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This at least I clearly know: that bread has different 
effects in the human body according as it is fi ne or 
coarse, made of wheat winnowed or unwinnowed, 
mixed with much or little water, kneed much or 
not at all, baked thoroughly or underbaked—and 
a thousand other differences besides. If one fails 
to consider these points or having considered does 
not understand them, how can he know anything 
about human disease?

  —Hippocrates, 460–377 BC,1

INTRODUCTION

The vital importance of nutrition in host defense 
has been recognized since the time of Hip-
pocrates,1 well before the appearance of the germ 
theory of infection in the nineteenth century.2 
Although traceable in origin to Metchnikoff3 and 
the cell theory, immunology in its present form 
emerged in the 1960s,4 when the morbidity of 
protein-calorie malnutrition (PCM) in children 
was also fi rst characterized as a “thymolymphatic 
defi ciency.”5 This concept is valid today.6 Fur-
thermore, there are indications that lesser degrees 
of perinatal nutrient insuffi ciency lead to reduced 
thymic function and reduced response to polysac-
charide immunization in later life.7,8 The central 
mechanism of nutrient interaction in the thymus 
involves zinc defi ciency,9,10 and this is directly 
associated with decreased host defense.11 The 
effects of zinc defi ciency are mediated by altered 
hematopoiesis and involve endocrine and neuro-
endocrine as well as immune mediators.12 The 
selective sensitivity of the thymus to nutritional 
injury is specifi cally important to the formative 
phases of the fetal and neonatal immune system. 
Programmed involution of the thymus develops 
gradually over the fi rst decades of life and has 
been viewed as the inevitable cause of human 
immune senescence.13 Recent studies show that 
functionally active peripheral perivascular space 
thymic components predominate in adult life, 
and that regulatory alterations in neuroendocrine-
thymus interactions rather than simple loss of 
thymic tissue mediate reduced T cell function.13,14 
Reduced zinc bioavailablity may be the key to 
loss of thymic function,15 and supplementation 
may be effective in improving related immune 
responses.16,17

Innate immune signal transduction path-
ways are now appreciated as major regulators of 
adaptive immunity.18 In the absence of memory 
T cells, neonates rely on the developing innate 
immune system. Recognition of microbes through 
common pathogen associated molecular patterns 
by the Toll-like receptor (TLR) system, begins 
at birth with colonization of the gastrointesti-
nal tract and the priming of immune response 
through nutrient intake and bacterial cross talk.19 
The weaker response of neonatal monocytes and 
macrophages to multiple TLR ligands correlates 
with increased risk of infection.20 Nutrients and 
growth factors present in human milk are criti-
cal regulators for the development of this sys-
tem.21,22 Nutrients also regulate functions of the 
complement system, and specialized natural killer 
(NK) cell receptors that distinguish “nonself,” 
“missing-self,” and “induced-self” and the TLR 
system.23–25 Some edible plant products such as 
tea, mushrooms, and apples express alkylamines 
that are recognized by human gamma delta T 
cells as conserved molecular patterns shared by 
microbes and this can trigger immune response.26

Micronutrients have an important function in 
protection and restoration of cells and tissues after 
oxidant-mediated tissue injury, which normally 
occurs during host defense against infectious 
agents.27 The cost of immune activation alone has 
been shown experimentally to have a measurable 
effect on survival.28 Nutrient requirements for 
immune response or maintenance of host defense 
physiology may vary with stage of development, 
during the acute phase of infection or recovery 
from injury or surgical intervention. Glutamine, 
arginine, zinc, and vitamin A have been identi-
fi ed as conditional essential dietary nutrients or 
functional foods, required for immune recovery 
in selected settings.29,30 Glutamine supplementa-
tion can reduce intestinal permeability and sys-
temic infections in adults31 and prevented sepsis 
when given before infection in a rat model of sep-
sis.32 However, a trial of enteral supplementation 
to extremely low-birth-weight babies, who are 
glutamine defi cient, did not reduce incidence of 
late onset sepsis or mortality.33 More studies are 
needed to evaluate potential use in this setting.

Investigation of nutrient immune interaction 
is increasingly focused on genetic regulation.34–36 
Emerging studies show that genes regulating zinc 
metabolism affect signal transduction pathways 

especially those infl uencing immune response, 
responses to stress and redox imbalance, growth, 
and energy utilization.37 The effects of nutrient 
level, defi ciency or excess, on intestinal gene 
expression appear to correlate with disease 
expression as well as with changes in metabo-
lism.38,39 The discovery that host polymorphisms 
in the vitamin D receptor regulate immune 
response to mycobacteria and Hepatitis B40,41 

suggests that other host gene variants controlling 
nutrient metabolism may also affect response 
to endemic pathogens due to selection pressure. 
Dietary deprivation of a single nutrient can affect 
tissue expression of both genes directly associ-
ated with the defi ciency and those regulating other 
nutrients that affect transport or redox balance 
as shown by the interaction of iron defi ciency 
and copper genes.39 Experimental malnutrition in 
the mouse illustrates the complexity of signaling 
effects. The early effect of multinutrient depriva-
tion was to depress necrosis factor (NF) kappa 
B activity, which led to lower tumor necrosis 
factor-alpha (TNF-alpha) proinfl ammatory cyto-
kine production and then to reduced levels of 
nitric oxide (NO). Low levels of NO then elimi-
nated the negative feedback signal to NF kappa B 
activity leading to increased transcription activity 
in the later phase.42 Knowledge concerning how 
nutrients can modify specifi c stages of the cyto-
kine response program is relevant for the rational 
design of future supplementation trials.

The effect of malnutrition on clinical infection 
is to increase severity and morbidity.43 The mech-
anisms include both modulation of specifi c cyto-
kine responses and the overall cytokine pattern. 
Malnutrition is associated with impaired cytokine 
response to antigen44 and increased levels of cir-
culating proinfl ammatory cytokines.45 The acute 
phase response to infection is blunted in malnu-
trition.46 Infection in chronically malnourished 
children is associated with an increased cortisol 
response and greater loss of amino acids.47 Con-
current infection also complicates the evaluation 
of malnutrition since transient losses of micro-
nutrients may mimic a true defi ciency.48 Infants 
appear to have an intrinsically weaker ability 
to produce a compensatory anti-infl ammatory 
response and therefore may be especially sensi-
tive to the combination of infections and nutri-
ent defi ciency.49 Some of the observed effects of 
malnutrition involve reactivation of opportunistic 
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infections leading to altered activation of the acute 
phase response as illustrated in Figure 1. Exam-
ples include the effects of malnutrition on chronic 
infections such as Mycobacterium tuberculosis 
(TB), the human immunodefi ciency virus type 
1 (HIV-1) infection, and hepatitis.41,50–53 Nutri-
ents can have direct actions on specifi c immune 
cells and pathways or affect many different types 
of cells54 (see Figure 2). Mechanisms of nutrient 
action may vary according to setting, concentra-
tion, and valid assessment requires appropriate 
methodology.55–57 The impact of supplementation 
is also affected by conditions in the host.58 Corre-
lations that are observed in the compromised host 
may not hold true in the healthy host.

