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ABSTRACT
Viral respiratory infections in older adults tend to be more severe and linked to increased mortality. Factors such as lung 
aging and changes in its structure and function; aging of the immune system and decrease in its function with age; and 
inflammaging, the accumulation of senescent cells with age with senescence-associated secretory phenotype (SASP) (is a 
secretory profile that includes the secretion of inflammatory cytokines, growth factors, chemokines, and matrix-metallopro-
teinases) leads to an increase in the susceptibility and vulnerability of older adults to respiratory infections. Malnutrition and 
micronutrient deficiencies, including rising rates of vitamin D deficiency, can also exacerbate respiratory infections in older 
adults. Vitamin D plays a role in maintaining epithelial integrity and has anti-inflammatory properties. Vitamin D enhances 
innate immune responses and suppresses adaptive immune responses, thereby restoring the immune system to homeostasis. 
Vitamin D deficiency is associated with microbiota dysbiosis and inflammation, and higher vitamin D levels are associated 
with greater abundance of beneficial, protective microbiota against respiratory infections. A more profound comprehension 
of the advantageous impacts of vitamin D in respiratory viral infections, particularly the relationship between vitamin D and 
the microbiota, will provide new perspectives on the importance of vitamin D assessment and standardization.

1 | Introduction

Viral respiratory infections remain a major public health prob-
lem and a leading cause of death, especially in the elderly [1]. 
Aging is associated with increased susceptibility to respiratory 
infections and more severe clinical outcomes [2]. Age-related 
changes in host biology, such as altered lung structure and func-
tion, impaired immune regulation, and chronic inflammation, 
contribute to the increased vulnerability of the elderly to respi-
ratory infections [2]. As a result, the elderly exhibit more severe 
clinical manifestations and outcomes during viral respiratory 
infections such as influenza, COVID-19, and RSV9 [1].

Several factors influence the severity and outcome of viral in-
fections of the airways in older people. Among these factors, 
nutritional status and the composition of the microbial popu-
lation were identified as determinants of immune system and 
respiratory health [3]. Vitamin D is a known immunomodu-
latory molecule [4]. Vitamin D affects the innate and adap-
tive immune systems [5]. It has anti-inflammatory activity 
and is involved in the regulation of inflammatory responses 
[3]. Vitamin D also helps maintain the integrity of the epithe-
lial barrier in the airways [4]. Vitamin D is involved in the 
expression of antimicrobial peptides [5]. As regards the mi-
crobial community, the role of the microbial community in 
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respiratory maturation and respiratory tract health is also 
well known. Microbiota are known to be part of the structure 
of the mucous membranes of the body and play a protective 
role against viral respiratory infections [3]. Furthermore, the 
microbiota play a role in the development of the immune sys-
tem and in immune system training [3].

There is increasing evidence that vitamin D and the microbi-
ota are functionally interconnected and, in some cases, have 
synergistic roles [6]. Both vitamin D and the microbiota play 
a role in the integrity of epithelial barriers and the mainte-
nance of immune homeostasis. Vitamin D influences the mi-
crobiota population through its effects on epithelial barriers, 
the production of antimicrobial peptides [5], and microbiota 
metabolites that can activate vitamin D receptor (VDR) sig-
naling [5]. Aging is often associated with vitamin D deficiency 
and microbiota dysbiosis [6,  7], both of which are linked to 
inflammation [5,  8] and can synergistically impair antiviral 
immunity and exacerbate inflammation during viral infec-
tions. There is a substantial body of evidence supporting the 
independent roles of vitamin D and the microbiota in immune 
function and viral respiratory infections. However, their bidi-
rectional interaction in the context of aging and viral respira-
tory infections has received less attention.

The purpose of this narrative review is to examine how changes 
in the vitamin D status and composition of the gut flora, as 
well as their interactions, affect the immune response, severity 
and outcome of respiratory viral infections in elderly adults. In 
addition, the clinical implications of these interactions for the 
prevention and treatment of respiratory viral infections in older 
people are discussed.

2 | Methods

This narrative review examined how vitamin D and the microbi-
ota influence the severity of viral respiratory infections in older 
adults. Databases including PubMed, Scopus, Web of Science, 
and Google Scholar were searched for eligible articles for this re-
view up to July 2026 using the following keywords and Boolean 
operators: (“Viral respiratory infection” OR “Respiratory vi-
ruses” OR “Influenza” OR “COVID-19” OR SARS-CoV-2 OR 
“Respiratory Syncytial Virus” OR “RSV”) AND (“Vitamin D” 
OR “calcitriol” OR “Vitamin D supplements” OR “25(OH)D” OR 
“1,25(OH)2 D”) AND (“Aging” OR “Elderly” OR “Older adults” 
OR “Geriatric”) AND (“Microbiota” OR “Microbiome” OR 
“Dysbiosis”) AND (“Immune aging” OR “Immunosenescence”).

Inclusion criteria focused on relevant English-language full-text 
articles, randomized controlled trials (RCTs), and prospective 
cohort studies that investigated the effects of vitamin D and 
the microbiota on the severity of respiratory infections in older 
adults. Exclusion criteria applied were studies in non-English 
languages, articles submitted as preprints, letters to the editor, 
conference abstracts, and articles without full text.

