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Abstract

Context: Streptococcus pneumoniae is a leading cause of community-acquired pneumonia,
disproportionately affecting children under five, the elderly, and immunocompromised individuals.
Although vaccines and antibiotics are available, issues such as drug resistance and variable vaccine efficacy
present ongoing challenges, which may be mitigated by support measures that enhance lung-stimulating
immune function.

Objective: This review examines the immunological effects of essential dietary vitamins and minerals in
defending against S. pneumoniae and how they may serve as nutritional support to reduce disease severity
and improve clinical outcomes in high-risk populations.

Materials and Methods: Scientific studies were reviewed on the impact of key micronutrients like vitamins
A, D, C, E, and minerals such as zinc, selenium, iron, and copper on cellular and humoral immune responses
related to S. pneumoniae. Data from experimental models, human cell studies, and clinical trials were
compiled to provide a comprehensive overview.

Results: Vitamin D activates vitamin D receptor (VDR), stimulates the production of antimicrobial peptides
such as LL-37, strengthens the epithelial barrier, and reduces inflammation. Vitamin C acts as an antioxidant,
promotes phagocytosis and T cell differentiation, and lowers NF-xB activity. Zinc and selenium regulate
oxidative balance, enhance immune cell activity, and modulate cytokine gene expression. Iron and copper
support immunity but also nourish bacteria, so their levels require careful regulation. Clinical trials have
shown improvements in inflammatory markers, reduced hospital stay duration, and better recovery rates in
patients receiving nutritional supplements, especially those with pre-existing deficiencies.

Conclusion: Micronutrients have shown a promising potential to modulate the immune response against S.
pneumoniae, particularly in high-risk groups. However, issues such as optimal dosages, bioavailability, and
drug interactions need to be addressed on an individual basis and through standardized examinations in the
future. Integrating micronutrients into current treatment regimens could be a strategic step toward enhancing
pneumonia outcomes and reducing the global disease burden.
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1. Introduction
Streptococcus pneumoniae ranks as one of the most feared bacterial infections globally, causing significant
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Organization, pneumonia is the leading infectious
cause of death in children under five years old, with S.
pneumoniae responsible for a significant percentage
of these deaths. Pneumococcal infections also cause
high morbidity and mortality rates among the elderly
and immunocompromised individuals.”

Although pneumococcal vaccines and antimicrobial
treatments are widely available, challenges remain
that hinder effective disease control. The emergence
of antibiotic-resistant strains, inconsistent serotype
coverage of current vaccines, and limited access to
immunization in resource-poor regions further
threaten global health. Moreover, the complex
interactions between host immune systems and
pathogen adaptability highlight the need for exploring
alternative strategies to boost pulmonary immunity,
especially among vulnerable population.™

Host response to S. pneumoniae involves multiple
steps and factors, incorporating both innate and
adaptive immunity. Defense mechanisms rely on
alveolar macrophages, neutrophils, dendritic cells,
and cytokine signaling pathways that promote
phagocytosis and bacterial lysis. Adaptive immunity
enhances protections through the production of
pneumococcal-specific antibodies and memory T
cells. However, this immune defense can weaken due
to nutritional deficiencies, chronic disease, or age-
related immune decline, leaving individuals
susceptible to severe disease outcomes.™

In recent decades, increasing attention has been given
to the role of micronutrient-rich foods, particularly
vitamins and minerals, in regulating immune system
functions and increasing resistance to respiratory
infections. Micronutrients such as vitamins A, D, C,
and E, along with trace elements like zinc, selenium,
iron, and magnesium, are vital for maintaining
immune homeostasis.”® These nutrients influence
numerous biological functions, including epithelial
integrity, antioxidant defenses, gene expression, and
leukocyte activity. Deficiencies can impair host
defenses, increasing susceptibility to respiratory
pathogens like S. pneumoniae.’