PCM nutrient defi ciency occurring in children 
in the absence of contributing clinical cause is 
usually the result of poverty, lack of adequate 
supply, or other environmental factors.59 Rare 
innate occurrences include the genetic defect 
of zinc metabolism, Acrodermatitis enteropath-
ica (AE),60 and defects of copper in Menkes or 
Wilson’s disease.61 However, defi cient intake 
of essential nutrient requirements may easily be 
caused by altered metabolism in association with 
an underlying congenital condition, or acute ill-
ness and this impairs or worsens host response 
to emergent pathogens. Although malnutrition is 
often considered as mainly an issue for under-
developed countries, suboptimal nutrition is 

common in children throughout the world, and 
is a signifi cant cause of susceptibility to infec-
tion.62 The changing social conditions of child-
hood, increasingly fragmented family life, and 
global infections have shifted the responsibility 
for children’s health to the community. Profes-
sional knowledge of how nutrients may affect 
the development of immune response will have 
greater critical importance for preventive efforts 
to support future host defense against both old 
and emerging new pathogens.

THE MICROENVIRONMENT AND 
MUCOSAL IMMUNE RESPONSE

The effect of nutrients on host response is pathogen 
specifi c and is affected by site of action, for exam-
ple, the gastrointestinal associated lymphoid tract 
(GALT), thymus, spleen, regional lymph nodes, or 
immune cells of the circulating blood and upon the 
presence of infection or other immunogens. Thus 
experimental zinc defi ciency in human volunteers 
decreased T-helper type 1 (Th1) production of 
Interleukin-2 (IL-2) and interferon gamma (IFN 
gamma), but had no effect on IL-4 response of 
peripheral blood mononuclear cells.9 In contrast, 
zinc defi ciency in nematode infected mice caused 
enhanced parasite survival in association with 
decreased T-helper type 2 (Th2) IL-4 responses in 
the GALT.63 Differentiation of immune cell func-
tion and cell–cell interactions are critically deter-
mined by the local immune microenvironment 
and the presence of specialized immune cells, 
which may be tissue specifi c such as the adap-
tive intraepithelial lymphocytes in the intestinal 
tract, products such as mucus, and soluble media-
tors such as cytokines, interferons, lysozymes, and 
defensins. Studies in a mouse model of visceral 
leishmaniasis have shown that malnutrition pro-
moted visceralization through loss of lymph node 
barrier function after Leishmania donovani infec-
tion. This was caused by excessive production of 
prostaglandin E2, decreased levels of IL-10 and 
NO.64 The effect of diet on mucosal integrity is a 
key measure of effective nutritional rehabilitation 
in infants. Protein defi ciency predisposes both to 
skin and mucosal atrophy and compromises bar-
rier function. As shown by a comparative study 
of maize-soy-egg to the standard milk diet in the 
treatment of kwashiorkor, milk had a better effect 
on reducing intestinal permeability as shown by 
the lactulose–rhamnose test. Despite the greater 
frequency of diarrhea, milk treatment was associ-
ated with reduced sepsis and improved survival.65 

Chemotaxis, phagocytosis, and microbial kill-
ing mechanisms become impaired in malnutrition 
causing susceptibility to infections. The mecha-
nisms involve reduced production of key media-
tors including complement C3, leukotrienes, cat-
helicidin antimicrobial peptide, and leptin.66–69 
The activities of many innate immune cells 
including neutrophils, monocytes, macrophages, 
dendritic, and NK cells are susceptible to altered 
nutrient levels.70–72 Defi ciencies can be particu-
larly critical in the perinatal period as shown by 
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Figure 2 Indicates the role of nutrients in how the microenvironment infl uences the production of cytokines by the 
adaptive immune system. APC � antigen-presenting cell; GI � gastrointestinal; IFN � interferon; IL � interleukin;
NK � natural killer; Th � T helper. 

Immune Microenvironment

APC

IL-12

IL-4

GI tract

IFN-

NK cells

Microbial flora

Antigen

Zinc

Nutrients

Vitamin A

Innate
immune
system

Innate
immune
system

Activated
APC

th1

th0

th2

Figure 1 Illustrates some of the key interactions that lead to altered immune response in the malnourished host during 
infectious exposure. IL � intereleukin; TNF � tumor necrosis factor.
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the reduced level of NK cells in neonates born 
to mothers who were selenium defi cient and 
the therapeutic effect of short-term renutrition 
in malnourished infants on defective neutrophil 
phagocytic activity.73,74 

Vitamin A and vitamin D are critical regulators 
of mucosal immune function. Experimental vita-
min A defi ciency leads to functional disturbance 
of intestinal epithelium enzymes, diarrhea, and 
increased bacterial translocation in gnotobiotic 
rats.75 Supplementation of vitamin A defi cient 
measles patients lowered the risk of measles-
related pneumonia.76 In a study of vitamin A sup-
plemented children infected with enteropathogenic 
Escherichia coli investigators observed reduced 
monocyte chemoattractant protein –1 levels com-
pared with children in the placebo group consis-
tent with an anti-infl ammatory effect.77 A recent 
study in mildly malnourished uninfected children, 
using the lactulose/mannitol test reported that 
intestinal barrier function was inversely correlated 
with serum retinol concentrations.78 Retinoic acid, 
the vitamin A metabolite, is an inducer for the gut-
homing specifi city of T cells that enhances the 
expression of the integrin alpha4beta7 and CCR9 
on T cells upon activation.79 Retinoic acid has also 
been shown to synergize with GALT-DC-derived 
IL-6 or IL-5 to induce IgA secretion.80 Since 
impaired gut immune response in early infancy 
may contribute to the development of atopic sen-
sitization, Pesonen and colleagues looked for an 
association between plasma retinol concentra-
tions and the subsequent development of aller-
gic symptoms in healthy infants. They found 
that retinol concentration at 2 months correlated 
inversely with positive skin prick test at 5 and 20 
years, and with allergic symptoms at 20 years.81

Both experimental vitamin D defi ciency and 
human vitamin D receptor polymorphisms are 
associated with infl ammatory bowel disease.82,83 
Association between subclinical vitamin D defi -
ciency and lower respiratory tract infections in 
young children has also been reported.84 Reduced 
vitamin D status is associated with susceptibility 
to active M. tuberculosis infection. Recent stud-
ies have shown that TLR stimulation of human 
macrophages induces vitamin D-1-hydroxylase 
genes, leading to the conversion of 25(OH) D3 to 
active 1,25(OH) 2D3, expression of the vitamin 
D receptor, and leads to antimicrobial peptide 
gene expression, induction of cathelicidin, and 
killing of intracellular M. tuberculosis.85 This 
mechanism is also important for resistance to 
Pseudomonas aeruginosa, an important patho-
gen in cystic fi brosis.68,85