Articles were screened in two stages of title and abstract re-
view for relevance, followed by full-text assessment. Also, the 
reference lists of the retrieved eligible articles were manually 
screened to identify additional relevant publications.

This review attempts to synthesize the available scientific evi-
dence on the impact of vitamin D and the gut microbiota, and 
their relationship, on the severity and outcomes of viral respira-
tory infections in older adults.

3 | The Aging Host

Biological aging is a key factor in increased susceptibility to in-
fections, including viral respiratory infections, due to the decline 
in the function of various body systems, such as the immune sys-
tem [1]. Factors such as the aging of the lungs and alterations in 
their structure and function, including reduced lung elasticity, 
diminished capacity for repair and regeneration, and decreased 
mucociliary clearance, result in a lowered ability of the lungs to 
combat infections [9] [Part B].

The aging of the immune system (immunosenescence) and its 
functional decline with age manifest in several aspects [7], in-
cluding thymic atrophy, increased fat tissue in the bone marrow, 
fibrosis in lymph nodes, reduced quantity and size of germinal 
centers, fewer naive B and T cells [10], a rise in Tregs, dimin-
ished phagocytic capacity of macrophages, impaired responses 
to Type 1 interferons [11], an increase in the number of nonfunc-
tioning memory cells [10, 12], and a higher incidence of chronic 
infections like CMV followed by T cell fatigue [13], all contribut-
ing to a reduced ability of the immune system to combat infec-
tious agents [7].

In addition to immunosenescence, the presence of a low-grade 
sterile inflammatory state (inflammaging) [14] negatively in-
fluences the immune response. The increase in the number of 
senescent cells with aging, with the SASP phenotype (senes-
cence-associated secretory phenotype) (accumulation of senes-
cent cells in the lung and secretion of inflammatory factors and 
creation of an inflammatory environment in the lung) [15, 16], 
is another factor that contributes to the increased severity of re-
spiratory diseases in older adults.

Immunosenescence also affects pulmonary immunity [12]: The 
function of alveolar macrophages in clearing pathogens and 
dead cells is reduced [10, 12]. The phagocytic activity of muco-
sal dendritic cells decreases, and the migration to the draining 
lymph nodes for priming adaptive immune responses is im-
paired [12,  17]. The phagocytic activity of neutrophils is also 
reduced, and neutrophils accumulate in large numbers in aged 
lungs, persist for long periods, and may lead to tissue damage 
[12, 16]. There are also immunosenescence effects on T and B 
cells. In addition, immunosenescence leads to delayed repair re-
sponses during lung involvement, delaying recovery from respi-
ratory disease in older adults [14].

The increasing incidence of comorbidities, along with a decrease 
in average body temperature, is associated with aging and has 
increased the susceptibility and vulnerability of older adults to 
respiratory infections [11]. Many RNA viruses replicate poorly 
or not at all at elevated or feverish temperatures [18].

The composition and function of the microbiota change with 
age [19]. In older adults, the abundance of beneficial bacteria 
decreases, whereas the abundance of pathogens and bacteria 
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with inflammatory properties increases [7]. For example, the 
abundance of Bifidobacterium and Acremancy decreases in 
older adults, whereas the abundance of Enterococcus and 
Streptococcus increases [19]. Also, the abundance of bacteria 
that produce short-chain fatty acids (SCFAs) decreases with age. 
SCFAs are products of the fermentation of dietary fibers in the 
gut by microbiota and have anti-inflammatory and immuno-
modulatory properties. In general, older adults frequently ex-
perience dysbiosis, or detrimental alterations in the microbiota 
population. Increased inflammation, poor immune homeostasis 
regulation, and a reduction in the synthesis of anti-inflamma-
tory metabolites are all linked to age-related dysbiosis, which 
may make older adults more vulnerable to respiratory viral 
infections. In addition, the phenomenon of leaky gut has been 
reported in the elderly [7]. Increased intestinal permeability 
makes it possible for antigens and microbial products to pass 
through the intestinal–epithelial barrier and cause inflamma-
tory reactions. Continuous exposure of the immune system to 
these microbial components may contribute to chronic immune 
activation and the development of inflammaging. Over time, 
these processes may disrupt immune homeostasis and impair 
immune function, ultimately influencing antiviral immune 
responses and increasing the severity of respiratory viral infec-
tions in older adults.

The lung microbiota in the elderly has not been investigated 
because it is challenging to sample the lower respiratory tract 
[12]. Nonetheless, several studies have compared the microbiota 
of the upper respiratory tract in younger and older individuals. 
Findings suggest that the composition and relative abundance of 
the upper respiratory tract microbiota differ between older and 
younger individuals [20]. The respiratory tract microbiota in 
older individuals appears to be less stable, which may be related 
to the susceptibility to respiratory diseases in the elderly [12]. 
In animal studies, in aged mice, the composition of the upper 
respiratory tract microbiota did not return to its initial state even 

several weeks after infection, indicating a decrease in the resil-
ience of the microbiota during aging [21].

Taken together, changes in microbial communities in older 
adults, including changes in the composition and abundance 
of microbiota, reduction of beneficial bacteria, lower resil-
ience, lower stability, and lower diversity, may affect immune 
responses and the severity of viral respiratory infections in the 
elderly.

