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Abstract

Micronutrients are required in small quantities, but their effects on immunity are large because immune defense
depends on cell division, epithelial integrity, redox control, cytokine signaling, antibody formation, and tissue
repair. This paper critically examines how deficiencies of key vitamins and minerals impair immune function and
increase vulnerability to infection, delayed recovery, inflammation, and poor vaccine response. The review
focuses on vitamins A, C, D, E, B6, B12, and folate, and the minerals iron, zinc, selenium, iodine, and copper. It
explains the immune system as a layered defense consisting of physical barriers, innate immune responses,
adaptive lymphocyte responses, and immunological memory. Deficiencies affect each layer differently: vitamin
A compromises mucosal integrity, vitamin D regulates antimicrobial peptides and inflammatory balance, vitamin
C supports epithelial and phagocyte function, zinc affects thymic activity and lymphocyte development, iron has
a dual role in host immunity and pathogen growth, and selenium protects against oxidative damage. The paper
also discusses the double risk of deficiency and excess, emphasizing that supplementation should correct
inadequacy rather than promote indiscriminate high-dose use. Global evidence indicates that inadequate
micronutrient intakes remain widespread, with serious implications for children, adolescents, women, older adults,
displaced populations, and people with chronic disease. Interventions include dietary diversification, fortification,
targeted supplementation, infection control, and monitoring of vulnerable groups. The paper concludes that
micronutrient adequacy is a foundational condition for immune competence, but it works best as part of an
integrated public-health approach that includes food security, vaccination, sanitation, clinical care, and equity-
oriented nutrition policy.
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1. INTRODUCTION

The immune system is metabolically demanding.
When a pathogen enters the body, immune cells
proliferate, migrate, produce cytokines, generate
reactive oxygen species, synthesize antibodies, and
coordinate tissue repair. These processes require
vitamins and minerals as cofactors, antioxidants,
structural components, and regulators of gene
expression. A deficiency may not always produce an
obvious clinical syndrome, yet it can still reduce
resistance to infection or delay recovery. The World
Health Organization describes micronutrients as
vitamins and minerals needed in small quantities but
essential for growth, development, and physiological
functioning (World Health Organization, 2026).

The relationship between micronutrient status and
immunity is not a simple additive formula in which
more of every nutrient always improves immune
defense. Immune function is optimized when
nutritional status is adequate, balanced, and sustained.
Deficiency can weaken barriers and immune-cell
responses, but excess supplementation can be toxic or
may disrupt the balance of other nutrients. For
example, iron is required for immune-cell metabolism,
but excess free iron can support pathogen growth and
oxidative stress. Zinc is essential for lymphocyte
function, but excessive zinc can impair copper status.
A rigorous analysis must therefore distinguish
correction of deficiency from pharmacological

megadosing.

Micronutrient deficiencies are especially important
in populations exposed to repeated infections, poor
diets, poverty, displacement, chronic disease, or
limited health services. In such contexts, infection and
malnutrition reinforce each other. Infection reduces
appetite, increases metabolic demands, causes nutrient
losses, and triggers inflammation that alters nutrient
metabolism. Deficiency
defenses and increases susceptibility to new infections.
This bidirectional relationship is central to the concept
of immune dysfunction as both a cause and
consequence of undernutrition (Bourke et al., 2016).

then weakens immune

This paper reviews the impact of micronutrient
deficiencies on immune function through four
questions. First, which immune processes depend on
micronutrients? Second, how do specific deficiencies
alter physical barriers, innate immunity, adaptive
immunity, and inflammatory regulation? Third, why
do population burdens of inadequacy matter for public
health? Fourth, what intervention principles can reduce

immune vulnerability without encouraging unsafe
supplementation?  The  discussion  integrates
mechanistic immunology, epidemiological evidence,
and policy-oriented nutrition strategies.

2. OVERVIEW OF IMMUNE FUNCTION

Immune defense begins with physical and
chemical barriers. Skin, respiratory epithelium,
gastrointestinal mucosa, mucus, antimicrobial
peptides, gastric acid, and commensal microbiota
reduce pathogen entry. These barriers are not passive
walls; they are living tissues with rapid cell turnover
and active communication with immune cells.
Micronutrients support epithelial ~differentiation,
collagen synthesis, antioxidant protection, and
mucosal immune responses. When barriers weaken,
pathogens enter more easily and innate immune cells
face a higher burden. Vitamin A is particularly
important for epithelial integrity and mucosal immune
regulation (Maggini et al., 2018).