Micronutrient-driven immunomodulation represents
an emerging paradigm in infectious diseases
management, suggesting that nutritional supplements
could complement conventional pharmacological
treatments. Understanding the specific roles of
vitamins and minerals in pulmonary immunity can
help searchers and clinicians develop comprehensive
approach to strengthen innate defenses." This review
focuses on the importance of essential vitamins and

minerals in boosting immune protection against S.
pneumoniae. It examines the complex interactions
between nutrition and immunity, including how
various vitamins and minerals support cellular and
humoral defenses in the respiratory tract. By
reviewing existing research, the paper seeks to
support the hypothesis that targeted nutritional
interventions could severe as effective supplementary
measures in reducing the global burden of
pneumococcal pneumonia.

2. Biological characteristics of Streptococcus
pneumoniae

S. pneumoniae is a Gram-positive, alpha-hemolytic
bacterium characterized by lancet-shaped diplococcal
bodies, which are usually covered with a
polysaccharide-rich capsule. This capsule is a key
virulence factor that aids in evading the immune
system and protecting against phagocytosis." Over 90
different capsular serotypes have been identified,
each distinguished by its unique antigenic and
pathogenic features. The bacteria are facultative
anaerobes and tend to form characteristic
streptococcal chains during culture, assisting in their
identification and classification.” Its metabolic
properties and structural stability contribute to its role
as amajor cause of pneumococcal pneumonia, as well
as other invasive diseases such as meningitis and
septicemia.

The initial pathogenic step involves colonization or
attachment to the upper respiratory tract, particularly
the nasopharyngeal epithelium. In this process,
adhesion molecules like choline-binding proteins
(e.g., CbpA), pneumococcal surface adhesin A
(PsaA), and phosphorylcholine in teichoic acids play
roles.” These factors facilitate close attachment to
epithelial cells and mucus layers of the host.
Successful colonization leads to invasion, which
involve stimulating host-cell receptors such as
platelet-activating factor receptors to breach
epithelial barriers and reach deeper lung tissues. The
virulence of S. pneumoniae enhances this invasion,
allowing it to multiply efficiently within the nutrient-
rich alveolar spaces, especially when the host’s
immune defenses are weakened."

The bacterium’s ability to modulate local immune
responses promotes replication within the lungs. It
also induces inflammatory cascades, which increase
vascular permeability to grant better access to
nutrients in the host.” Concurrently, pneumococcal
autolysins facilitate cell remodeling and lysis,
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releasing intracellular virulence factors that
exacerbate tissue destruction and inflammation. The
lung environment, high in oxygen and iron, further
supports rapid bacterial growth unless effectively
countered by a robust immune response. '’

A major harmful effect of S. pneumoniae infection is
its release of pneumolysin, a pore-forming toxin that
destabilizes epithelial and immune membranes,
leading to cytolysis and compromised barrier
function. Pneumolysin also upregulates compliment
pathways and cytokine release, amplifying
inflammatory responses and aiding bacteria spread.
Besides pneumolysin, other secreted factors such as
hydrogen peroxide and neuraminidases contribute to
the host cell damage and nutriment acquisition.' ™
Another critical aspect of pneumococcal survival and
immune evasion is biofilm formation. In the
respiratory tract, S. pneumoniae develops
biofilms—structured communities of bacteria
encased in extracellular polymeric
substances—which confer resistance to antibiotics
and host defenses.” Biofilms enable persistent
colonization and serve as reservoirs for chronic
infections, especially in individuals with long-
stranding lung diseases. The bacterium’s capacity to
switch from planktonic to biofilm phenotype
demonstrates its versatility and resilience, driven by
quorum sensing and environmental cues.” The
complex biological features of S. pneumoniae are
summarized in Figure 1. This pathogen evades
immune responses by forming a protective capsule,
producing binding proteins, and multiplying within
the lungs. It secretes potent toxins and forms biofilms,
making it a formidable respiratory pathogen. These
features offer potential avenues for adjunctive
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Figure 1: Morphological, structural components,
and virulence attributes of Streptococcus
pneumoniae

therapies. Manipulating micronutrient availability
could help bolster the host’s defenses and reduce
disease severity.