In addition to the aforementioned factors, nutrition and micro-
nutrient status—particularly vitamin D levels—significantly 
influence the severity of respiratory infections [22, 23]. The risk 
of vitamin D deficiency increases significantly with age. This 
trend is exacerbated by factors such as malnutrition associated 
with aging, decreased sun exposure due to increased time spent 
indoors, and a decline in the skin's ability to synthesize vitamin 
D, driven by lower concentrations of 7-dehydrocholesterol in the 
skin [12]. Vitamin D deficiency can lead to reduced immune tol-
erance and abnormal immune responses [5]. All the mentioned 
factors that lead to an increase in the morbidity and mortality of 
viral respiratory diseases in older adults are shown in Figure 1.

4 | Vitamin D as a Key Modulator

The precursors of vitamin D are vitamins D3 (cholecalcif-
erol) and D2 (ergocalciferol) [24]. These precursors may be 
synthesized in the skin or obtained from the diet, and then 
converted in the liver by cytochrome P450 to 25-hydroxyvita-
min D (25(OH)D), its detectable and circulating form. In the 
kidney, 25(OH)D is converted to 1,25-dihydroxy vitamin D 
(1,25(OH)2D) or calcitriol, the active form of vitamin D [24, 25]. 
Vitamin D (1,25(OH)2D) can bind to the VDR and lead to the 
activation of vitamin D signaling [4, 24]. Vitamin D–metaboliz-
ing enzymes, including CYP27B1 and the VDR, were also iden-
tified in lung epithelial cells and immune cells, supporting the 

Aging of the lungs and
decrease in the function
of the respiratory system

Progressive dysfunction and loss of
homeostasis in all organs with aging

Increased severity
of viral respiratory diseases

in the elderly

Immunosenescence coupled with
inflammaging

Malnutrition and malabsorptionIncreasing rates of vitamin D deficiency in old people

Cellular senescence coupled with development of inflammatory environment

Impairment and delay
in the healing process

Decreased integrity of epithelial barriers
along with enhanced gut-lung axis

Decreased in diversity of microbiota
with increase in rate of dysbiosis

Increased incidence of
comorbidities during aging

FIGURE 1   |   Several factors lead to an increase in the morbidity and mortality of viral respiratory diseases in older adults.
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association of vitamin D with respiratory infections, including 
viral infections [24].

Vitamin D has a complex function in the regulation of the im-
mune system [26]. The VDR is present in most cells of the im-
mune system [27]. This widespread expression indicates a direct 
effect of vitamin D on immune activity [28]. Vitamin D has 
anti-inflammatory effects [8] by suppressing NF-κB, a critical 
mediator of the inflammatory process. Vitamin D controls the 
overproduction of proinflammatory cytokines and increases the 
release of anti-inflammatory cytokines such as interleukin-4, 
-5, and -10, as well as promoting the expansion of regulatory T 
cells [8, 28]. By reducing inflammation, vitamin D also limits 
the immunopathology in the response to an infection [29]. The 
activation of VDR also suppresses the differentiation of TH1 and 
TH17 cells, thereby further helping maintain immune homeo-
stasis [30].

The innate immune system serves as the primary barrier against 
pathogens, including respiratory viruses [31]. Innate immunity 
utilizes pattern recognition receptors (PRRs) to identify com-
mon structures of pathogens, known as pathogen-associated 
molecular patterns (PAMPs) [32]. Vitamin D boosts the innate 
immune system by elevating the expression of PRRs, improv-
ing pathogen detection [33]. Upon PRRS detection of a patho-
gen, immune cells initiate vitamin D metabolism. In fact, the 
metabolism of vitamin D in macrophages is linked to pathogen 
detection, which makes it a crucial component of the innate im-
mune system. For instance, the binding of ligands to the TLR2/1 
heterodimer in macrophages has been shown to enhance the ex-
pression of CYP27B1, an enzyme that catalyzes the conversion 
of 25(OH)D to 1,25(OH)2D [33].

The 1,25(OH)2D-VDR complex binds to vitamin D response el-
ements (VDREs) of the cathelicidin gene promoter to enhance 
cathelicidin transcription [34]. Beside its antimicrobial role, 
cathelicidin performs additional functions, including the in-
duction of various proinflammatory cytokines, the stimulation 
of chemotaxis of neutrophils, monocytes, macrophages, and T 
cells to the site of infection, and the facilitation of respiratory 
pathogen clearance by triggering apoptosis and autophagy in 
infected epithelial cells [34]. The active form of cathelicidin is 
LL-37 [27]. Antiviral properties of LL-37 have been reported 
against several viral infections: LL-37 can bind to the influenza 
virus and destroy its membrane [28], LL-37 binds to the spike 
protein (S-protein) and prevents the attachment of COVID-19 to 
ACE2 and the entry of the virus, also by binding to viral dsRNA, 
LL-37 facilitates dsRNA recognition by TLR3 and thus elicits 
antiviral responses [28].

Considering the extensive expression of TLRs across different 
cell types and their capacity to react to multiple pathogens, it is 
feasible that additional TLRs or PRRs enhance extrarenal-renal 
expression of CYP27B1, and that 1,25(OH)2D generated locally 
in immune cells might exert wider influences on the immune 
response [33].

In the context of adaptive immunity, the activation of T- and 
B-cells results in the upregulation of the VDR, which facilitates 
alterations in the expression of more than 500 genes related 

to vitamin D, emphasizing its comprehensive role in immune 
function [35].