Innate immunity provides rapid nonspecific
defense. Neutrophils, macrophages, dendritic cells,
natural killer cells, complement proteins, and
inflammatory mediators recognize broad pathogen-
associated patterns. Innate responses require
controlled oxidative bursts, phagocytosis, antigen
presentation, cytokine signaling, and apoptosis.
Deficiencies of vitamin C, zinc, selenium, iron, and
copper can alter these functions. The innate system
must be strong enough to contain pathogens but
regulated enough to avoid excessive tissue damage.
Micronutrients help maintain this balance through
antioxidant redox  signaling, and
transcriptional control.

enzymes,

Adaptive immunity provides specificity and
memory. T lymphocytes coordinate cellular immune
responses, B lymphocytes produce antibodies, and
memory cells prepare the body for future exposure.
Adaptive immunity depends on cell division, DNA
synthesis, protein synthesis, and antigen presentation.
Folate and vitamin B12 are critical for one-carbon
metabolism and nucleic-acid synthesis, while zinc
supports thymic hormone activity and lymphocyte
development. Protein-energy malnutrition is also
relevant, but this paper focuses on micronutrients
because subtle inadequacies can coexist with
apparently sufficient caloric intake.

Inflammation and resolution are integral parts of
immunity. Inflammation recruits immune cells and
restricts pathogens, but prolonged inflammation can
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damage tissues and disturb nutrient metabolism.
Micronutrients influence inflammatory signaling and
oxidative stress. Vitamin D can modulate innate and
adaptive immune responses, vitamin E protects cell
membranes from lipid peroxidation, and selenium is

incorporated into selenoproteins that regulate
oxidative stress. The immune system therefore
depends on micronutrients not only to attack pathogens
but also to terminate the response and restore tissue
homeostasis (Gombart et al., 2020).

How Micronutrient Status Supports Layers of Imnmune Defense

Epithelial barriers | Innate immunity
skin and mucosa hagocytes, NK cells

Adaptive immunity esolution and memory
T and B cells antibodies, repair

Micronutrients
A, C, D, E, B vitamins
iron, zinc, selenium, iodine

Figure 1. Micronutrients support epithelial barriers, innate immunity, adaptive immunity, and immune memory

3. GLOBAL BURDEN OF MICRONUTRIENT
INADEQUACY

The public-health importance of micronutrient
deficiency is amplified by its scale. Deficiencies may
occur because diets are monotonous, fortified foods
are unavailable, infections increase nutrient losses,
sunlight exposure is low, or physiological demands
rise during growth and pregnancy. The World Health
Organization identifies deficiencies in iron, vitamin A,
and iodine among the most common globally, with
low- and middle-income countries bearing a
substantial burden (World Health Organization, 2026).
Even where clinical deficiency diseases have declined,
marginal inadequacies can persist and may affect
immune competence.

Recent modeling has highlighted that inadequate
micronutrient intake is not limited to the poorest
countries. A global analysis estimated widespread
inadequacy across several nutrients, including iodine,
vitamin E, calcium, and iron (Passarelli et al., 2024).

The estimates indicate that food systems often fail to
deliver sufficient micronutrient density, even when
caloric supply improves. This matters for immunity
because a person can consume enough calories yet still
lack nutrients required for immune-cell function.
Energy sufficiency without micronutrient adequacy
can produce a hidden form of vulnerability.

The burden is uneven across age, sex, and
physiological status. Children require micronutrients
for growth and immune maturation. Adolescents have
rapid growth and, for girls, menstrual iron losses.
Pregnant women require additional iron, folate, iodine,
and other nutrients. Older adults may experience
reduced appetite, altered absorption,
inflammation, or medication interactions. People with
gastrointestinal  disorders, renal disease, HIV,
tuberculosis, or recurrent diarrhea can be at heightened
risk. Public-health interventions should therefore
target vulnerability rather than assume a uniform
population requirement.

chronic
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Selected Global Estimates of Inadequate Micronutrient Intake
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Figure 2. Selected global estimates of inadequate micronutrient intake.

