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ABSTRACT

Vitamin D has become increasingly recognized in the literature for its extra-skeletal roles, including an effect on inﬂammation and the immune
response to infection. Our goal was to describe the role of vitamin D in the immune response and implications for the risk of inﬂuenza infection
in humans. In this review, we ﬁrst consider literature that provides molecular and genetic support to the idea that vitamin D is related to the
adaptive and innate immune responses to inﬂuenza infection in vitro and in animal models. We then discuss observational studies and
randomized controlled trials of vitamin D supplementation in humans. Finally, we consider some of the knowledge gaps surrounding vitamin D
and immune response that must be ﬁlled. Adv. Nutr. 3: 517–525, 2012.

Introduction
Vitamin D is a fat-soluble vitamin, unique in that it is primarily produced in the skin during sun exposure rather
than absorbed from the diet (1). Vitamin D has long been
known to play a role in the skeletal system and calcium homeostasis; vitamin D deﬁciency is known to be a cause of
rickets and osteoporosis (2). Recently, cells of the immune
system have been found to possess vitamin D receptors
(VDR)3 and are capable of metabolizing the active form of
vitamin D [also known as calcitriol, 1,25-dihydroxyvitamin
D, or 1,25(OH)2D] (1), suggesting that this nutrient may be
an important factor in the immune response to infection
(3). For example, activated T- and B-cells can convert the inactive form of vitamin D [also known as 25-hydroxyvitamin
D, or 25(OH)D] to 1,25(OH)2D in human cells in vitro (4);
locally produced 1,25(OH)2D then acts on immune cells in
an autocrine or paracrine fashion. VDR have also been identified on peripheral blood mononuclear cells (PBMC) in human cells in vitro (5), lending support for a potential role of
vitamin D in the regulation of the immune system and infectious diseases (6).
Further investigation has revealed that vitamin D plays
important roles in signaling during both the adaptive and
innate immune response to viral and bacterial infection
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(3,7). 25(OH)D can be converted to 1,25(OH)2D in human
respiratory epithelium cells in vitro (8), and 1,25(OH)2D
and 25(OH)D have both been implicated in the immune response to several types of respiratory infections, including
respiratory syncytial virus and tuberculosis, in vitro (8–
10). Studies have also found associations between either
25(OH)D or 1,25(OH)2D deficiency and clinical illnesses,
including influenza (11–14), tuberculosis (15–19), respiratory syncytial virus (9,20), and other respiratory illnesses
(21–24), in observational studies. An estimate provided
by data from the NHANES states that more than onehalf of U.S. adults have 25(OH)D <30 mg/L (23), a status
defined as vitamin D insufficient (1). However, an Institute
of Medicine report suggests that vitamin D deficiency be
defined as 25(OH)D <10 mg/L (25), a condition shared
by only 2% of Americans (23). No matter the cutoff, 25
(OH)D levels have been found to be significantly lower
among children with respiratory illnesses, older adults,
women, and individuals with darker skin pigmentation
(26–29).
In this review, we will describe evidence for the role of vitamin D in modulating the adaptive and innate immune response. We will then consider how those aspects of the
immune system respond to inﬂuenza infection. We will
also consider observational studies and randomized controlled trials of vitamin D supplementation in humans and
the concurrent seasonality of poor vitamin D status and increased risk of inﬂuenza infection. Finally, we will note the
problems in accurately assessing vitamin D and consider
the next steps for assessing vitamin D in the context of respiratory illness.
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Current status of knowledge