3. Theimmune response against S. pneumoniae
The innate immunity against S. prneumoniae 1is
complex, involving a rapid innate response that is
then extended by a tailored acquired response. Such a
multilayered response is essential to control the
infection, prevent colonization, and minimize lung
damage. The interaction between host immunity and
bacterial virulence factors ultimately determines the
outcome of pneumococcal infection.”

Once the respiratory tract is invaded, S. pneumoniae
first encounters the innate immune system. Epithelial
cells, alveolar macrophages, and dendritic cells serve
as first-line defenders by recognizing of pathogen-
associated molecular patterns (PAMPs) via toll-like
receptors (TLRs), especially TLR2 and TLR4.*”
This recognition triggers intracellular signaling
pathways, leading to the activation of nuclear factor-
kappa B (NF-kB), which in turn induces the
production and release of pro-inflammatory
cytokines such as interleukin-6 (IL-6), tumor necrosis
factor-alpha (TNF- a), and interferon-gamma (INF-
v). These cytokines promote the recruitment of
neutrophils and monocytes to the infection site,
enhancing inflammation and microbial clearance.”
Control of pneumococcal proliferation relies on
phagocytosis by alveolar macrophages and
neutrophils. These cells destroy bacteria through
oxidative burst and lysosomal degradation. However,
the polysaccharide capsule of S. pneumoniae presents
a major challenge by hindering opsonization and
subsequent phagocytosis. To overcome this, the
bacterium’s surface must be tagged with opsonins
such as complement component C3b and natural
antibodies to improve recognition and clearance.””
As infection progresses, adaptive immunity becomes
crucial for long-term protection and eradication of the
pathogen. Activated B lymphocytes secrete serotype-
specific immunoglobulins particularly IgG and IgA,
which neutralize pneumococcal antigens and activate
the complement systems. IgA plays a vital role in
mucosal immunity by preventing colonization and
invasion in the respiratory pathways.” Concurrently,
CD4+ T helper cells coordinate immune responses
that support B cells activity and secrete cytokines that
enhance macrophage activation and antibody
production. Additionally, a subset of CD4+ T cells,
known as Th17 cells, are critical in the recruiting
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neutrophils to the mucosal epithelium and
strengthening epithelial barriers.™

The immune response to S. pneumoniae various
greatly depending on the strain, which can trigger
either a harmless or a deadly immune reaction. S.
pneumoniae exhibits extensive genetic and antigenic
diversity, with over 90 known serotypes.” Some
strains produce higher levels of the cytotoxic protein
pneumolysin, which damages immune cells and
disrupts pulmonary epithelia integrity. Strains with
dense capsules or enhanced biofilm formation ability
can evade immune recognition, allowing survival
within host tissues. This capsular diversity influences
both pathogenicity and the host’s ability to mount an
effective immune response, thereby affecting disease
severity and vaccine efficacy.”

Furthermore, host factors such as age, nutritional
status, and prior exposure can influence the immune
landscape. Both innate and adaptive immune
responses can be compromised by
immunosenescence in order adults or micronutrient
deficiencies in vulnerable groups, increasing
susceptibility and worsening outcomes.
Understanding how host immunity interacts with
pneumococcal biology through complex crosstalk is
essential for developing targeted interventions to
boost resistance and reduce infection burden. Figure 2
illustrates the synergistic effects of innate and
acquired immunity in response to pneumococcal
infection, factoring in strain diversity and host
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Figure 2: A diagram illustrating the stages of the
immune response against Streptococcus
pneumoniae and their influencing factors.

conditions such as age and nutrition.