Vitamin D has the immunomodulatory effects mentioned 
above, and therefore influences the immune response to viral 
respiratory infections. It enhances the innate immune system 
and balances adaptive immunity [36, 37]. In addition to its ef-
fects on the immune system, vitamin D influences the cellular 
antioxidant system [38]. Supplementing with vitamin D can in-
fluence the expression of genes associated with antioxidant re-
sponses and reduce oxidative stress–induced cellular damage in 
the context of respiratory infections [29]. Vitamin D plays a role 
in maintaining the integrity of the intestinal and lung epithelia 
[25, 29]: Vitamin D signaling increases the expression of tight 
junction proteins, strengthening the function of epithelial bar-
riers [25, 30].

Viral respiratory infections represent a significant public health 
issue that imposes a substantial burden on healthcare systems 
[39]. These infections frequently correlate with more serious 
consequences in older adults [40]. In recent years, particularly 
during the COVID-19 pandemic, greater focus has been placed 
on the importance of micronutrients in combating respiratory 
infections, such as vitamin D [40]. Several studies have demon-
strated the potential protective benefits of vitamin D against 
viral respiratory infections [41, 42].

Respiratory syncytial virus (RSV) is typically associated with 
serious illness in young children and older adults, whereas in 
healthy individuals (adults and children), it typically causes a 
common cold [43]. A study has demonstrated the positive effects 
of vitamin D on RSV [44]. The study indicated that vitamin D de-
ficiency in the cord blood of healthy infants was associated with 
a higher risk of RSV-related lower respiratory tract infections 
(LRTI) during their first year. Regular vitamin D supplementa-
tion during pregnancy is suggested as an effective approach to 
prevent RSV-related LRTI in infants [44].

In primary human tracheobronchial epithelial cells exposed 
to 1,25(OH)2D prior to RSV infection, the levels of the NF-κB 
inhibitor IκBα were elevated—the rise in IκBα levels results in 
the deactivation of NF-κB. Consequently, vitamin D inhibits 
the activation of NF-κB–driven secretion of IFN-β and CXCL10 
by RSV [33, 45]. Another study showed a connection between 
specific single-nucleotide polymorphisms (SNPs) in the VDR 
and genetic vulnerability to RSV bronchiolitis [46]. Despite the 
aforementioned studies indicating potential protective benefits 
of vitamin D against RSV, further epidemiological research and 
clinical trials are required to explore the impact of vitamin D on 
RSV in older adults.

Influenza is a respiratory illness linked to significant morbidity 
and mortality each year and can lead to serious outcomes in pop-
ulations like children, pregnant women, and older adults [47].

A study involving school-age children has demonstrated that vi-
tamin D3 supplementation in winter might reduce the incidence 
of influenza A [48].

The SARS-CoV-2 virus, which causes COVID-19, is a respira-
tory virus that has caused a pandemic in recent years [49]. Age 
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was a major factor in the increased severity of the disease, and 
older adults were among the groups at highest risk of COVID-19 
infection [50, 51]. Research findings indicated a connection be-
tween vitamin D deficiency and the severity of COVID-19 infec-
tions [52]. The research suggested that vitamin D supplements 
be given to hospitalized COVID-19 patients to improve clinical 
outcomes [52]. Findings from a cohort study of patients aged 
65 and older with COVID-19 indicated that those with vitamin 
D deficiency may experience poorer clinical outcomes [53]. A 
cross-sectional study found that most hospitalized patients with 
COVID-19 or influenza A had vitamin D deficiency, which was 
associated with the severity of the illness. These results under-
score the need for further research to determine whether vita-
min D deficiency contributes to the progression of the illness to 
a more severe stage [54].

In infections such as influenza and COVID-19, dysregulated im-
mune responses and heightened inflammation contribute to dis-
ease development and tissue injury [55, 56]; vitamin D has been 
suggested to help protect by reducing inflammation, thereby 
minimizing inflammation-related tissue damage [4, 10, 28, 29]. 
Vitamin D may reduce the likelihood of a cytokine storm, which 
is linked to tissue damage in influenza and COVID-19 [4, 55]. 
Vitamin D may decrease the synthesis of proinflammatory cy-
tokines such as tumor necrosis factor α and interferon γ [29, 56]. 
Vitamin D supplementation lowers the levels of proinflamma-
tory cytokines and boosts the levels of anti-inflammatory cyto-
kines produced by macrophages [29].

The relationship between vitamin D levels and the severity of 
respiratory viral infections is not yet fully understood. Although 
mechanistic studies suggest a protective effect of vitamin D 
against respiratory infections, observational studies have also 
shown an association between low vitamin D status and adverse 
respiratory outcomes; these results do not necessarily prove a 
causal relationship. Furthermore, results from clinical trials in-
vestigating the effects of vitamin D supplementation have been 
mixed  [57, 58], with some showing no significant effect on re-
spiratory infections [59]. Therefore, the potential protective ben-
efits of vitamin D identified in mechanistic and observational 
studies cannot be directly translated into clinical benefits of 
supplementation.

Overall, vitamin D exerts multiple effects on the immune sys-
tem by modulating innate and adaptive immunity, regulating 
the production of antimicrobial peptides, maintaining epithelial 
barrier integrity, and regulating inflammatory responses. These 
immunomodulatory properties may contribute to antiviral 
immune responses, protection against viral respiratory infec-
tions and reduction of inflammation-mediated tissue damage. 
Finally, the modulatory effects of vitamin D extend beyond the 
host immune system and involve complex bidirectional interac-
tions with the microbiota.