The T-cell proﬁle shift
Vitamin D [espcially 1,25(OH)2D] is widely acknowledged
to shift the T-cell response proﬁle from a T helper cell
(Th) 1- to a Th2-mediated response by inhibiting cells of
the Th1 proﬁle (3,31,33-43) in vitro in mouse ﬁbroblasts,

pancreatic islets, cultured splenocytes, and host serum;
and in vivo in mouse dendritic cells. Vitamin D also promotes cells of the Th2 proﬁle (31,39,41,42,44,45) in mouse
ﬁbroblasts (Fig. 1A). This bias is thought to reduce inflammation and promote an immunosuppressive state (31).
1,25(OH)2D inhibits the proliferation of Th1 helper cells
in mouse lymphocytes and human T-cell clones in vitro in
part by inhibiting IFNg and IL-2, cytokines that promote
Th1 production and recruitment and macrophage production (3,46–48). 1,25(OH)2D also reduces IL-12 (another
cytokine that promotes Th1 production and recruitment)
in vitro in human PBMC (15); it is thought to accomplish
this by downregulating molecules in human dendritic
cells, which produce IL-12 (3,15,47,49), and by promoting
IL-10, a cytokine thought to inhibit production of IL-12
(39,50,51). 1,25(OH)2D suppresses an additional Th1mediated cytokine, TNFa, in vitro in human monocytes,
further pushing immune response to a Th2 profile (52,53).
1,25(OH)2D has also been found to suppress the production
and recruitment of Th17 cells in mice in vivo by downregulating Th17-mediated cytokines IL-23 and IL-6 (3,50)
(Fig. 1B). In contrast, 1,25(OH)2D has been shown to upregulate IL-4, IL-5, and IL-10 in mouse lymphocytes in vitro;
these cytokines promote a Th2 response profile (3,46). IL-10
also promotes the proliferation of T regulatory (Treg) cells

Figure 1 Vitamin D and its various actions in the immune system. (A) Vitamin D inhibits the production and proliferation of Th1 and
Th0 cells by inhibiting IL-2, IFNg, and TNFa; vitamin D promotes the production of Treg cells by facilitating production of IL-10. (B)
Vitamin D promotes a Th2-mediated immune response profile by promoting IL-4, IL-5, and IL-10. Vitamin D inhibits a Th17-mediated
immune response profile (and thus inhibits IL-17) by inhibiting IL-6 and IL-23. (C) Vitamin D inhibits the production of B-cells, the
differentiation of B-cells into plasma cells, and the production of antibodies by B-cells. (D) Vitamin D promotes nuclear factor of kappa
light polypeptide gene enhancer in B-cells inhibitor, a in respiratory epithelial cells, which inhibits NF-kB, in turn promoting antiviral
and immunomodulatory interferon signaling. Th, T helper cell; Treg, T regulatory cell.
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Vitamin D and adaptive immune response to infection
The adaptive immune response to infection is complex and
multi-faceted and involves a diverse population of cell types
and other factors such as cytokines, chemokines, enzymes,
and hormones (3,30,31) (Fig. 1). Additionally, the immune
response to an infectious insult is not static; characteristics
of the response (measured by serum cytokines in human
adults) change from the initial period of antigenic stimulation to the later stage of disease clearance (32). Vitamin D
may therefore affect one component of an immune system
response but not other components, meaning that the net
effect of vitamin D on immune function and clinical illness
is difficult to characterize. This also suggests that evidence of
vitamin D’s role in the immune system in vitro may not apply to vitamin D’s role in vivo. Nevertheless, vitamin D [in
particular, 1,25(OH)2D] has been found to act on specific
cell parameters of the adaptive immune response, most notably T- and B-cells (Fig. 1A).

B-cell differentiation
1,25(OH)2D inhibits proliferation and promotes apoptosis
of activated human B-cells in vitro, although the initial production of B-cells remains unaffected (4). 1,25(OH)2D is
thought to thereby inhibit the differentiation of B-cells
into plasma cells (4) (Fig. 1C). B-cell deficiency in mice
and ferrets has been associated with decreased heterologous