4. Vitamins with an immunomodulatory effect
against.S. pneumoniae

Micronutrients regulate the host immune response,
and among them, vitamins D, C, E, and A have been
found to provide significant immunoregulatory
effects that can predispose individuals to infection
with S. pneumoniae. These compounds are not only
involved in the basic processes of participate life but
also actively control molecular mechanisms, enhance
cellular responses, and preserve lung tissues
integrity—all of which are crucial in fighting
pneumococcal colonization and disease
development.”

The importance of certain vitamins, especially
vitamin D, must be highlighted because of its ability
to regulate gene expression and strengthen the lung
epithelial immune system. The biologically active
metabolite 1,25-dihydroxyvitamin D 3PS acts as a
ligand or activator of the vitamin D receptor (VDR).
32 VDR governs various genes, primarily those for
antimicrobial peptide genes such as cathelicidin (LL-
37) and defensins. These peptides directly kill S.
pneumoniae and support restructuring of the
epithelial barrier. Vitamin D also influences
junctional protein expression in airway epithelial
cells, reinforcing the physical barrier against
pathogen invasion. Additionally, it prevents harmful
inflammation by inhibiting NF-kB signaling and
regulating pro- and anti-inflammatory cytokines in
immune cells, lowering of pro-inflammatory
responses while increasing anti-inflammatory eftects.
These combined properties help the lungs prevent and
control pneumococcal infections.™*

Ascorbic acid (vitamin C) is another vital
micronutrient with immune-protective properties. As
a potent antioxidant, vitamin C inhibits reactive
oxygen species (ROS) generated during
phagocytosis, thus maintaining immune cells
viability and function. It also enhances the chemotaxis
and phagocytic activity of neutrophils, which are
essential during early defense against pneumococcus.
Vitamin C promotes T lymphocyte growth and
activity, aiding adaptive immune responses.”’
Furthermore, it modulates inflammatory pathways by
regulating transcription factors like NF-kB,
preventing excessive lung inflammation typical of
severe pneumococcal pneumonia. This dual action of
stimulating microbial clearance while reducing tissue
damage emphasizes the therapeutic importance of
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Table 1: Immunological functions of key vitamins against S. micronutrients with dual function:

pneumoniae.

vitamin C.*

Vitamin E, fat-soluble antioxidant, primarily protects
cell membranes from oxidative damages in the
inflamed lung environment. It sustains immune cell
membranes and bolsters T-cell mediated immunity,
which is critical for targeting S. pneumoniae. Vitamin
E also improves alveolar macrophage function, aiding
in eliminating pathogens from lung tissue.”*
Vitamin A is vital for mucosal immunity and epithelial
cell growth. Its active form, retinoic acid, regulates
the expression of genes involved in epithelial
differentiation, mucin synthesis, and immune cell
trafficking”. Vitamin A encourages the differentiation
of regulatory T cells and increases IgA production,
strengthening mucosal defenses against
pneumococcal colonization. Deficiency in vitamin A
linked to higher risks of respiratory infections, barrier
damage, and impaired in antibody production.”

As shown in Table 1, these vitamins collectively serve
as modulators of immune resilience: they serve other
purposes not just nutrition. They work synergistically
to support epithelial defense, combat oxidative stress,
modulate cytokine responses, and enhance cellular
immunity. Consequently, they hold potential as
adjuvants in the presentation and treatment of
pneumococcal infections, particularly in groups with
micronutrient deficiencies.