Dietary nucleotides provide preformed purine 
and pyrimidine bases that can be used for nucleic 
acid synthesis and may provide a means to support 
growth of the gut in the premature infant through 
reduction of intestinal permeability and absorp-
tion of macromolecules by enhancing immune 
response.86,87 Martinez-Augustin and colleagues 
have shown that IgG antibodies against the main 
antigenic proteins in cow’s milk are generally 
higher when nucleotide supplementation is pro-
vided. This difference reached signifi cance for 

antibody to beta-lactoglobulin at 30 days of life 
when gut closure had occurred.88 Others have 
shown that supplementation enhanced infants’ 
responses to polio vaccination87 and that the 
immunophenotype of infants fed nucleotide sup-
plemented formula tended to be more like those 
fed human milk.86 A recent study has reported 
that formula-fed infants given nucleotide supple-
mentation had signifi cantly higher responses to 
tetanus toxoid compared to controls.89 Others 
have speculated that the benefi ts of nucleotides 
on the gastrointestinal and immune systems in the 
premature infant are related to increased splanch-
nic blood fl ow and effects on gut-associated lym-
phoid tissues.90

Human milk provides bioavailable micro-
nutrients such as zinc, cytokines, and growth 
factors that are important for development of 
the gastrointestinal tract, as well as a source 
of maternal antibodies for passive protection 
against microbes common to mother and infant.91 
Secretory IgA antibodies in milk reactive against 
antigens in the maternal gut are protective against 
gastrointestinal disease.92 In addition, milk con-
tains oligosaccharides and glycans that inhibit 
binding by specifi c enteric pathogens.93 IgA anti-
bodies in colostrum and human milk may also 
prevent antigen entry at the intestinal surface 
of the breast-fed infant. A low IgA content in 
maternal milk is associated with development 
of cow’s milk allergy suggesting that low IgA 
in milk is associated with defective exclusion of 
food antigens.94 The composition of milk differs 
in mothers of premature infants from those from 
mothers of full-term infants. Higher concentra-
tions of epidermal growth factor and transforming 
growth factor-alpha which are trophic peptides 
that support recovery of injured gastrointestinal 
mucosa have been found in milk from mothers 
with extremely preterm babies.95

Maternal malnutrition is associated with 
decline in total milk IgA, C3, and C4 and lower 
thymic weight in infants.96 Perinatal supplemen-
tation of malnourished mothers with vitamin A 
leads to higher levels in milk postpartum and 
decreased infections and morbidity in infants in 
the perinatal period.97 Low levels of fatty acids, 
such as decosahexanoic acid in maternal milk 
correlate directly with low levels in malnourished 
children. Recent studies show that bioactive 
immune mediators in milk such as transforming 
growth factor-beta and soluble CD14 receptor 
(sCD14), the bacterial pattern recognition 
receptor, are key elements in regulating the 
development of neonatal immunity. Mammary 
epithelial cells produce sCD14 in response to 
lipopolysaccharide (LPS) or bacteria, which acti-
vates intestinal epithelial cell secretion of IL-8, 
TNF-alpha, and epithelial neutrophil activator.98 
Another study showed that supplementation 
with fi sh oil during pregnancy leads to increased 
omega-3 polyunsaturated fatty acid levels that 
correlate with increased IgA and sCD14 levels, 
suggesting a possible fundamental relationship 
between fatty acid status and mucosal immune 
function.99

HOST DEFENSE IN PROTEIN-CALORIE 
MALNUTRITION

PCM, sometimes termed protein-energy malnu-
trition, is the most common cause of secondary 
immune defi ciency in the world because of wide 
spread chronic and seasonal food shortages, as 
well as chronic poverty, the deprivations of war, 
and maternal malnutrition.100 PCM may involve 
energy defi ciency, protein defi ciency, and vita-
min and mineral deprivation. If prolonged, PCM 
produces wasting and stunting. Protein insuffi -
ciency alone, with or without infection, causes 
edema associated with hepatomegaly from fatty 
infi ltration of the liver. The clinical manifesta-
tions are related to type, severity, and duration 
of nutritional impairment and may be subclini-
cal, reversible, or irreversible depending upon 
availability of treatment, presence of other dis-
eases or complicating disorders, and the degree 
of damage. Classically, PCM is divided into 
two types—marasmus and kwashiorkor. Maras-
mus is caused by total calorie defi ciency, and 
is characterized by chronic wasting and gross 
underweight. Kwashiorkor develops due to protein 
defi ciency in the diet and causes moderate growth 
retardation. Children with kwashiorkor have a 
characteristic moon facies and altered hair and 
sad appearance.59 Vitamin and mineral defi cien-
cies are commonly found in both marasmus and 
kwashiorkor. The causes of protein defi ciency 
include use of low-protein milk substitutes such 
as rice “milk,” which contains no milk product 
and other substitute beverages.101–103

Malnutrition can be classifi ed as either pri-
mary or secondary. Primary malnutrition is 
caused by inadequate calorie and nutrient intake. 
Although calorie intake is presumed to be ade-
quate in developed countries, inadequate intake 
of micronutrients including vitamin A, E, cal-
cium, iron, and zinc are actually fairly common 
among children under 10 years of age although 
often goes unrecognized especially in minority 
populations.104 Primary malnutrition in infants 
can also occur through child neglect or accidental 
nutrient insuffi ciency.105,106 Rarer causes of sin-
gle nutrient defi ciency include a primary genetic 
defect in the mother that impairs zinc transport 
from blood into breast milk and leads to second-
ary zinc defi ciency in infancy107 and inheritance 
of the autosomal recessive zinc transporter muta-
tion AE in the infant.108

Primary malnutrition is associated with atro-
phy of lymphoid organs and profound immune 
malfunction leading to susceptibility to pathogens, 
reactivation of viral infections, and development 
of opportunistic infections. Malnutrition in the 
neonatal period and early childhood can lead 
to severe immune defi ciency and high mortal-
ity. Although the effects can be broad, impaired 
T-cell responses secondary to effects on thymic 
architecture and function are the most com-
mon. The thymus is central to the development 
of controlled adaptive immunity in providing 
the microenvironment in which bone-marrow-
derived progenitors undergo proliferation, T-cell 
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receptor rearrangement, and thymocyte differen-
tiation into mature T cells.109 Congenital thymic 
absence, DiGeorge syndrome, is associated with 
recurrent infections, which can be fatal. Other 
developmental anomalies that stem from chromo-
some 22q11 deletions comprising the CATCH-
22 (cardiac defects, abnormal facies, thymic 
hypoplasia, cleft palate, and hypocalcemia) 
group of disorders may also have clinically sig-
nifi cant immune defi ciency in association with 
reduced thymic function.110 A zinc fi nger gene, 
ZNF74, has been identifi ed in the commonly 
deleted region.111 Nutritionally caused thymic 
involution is very similar to congenital thymic 
aplasia in terms of effects on immune function 
and host defense. Measurements of thymic size 
and the frequency of T-cell receptor excision 
circles indicate that both thymus size and func-
tion are sensitive to perinatal malnutrition.8 A 
small thymus at birth in infants born in impov-
erished environment predicts an increase in risk 
of infection related mortality in infancy.112 Sea-
sonal variations in breast milk associated with 
food shortages leading to reduced levels of IL-7 
is a possible mediator of these effects.8