Source: Passarelli et al. (2024).

4. VITAMIN DEFICIENCIES AND IMMUNE
FUNCTION

Vitamin A is central to epithelial integrity, mucosal

immunity, and  immune-cell  differentiation.
Deficiency can damage epithelial surfaces, reduce
mucus production, impair gut and respiratory defenses,
and increase susceptibility to infections. It is also
associated with severe outcomes in children, especially
in contexts of measles and diarrheal disease. The
World Health Organization notes that vitamin A
deficiency is a leading cause of preventable blindness
in children and increases the risk of disease and death
from severe infections (World Health Organization,
2026). For immunity, the key issue is not vision alone
but the broader role of retinoids in barrier and

lymphocyte function.

Vitamin D has emerged as a major
immunomodulatory nutrient. Immune cells express the
vitamin D receptor and can participate in vitamin D
metabolism.  Adequate  vitamin D  supports
antimicrobial peptides such as cathelicidin and helps
regulate inflammatory responses. Deficiency has been
associated with increased risk of respiratory infections,

although the effect of supplementation varies by
baseline status, dose, and population. An individual
participant data meta-analysis found that vitamin D
supplementation reduced the risk of acute respiratory
tract infection, particularly among people with low
baseline status (Martineau et al., 2017). This finding
supports targeted correction rather than indiscriminate
dosing.

Vitamin C contributes to immune function through
antioxidant protection, collagen synthesis, epithelial
barrier support, and enhancement of selected leukocyte
functions. Neutrophils accumulate vitamin C, and
deficiency can impair chemotaxis, phagocytosis, and
microbial killing. Severe deficiency causes scurvy, but
less severe insufficiency may still compromise
immune resilience, particularly in smokers, people
with low fruit and vegetable intake, and people under
physiological stress. Vitamin C is also relevant during
infection because inflammation increases oxidative
stress and may increase utilization. Dietary sources
such as citrus fruits, guava, amla, peppers, and leafy
vegetables are therefore important in everyday
immune support.
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Vitamin E is a lipid-soluble antioxidant that
protects cell membranes from oxidative damage.
Immune cells contain polyunsaturated fatty acids in
their membranes and are vulnerable to lipid
peroxidation during inflammatory responses. Vitamin
E deficiency is uncommon in healthy adults but can
occur in fat-malabsorption conditions and may impair
T-cell-mediated immunity. The immune relevance of
vitamin E is strongest when considered alongside
selenium, vitamin C, and other antioxidant systems.
Supplementation beyond adequacy has produced
mixed findings in clinical trials, reinforcing the
principle that immune benefit depends on baseline
deficiency and physiological context.

The B vitamins influence immunity primarily
through energy metabolism, methylation, nucleotide
synthesis, and hematopoiesis. Vitamin B6 participates
in amino-acid metabolism and lymphocyte
proliferation. Folate and vitamin B12 are required for
DNA synthesis and red-blood-cell formation, and their
deficiency can cause megaloblastic anemia. Anemia
reduces oxygen delivery and can worsen fatigue, but
B-vitamin deficiency may also affect immune-cell
production. The World Health Organization identifies
iron, folate, vitamin B12, and vitamin A as nutrients
whose deficiencies can contribute to anemia (World
Health Organization, 2026). This illustrates that
immune and hematological effects often overlap.

5. MINERAL DEFICIENCIES AND IMMUNE
FUNCTION

Zinc is one of the most immunologically important
trace elements. It supports epithelial barriers, thymic
function, lymphocyte development, intracellular
signaling, and antioxidant defenses. Zinc deficiency
can reduce T-cell number and function, impair natural
killer cell activity, alter cytokine production, and
increase susceptibility to infections. Prasad described
zinc as a critical determinant of immune-cell function,
particularly for T lymphocytes and inflammatory
regulation (Prasad, 2008). Because zinc is abundant in
animal-source foods and less bioavailable in high-
phytate cereal-legume diets, deficiency risk is
substantial in populations relying heavily on unrefined
cereals without adequate dietary diversity.