immunity between seasonal and pandemic H1N1 influenzas
(57) and memory B-cells against influenza infection have
persisted for >5 mo after infection in lung epithelial cells
in vitro (58). Although there is relatively little evidence linking influenza infection to B-cell levels in humans, a small
study involving 15 children aged 2–14 y with pandemic or
seasonal H1N1 influenza showed that a significantly higher
percentage of B-cells were found in children infected with
any strain of influenza, compared with controls (59).
Vitamin D and innate immune response
Inflammation and cell signaling. Both the active form of
vitamin D [1,25(OH)2D] and a fluorescent vitamin D analogue have been found to decrease proinflammatory chemokine production during infection in vitro in human
respiratory epithelial cells (for the active form of vitamin D)
and mouse pancreatic islets (for the vitamin D analogue)
(9,35). Additionally, 1,25(OH)2D has been found to downregulate proinflammatory cytokines such as IL-1, IL-6,
IL-8, and TNFa in many different cell types in vitro (60).
Significantly higher serum levels of IL-6, IL-8, IL-17, and
TNFa were found in patients hospitalized with pandemic
H1N1 influenza in a case control study (37) and have
elsewhere been implicated in influenza infection (32,56).
In human lymphocytes in vitro, the antiinﬂammatory effect of vitamin D is carried out in part through inhibition of
NF-kB (61) (Fig. 1C). NF-kB is a protein complex that is associated with the transcription of inflammatory proteins
during infection (62), including cytokines and chemokines,
acute phase proteins, adhesion molecules, and inducible
effector enzymes (63). 1,25(OH)2D induces nuclear factor of k light polypeptide gene enhancer in B-cells inhibitor, a, the inhibitor of NF-kB, in human airway epithelial
cells in vitro during infection with respiratory syncytial
virus (9). NF-kB itself has been found to modulate T-cell
response profiles in various types of mouse cells (64) and
to downregulate antiviral and immunomodulatory interferon signaling involved against influenza infection in mouse
embryonic fibroblasts (65,66). 1,25(OH)2D inhibits NF-kB
in vitro in human promyelotic leukemia HL-60 cells during
the early infection period (67) (Fig. 1D) but promotes it
later on (67).

Monocytes and differentiation. 1,25(OH)2D has been
shown to promote the differentiation of monocytes into
macrophages in both mouse and human cells in vitro (47)
and suppress the differentiation of human monocytes into
dendritic cells (49) (Fig. 2). 1,25(OH)2D (10 nmol/L) has
also been found to induce a tolerogenic state in human myeloid (but not plasmacytoid) dendritic cells in vitro (68) and
has an effect on the trafficking and translocation of differentiated but immature dendritic cells in mice (69). Mouse dendritic cells exposed to 1,25(OH)2D in vivo for 24 h were able
to retain antigen-presenting abilities and avoid sequestration
in lymph nodes. However, mouse dendritic cells that were
differentiated in the constant presence of 1,25(OH)2D in vitro did not retain these capabilities (69), a result that supports
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in mouse colon cells in vivo; these Treg cells inhibit the Th1
response profile (3,50) (Fig. 1A).
Despite overwhelming in vitro evidence that 1,25(OH)2D
biases the immune system response toward a Th2-dominated
profile, it has been shown to repress both Th1 and Th2
response profiles in human cord blood cells in vitro (54).
This suggests that the effects of 1,25(OH)2D on Th helper
cell selection are more complex in vivo and in differing
molecular and cellular environments (44). A study on the
immune response to allergy stimulus in mice in vivo suggested that vitamin D supplementation [100 ng 1,25(OH)2D
injection] given after the initial period of sensitization prevented high levels of eosinophils associated with reduced
local inflammatory response in bronchoalveolar lavage fluid
and lung tissue. However, constant vitamin D supplementation [100 ng 1,25(OH)2D injection every other day during
the study] did not protect against a high eosinophil count
in mice respiratory epithelia (38). The proposal that the
effect of vitamin D is time-sensitive is further bolstered by
a study that showed that low vitamin D [measured by serum
25-hydroxy-(ergocalciferol + cholecalciferol] was common
among patients with tuberculosis (35.6 mg/L compared
with 37.2 mg/L in patients without tuberculosis; P < 0.05)
but was not associated with the initial, acute-phase response
to infection (measured by levels of a1-antichymotrypsin, an
acute-phase protein) (19). A 3-mo prospective, randomized
controlled trial investigating whether vitamin D has an effect
on cytokine levels in humans showed that supplementation
of 2000 IU cholecalciferol in ambulatory adults does not have
a significant effect on the association between levels of serum
25(OH)D and IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-13,
IFNg, and TNFa, although this study did not take into account infection status and there was no difference between
25(OH)D levels pre- and postsupplementation in the group
randomized to receive cholecalciferol (55).
In contrast, another study found that many of the cytokines inhibited by 1,25(OH)2D in humans (IL-2, IL-12,
IFNg, IL-6, TNFa, IL-17, and IL-23) are produced in significantly greater quantities in individuals with pandemic
H1N1 influenza compared with healthy controls; some cytokines that are promoted by 1,25(OH)2D (IL-5, IL-10) are
also produced in significantly greater quantities in those individuals (3,56) (measured by serum cytokine levels) (Fig.
1A,B). Early secretion of Th1- and Th17-mediated cytokines
was also found to be significantly increased in individuals
infected with severe novel H1N1 influenza (37), suggesting
that serum 25(OH)D may play a role in inflammatory response during influenza infection, even if it does not affect
levels of inflammatory cytokines in a noninfectious state.