Thymic atrophy caused by PCM is associ-
ated with hormonal imbalance, loss of leptin, and 
increase in serum glucocorticoid level. Leptin 
levels normally increase acutely during infec-
tion and infl ammation,113 but this does not occur 
in PCM. The reduction of serum leptin levels 
and insulin-like growth factor-1 in marasmus 
and kwashiorkor114 may compromise response 
to infection. Loss of immune function in mal-
nourished children correlates with low leptin 
levels, and refeeding leads to increase in leptin 
levels and immunological recovery.115 Immune 
structure and function are more compromised in 
edematous PCM than in nonedematous PCM. 
Children who are malnourished mount a partial 
acute phase response to infection and this defect 
is more marked in children with kwashiorkor, 
the edematous form of PCM.116 Differences have 
been observed at the level of specifi c protein 
pools suggesting that in kwashiorkor expansion 
of the haptoglobin pool was due to reduction 
in the rate of catabolism relative to the rate of 
synthesis. Infections are commonly found. For 
children living in a rural environment in a devel-
oped country, one study reported that one-third 
of all patients hospitalized for malnutrition had 
bacterial infections.117 Host response to infection 
is also altered. Well-nourished children show a 
relative increase in B lymphocytes in response 
to bacterial infection, while B cell response was 
signifi cantly reduced in malnourished children.118 
In general the humoral immune response is rela-
tively preserved, although serum levels of IgA1, 
IgA2, and C4 tend to be higher than in normal 
children, serum level of C3 and the proportion 
of B cells are signifi cantly lower.119 IgE levels 
are lower even among asthmatic children.120 
Although response to vaccines is often effec-
tive,121 there is reason for caution as relatively 
few studies have examined the potential long-
term effects of neonatal nutrient defi ciency.

Nutrient defi ciencies may have an indelible 
effect during critical periods of early develop-
ment by exerting an imprinting effect on the fun-
damental program of future development. This 
concept, advanced by Barker as “developmental 
origins of health and disease” hypothesis,122 has 
been applied to nutritional status at birth by Dob-
bing123 and to immune response.7,124 Mc Dade 
and colleagues reported that adolescents who 
were small for gestational age at birth had lower 
thymopoietin levels when compared with adoles-
cents who were appropriate for gestational age at 
birth. In both groups thymopoietin level during 
adolescence correlated with growth in length dur-
ing the fi rst year of life. In addition, the probabil-
ity of mounting a positive antibody response for 
adolescents who were small for gestational age 
and also undernourished at the time of immuniza-
tion was lower compared to adolescents who were 
appropriate for gestational age.124 Moore and col-
leagues have reported similar fi ndings in adults 
using the same purifi ed Vi surface polysaccha-
ride extracted from Salmonella typhi. Interest-
ingly while they found a correlation for both IgG 
and IgM antibody response to Vi vaccine with 
birth weight, they did not fi nd this for rabies or 
typhoid. The studies suggest that polysaccharide 
T independent immune response may be specifi -
cally compromised by fetal growth retardation.8

Secondary malnutrition can be caused by 
reduced intake of food, malabsorption, impaired 
nutrient utilization, and nutrient losses associated 
with chronic infection and many other clinical 
conditions as well. Examples include infl amma-
tory bowel disorders, celiac disease, chronic ane-
mia, renal disorders, and cystic fi brosis. In both 
primary and secondary malnutrition, understand-
ing of the relevant genetic mechanisms can be 
helpful in approaching the clinical manifestations. 
Genetic mechanisms of malnutrition that affect 
susceptibility to infectious disease include muta-
tions affecting metabolism of the trace elements 
zinc, iron, and copper, and several vitamins as well 
as those underlying complex, inherited disorders 
such as cystic fi brosis and celiac disease. Primary 
malnutrition impairs immunity impeding host 
response to infection, but these effects are revers-
ible with nutrient repletion. However, calorie and 
nutritional supplement alone cannot resolve the 
secondary malnutrition with organic etiology.

Obesity is emerging as a malnutrition syn-
drome that develops when energy intake exceeds 
expenditure. Human obesity often becomes a per-
manent condition and appears to involve changes 
in the neural-endocrine network that regulates 
energy intake, expenditure, and storage125 Leptin, 
the adipocyte-secreted hormone that regulates 
weight centrally and ghrelin, a gastrointestinal 
hormone regulating feeding and energy balance, 
are signals in this system. Leptin has cytokine-
like activities and acts as a mediator for the 
interactions of nutritional status with neuroen-
docrine and immune responses. Leptin produc-
tion increases acutely during infection perhaps 
in response to glucocorticoids and is higher in 
survivors of sepsis.125,126 Leptin defi cient mice 

show increased mortality from bacterial infec-
tions.69 Congenital human leptin defi ciency is a 
rare cause of severe early-onset obesity charac-
terized by absence of leptin and carries a high 
risk of death due to infection in childhood.127,128 

Obesity-prone individuals appear to have 
an inborn reduction in their catabolic responses 
to glucose, leptin, and insulin.128,129 Elevated 
circulating leptin levels are characteristic in 
obesity and may contribute signifi cantly to the 
reported low-grade systemic infl ammation128 
and perhaps to the high incidence of atopy.130 
Generally the incidence and severity of specifi c 
types of infectious illnesses are higher in obese 
persons.131 Weight loss in obesity is associated 
with improved immune function in vitro.132 The 
genetic interactions between leptin and its recep-
tor are affected by host polymorphisms, some 
of which are associated with increased BMI and 
may promote the immune dysfunction associated 
with obesity and risk of non-Hodgkin lymphoma 
as recently proposed.133 A Common inherited 
IL-6 promoter polymorphism has been linked 
to increased serum leptin and increased BMI 
suggesting a functional relationship since IL-6 
which increases acutely in infection also reduces 
fat mass.134 Obesity may also involve altered 
metabolism secondary to changes in microfl ora. 
The gut microbiota as a whole is essential for 
production of short chain fatty acids from poly-
saccharides, and is a regulator of host metabo-
lism through direct effects on fat storage.135 A 
direct role for viral infection in obesity has also 
been proposed136 and may operate through some 
of these mechanisms.