Iron has a dual role in immunity. Human cells need
iron for mitochondrial function, DNA synthesis, and
immune-cell proliferation. However, pathogens also

require iron, and the host uses nutritional immunity to
restrict iron availability during infection. Iron
deficiency can impair immune responses and worsen
anemia, while unnecessary iron supplementation in
infection-prone contexts may be harmful if not
managed properly. This duality means iron programs
must be evidence-based, targeted, and integrated with
infection control. Screening, appropriate dosing,
malaria control where relevant, deworming, and
dietary counseling are important safeguards.

Selenium is required for selenoproteins such as
glutathione peroxidases and thioredoxin reductases,
which regulate oxidative stress and redox signaling.
Selenium deficiency can impair antioxidant defense
and may influence viral pathogenicity and immune
response. Its importance is often overlooked because
deficiency symptoms may not be obvious until severe
or combined with other stressors. Selenium intake
depends strongly on soil selenium content and food
sources, so geographic variation is important. In
populations with low dietary selenium, improving
intake through diversified diets or fortification may
support immune resilience.

Iodine is best known for thyroid hormone
synthesis, but thyroid hormones influence metabolism,
growth, and immune regulation. Severe iodine
deficiency impairs neurodevelopment, while milder
deficiency can affect thyroid function. Universal salt
iodization remains one of the most effective public-
health strategies for preventing iodine deficiency. The
immune connection is indirect but meaningful: thyroid
dysfunction can alter energy metabolism, growth, and
physiological resilience. lodine policy also shows how
fortification can reduce population-level deficiency
without relying solely on individual behavior change.

Copper is required for enzymes involved in iron
metabolism, oxidative defense, and
function. Deficiency can impair neutrophil function
and contribute to anemia-like features. Copper
deficiency is less common than iron or zinc deficiency
but can occur with malabsorption, prolonged
parenteral nutrition, bariatric surgery, or excessive
zinc intake. The copper-zinc relationship demonstrates

immune-cell

why isolated high-dose supplementation can produce
unintended consequences. Balanced nutrition and
clinical monitoring are preferable to self-prescribed
megadoses.
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Conceptual Dose-response Relationship

Immune competence

Deficiency:
weakened barriers,
poor lymphocyte respons

Micronutrient status

Figure 3. Conceptual relationship showing that immune competence improves from deficiency to adequacy but
may not improve with excess.

6. INTERACTING MECHANISMS:
DEFICIENCIES CLUSTER

WHY

Micronutrient deficiencies rarely occur one
nutrient at a time. Diets low in animal-source foods,
fruits, vegetables, and fortified products may
simultaneously be low in iron, zinc, vitamin B12,
vitamin A, calcium, and vitamin C. Infections may
further reduce appetite and absorption. Inflammation
can alter iron distribution through hepcidin-mediated
sequestration, making anemia more complex than low
intake alone. The clustering of deficiencies means that
single-nutrient interventions may produce partial
improvement but fail to restore full immune
competence. A food-system approach is needed to

improve overall nutrient density.

Gut health is a critical mediator. The intestine is
both an absorptive organ and an immune organ. Poor
sanitation, enteric infections, environmental enteric
dysfunction, and dysbiosis can reduce nutrient
absorption and increase inflammation. Micronutrient
deficiency can further weaken the intestinal barrier,
creating a cycle of poor absorption and immune
activation. Vitamin A, zinc, and vitamin D are
particularly relevant to gut barrier integrity and
mucosal immune regulation. Nutrition interventions
may therefore be more effective when combined with

clean water, sanitation, hygiene, and infection
prevention.
Inflammation complicates assessment. Serum

concentrations of iron, zinc, vitamin A, and other
nutrients can be altered by acute-phase responses, so
biomarker interpretation requires inflammatory
markers such as C-reactive protein or alpha-1-acid
glycoprotein where feasible. Without such adjustment,
researchers underestimate
deficiency. This challenge is especially important in
low-resource settings where infections are common.
Clinical and public-health decisions should combine

may overestimate or

dietary information, biomarkers, symptoms, and
infection context rather than relying on one laboratory
value.

The dose-response relationship is shaped like an
adequacy curve rather than a straight line. Moving
from deficiency to adequacy can improve immune
function, but moving from adequacy to excess may
produce no benefit and possible harm. This is why
high-dose supplementation should be reserved for
specific indications, such as documented deficiency,
pregnancy protocols, severe acute malnutrition
treatment, or disease-specific guidelines. Population
programs should set safe upper limits and
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monitor adverse effects.