the idea that immune system involvement of active vitamin
D is modulated by infection time frame as well as the type of
immune cell involved. In older adults, loss of dendritic cell
function (including reduction in dendritic cell-mediated cytokines, such as TNFa) is associated with poor influenza
vaccine response (70) and impaired response to influenza
infection as a result of decreased induction of dendritic
cell-stimulated CD8+ T-cells (71). Notably, infection with
influenza A virus induced human blood monocytes to rapidly differentiate into mature dendritic cells in vitro (72).
However, it has been found that plasmacytoid dendritic
cells, which are unaffected by 1,25(OH)2D, may be responsible for dendritic cell-mediated protection to influenza infection in mice (73).
1,25(OH)2D is also thought to suppress IFNg-mediated
activation of macrophages through inhibition of the Th1 response profile (3); the deactivation of IFNg-activated macrophages is contingent upon a functional VDR in vitro in
mouse macrophages (74). However, macrophages are capable of responding to and producing 1,25(OH)2D in human
alveolar macrophages in vitro (75), and 1,25(OH)2D increases the production of cathelicidin in human macrophages in vitro by increasing expression of the VDR (76).

Antimicrobial properties. 1,25(OH)2D is associated with
increased bactericidal activity in human PBMC (15) and
the innate antibacterial response in human trophoblasts in
vitro (77). VDR expression is upregulated by the activation
of toll-like receptors in human macrophages and trophoblasts; this upregulation leads to the transcription of cathelicidin, which kills intracellular Mycobacterium tuberculosis
(42,77) (Fig. 2). This finding has been corroborated by in
vivo evidence: vitamin D supplementation (a single oral
mega-dose of 100,000 IU ergocalciferol) has been found
to improve antimycobacterial immunity in humans (78).
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Because cathelicidin’s main mechanism of action is the destruction of envelope proteins of foreign agents, it may also
be implicated in the destruction of influenza virus, which
possesses an envelope protein (2,79).
Additionally, 1,25(OH)2D has been found to upregulate
human b-defensin 2 in a variety of human cells (80); human
b-defensin 2 is thought to act as a chemoattractant for monocytes during viral infection (7). 1,25(OH)2D also induces
hydrogen peroxide production in human monocytes in vitro
(81). However, serum 25(OH)D was not associated with
levels of serum cathelicidin or b-defensin-2 in patients
with community-acquired pneumonia (82).
In total, the literature describing vitamin D’s role in the
adaptive and innate immune systems suggests that vitamin
D is involved in reducing inflammation during infection. Although 1,25(OH)2D suppresses the response of Th1 cells
and proinflammatory cytokines, it promotes antimycobacterial factors such as cathelicidin and human b-defensin 2.
Additionally, the literature suggests that vitamin D’s role in
modulating immune system response to infection is not
constant over time and changes according to the host and
state of infection; 25(OH)D deficiency has been shown to
be related to tuberculosis but not the acute phase of infection in humans (19): 1,25(OH)2D has been shown to have
a positive effect on infection only when given after the initial
phase of infection in mice (38); 1,25(OH)2D has been
shown to affect NF-kB in different ways at different time
points of infection in human leukemia cells (67) and prevents mouse dendritic cells from presenting antigens and
differentiating only at certain time points (69).