5.Therole of minerals in resisting S. Pneumoniae

To contain the effects of S. pneumoniae infection,
minerals play crucial roles as cofactors in immune
regulation and lung defense, since they activate
various pathways that support resistance against
infection. Zinc, selenium, iron, and copper are key

sustaining host immunity and modulating
bacterial pathogenesis. They participate
in enzyme activity, oxidative stress
response, cell signaling, and immune cell
functions, acting as vital defenders in
fight against respiratory infections.”"
Zinc is essential for structure and function
of the innate and adaptive immune
systems. As a cofactor for over 300
enzymes, it coordinates cellular
processes, such as phagocytosis,
oxidative burst activity, and cytokine
production. Zinc enhances microbial
killing by neutrophils and macrophages
by promoting NADPH oxidase assembly
and lysosomal activity.” Low zinc levels
are also linked to impaired phagocytic clearance of S.
pneumoniae leading to prolonged infection and tissue
damage. Additionally, zinc modulates inflammatory
signaling by inhibiting nuclear factor-kappa B (NF-
kB) activation and regulating cytokine profiles. It
boosts anti-inflammatory mediators like IL-10 while
suppressing pro-inflammatory cytokines such as
TNF-a and IL-6. Maintaining this immunoregulatory
balance is critical to prevent excessive lung
inflammation that can cause tissue injury during
pneumococcal pneumonia.”*
Selenium is a key antioxidative incorporated into
selenoproteins like glutathione peroxidases and
thioredoxin reductases. These enzymes play vital
roles in quenching reactive oxygen species and
preserving cell integrity during immune responses.
During pneumococcal phagocytosis, excessive ROS
production can damage lung tissues; therefore,
selenium supplementation enhances redox balance,
reinforces epithelial barriers, and supports T cell and
cytotoxic lymphocyte proliferation.” It also aids in the
maturation and function of dendritic cell, optimizing
antigen presentation and activating the adaptive
immune response. Selenium deficiency is associated
with increased susceptibility to respiratory infection
and infections weekend vaccine responses,
highlighting its importance in mucosal defense.”
The relationship between iron and copper in host-
pathogen interaction is complex. These minerals are
essential for immune cells; iron promotes DNA
synthesis and cellular respiration in lymphocytes,
while copper enhances macrophage activation and IL-
2 production.” However, their levels must be
carefully regulated since they are also utilized by
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Table 2: Immunological functions of key minerals against S. helper cell subsets.™

pneumoniae.

bacteria. S. pneumoniae depends on iron for growth
and virulence, and excess iron can facilitate bacteria
proliferation and weaken host resistance. The host
counters this through strategies like producing of
hepcidin and lactoferrin to sequester iron and deprive
pathogens.” Copper exhibit antimicrobial activity in
phagosomes by causing oxidative damage to bacteria,
but excess copper can disrupt host cell function and
induce oxidative stress. Proper management of iron
and copper homeostasis is therefore essential for
effective immunity without adding bacterial
survival.”

As summarized in Table 2, these critical minerals help
maintain a balance between immune defense and
limiting pathogen viability. Understanding their
individual and combined effects can lead to
micronutrient-based adjunct therapies to enhance
pulmonary immunity, especially among populations
at risk for mineral deficiencies and recurrent
infections.

6. Mechanisms of micronutrient influence on
immunity

Micronutrients, including essential vitamins and trace
elements, play a crucial role in supporting immune
defenses against respiratory diseases such as S.
pneumoniae. They influence more than just metabolic
functions; they also directly affect immune cell
activities, gene expression, and cytokine networks
regulation. Micronutrients determine the
effectiveness, specificity, and resolution of host
defense mechanisms by interacting with immune cell
receptors, modulating gene expression of interleukins
and antimicrobial proteins, and balancing different T-

6.1. Interaction with immune cell
receptors
One of the main ways micronutrients acts is
by interacting with the receptors on immune
cells. For example, vitamin D binds to VDR,
which is expressed in monocytes, dendritic
cells, and activated T cells. This interaction
lead to the heterodimerization of VDR-RXR
and their movement into the nucleus, where
they initiate transcriptional programs that
promote the production of antimicrobial
peptides and reduce hyperinflammatory
responses.’’ Similar, vitamin A works
through retinoic acid by binding to retinoic
acid receptors (RARs) and retinoid X
receptors (RXRs), both of which play roles in immune
cell differentiation and strengthening mucosal
immunity. Although not mediated through classic
receptors, trace minerals like zinc and selenium
influence signaling pathway by stabilizing receptor
protein structures, activating kinases, and providing
redox-sensitive sensor functions, thereby effectively
modulating immune responses.™