The goal is immune

competence, not nutrient excess.

Table 1

Selected Micronutrients and Major Immune Functions

support

Micronutrient Major immune roles Likely deficiency effect
Vitamin A Epithelial differentiation, mucosal Weaker mucosal barriers and greater
immunity, lymphocyte regulation infection severity
Vitamin D Antimicrobial peptides, inflammatory Higher vulnerability to respiratory
regulation, immune-cell signaling infection in deficient groups
Vitamin C Collagen synthesis, antioxidant Impaired barrier repair and oxidative
protection, phagocyte function control
o Membrane antioxidant defense and T-cell | Greater oxidative damage and impaired
Vitamin E

cell-mediated immunity

Folate and vitamin
B12

DNA synthesis, hematopoiesis,
lymphocyte proliferation

Megaloblastic anemia and reduced
immune-cell production

Iron

Immune-cell metabolism and

Anemia and altered immune response;

proliferation excess may aid pathogens
Zine Thymic function, T cells, innate Reduced lymphocyte function and
signaling, barrier integrity increased infection susceptibility
Selenium Selenoproteins, antioxidant enzymes, Oxidative stress and impaired response
redox signaling regulation
Todine Thyroid hormone synthesis and metabolic Impaired development and altered
regulation physiological resilience
Copper Neutrophil function, iron metabolism, Impaired innate responses and anemia-

antioxidant enzymes

like features

Note. The table synthesizes mechanisms discussed in Gombart et al. (2020).

7. CONSEQUENCES FOR INFECTION,
VACCINATION, AND RECOVERY

Micronutrient deficiencies can increase infection
risk by weakening barriers and immune-cell responses.
Vitamin A deficiency may increase severity of measles
and diarrheal disease. Zinc deficiency is associated
with increased risk and duration of diarrhea and
respiratory infections in children. Iron deficiency can
impair proliferation, but iron
interventions must account for pathogen ecology.
Vitamin D deficiency has been linked to respiratory

immune-cell

infections and inflammatory dysregulation. These
associations are biologically plausible because each
nutrient supports distinct yet interconnected immune
processes.

Vaccine responses may also be influenced by
nutritional status. Antibody generation requires B-cell
activation, proliferation, differentiation, and protein
synthesis. T-cell help, antigen presentation, and
inflammatory signaling are also required. Deficiencies
of zinc, vitamin A, vitamin D, folate, and vitamin B12
can plausibly reduce vaccine responsiveness, although
effects vary by vaccine, age, baseline deficiency, and

Nutrition should not be
presented as a substitute for vaccination. Rather,
adequate nutrition may help the immune system
respond effectively to vaccines and recover from
immune challenges.

comorbid conditions.

Recovery from infection requires tissue repair,
resolution of inflammation, restoration of appetite, and
rebuilding of nutrient stores. Vitamin C supports
collagen synthesis, vitamin A supports epithelial
repair, zinc supports cell proliferation, and protein-
energy adequacy supports immune-cell turnover. If
micronutrient stores are low before infection, recovery
may be slower and risk of secondary infection may
increase. Post-illness nutrition counseling is therefore
important, especially for children, adolescents, older
adults, and patients recovering from tuberculosis,
pneumonia, diarrhea, or surgery.

The consequences extend beyond infection counts.
Chronic or recurrent infections can reduce school
attendance, work capacity, pregnancy health, and
quality of life. Deficiency-related fatigue can reduce
physical activity and participation. In populations
already facing poverty, these effects can deepen social
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and economic disadvantage. Micronutrient adequacy
should therefore be treated as part of human
development and resilience, not merely as a
biochemical issue.

8. LIFE-COURSE VULNERABILITY AND
CLINICAL POPULATIONS

Micronutrient  requirements and  immune
vulnerability change across the life course. Infants and
young children need nutrients for immune maturation,
growth, and barrier development, while adolescents
experience rapid growth and changing dietary
autonomy. Pregnant women require increased iron,
folate, iodine, and other nutrients to support maternal
blood volume, fetal development, and
balance. Older adults may face reduced appetite, lower
diet diversity, impaired absorption, chronic
inflammation, and medication interactions. Maggini et
al. emphasized that
micronutrient requirements vary across life stages,
which means that one uniform intervention cannot

immune

immune function and

serve every population equally well (Maggini et al.,
2018).