Vitamin D and respiratory diseases in humans. Due to
the complexity of adaptive and innate immune responses
to antigenic stimulation, it is difﬁcult to pinpoint the overall effect of vitamin D during infection. This complexity
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Figure 2 Vitamin D activation and mycobacterial immune response. Vitamin D inhibits the differentiation of monocytes into
dendritic cells and promotes the differentiation of monocytes into macrophages. When toll-like receptors are activated by circulating
LPS, they promote vitamin D-mediated transcription of cathelicidin, an antimicrobial peptide that kills Mycobacterium tuberculosis.
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Influenza and vitamin D: seasonality. Edgar Hope-Simpson
(94) was the ﬁrst to make the argument that the seasonality of
inﬂuenza hinges upon times of less sunlight; since then, several
researchers have corroborated the ﬁnding that inﬂuenza is
more prevalent in the winter during times of less sunlight
and therefore less available vitamin D (40,95,96). Healthy
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volunteers inoculated with live attenuated inﬂuenza virus in
northern latitudes of Russia during different seasons of the
year were 8 times more likely to have inﬂuenza infection during the winter than summer (97). However, another study recently found that model simulations of vitamin D seasonal
ﬂuctuation are not able to consistently reproduce observed
seasonal patterns in inﬂuenza; the authors concluded that seasonal variation in vitamin D is unlikely to be the main factor
affecting the seasonality of inﬂuenza (98). Because there are
other important environmental factors that could affect virulence of inﬂuenza that are synchronous with periods of less
sunlight (e.g., colder temperatures and lower humidity), it
may be difﬁcult to separate these factors in an analysis of inﬂuenza and vitamin D seasonality.