6.2. Modulation of gene expression of interleukins
and defense proteins

Micronutrients are essential in regulating of gene
transcription for the production of cytokines and
innate effector molecules. Genomic signaling by
vitamin D promotes the transcription of cathelicidin
(LM-37) and the gene for 8-y-defensin, both crucial in
breaching bacterial membrane and fighting S.
pneumoniae. Simultaneously, it inhibits the
transcription of various pro-inflammatory cytokines
like IL-6, TNF-alpha, and IL-17, which help reduce
tissue damage in the lungs.”* Zinc controls the
expression of IL-2, a T-cell proliferation stimulant,
and also modulates the regulation of NF- kappaB,
balancing inflammation through cytokine gene
regulation. Selenium affects intracellular redox status
via selenoproteins, thereby modulating factors such
as STATs and NF-kappaB that influence the levels of
IL-10 and IFN-gamma. These transcriptional
adjustments optimize immune efficiency while
preserving tissue architecture during infection.”

6.3. Impact on the Th1/Th2 balance
Vitamins significantly influence the polarization of
CD4+ T-helper cells, including a bias in the immune
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system toward either Th 1 (cell-mediated) or Th 2
(humoral) responses to immunization. Vitamin D
tends to promote a regulatory phenotype (Tregs) and
reduce excessive Thl production, thereby limiting
unchecked inflammation.” However, at healthy
ratios, it can facilitate balanced Thl responses to
eliminate intracellular pathogens. Vitamin A has a
dual role because retinoic acid favors regulatory and
Th2 differentiation and supports mucosal tolerance,
whereas deficiency may shift the balance toward
harmful effects. Zinc enhances Thl dominance by
increasing the production of IL-2 and IFN-gamma,
which are essential for stimulating macrophage and
cytotoxic T cells. Higher selenium levels help
rebalance the Th1/Th2 ratio during oxidative stress
and immune dysfunction.””

Overall, micronutrients are dynamic
immunomodulators that affect receptor signaling,
gene transcription, and T-cell lineage commitment.
Their mechanisms are crucial for developing
balanced and effective pulmonary immune responses
against S. pneumoniae. Impairments in these nutrients
can tilt the balance toward increased susceptibility
pathogenicity of infections.” Figure 3 illustrates how
micronutrient impact immunity through mechanisms
such as interaction with immune cell receptors,
regulation of defensin and cytokine gene expression,
and modulation of the Th1 and the Th2 responses. The
figure highlights how vitamins D and A activate
nuclear receptors to promote the expression of
immune regulatory factors, leading to a balanced and
effective defense against infection.

Mechanisms of Micronutrient Influence on Immunity

Modulation of Gene
Expression of
Interleukins and
Defense Proteins

%

Interaction with
Immune Cell
Receptors

Impact on
Th1/Th2 Balance
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« Vitamin D binds to + Upregulation of « Promotion of Th1 or
VDR antimicrobial peptides Th2 responses
+ Retinoic acid + Regulation of » Induction of
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Figure 3: Immune mechanisms regulating the
body's response via micronutrients: the role of
nuclear receptors and the Th1/Th2 balance.

7. Scientific evidence from clinical and
experimental studies

The effect of immunomodulation by micronutrients,
vitamins, and minerals can be summarized through a
body of scientific research on the enhanced host
defense response against S. pneumoniae. This
evidence includes both controlled laboratory studies
and real-world clinical trials, which provide valuable
insights into how micronutrient supplementation can
improve molecular and physiological functions.
However, there remains a significant challenge in
translating these findings into standardized clinical
practice.”"