MICRONUTRIENTS AND 
IMMUNE FUNCTION

Selective micronutrient defi ciencies can occur 
when food and calorie intake is adequate. Iron, 
copper, and zinc defi ciencies are the most com-
mon. Results from a large double blind trial of 
fortifi ed milk in preschool children showed that 
intervention was associated with reduced mor-
bidity from diarrhea, respiratory infections, and 
other illnesses, as well as improved iron status 
and growth.137 Selenium defi ciency occurs in 
environments where selenium levels are low in 
the soil or where bioavailability is limited. As a 
constituent of selenoproteins, selenium is needed 
for the functioning of neutrophils, macrophages, 
NK cells, and T lymphocytes. Mild selenium 
defi ciency is relatively widespread and appears 
to worsen viral infection.138 Selenium and vita-
min E defi ciency in the mouse have been shown 
to promote the virulence of Coxsackie B3 virus 
and infl uenza by inducing genetic changes in 
the genomes of the viruses.139 Selective micro-
nutrient defi ciency frequently occurs in patients 
with underlying systemic illnesses, chronic viral 
infection, and in low-birth-weight infants.140,141 
Low dietary intake of antioxidant nutrients can 
infl uence both response to infection or produce 
an infl ammatory state that mimics infection. Nair 
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and colleagues142 observed that patients with 
gastritis had reduced alpha-tocopherol levels in 
serum and mucosa irrespective of Helicobacter 
pylori infections, whereas carotenoids and ascor-
bic acid levels were similar to controls. Infl am-
mation induced by H. pylori infection, especially 
with the CagA positive strain, is associated with 
decreased gastric vitamin C into the gastric lumen 
in children.143 Studies in mice show that vitamin 
C and the carotenoid, astaxanthin, show antimi-
crobial activity against H. pylori that appeared 
to be mediated by altered immune response char-
acterized by a shift from a Th-1 type immune 
response to a mixed Th-1/ Th-2 response, which 
was dominated by IL-4 and IFN-gamma produc-
tion.144 Strains of H. pylori that were rendered 
more sensitive to antioxidants were less able to 
colonize the gastric mucosa suggesting that both 
antioxidant as well as immune mediated effects 
could be signifi cant.145

Trace elements and vitamins perform antioxi-
dant functions through participation in enzyme-
catalyzed reactions. These reactions are essen-
tial to offset potential oxidative damage caused 
by free radical formation. Three antioxidant 
enzymes, the copper, zinc, and manganese super-
oxide dismutases, require trace metals for biologi-
cal activity. In addition, micronutrients are pivotal 
regulators of cytokine production. Intracellular 
redox balance has a signaling role in immune cell 

development and function and the antioxidant 
effects of micronutrients regulate cytokine pro-
duction.146 Table 1 summarizes the role of key 
micronutrients in regulation of immune response. 
The implications and signifi cance of these func-
tions for the development of immune response to 
pathogens are outlined below: 

Iron

The controversy about iron supplementation 
has continued over several decades because of 
concern that excess, or inappropriate timing of 
iron repletion, would promote bacterial growth. 
The current consensus is that iron supplementation 
has a high probability of adversely affect-
ing outcome in individuals who present with 
concurrent infection or who carry genes 
predisposing to iron overload.147 Iron overload 
secondary to blood transfusion is a serious com-
plication of beta thalassemia that increases both 
risk and severity of infection.148,149 Circulating 
levels of micronutrients (vitamins A and E, zinc, 
selenium, and copper) are lower in children with 
thalassemia maintained by red cell transfusion 
compared to age matched controls.150 In heredi-
tary hemochromatosis, a disorder of increased 
iron uptake, there is a paradoxical iron defi ciency 
of macrophages, which may actually result in 
increased resistance to bacterial pathogens.151 
Iron chelation therapy in Plasmodium falciparum 

infection alleviates the clinical course of cerebral 
malaria in children. However, the basis of this 
appears to be enhanced generation of NO rather 
than reduced iron availability to the parasite.152

Iron defi ciency anemia in children is associated 
with reduced neutrophil oxidative bust activity and 
reduced levels of IgG4.70 Iron supplementation 
has a signifi cant and positive effect on iron status 
in anemia secondary to malaria and no impact on 
the incidence of malarial infection.153 Vegetar-
ian diet and H. pylori infection can be causes of 
iron defi ciency anemia.154,155 Pangastritis is more 
common in children whose H. pylori infection 
is accompanied by anemia.143 Experimental iron 
defi ciency leads to upregulation of apical iron 
transport-related proteins, transferrin receptor 
and heme oxygenase, and copper loading genes, 
and decreased expression of genes involved in 
the oxidative stress response.39

Zinc

Zinc defi ciency affects about one-third of the 
world’s populations and is a frequent complication 
of PCM.156 Zinc defi ciency is also a signifi cant 
complication of IgA defi ciency, fetal alcohol syn-
drome, sickle cell disease, enteritis, celiac disease, 
and many forms of diarrhea.7,157,158 Zinc defi ciency 
presenting as dermatitis similar to AE can be a sign 
of cystic fi brosis.159 Zinc is an essential cofactor 
for the activity of many enzymes including thymic 