Problems in assessing vitamin D. Lee (99) has pointed out
several problems in assessing vitamin D. First, a consensus
has not yet been reached on what level of vitamin D is considered “deficient” (1), and studies with different definitions
of deficiency may not have comparable results. Additionally,
there is no consensus on biologically relevant doses of vitamin D for use in randomized controlled trials; studies cited
in this paper supplemented vitamin D in a broad range of
forms, from 200 IU cholecalciferol 3 times/d (12 to 2000
IU/d (22), and including one-time supplements of cholecalciferol in 100,000-IU doses (78,100). Second, concentrations
of 25(OH)D obtained from serum vary depending on the
method of assay and reproducibility is poor (99,101). Third,
concentrations of 25(OH)D are subject to change depending
on levels of binding proteins and rapid fluid shifts, factors of
concern in critically ill patients (99).
In 8 of 10 supplementation studies cited in this review
that looked at respiratory illness as an outcome, serum vitamin D pre- and postsupplementation was not reported
(12,14,17,22,92,93,100,102). Lack of vitamin D measurement in these studies makes interpretation of the results
more difﬁcult, because there is no way to demonstrate that
participants in the supplementation group had signiﬁcantly
higher serum vitamin D than participants in the control
group. In such studies, determining the biological relevance
of a particular dose of vitamin D is also difﬁcult. One study
that supplemented vitamin D and measured vitamin D serum status postsupplementation found no signiﬁcant difference in respiratory illness between the supplementation and
control groups (18); one study found a signiﬁcant difference
in the level of mean 25(OH)D after a single mega-dose of
cholecalciferol (78).
Limitations of current literature. Evidence from in vitro,
in vivo animal, and in vivo human studies has been accumulating over the past decade, suggesting that vitamin D may
inﬂuence the risk of respiratory infections, including inﬂuenza. However, much work remains to be done: there
must be a focus on the application of laboratory and animal
ﬁndings to human populations, because it has already been
observed that the results of in vitro studies are not always
replicated in vivo and the results of animal studies are not
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sometimes results in different results in in vitro compared
with in vivo studies. In several observational studies, lower
25(OH)D serum levels have been associated with increased
risk of respiratory infection in adults (21,23,83,84), children
(26,85,86), and infants (20). A robust, dose-response association was found between lower levels of 25(OH)D and
increased risk of upper respiratory infection in large, population-based studies in the United States (23) and Great Britain (21). 25(OH)D deﬁciency has also been connected to
increased severity of acute lower respiratory infection in
children (27,86) and mortality from pneumonia in adults
(82). Furthermore, children with VDR gene polymorphisms
(speciﬁcally, the FokI ff or TaqI polymorphisms) are more
likely to have acute lower respiratory infections (87). The
FokI ff polymorphism results in a downregulation of the vitamin D target gene, CYP24A1, which codes for an enzyme
that degrades 1,25(OH)2D (88); the TaqI polymorphism is
associated with lower VDR protein levels (89).
However, randomized controlled trials supplementing vitamin D have yielded mixed results; a summary of these results can be found in Table 1. No significant effect was
found for 1,25(OH)2D supplementation as an adjuvant to
increase the efficacy of an influenza vaccine in the general
adult population (90) or in HIV-positive (91) adults, and
supplementation with oral cholecalciferol did not significantly reduce the risk of infection in an elderly population
(92). General vitamin D supplementation (median daily
dose of 2000 IU/d, or 50 mg/d) was not associated with improved serologic response to an influenza vaccine (measured
by a $1:40 hemagglutinin antibody inhibition titer ratio or
4-fold increase in hemagglutinin antibody inhibition titer at
3-mo postvaccination) in prostate cancer patients (13).
However, the baseline 25(OH)D serum concentration in
the same population was associated with an improved response to influenza vaccine (P = 0.045) (13). Supplementation with cholecalciferol (1200 IU/d for 4 mo) was also found
to be associated with a reduced risk of seasonal influenza A
in Japanese schoolchildren (P = 0.04) (12), but the study did
not measure serum concentrations of 25(OH)D or serum
antibody concentrations to influenza. An additional study
found a lower rate of upper respiratory infection and influenza in participants taking a cholecalciferol supplement
(2000 IU or 50 mg/d), but this analysis was based on selfreported illness (14) and the results were not reproduced
(93). A systematic review of randomized controlled trials
supplementing vitamin D for the prevention or treatment
of infectious disease found that the strongest evidence for
the effectiveness of vitamin D in prevention or treatment
of infectious diseases is for the reduction of risk of acute
respiratory illness and influenza (45).

Conclusion
The evidence for an association between vitamin D and risk of
inﬂuenza infection exists, albeit mainly in in vitro and animal
studies describing the role of 1,25(OH)2D in innate and adaptive immunity. Observational human studies of 25(OH)D deficiency and randomized controlled trials supplementing
various forms of vitamin D have yielded mixed but promising
results. More rigorous research studies with large populations
and outcome measures including 25(OH)D serostatus postsupplementation are needed to further elucidate the possible
relationships between vitamin D and risk of influenza infection. The establishment of a clear link between vitamin D
status and influenza infection has broad implications for influenza research, especially in groups that are likely to have low

vitamin D levels, as well as the formulation of policy regarding
vitamin D supplementation.
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