7.1. Animal experiments and cell models

The effects of micronutrients on immunity are
initially understood through preclinical studies.
Vitamin D supplementation in murine models has
shown to have significant effects on the upregulation
of antimicrobial peptides like cathelicidin LL-37,
enhancing bacterial clearance and reducing lung
inflammation after exposure to S. prneumoniae.
Rodents that received vitamin D had lower bacterial
loads and higher survival rates than infected
controls.” Similarly, cellular studies, including those
with human bronchial epithelial cells, have
demonstrated that zinc improves the ability of
macrophages to phagocytize substances, regulates
NF-kappa B activity, and increases IL-10
production, which helps keep inflammatory
responses in check. The antioxidant properties of
selenium are also supported by experimental
evidence. High levels of oxidative stress markers and
reduced T-cell activation were observed in selenium-
deficient mice challenged with S. preumoniae, but
these levels normalized when the mice were
supplemented with selenium and their immune cells.
Iron and copper researches provide subtler results.”
Although necessary during the proliferation of
immune cells were activated. Research on iron and
copper shows more nuanced results. Although iron is
essential for the proliferation of immune cell,
excessive availability of iron in animal models has
encouraged bacterial growth and reduced pulmonary
pathology. Copper has been shown to enhance
bacterial killing by macrophages when used in
regulated doses; however, at higher levels—above
those naturally occurring or in supraphysiological
states —toxicity emerged. This suggests that dosing
of these nutrients cannot be generalized.”
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7.2. Effects of supplements in patients Table 3: Scientific evidence on micronutrient effects against S.

with pneumonia

Some of these experiment results have
been replicated in clinical trials.
Community-acquired pneumonia Elderly
patients with community-acquired
pneumonia have shown shorter hospital
stays and lower inflammatory markers,
including C-reactive protein, when
supplemented with vitamin C. In a
randomized controlled trial of zinc
therapy in children with pneumonia,
recovery times were shorter, severity
scores decreased, and the incidence of
treatment failure—mainly in children
with zinc deficiency at baseline —was
reduced.” The studies involving vitamin
D have produced mixed results. Although
supplementation has been linked to a
lower risk of upper respiratory tract
infections and improved epithelial barrier
functions in selected cohorts,
interventional research targeting on S. pneumoniae-
specific pneumonia has shown inconsistent
outcomes, likely due to variations in dosage, timing,
and baseline vitamin D levels. The role of selenium is
also promising in immunocompromised groups,
including patients with HIV or chronic obstructive
pulmonary disease, where supplementation has
positively impacted antioxidant protection and
immune responsiveness.”’

7.3. Challenges in standardization and clinical
translation

However, even though the evidence shows great
promise, integrating micronutrient interventions into
standard pneumonia treatments faces several
challenges. Variability in study design, patient
populations, baseline nutritional status, dosage
regimens, and other factors makes it difficult
comparative results. Interactions between
micronutrients, other medications, and underlying
conditions are likely to confound outcomes, requiring
stratified approaches.” Additionally, identifying
optimal therapeutic windows and safe
supplementation doses is not straightforward.
Overconsumption of minerals like iron and copper
can worsen infections or cause toxicity. The
variability in bioavailability due to differences in
formulation, route of administration, and genetic
factors of recipients further emphasizes the need for

pneumoniae.

personalized treatment.” As in Table 3, experimental
and clinical trials highlight the potential of
micronutrients to modulate immunity against S.
pneumoniae. However, to translate these findings into
practice, systematic investigation and precise, care-
based systems are essential.

8. Clinical applications and recommendations
With more clinical focus being placed on the potential
of micronutrient-based immunomodulation as a tool
for prevention and management S. pneumoniae
infections, especially among vulnerable groups such
as children, the elderly, and immunocompromised
patients, increasing evidence from both interventional
studies and observational research highlights the
efficacy of specific nutritional supplements in
boosting immune resilience and improving
pulmonary outcomes. This evolving field combines
the worlds of nutrition, immunology, and
personalized medicine, paving the way for the
integration of holistic care in the treatment of
respiratory diseases.