Table 1 Regulatory Effects of Micronutrients on Immune Response 

Nutrient Target cell Effect Mechanism

Zinc T cell, NK cell, B cell  • Defi ciency promotes infection, impairs immune  • Defi ciency causes glucocorticoid mediated early T cell
   response, ↓ hematopoiesis  and B cell apoptosis
  • Lymphopenia, dermatitis, enteritis • Required for thymic hormone function
  • ↓ Thymic activity • Required for activity of >100 enzymes
  • ↓ Antioxidant enzyme activity • Required for zinc fi nger dependent transcription factors
Iron T cell, monocyte • Iron defi ciency causes ↓ neutrophil oxidative burst activity  • Promotes Th-2 response, ROS production needed for
   and ↓IgG4 levels  intracellular killing; chronic ROS linked to immune dysfunction
  • Anemia linked with mortality in HIV Iron excess causes • Promotes bacterial growth, enhances HIV viral replication
   infection in the genetically susceptible host • Host polymorphisms, HFE  gene affect regulate iron 
Copper Monocyte, • Defi ciency leads to infections  • Modulation of MHC Class II expression
    T cell, neutrophil • Defi ciency ↓ proliferation, phagocyte activity • Affects selenoglutathione peroxidase activity
    • Reduces IL-2 response
Selenium Monocyte • Defi ciency suppresses antigen presentation • Antioxidant
  • Repletion ↑proliferation • Affects IL-2 response, regulates NF kappa B
  • Defi ciency linked to ↑ HIV infection  • May interact with viral genes
Vitamin A T cell, NK cell, B cell  • Defi ciency causes infections, mortality from infections, ↓ NK activity • Promotes Th-2 cytokine and IgA production
  • Repletion improves gut integrity at weaning • Inducer for gut-homing of T cells
  • Repletion reduces morbidity, mortality from infections • IL-2 receptor beta, interferon regulatory factor, transcription  
     factor mRNA
    • Affects IL-12 and IL-10 production
Vitamin C Phagocyte • Promotes phagocytic and NK activity • Decreases monocyte response to LPS
  • Reduces stress IL-6 response • Increases phagocytosis
  • Improves response to strep infection  • Increases NK activity
  • Reduces growth of Helicobacter pylori
Vitamin D, T cell, B cell, monocyte, • Vitamin D3 affects differentiation, maturation, and function of cells • Functions through a nuclear receptor, vitamin D receptor (VDR)
   1,25-dihydroxy-    macrophage, dendritic   which binds to response elements in target genes
   vitamin D3    cell
  • Vitamin D3 suppresses autoimmune disease in animal models • Affects differentiation of monocytes, dendritic cells
  • Vitamin D defi ciency promoted TB infection  • VDR polymorphisms regulate response to mycobacteria, 
     hepatitis B, infl ammatory bowel disease through TLR signaling
Vitamin E T cell, B cell, monocyte • ↑ Proliferative, IL-2 response in vitro • Modulates cyclic AMP response element binding proteins
  • Improves skin test response • Affects prostaglandin production
  • Defi ciency may promote viral virulence
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hormone.10 Defi ciency leads to reduced Th-1 
cytokines and thymic hormone activity11,160,161 
and to lymphopenia.162 Zinc supplementation 
improves host defense in severely malnourished 
children.163 Prolonged defi ciency causes repro-
gramming of the immune system, beginning with 
activation of the HPA (hypothalamic pituitary axis) 
causing chronic production of glucocorticoids that 
accelerates apoptosis among early T and B cells.12 
Zinc defi ciency induced in human volunteers led 
to decreased IFN-gamma and IL-2 production 
but not IL-4, IL-6, or IL-10.9 Zinc inhibits LPS-
induced TNF-alpha and IL-1-beta release from pri-
mary human monocytes by inhibiting the enzyme 
activity of phosphodiesterase leading to increas-
ing intracellular cycic GPM (cGMP) (guanosine 
3',5'-cyclic monophosphate) levels.164 A recent 
study suggests that the enhancing effect of zinc on 
Th-1, cytokine response in cultured human periph-
eral blood cells, is mediated by NK cell upregu-
lation and increased IFN-gamma production.165 
The implications for enhancement of immune 
response, for example, to vaccine, may be complex 
as shown by a recent study of response in children 
to subunit B cholera toxin. Although zinc supple-
mentation enhanced vibriocidal antibody response, 
cholera toxin response was suppressed.166 

The autosomal recessive genetic defect of 
zinc absorption, AE, presents in infancy as skin 
lesions, diarrhea, alopecia, and increased inci-
dence of infections caused by severe immune 
defi ciency.60 Immune defects in AE range from 
severe thymic atrophy and profound lymphopenia 
to skin test anergy and loss of NK cell activity.11 
AE is centrally caused by mutations in SLC39A4, 
which encodes a ZIP zinc transporter protein. 
Increased zinc availability increases expres-
sion of zinc transporters and therefore patients 
with AE respond to increased zinc supplementa-
tion.167 Differential mRNA display and cDNA 
array analysis have identifi ed zinc-regulated 
genes. Dietary zinc intake, high or low, affected 
about 5% of genes in the monocytic/macrophage 
THP-1 cell line. Many needed for host defense 
were among those identifi ed as zinc responsive, 
including cytokine receptor genes and genes 
associated with amplifi cation of the Th1 immune 
response.168 A recent study examined the effect 
of modest zinc supplementation in healthy volun-
teers on immune function. TNF-alpha and IL-1-
beta expression were greater in activated mono-
cytes and granulocytes, and IFN-gamma mRNA 
levels were higher in activated T lymphocytes 
compared to baseline.169 Zinc-fortifi ed formulas 
have been used to improve both linear growth 
and immunocompetence as shown by improved 
delayed type hypersensitivity, enhanced lympho-
proliferative responses, and increased salivary 
IgA in severely malnourished infants.170 

Copper

Copper and zinc deficiencies are com-
mon in children with hypoproteinemia and 
anemia and this leads to reduced antioxidant 
function as measured by Cu/Zn superoxide 

dismutase (SOD-1) activity.171 Transgenic mice 
overexpressing SOD-1 demonstrate a signifi cant 
increase in macrophage release of TNF-alpha and 
the metalloproteinases.172 Zinc competes with 
copper for gastrointestinal uptake, and increased 
zinc intake can induce copper defi ciency causing 
clinically signifi cant neutropenia.173 The IL-2 
response is reduced in copper defi ciency174 and 
marginal copper defi ciency may lead to immune 
dysfunction.175 Serum copper or ceruloplasmin 
levels refl ect the severity of malnutrition.176 

Copper also interacts with iron since cerulo-
plasmin, which contains most of the plasma cop-
per, is a ferroxidase. Ceruloplasmin facilitates 
release of tissue iron into plasma by oxidizing 
ferrous iron into ferric iron, which is then bound 
to transferrin for delivery to the bone marrow for 
hematopoiesis. Aceruloplasminemia is an inher-
ited disorder of iron metabolism.177 Copper trans-
porting P-type ATPases, ATP7A, and ATP7B, 
maintain copper balance. Impaired intestinal 
transport of copper, resulting from mutations in 
the ATP7A gene, leads to Menkes disease. Defects 
in a similar gene, the copper transporting ATPase 
ATP7B, result in Wilson disease. This ATP7B 
transporter has two functions: transport of copper 
into the plasma protein ceruloplasmin, and elimi-
nation of copper through the bile.178

Selenium

Selenium is an important micronutrient for 
health179 and is critical for antioxidant function 
acting via the selenium-dependent enzyme, gluta-
thione peroxidase, to protect cellular membranes 
and organelles from peroxidative damage. Soil 
defi ciencies of selenium and iodine are common 
in some countries such as New Zealand, Aus-
tralia, Finland, and in parts of China.180 Sele-
nium defi ciency can be a critical component of 
PCM and is linked with congestive heart failure 
in this setting.181 Juvenile cardiomyopathy (Kes-
han) appears to involve both selenium defi ciency 
and enteroviral infection. Experimental studies 
suggest that selenium defi ciency enhances viral 
virulence.182 Selenium has been used in vitro to 
correct membrane fl uidity, IL-2 production, and 
IL-2R expression in patients with chronic hepati-
tis, which were signifi cantly lower than controls.53 
Some studies have suggested that risk of cancer is 
increased in selenium defi ciency.183,184 Seleno-
proteins are an important component of the anti-
oxidant host defense system affecting leukocyte 
and NK cell function.185 Selenium is emerging 
as a critical micronutrient in host defense against 
viral infection since selenium defi ciency is asso-
ciated with progression in HIV disease and in 
viral shedding.186,187