5 | Microbiota as a Key Modulator

The microbiota is a dynamic and complex population of microor-
ganisms that settles in different parts of the body from birth [40]. 
The majority of microbiota are located in the gut, but they also 
exist in other parts of the body, such as the skin, reproductive 

system, and lungs [4, 49]. The dominant bacterial phyla in the 
lungs are similar to the gut, mainly Firmicutes and Bacteroidetes, 
followed by Proteobacteria and Actinobacteria [60].

Microbiota play a role in health and disease [57]. Microbiota are 
placed on the mucous surfaces of the body and prevent the estab-
lishment of pathogens and the overgrowth of pathogens through 
pathogen colonization resistance [58]. Microbiota are involved 
in energy metabolism and the production of vitamins B and K 
[61]. This dynamic ecosystem affects many immune responses 
and metabolic pathways in humans. Many immune-mediated 
diseases, metabolic diseases, and cancers are associated with 
microbiota dysbiosis [5, 62].

Microbiota play a role in the development and training of the 
immune system, and from the time of birth, the microbiota and 
the immune system grow and evolve in parallel [63]. Microbiota 
metabolites can affect the differentiation and function of im-
mune system cells [64]. Many of the receptors for these metabo-
lites (SCFAs, tryptophan metabolites, and secondary bile acids) 
are located on immune system cells [65]. In general, microbiota 
metabolites have anti-inflammatory properties and increase the 
differentiation and function of immunosuppressive cells [63]. 
They also inhibit inflammatory cells and thus contribute to im-
mune homeostasis [64].

There is emerging evidence that the microbiota is also involved 
in the induction of trained immunity at mucosal surfaces [3]. 
Although adaptive immune memory is antigen-specific, me-
diated by B and T lymphocytes, and is responsible for the 
long-lasting immunological memory seen after infections, 
trained immunity is mediated through epigenetic and metabolic 
reprogramming of innate immune cells after exposure to micro-
bial-associated molecular patterns (MAMPs) such as lipopoly-
saccharide and other microbial components that are recognized 
by PRRs expressed on innate immune cells and stimulate intra-
cellular signaling pathways that lead to metabolic changes and 
epigenetic remodeling, resulting in long-lasting metabolic and 
epigenetic changes that increase the ability of innate immune 
cells to respond more quickly and robustly to subsequent micro-
bial or viral challenges [3, 66]. Trained immunity plays a role in 
mucosal immune homeostasis and antiviral defense in barrier 
tissues.

Germ-free mice have an underdeveloped immune system [67], 
which is evidence of the role of the microbiota in the formation 
of the immune system. Interferons are one of the important 
components of the immune system in the context of viral re-
spiratory infections [68]. Interferons are the components of the 
innate immune system that control viral respiratory infections, 
and microbiotas are one of the main factors regulating inter-
feron production and homeostasis of interferon responses [69]. 
Even without infection, there is always a basal level of interferon 
in the body, and the microbiota are the main factors in the pro-
duction of interferons (presentation of PAMPs and activation of 
TLRs) in infection-naive conditions, which ensures that in case 
of infection, antiviral responses are formed in time [69].

The microbiota influences both local and systemic immune re-
sponses [63]. The lung microbiota also influences local lung im-
munity and homeostasis [70]. Colonization of the microbiota in 
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the lungs signals the maturation of lung immune cells [70, 71]. 
In addition to shaping the local tissue immune system, the 
microbiota influences the systemic immune system [60,  64]. 
Because their metabolites can enter the bloodstream and affect 
immune cells in distant locations [60]. Consequently, any factor 
affecting the composition of the microbiota results in alterations 
in immune responses to pathogens.

Although most studies have examined the relationship between 
vitamin D and the gut microbiota, these effects may extend to 
the lungs as well [72]. The influence of the gut microbiota on the 
respiratory system can be mediated by the gut–lung axis (GLA), 
through the bidirectional communication between the gut and 
the lungs, where the microbiota in each organ can influence 
the other and impact respiratory health [73]. Changes in the 
composition of the gut microbiota and their metabolites affect 
lung health and lung diseases [74], just as respiratory infections 
can alter the composition of the gut microbiota by inducing sys-
temic inflammation, migration of immune cells, modulation 
of mucosal immunity, changes in gut barrier integrity and in-
terestingly by inducing inappetence that changes eating habits 
then influences the gut microbiome and its metabolic processes 
[73, 75]. Communication along the GLA is done in several ways 
[12]: (i) transfer of microbiota between two organs, (ii) traffick-
ing of immune cells between the two organs, and (iii) transfer 
of microbial metabolites and signaling molecules between the 
lungs and intestines; in this way, microbiota metabolites, in-
cluding SCFAs, enter the blood circulation and can affect the 
immune system in distant areas (such as the lung). For example, 
SCFAs produced in the gut are involved in pulmonary defense 
responses. SCFAs, which are products of the fermentation of di-
etary fibers by the microbiota in the gut, play a pivotal role in 
regulating the immune system. SCFAs play an important role 
in controlling excessive inflammation in respiratory pathologies 
and viral respiratory infections, such as influenza and COVID-
19, by promoting regulatory T cell expansion, suppressing in-
flammatory T helper 17 cells, and restoring a Treg/Th17 balance 
[74]. In addition to bacterial body components, other microbi-
ota metabolites and immune signals move between these two 
organs (lung and gut) through the bloodstream. The connec-
tion between the gut and the lungs, two anatomically separate 
organs, is regulated by blood flow and the lymphatic system 
[12, 76]. In fact, the intestinal microbiota and their metabolites 
affect pulmonary immunity through the GLA [360]. For exam-
ple, animal studies have shown that antibiotic treatment in mice 
leads to a decrease in immune responses against influenza [60]. 
On the other hand, lung inflammation affects the intestinal mi-
crobiota and indicates the two-way communication between the 
lung and intestine via the GLA [75, 77].