Women and girls deserve specific attention
because menstrual blood loss, pregnancy, lactation,
social food allocation, and anemia risk can converge.
Iron deficiency may reduce work capacity and immune
resilience, while folate and vitamin B12 deficiencies
can affect hematological function. In many settings,
women eat after other household members or reduce
their intake during household food shortage. These
social determinants can turn a biological requirement
into a gendered health burden. Nutrition policy should
therefore combine supplementation and fortification
with attention to household equity, education, and
access to diverse foods.

Clinical populations may require individualized
assessment. People with celiac disease, inflammatory
bowel disease, bariatric surgery, chronic kidney
disease, liver disease, cancer, HIV, tuberculosis, or
long-term use of certain medicines can develop
deficiencies  through  malabsorption,  altered
metabolism, increased losses, or reduced intake. In
such groups, immune dysfunction may reflect both the
underlying illness and the nutritional deficit. A generic
multivitamin may be insufficient or inappropriate.
Clinical nutrition care should be integrated with
diagnosis, laboratory monitoring, medication review,
and disease-specific treatment.

Humanitarian emergencies magnify the immune
impact of micronutrient deficiency. Displacement,
conflict, drought, flooding, and food-price shocks can
reduce access to animal-source foods, fruits,
vegetables, fortified staples, and health services.
Crowded shelters and poor sanitation increase
infection exposure at the same time that diet quality
worsens. This combination produces a high-risk
environment for measles, diarrhea, respiratory
infections, and anemia. Emergency nutrition responses
should therefore include fortified foods, targeted
supplementation, vaccination, safe water, and
surveillance for deficiency signs.

The life-course view also prevents a narrow focus
on treatment after deficiency appears. Preventing
deficiency during childhood may improve school
participation and Protecting
adolescent girls may improve current wellbeing and
future pregnancy health. Supporting older adults may
reduce infection complications and preserve
independence. This preventive perspective is
consistent with the broader public-health principle that
micronutrient adequacy is a determinant of resilience
before illness occurs, not only a therapy after illness
has begun.

immune resilience.

9. ASSESSMENT AND DIAGNOSIS

Assessment should begin with diet quality, clinical
history, and risk profiling. A dietary assessment should
identify food-group diversity, frequency of animal-
source foods, fruits, vegetables, fortified foods, tea or
coffee with meals, and reliance on ultra-processed
foods. Clinical history should include infections,
gastrointestinal symptoms, menstrual blood loss,
pregnancy, medications, chronic disease, and
supplement use. Risk profiling helps identify who
needs testing. For example, a
menstruating adolescent with fatigue and low intake of
iron-rich foods requires a different assessment from an
older adult with malabsorption.

biochemical

should be
Hemoglobin is useful for anemia screening but is not
specific for iron deficiency. Ferritin reflects iron stores
but rises during inflammation. Serum retinol is
affected by infection and homeostatic control. Serum
25-hydroxyvitamin D is used for vitamin D status but
cutoffs vary across guidelines. Plasma zinc is difficult
to interpret because it is affected by fasting, infection,
and time of day. These limitations do not make
biomarkers useless; they mean that biomarkers require

Biomarkers selected  carefully.
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quality control and contextual interpretation. A strong
assessment combines multiple indicators.

Clinical signs remain important in
deficiency but may miss marginal inadequacy. Night
blindness suggests vitamin A deficiency, goiter
suggests iodine deficiency, angular stomatitis may
suggest B-vitamin deficiency, and pallor may suggest
anemia. However, immune impairment can occur
before classic signs appear. Public-health programs
should not wait for severe clinical deficiency before
acting. Dietary improvement, fortification, and
targeted supplementation can prevent the progression
from marginal inadequacy to overt disease.

severe

10. INTERVENTIONS

Dietary diversification is the foundation of
sustainable micronutrient adequacy. A diet rich in
pulses, legumes, nuts, seeds, whole grains, vegetables,
fruits, dairy or appropriate alternatives, eggs, fish,
meat where consumed, and fortified foods can supply
multiple nutrients simultaneously. Vitamin C-rich
foods can improve non-heme iron absorption, while
fermentation, soaking, germination, and food
processing can reduce phytate and improve mineral
bioavailability. In low-income settings, dietary advice
must be realistic, locally available, and affordable.
Telling people to consume expensive foods without
addressing access is ethically weak.