Antioxidant Vitamins

The antioxidant vitamins, vitamin E, C, A, and 
the precursor of vitamin A, beta-carotene, are 
cofactors in immune response. Vitamin A (reti-
nol) is a key micronutrient needed for resolution 
of infection. In environments with endemic low 
levels of vitamin A, supplementation signifi cantly 

reduces childhood mortality.188 Vitamin A has 
long been appreciated as a signifi cant factor in 
the severity of infection such as measles, rota-
virus diarrhea, and HIV in the malnourished 
host.189,190 Reduced levels of serum trans-retinol 
are common in infants of HIV-1 infected moth-
ers.191 Xerophthalmia is associated with child-
hood infections such as measles, diarrhea, and 
respiratory tract infections among hospitalized 
children.192 Respiratory infection and diarrhea 
can be signs of subclinical low levels of vitamin 
A.193 Serum retinol and provitamin-A as well 
as carotenoid concentrations are lower in chil-
dren with acute phase infections compared to 
healthy controls and correlate inversely with C-
reactive protein suggesting decreased synthesis 
or increased utilization of these antioxidants in 
infection.194 Low vitamin A levels are associated 
with the occurrence of chronic bacterial infec-
tions and splenomegaly as well as high neopterin 
levels in common variable immune defi ciency or 
hypogammaglobulinemia.195 Supplementation in 
vivo led to improved immune function in vitro.

Vitamin A defi ciency impairs both Th1 and 
Th2 mediated immune responses, although Th2 
responses seem to be principally affected.196 
Vitamin A defi ciency at the time of antigen expo-
sure induces secretion of T regulatory IL-10 and 
diminishes Th-1 memory cell response in the 
mouse.197 Organized vitamin A supplementation 
in areas of endemic defi ciency is benefi cial for 
protection against diarrhea and acute respiratory 
infections.198 The mechanism of vitamin A pro-
tection against morbidity of infections has not 
been clarifi ed. To address this issue, a large study 
of children less than 2 years of age were followed 
in randomized, double-blind, placebo-controlled, 
vitamin A supplementation trial and IL-4, IL-6, 
IFN-gamma, and gastrointestinal pathogens were 
evaluated in stool. Vitamin A-supplemented chil-
dren infected with enteropathogenic E. coli had 
reduced IL-4 and IFN-gamma levels but increased 
IL-4 levels when infected with Ascaris lumbri-
coides. IL-4 levels increased and IFN-gamma 
levels decreased among vitamin A-supplemented 
children with diarrhea compared with the placebo 
group. These fi ndings suggest that the effects of 
vitamin A may depend on the infecting enteric 
pathogen and clinical stage.199

Vitamin E is a strong antioxidant that can 
support monocyte/macrophage-mediated resp-
onse.200,201 Vitamin E infl uences T cell function 
by down modulating prostaglandin E2 in elderly 
subjects.202 Current studies suggest that vitamin E 
defi ciency may enhance virulence in viral infec-
tions.139 Vitamin E supplementation enhances 
proliferative response in vitro 203 and improves 
IL-2 cytokine response.204 Vitamin E defi ciency 
causes reduced transferrin receptor internaliza-
tion in the mouse, which suggests restriction of 
intracellular iron stores that would be needed for 
cellular function and proliferation.205 A recent 
study has shown that antioxidant defi ciency is 
common in a very large cohort of cystic fi brosis 
patients. Carotenoid and vitamin E defi ciencies 
were found to occur early in the course of the 
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disease and level of antioxidants decreased with 
bronchial infection.206

Vitamin C is a regulator of redox and meta-
bolic checkpoints controlling activation and sur-
vival of immune cells. In vitro studies have shown 
that vitamin C selectively infl uences cytokine pro-
duction in response to LPS by reducing the num-
ber of monocytes producing IL-6 and IL-2 without 
affecting IL-1 and IL-8.207 Ascorbate regulates the 
phagocytic process by decreasing free radical pro-
duction and thus potentially reduces the severity of 
the endotoxin response.208 During stress exercise, 
contracting skeletal muscle is a major contributor 
to the exercise-induced increase of plasma IL-6; 
supplementation with vitamins C and E attenu-
ates this response.209 Vitamin C concentrations in 
the plasma and leukocytes decline during infec-
tions and stress. Supplementation with antioxidant 
vitamins including vitamin C has been shown to 
improve immune response to group A streptococ-
cal infection compared to penicillin alone.210 Sup-
plementation may enhance phagocytosis and NK 
cell activity,211 H. pylori infection is associated 
with a decrease in gastric juice ascorbic acid con-
centration; this effect is greater in children infected 
with the CagA-positive strain A.143 Both vitamin C 
and astaxanthin, a carotenoid, show antimicrobial 
activity against H. pylori that may be mediated 
through immune mechanisms.212

MALNUTRITION AND CHRONIC 
INFECTION

Chronic infection commonly involves malab-
sorption and malnutrition that is associated with 
altered cytokine patterns affecting both regional 
and systemic immune response altering metab-
olism and growth. Although less prevalent in 
industrialized countries, chronic infections such 
as HIV and M. tuberculosis are signifi cant prob-
lems in which host defense is affected by nutri-
tional status. When recent immigrant populations 
are included, otherwise highly unusual parasitic 
infections must be considered as signifi cant 
chronic infections in children living in developed 
countries.213,214 In these infections, nutrient defi -
ciencies are associated with reduced host defense. 
In contrast to studies in the mouse where short-
term starvation induced hepatitis B viral replica-
tion,215 dietary restriction of total calories, fat, 
iron, and protein in adult patients with chronic 
hepatitis C virus reduces serum alanine amino-
transferase levels without adverse effect.216