In fact, GLA is a dynamic dialogue between the lung and gut 
microbiota that shapes immune responses and affects the patho-
genesis of respiratory diseases [60]. On the other hand, it seems 
that the lines of communication between the intestine and the 
lung (GLA) may increase due to the dysfunction of the epithelial 
barriers (both organs) in the elderly (enhanced GLA; in other 
words, the connection along the GLA increases with age) [12].

In many studies, the relationship between the microbiota and 
respiratory infections has been investigated [78]. One article 
discusses the connection between respiratory microbiota and 

the severity of COVID-19 illness. The research indicated that 
COVID-19 patients had a higher Firmicutes-to-Bacteroides 
ratio. A higher frequency of Firmicutes and a lower frequency 
of Bacteroidetes were observed in patients with severe and fatal 
COVID-19 [78].

Changes in the frequency and composition of lung microbiota 
communities (lung microbiota dysbiosis) may lead to alterations 
in the host's immune response, increased inflammation, and 
the development of lung damage [79]. Another study's findings 
indicate that the lung microbiota is associated with the ARDS 
outcomes in COVID-19 patients (either resolving or nonresolv-
ing) [80].

In other studies, the impacts of microbiota metabolites on viral 
respiratory infections (such as the protective effect of butyrate 
against influenza) have been observed. The entry of a large 
number of neutrophils or their long-term persistence in the lung 
during influenza infection contributes to tissue damage [10]. 
Butyrate causes a decrease in the entry of neutrophils into the 
respiratory tract of mice infected with the influenza virus [81]. 
Acetate also has antiviral and protective effects against RSV in-
fection by increasing beta-interferon production [81]. Another 
metabolite of the microbiota is secondary bile acids. Secondary 
bile acids can enter the blood and intestines. They possibly can 
destroy the viral envelope or affect the cell membranes and may 
harm the attachment and entry of viruses into cells [11].

Overall, the microbiota acts as a key modulator of host immunity 
by shaping immune system development, training the immune 
system, maintaining immune homeostasis, regulating inflam-
matory responses, and mediating gut–lung communication. 
Through these mechanisms, microbiota communities and their 
metabolites may influence susceptibility to viral respiratory in-
fections and disease severity. Age-related changes in microbiota 
composition may disrupt trained immunity and affect antiviral 
immune responses.

6 | Bidirectional Interaction Between Vitamin D/
VDR and Microbiota

Scientific evidence suggests that the relationship between 
vitamin D/VDR and microbiota is bidirectional, playing an 
important role in mucosal immune homeostasis and antivi-
ral defense. Microbiota affect vitamin D signaling pathways 
through their metabolites—for example, secondary bile acids 
act as ligands for VDR. Secondary bile acids, by activating 
VDR, lead to the production of antimicrobial peptides and the 
inhibition of pathogenic bacterial proliferation, followed by 
a shift in the microbiota towards a healthier composition [5]. 
Other microbiota metabolites, such as SCFAs (butyrate), also 
affect vitamin D signaling pathways and immune homeostasis 
by regulating the expression of the VDR receptor [82]. It also 
appears that microbiota may influence vitamin D absorption. 
Microbiota regulate pathways of lipid metabolism and fatty 
acid synthesis, which are involved in the absorption of vita-
min D (a fat-soluble vitamin) [83]. In addition, evidence from 
an animal study suggests that the microbiota also influence 
vitamin D metabolism [84]. There is also evidence that some 
bacteria express homologues of enzymes involved in vitamin 
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D metabolism, such as CYP27B1, supporting the influence of 
the microbiota on vitamin D metabolism [85]. In contrast, vi-
tamin D and VDR-related signaling pathways play a role in 
maintaining mucosal homeostasis and shaping the microbi-
ota by producing antimicrobial peptides, modulating immune 
responses, and maintaining epithelial barrier integrity [30]. 
Therefore, the bidirectional interaction between vitamin D/
VDR and the microbiota may influence antiviral immune re-
sponses and the severity of respiratory viral infections in the 
elderly by regulating mucosal immune homeostasis and mi-
crobiota composition.