8.1. Effectiveness of nutritional supplements in
prevention and treatment

In vitamin D supplementation studies, randomized
trials have shown improved epithelial barriers and
reduced incidence of acute respiratory infections.
However, this is inconsistent with other studies in
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different cohorts due to variations in baseline levels
and dosage protocols. The antioxidative and
immunoprotective properties of vitamin C are
believed to shorten recovery times and lower
inflammatory biomarkers in patients with
pneumonia.” Supplementation with zinc, especially
in zinc-deficient children, has also been effective in
reducing the duration and severity of respiratory
infections, and leading quicker recovery and fewer
complications. Although micronutrients cannot
replace current treatments such as antibiotics or
vaccines, they can serve as adjuncts that modify
disease progression, decrease inflammatory tissue
damage, and improve clinical outcomes. Future
research should explore the synergetic effects of
micronutrient therapy combined with conventional
treatments to establish evidence-based approaches.”

8.2. Nutritional guidelines for at-risk groups
Practical implementation requires setting nutritional
guidelines specific to at-risk groups. The World
Health Organization and other national health
authorities support the idea of regular micronutrient
status evaluation, especially in areas with high rates of
malnutrition or respiratory diseases. For example,
children under five years old, the elderly, and
individuals with chronic lung diseases should
undergo regular screening to detect deficiencies in
vitamin D, zinc, selenium, and iron.”

Preventive measures include diversifying diets,
focusing on immune-boosting foods such as oily fish
(vitamin D), citrus fruits (vitamin C), nuts and seeds
(vitamin E and zinc), and leafy greens (iron and
folate). Treatment supplementation should be
individualized for cases of confirmed deficiency or
high risk, considering substance dosage, duration, and
potential interactions among nutrients. For patients
with comorbidities or impaired, intravenous or lipid-
based products may be used to enhance
bioavailability.”

8.3. Interaction between dietary factors, genetics,
and future immunotherapy

These genetic polymorphisms, which contribute to
nutritional immunomodulation, interact with nutrient
metabolism, immune receptor sensitivity, and
cytokine expression. Differences in genes encoding
VDR, to give one example, may influence the
response to supplements as well as the secondary
effects on downstream immunological responses. The
mapping of nutrigenomics offers a platform for

precision nutrition to identify individuals who can
derive the most benefit from value specific nutrient-
related diets.”™"

Future advances in nutritional immunotherapy could
involve combining micronutrient therapy with
bioengineered nanoparticles or incorporating targeted
gene controls or vaccine adjuvants. This may enhance
immune activation or tolerance, particularly against
resistant pneumococcal strains and chronic
inflammation. The integration of nutrition science
with molecular immunology and genetic technologies
promises a revolutionary approach to pneumonia
prevention and therapy.”

9. Conclusion

The nutritional status of micronutrients and immune
competence play a key role in protecting the host
against Streptococcus pneumoniae. The focus is on
the role of essential vitamins and minerals, including
D, C, E, and A, as well as zinc, selenium, iron, and
copper, in modulating innate and adaptive immune
responses. These nutrients improve epithelial barrier
integrity, reduce oxidative stress, promote
antimicrobial peptide secretion, and coordinate
cytokine signaling, all of which are vital for
pulmonary immunity. The immunomodulatory
mechanisms of these nutrients affect gene expression,
receptor signaling, and cellular differentiation,
contributing to infection outcomes. Deficiency has
been associated with increased susceptibility to
pneumococcal colonization, heightened
inflammatory toxicity, poor vaccine responses, and
vulnerability in certain populations. Micronutrient
supplementation can be effective as an adjunct in both
preventive and therapeutic settings. Future studies
should address challenges related to standardizing
dosage, improving bioavailability, understanding
nutrient-drug interactions, and considering genetic
variability in nutrient metabolism.
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