available antiviral agents should be a high priority
[222]. However, the development of vaccines and antiviral
compounds is complicated by frequent mutations and gene
reassortments between viruses, suggesting that approaches
aimed at the host (e.g., developing cost-effective preventive
or therapeutic agents) may hold greater promise [223]. In
fact, it is increasingly accepted that illness and pathology in
infectious diseases in general are due less to the invading
organism than to the body’s response to infection [205].
Evidence presented in this paper suggests that both
vitamins A and D are importantly involved in the host defense
mechanisms that regulate the severity of influenza and other
viral illnesses. The presence of high preexisting retinoid
concentrations associated with increased tissue stores and/or
dietary intake (i.e., a low vitamin D: A ratio) may increase
host susceptibility and disease severity via the destruction
of mucosal barriers and the resulting bacterial invasion and
sepsis—processes that appear to be worsened by liver damage
and comorbidities affecting the liver. Conversely, reduced but
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not necessarily deficient background retinoid concentrations
(i.e., a high vitamin D : A ratio) could have the opposite effect
of reducing disease susceptibility, lowering disease severity,
and improving disease outcomes. These hypotheses have
implications for the prevention and treatment of influenza
virus infections.

The present review suggests that in addition to vitamin
D supplementation, based on the vitamin D deficiency
hypothesis of influenza [33-35], measures targeting retinoids
to reverse the low vitamin D:A ratio may also be useful
in prevention and treatment. Such measures could include,
for example, modest exposure to solar radiation, to increase
vitamin D and lower vitamin A, dietary changes to lower
the intake and accumulation of vitamin A, and the use
of pharmacological agents to affect both vitamin A and D
metabolism.

With regard to dietary measures, the literature suggests
that influenza-induced or preexisting liver disease may sig-
nificantly worsen the outcome of influenza infection.

The increased risk of severe influenza on the part of
individuals with diabetes and the obese may be related to
liver dysfunction and alterations in retinoid metabolism, as
suggested above. Aging is also associated with an increased
risk of hospitalization and death from influenza-associated
pneumonia, and people of age 65 and older account for
>90% of influenza-related deaths [224]. Could aging be asso-
ciated with increased susceptibility to severe influenza due
to a progressive accumulation of retinoids with advancing
age? Several observations support this hypothesis: serum
levels of vitamin A increase in elderly populations [225,
226]; intracellular retinoids and retinoid-binding proteins are
present in leucocytes (granulocytes and mononuclear cells)
and increase quadratically with age; serum concentrations
of retinoic acid increase in the elderly [227]; vitamin A
absorption is also increased in elderly humans and animals
[228, 229].

If this hypothesis is correct, dietary restriction could
influence the occurrence and severity of influenza. Indeed,
it is known that restricting caloric intake to 60%-70% of
normal adult weight prolongs lifespan 30%-50% and confers
excellent health across a broad range of species; every other
day feeding produces similar effects in rodents. Based on
such observations and on self-experimentation, Johnson
et al. [230] proposed that alternate-day calorie restriction
(one day consuming 20%-50% of estimated daily caloric
requirements, the next day eating ad libitum) would result
in health benefits starting in as little as two weeks, with
declines in insulin resistance, asthma, seasonal allergies,
infectious diseases of viral, bacterial, and fungal origin, and
many other conditions. They suggest that widespread use
of this pattern of eating could affect epidemics of influenza
and other communicable diseases by improving resistance to
infection.

With regard to pharmacological measures, xanthine oxi-
dase (XO) inhibitors are reported to have a potent antiviral
effect against influenza A. A mouse model of influenza was
associated with a 400-fold increase in XO activity, measured
per volume of alveolar lavage fluid, as well as increased uric
acid levels in serum. Treatment with allopurinol (an inhibitor
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of XO) and chemically modified superoxide dismutase (a
scavenger of O*") improved the survival rate of influenza
virus-infected mice. These results were thought to indicate
that oxygen-free radicals produced by XO contributed to
the pathogenesis of influenza virus infection in mice and
that antioxidant therapy could eliminate oxygen radicals
[231]. As noted, XO converts hypoxanthine to xanthine and
xanthine to uric acid and also catalyzes the conversion of
retinaldehyde to retinoic acid. Allopurinol also has a dose-
dependent inhibitory effect on the synthesis of retinoic acid
from xanthine [211]. The efficacy of allopurinol as a treatment
for influenza could be due in part to the effect of XO on the
metabolism of retinoids.