The interaction between vitamin D/VDR and the microbiota 
is mediated by a set of interconnected mechanisms 8]. This 
axis plays an important role in maintaining mucosal immune 
homeostasis and the balance between immune tolerance and 
protective responses. Vitamin D/VDR and microbiota-derived 
metabolites act cooperatively to regulate the production of an-
timicrobial peptides, modulate innate and adaptive immune re-
sponses, maintain the integrity of epithelial barriers, and shape 
the mucosal immune environment [8]. VDR-dependent signal-
ing increases the expression of antimicrobial peptides and tight 
junction proteins, thereby preventing microbiota translocation 
and reducing mucosal inflammation [30]. On the other hand, 
microbiota-derived metabolites, including SCFA and secondary 
bile acids, can help maintain immune homeostasis by modu-
lating VDR signaling pathways and regulating the mucosal 
immune environment. Also, both vitamin D/VDR and the mi-
crobiota play a role in reducing inflammation and maintaining 
immune tolerance to the microbiota at mucosal surfaces by in-
ducing T regulatory cells [30, 86].

Aging affects almost all components of the vitamin D–micro-
biota axis. Vitamin D deficiency is highly prevalent in the el-
derly, and aging is often associated with microbiota dysbiosis, 
impaired mucosal barrier function, and inflammaging. In ad-
dition, age-related changes in immune function can disrupt the 
balance between immune tolerance and protective responses. 
Thus, aging may simultaneously affect both arms of the vitamin 
D/VDR and microbiota interaction, leading to impaired muco-
sal immune homeostasis, increased inflammation, and reduced 
efficacy of antiviral responses.

On the other hand, evidence shows that VDR knockout mice 
had a higher frequency of Salmonella typhimurium infection 
than the wild-type group [5, 87]. Another study showed that 
VDR knockout mice had higher levels of Clostridium and 
lower levels of Lactobacillus compared with the control group 
[5]. Animal studies have reported that mice with a knockout 
of the Cyp27B1 gene and mice fed a low-vitamin D diet show 
an increased abundance of Bacteroidetes in the gut microbi-
ota [5].

Vitamin D deficiency in humans is associated with changes in 
the microbiota and inflammatory markers [5]. The results of a 
study in older men show that higher vitamin D levels are as-
sociated with a greater abundance of butyrate-producing bac-
teria (a group of beneficial bacteria) [88]. There is also evidence 
on the effects of vitamin D supplementation on the human gut 
microbiota. A randomized clinical trial examined the effect of 
vitamin D supplementation on the fecal microbiota in 26 healthy 

adults with vitamin D deficiency. The study findings showed 
that the vitamin D group had a higher abundance of the genus 
Lachnospira and a lower abundance of the genus Blautia [89]. 
In a randomized, double-blind, dose-response study in healthy 
adults, the results showed that an increase in serum 25(OH)D 
following vitamin D supplementation was associated with in-
creases in beneficial bacteria and decreases in pathogenic bac-
teria [90]. A systematic review of RCTs found that vitamin D 
supplementation was associated with a significant increase in 
the abundance of bacterial species with anti-inflammatory 
and gut health–promoting properties, such as Bifidobacterium 
and Lactobacillus [91]. Overall, vitamin D may help create an 
anti-inflammatory environment by modulating the gut micro-
biota, including increasing Bifidobacterium and Lactobacillus. 
These changes could influence the regulation of immune re-
sponses and possibly the severity of viral respiratory infections 
through the GLA.

Although most studies on vitamin D/VDR–microbiota have fo-
cused on the gut microbiota, this interaction may also apply to 
the respiratory microbiota. There are limited studies on the ef-
fect of vitamin D on the respiratory microbiota. However, one 
study reported that 12 weeks of vitamin D supplementation in 
cystic fibrosis patients affects the composition of the intestinal 
and airway microbiota and increases the frequency of beneficial 
microbiota [72]. Another study of 1005 infants hospitalized for 
bronchitis found an association between serum D levels and na-
sopharyngeal microbiota composition [92]. Although this initial 
finding suggests a relationship between vitamin D and respira-
tory microbiota, further studies are needed to investigate the im-
pact of the vitamin D/VDR–respiratory microbiota axis on the 
severity of viral respiratory infections in the elderly.

Overall, the vitamin D/VDR–microbiota axis can be considered 
as a complex regulatory network that plays an important role 
in maintaining immune homeostasis and host resistance to 
respiratory viral infections by regulating immune responses, 
maintaining mucosal barrier integrity, and shaping microbiota 
composition. Consequently, age-related vitamin D deficiency 
and microbiota dysbiosis may act synergistically to impair mu-
cosal immune homeostasis and increase susceptibility to respi-
ratory viral infection (Figure 2).

7 | Synthesis and Clinical Implications

Aging is associated with a series of physiological, immunolog-
ical, and metabolic changes, disruption of epithelial barriers, 
vitamin D deficiency, and microbiota dysbiosis [2, 7, 10, 12, 40]. 
All of these factors contribute to increased susceptibility and 
vulnerability to viral infections. These factors may interact 
within an interconnected network, exerting a synergistic effect 
on the severity of respiratory infections in the elderly.

There is evidence that the permeability of the intestinal epithe-
lium increases with age. A hypothesis called the enhanced GLA 
has been proposed in aging [12]. This hypothesis suggests that 
the tight junctions of these barriers are disrupted with age (both 
the mycobiota and vitamin D play a role in maintaining the in-
tegrity of the epithelial barrier by increasing the expression of 
tight junction proteins). These structures become leakier with 
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age. A disrupted epithelial barrier may allow greater transloca-
tion of microbes and microbial metabolites, thereby enhancing 
pathological communication along the GLA in older individuals 
[12]. In this situation, changes in the gut microbiota could have 
more pronounced effects on mucosal and systemic respiratory 
immunity and thereby influence antiviral immunity and the se-
verity of respiratory viral infections in older individuals.