Food fortification can reach large populations
without requiring daily behavior change. lTodized salt
is a classic example. Fortified wheat flour, rice, oil,
milk, and complementary foods can improve
micronutrient intake when implemented safely and
monitored. Fortification is not a complete solution
because it may miss remote populations, people
consuming unprocessed local grains, or those with low
overall food intake. It also requires quality assurance,
regulation, and public trust. Nonetheless, fortification
is an important component of population-level
immune resilience.

Supplementation is appropriate when needs are
high, deficiency is common, or rapid correction is
required. Examples include iron and folic acid for
pregnant women and adolescents in high-anemia
settings, vitamin A supplementation for children in
deficient populations, vitamin D for documented
deficiency or high-risk groups, and zinc in selected
diarrhea management protocols. Supplementation
should follow evidence-based dosing, avoid
unnecessary high doses, and include counseling about

adherence and side effects. The purpose is correction
of deficiency and prevention of harm.

Infection control increases the effectiveness of
interventions. = Deworming,  malaria
prevention where relevant, vaccination, clean water,
sanitation, hygiene, and timely treatment reduce
nutrient losses and inflammation. In areas with high
infection burden, micronutrient interventions alone
may produce limited gains if pathogens continue to
drain nutrient stores. Conversely, infection-control
programs may underperform if the population is
nutritionally depleted. Integrated programming is
therefore more biologically and ethically sound than
isolated sectoral action.

nutrition

Equity must guide intervention design. Populations
at highest risk of deficiency may have the least access
to clinics, fortified foods, diverse markets, and
supplements. Gender, caste, disability,
migration, and conflict can shape access. Programs
must ask who is being reached and who is being
missed. Community participation, local monitoring,
culturally appropriate communication, and adolescent-
or woman-friendly service delivery can improve
coverage and trust.

income,

11. RESEARCH GAPS
DIRECTIONS

AND FUTURE

Several research gaps remain. First, many studies
examine one nutrient at a time, even though
deficiencies cluster. Second, immune outcomes are
often measured indirectly through infection history
rather than functional immune biomarkers. Third,
supplementation trials may include participants with
adequate baseline status, reducing observed benefit.
Fourth, high-quality data are scarce for adolescents,
older adults, refugees, and people with chronic
infections. Future studies should measure baseline
status, inflammation, diet quality, infection exposure,
and functional outcomes together.

Implementation research is especially needed. It is
not enough to know that nutrients matter; public-health
systems must know how to deliver adequate nutrition
in real settings. Questions include how to improve
adherence to supplements, how to ensure fortification
quality, how to integrate nutrition with primary care,
and how to communicate balanced messages without
encouraging supplement Digital tools,
community health workers, school platforms, and

misuse.

social-protection programs may all contribute if
evaluated rigorously.
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Climate change and food-system disruption add
urgency. Drought, flooding, crop failure, food-price
inflation, and displacement can reduce dietary
diversity and increase deficiency risk. At the same
time, food systems are shifting toward inexpensive
ultra-processed foods that provide energy but few
micronutrients. Nutrition policy for immune resilience
must therefore align with sustainable agriculture,
social protection, local food production, and food-
safety regulation.

12. CONCLUSION
Micronutrient  deficiencies impair immune
function through multiple pathways: weakened

epithelial barriers, impaired phagocytosis, altered
cytokine signaling, reduced lymphocyte proliferation,
poor antibody production, oxidative stress, and
delayed tissue repair. The effects differ by nutrient,
baseline status, burden, age, and
physiological condition. Vitamin A, vitamin D,
vitamin C, B vitamins, iron, zinc, selenium, iodine, and
copper each have distinct roles, but deficiencies often
cluster in the same individuals and communities. The

infection

strongest public-health response is integrated:
diversified diets, fortification, targeted
supplementation, infection control, biomarker-

informed monitoring, and equity-focused delivery.
Micronutrient adequacy does not replace vaccines,
sanitation, or medical care; it makes immune defense
more capable of benefiting from them.
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