HIV Infection

Malnutrition continues to be a signifi cant prob-
lem in pediatric HIV infection. Studies show that 
micronutrient impairment is causally associated 
with the course of infection and progression of 
immune dysfunction.217,218 Nutritional interven-
tion may restore intestinal absorption and increase 
CD4 cell numbers.219 Vitamin A deficiency 
is common in HIV infection and low maternal 
serum retinol level is a risk factor for mother-
to-child transmission. Postpartum maternal and 

neonatal vitamin A supplementation of HIV-
positive infants prolongs survival.220 However, 
the same supplementation regimen increased 
progression to death for breast-fed children 
who were HIV negative at 6 weeks and infected 
through breast milk.220 New studies have revealed 
a relationship between mannose-binding lectin 
(MBL) gene polymorphisms and response to vita-
min A in HIV infection. MBL-2 allele variants are 
associated with defi ciencies in innate immunity, 
which correlate with susceptibility to HIV infec-
tion. MBL is a component of the innate immune 
system that binds to carbohydrate ligands on the 
surface of many pathogens and activates the lec-
tin pathway of the complement system. Study of 
HIV transmission in a supplementation study of 
vitamin A plus beta-carotene showed that infants 
with MBL-2 variants in the control arm showed 
increased maternal HIV transmission compared 
to the supplementation arm.221 The study sug-
gests that vitamin A plus beta-carotene corrected 
the effect of the MBL variant in increasing risk of 
HIV transmission. Selenium defi ciency increases 
the virulence of HIV and enhances disease pro-
gression, whereas supplementation reduces high 
levels of IL-8 and TNF-alpha.222 Lipodystrophy 
is an increasingly common complication of anti-
retroviral therapy for HIV infection that is prev-
alent in children. The lipodystrophy syndrome 
includes both fat accumulation and wasting, and 
is often accompanied by metabolic derangements 
in glucose and lipid metabolism.223 Lipodystro-
phy appears to refl ect a chronic mitochondrial 
toxicity that may be linked to HIV infection and 
L-carnitine defi ciency.224 L. carnitine is a non-
essential micronutrient that regulates fatty acid 
transport into mitochondria and also modulates 
immune function and the effects of supplementa-
tion are currently being studied. 

Tuberculosis

Generally declining rates of TB in industrial-
ized countries have lead to less rigorous surveil-
lance. However, TB is an important opportunistic 
pathogen that can lead to signifi cant infection 
in persons with nutritional insuffi ciency such as 
anorexia nervosa225 and is a major coinfection 
in HIV disease.226 International adoptees are at 
high risk for TB and progression to active TB 
infection.227 The natural history and clinical 
manifestations are different in children and are 
associated with the age at infection and the host 
immune status. Primary malnutrition increases 
the incidence and exacerbates clinical manifesta-
tions of TB infection. Experimental studies in the 
mouse have shown that PCM reduces production 
of IFN-gamma, TNF-alpha, and NO after infec-
tion leading to a decreased granulomatous reac-
tion, higher lung bacillary load, and a more fatal 
TB course than in well nourished control mice, 
and that this could be reversed by restoring a diet 
with normal protein content.228,229 Iron status is 
recognized as a potential cofactor in TB infection 
and progression since excess iron could enhance 
growth. Host polymorphisms in genes that regu-
late iron handling candidate genes, haptoglobin 

and natural- resistance-associated-macrophage 
protein-1, may be important discriminators for 
the pathogenesis of TB.230 Selenium status also 
affects the pathogenesis of mycobacterial disease 
in adults with both HIV and TB infection.231

Vitamin D defi ciency and vitamin D receptor 
polymorphisms are associated with an increased 
risk for TB infection.232 In vitro studies show that 
1,25-dihydroxyvitamin, the most active form of 
the vitamin, enhances mycobacterial killing by 
increasing NO production. Aerosol-challenge 
with M. bovis in the NO synthase 2 [NOS2(���)] 
defi cient mouse leads to increased mycobacterial 
colonization and lesion formation compared to 
the wild-type mouse. Infected NOS2(���) mice 
developed severe necrotizing pyogranulomatous 
infl ammation.233 Lung colonization and lesion 
area of vitamin D defi cient mice was greater 
compared to vitamin D replete mice, regardless 
of NOS2 phenotype demonstrating a fundamen-
tal role for vitamin D but also suggesting that 
vitamin D also has NO-independent effects. A 
role for the NO defense pathway human response 
to TB has been proposed.234 

Endemic Infection

Parasitic infections cause malnutrition and impair 
host immune response, and are affected by host 
nutrition and immunity. Intestinal hookworm 
causes signifi cant anemia.235 Blood loss is directly 
proportional to the intensity of infection. Even 
a modest infection of Necator americanus can 
result in blood loss that exceeds physiologic daily 
requirements. Light infections of Ancylostoma 
duodenale may cause severe anemia in an infant 
that is diffi cult to correct with iron supplementa-
tion alone. Heavy infections with Ascaris may 
result in malabsorption, mild anemia, and wast-
ing. The worm metabolizes vitamin A and heavy 
infections have been associated with vitamin A 
defi ciency. Micronutrient defi ciencies are com-
mon in parasitic infections.236 Zinc defi ciency 
impairs immune response to intestinal nematode 
infections at both systemic and intestinal level.237 
Infection also alters host nutritional since diar-
rhea promotes zinc loss. Giardiasis increases the 
serological levels of copper, while zinc and iron 
levels are decreased due to malabsorption.238 
CD4� Th2 cells are critical for host protection 
while Th1 response actually inhibits protective 
immunity to nematode infection. IL-4, a Th2 
cytokine, is required for protection and can also 
limit severity of infection. Protein malnutrition 
may increase the survival of nematode para-
sites by decreasing gut-associated IL-4 (Th-2) 
and increasing IFN-gamma (Th-1), leading to 
reduced intestinal and systemic Th-2 effector 
responses.239

One study of US immigrants reported that 
the most common pathogens were Trichuris 
trichiura, Giardia lamblia, and A. lumbricoides. 
G. lamblia was more prevalent in the younger 
than 5-year-old age group, and helminths were 
more prevalent in the 6- to 10-year-old age 
group. No helminths were found in immigrants 
who had been in the US for more than 3 years. 
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Infection caused by intestinal parasites irritates 
the GI tract, causes pain, anorexia, fl atulence, 
tenderness, and affects the host nutrition directly 
as a result of infl ammatory and noninfl ammatory 
diarrhea. Host response mechanisms include 
accelerated epithelial cell turnover.240 Trace 
element defi ciencies affect the host pathogen 
interaction. Examples include the exacerbating 
effect of selenium defi ciency on Trypanosoma 
cruzi, which is responsible for Chagas disease.241 
Malnutrition can cause an imbalance in T cell 
subpopulations that may lead to a defective T cell 
maturation and a decreased specifi c anti-Asca-
ris IgE response and worsens infection with A. 
lumbricoides.242 Malaria causes the most serious 
nutritional consequences of any major parasite. It 
infects the placenta and compromises blood fl ow 
to the fetus, causing low-birth-weight. It also 
causes PCM in pregnant and lactating women 
and young children. Anemia, recurrent fever with 
acute phase cytokine responses, vomiting, and 
anorexia all produce adverse nutritional conse-
quences in an already fragile child or pregnant 
woman. Recent investigation suggests that micro-
nutrients such as vitamin A, vitamin E, and zinc 
may improve the morbidity of malaria through 
immune modulation and alteration of oxidative 
stress.243
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