Bassaganya-Riera et al. [223] suggested using peroxisome
proliferator-activated receptor (PPAR) agonists to down-
regulate the inflammatory response to respiratory viruses.
Noting that excessive inflammatory responses to respiratory
viruses “cytokine storms” are due to immune dysregulation
and that PPARs play important roles in antagonizing core
inflammatory pathways such as NF-«B, AP1, and STAT, the
authors proposed that PPARy agonists could be used to
downregulate inflammatory responses to respiratory virus-
related pulmonary inflammation. It is of interest in this
connection, given the proposed role of retinoic acid in
influenza, that the first RAR« antagonist (Ro41-5253) to be
developed [232] is a PPARy agonist insofar as it binds to and
activates PPARy [74]. This suggests that expression of PPARy
is effectively equivalent to RAR« antagonism; that is, RAR«
antagonism is a natural consequence of PPARy activation or
expression.

15. Conclusion

The severity of influenza virus infection can perhaps be
considered a function of two sets of opposing factors. On one
side are the factors that fight infection, exerting inhibitory
effects on the virus at different stages of the disease process.
On the other side are the factors that drive the disease,
allowing the virus to multiply, spread, and induce symptoms.
There is evidence that retinoids play a central role in both
processes. It has been proposed that (1) reduced exposure
to sunlight and/or preexisting vitamin D deficiency simul-
taneously increase the accumulation and potential toxicity
of endogenous retinoids, while the decreased vitamin D-to-
vitamin A ratio triggers viral activation or increases suscepti-
bility to novel strains of influenza virus; (2) increased but nor-
mal physiological concentrations of retinoid effectively work
with vitamin D to inhibit influenza pathogenesis; and (3)
higher background concentrations of vitamin A (i.e., very low
vitamin D: A ratios), for example, associated with diseases
and conditions affecting the liver, enhance viral replication
and increase the likelihood of severe or lethal complications
of the disease. It is possible and indeed likely that, on the
vitamin A side, different retinoid receptor isotypes (RARs,
RXRs) will prove to be involved in the outcomes of altered
vitamin D : A ratios, either enhancing or inhibiting infection
and viral replication, depending on the background level of
retinoids in the body. For instance, one group of retinoid
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receptor isotypes may facilitate and exacerbate influenza viral
infections, while another set may come into play to inhibit
viral proliferation and infection.

In summary, it is proposed that lack of solar radiation
and/or vitamin D deficiency increase the availability and
potential toxicity of retinoids, and the latter interact with
and induce viral activation at the genome level to trigger
influenza. On this hypothesis, influenza viral pathogenesis
involves both vitamin D deficiency and endogenous retinoid
overexpression. In seasonal influenza, ever-present influenza
viruses may be activated and disease symptoms triggered by
declining vitamin D concentrations and worsened by retinoid
accumulation and overexpression. In pandemic influenza,
while the virulence of the strain of virus may account for
disease epidemicity, the likelihood of particular individuals
being infected may depend on the background nutritional
status of vitamin A and D, whereby infectivity may be
reduced by vitamin D supplementation but enhanced by
vitamin A supplementation or excess. Retinoid receptor
overexpression may thus contribute to the pathogenesis of
influenza and related viral infections, causing an endogenous
form of hypervitaminosis A that manifests itself in the
symptoms of the disease.

The model could be tested by determining the presence
and concentration of retinoids in the secretions of patients
with influenza, particularly retinyl esters and retinoic acid.
Alterations in serum retinoid profiles could also be examined
in case-control studies. Subject to obtaining support for the
model, clinical trials could be initiated to determine the
relative therapeutic efficacy of vitamin D supplementation,
retinoic acid receptor antagonists, and the combination of
vitamin D supplementation plus a retinoic acid receptor
antagonist. The formal study of retinoid profiles and expres-
sion in influenza infection is, however, a new field awaiting
exploration.
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