Elderly individuals often experience vitamin D deficiency [6] 
and microbiota dysbiosis [7], which can be considered two mod-
ifiable host factors with potential for translation into clinical 
applications. Given the high prevalence of vitamin D deficiency 
in the elderly and its role in regulating immune responses, as-
sessing vitamin D status and considering appropriate strategies 
to correct its deficiency may be clinically important in the el-
derly. Similarly, since aging is associated with changes in micro-
biota composition, targeted microbiota interventions aimed at 

restoring microbial homeostasis (such as probiotics, prebiotics, 
postbiotics, and synbiotics) may be considered as potential pre-
ventive or adjunctive strategies in the future. Although there is 
currently no conclusive evidence on the effect of correcting vita-
min D status or microbiota-based interventions on reducing the 
severity of respiratory viral infections in the elderly, appropri-
ately designed clinical and translational studies are necessary to 
investigate the possibility of translating these biological insights 
into clinical applications.

Further studies are needed to better understand the interrela-
tionships among aging, vitamin D, and the microbiota, and how 
their interactions affect antiviral immunity and the severity 
of respiratory viral infections. Longitudinal studies and pro-
spective clinical trials can help clarify the causal relationships 
between vitamin D status, microbiota dysbiosis, and clinical 
outcomes of respiratory infections in the elderly.

FIGURE 2   |   The aging–vitamin D/VDR–microbiota axis and its potential role in mucosal immune homeostasis and antiviral defense. The bidirec-
tional arrows represent reciprocal interactions between vitamin D/VDR signaling and the microbiota. Microbiota-derived metabolites, particularly 
short-chain fatty acids (SCFAs) and secondary bile acids, can modulate VDR signaling. Vitamin D/VDR activation can shape microbiota composition 
and function through antimicrobial peptide production, epithelial barrier maintenance, and immune regulation. These interconnected pathways 
with the GLA provide an important route for communication between intestinal and respiratory compartments and may contribute to mucosal im-
mune homeostasis and antiviral defense.
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Furthermore, most of the existing studies have focused on the 
gut microbiota, and the role of the lower respiratory tract micro-
biota in the elderly is still poorly understood. Investigating the 
interaction between vitamin D and the respiratory microbiota 
could provide new insights into the pathogenesis of respiratory 
viral infections in the elderly. Future studies should also evalu-
ate the feasibility of vitamin D and microbiota-based interven-
tions, especially in combination, and their impact on immune 
responses and clinical outcomes of respiratory viral infections. 
The use of multiomics approaches and translational studies 
could also help identify molecular mechanisms and potential 
therapeutic targets in the aging–vitamin D–microbiota axis.

8 | Conclusion and Future Directions

Overall, aging, vitamin D deficiency, and microbiota dysbiosis 
interact in a complex network that can synergistically impair 
mucosal immune homeostasis, thereby potentially affecting 
antiviral responses. Vitamin D deficiency is associated with 
changes in the gut microbial ecosystem, and similar interactions 
may occur in respiratory microbiota. As the evidence above 
shows, the higher frequency of vitamin D deficiency and the 
decrease in the diversity of the intestinal microbiota with age 
are important contributors to the increased susceptibility and 
severity of respiratory infections in older adults. In addition to 
serum vitamin D levels, changes in its metabolic pathways and 
bioavailability due to VDR gene polymorphisms also contribute 
to its effects on respiratory infections.

From a clinical perspective, it is important to screen for vitamin 
D deficiency in high-risk elderly patients with recurrent respi-
ratory infections. Although the optimal level of vitamin D for 
immune function is debated, correction of severe deficiency is 
recommended, especially in elderly patients with recurrent re-
spiratory infections.

Although clinical trials on the effect of vitamin D supplemen-
tation on microbiota composition indicate that it can modulate 
the human microbiota, the available evidence has important 
limitations. Due to the heterogeneity of studies (differences in 
study populations, baseline vitamin D status, supplementation 
regimens, follow-up duration, and methods of microbiota anal-
ysis), it is still not possible to state with certainty the cause-and-
effect relationship and its clinical significance. There is a need 
to design more rigorous clinical trials that use standard methods 
for microbiota analysis. Future studies should prioritize deter-
mining whether vitamin D supplementation can beneficially 
alter the respiratory microbiota of older adults, clarify the role of 
VDR polymorphisms in susceptibility to respiratory infections 
through microbiota modulation, and evaluate the role of combi-
nation interventions, including vitamin D supplementation with 
prebiotics, probiotics, or synbiotics, on viral respiratory infec-
tions in well-designed randomized clinical trials.

In the future, studies on viral respiratory infections in the el-
derly should focus more on the aging–vitamin D–microbiota 
axis rather than on the independent roles of vitamin D and the 
microbiota. A better understanding of this axis and its integra-
tion could help design personalized strategies for the prevention 
and management of respiratory diseases in the elderly. Finally, 

vitamin D and microbiota are modifiable targets, and a thorough 
understanding of their effects may contribute to better manage-
ment of respiratory infections. In addition, the enhanced GLA 
hypothesis can serve as a conceptual framework to guide future 
research in this area.
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