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INTRODUCTION

The relationships among iron nutrition, an individual's susceptibility
to infectious disease, and the host immune response have been exam-
fned in human fleld studies, in clinical cases, and in experimental ani-
mal models. Taken as a whole, this literature is plagued with contra-
diction and controversy. An apparent paradox has emerged suggest-
ing that an imbalance in iron status, whether it i{s a deficiency or en
excess of iron, may lead to altered susceptibility to infectious disease.
This chapter reviews some of the research in the area published
through 1983.

The significance of the relationship between iron and the course of
infectious disease cannot be overemphasized. Iron-deficiency anemia
and suboclinical iron depletion are common health problems and repre-
sent the most prevalent single nutrient deficiency in the world. Iron
deficiency is frequently found in infancy and early childhood. when
rapid growth produces a high requirement for iron, and in women of
reproductive age when menstrual blood losses and pregnancies deplete
the body's iron reserves. Traditionally iron deficiency in adult males
has been though to be rare, but some recent evidence indicates that
it may indeed be a problem in some population groups (1).

As a result of the recognition of the incidence of iron deficiency,
a variety of strategies are being utilized to prevent its occurrence. In
many countries foodstuffs are fortified with iron. These include pro-
ducts such ss iron-fortified infant formulas, which are targeted at a
specific population at risk, and dietary staples such as grains, which
are consumed by all segments of the populsation. In addition, iron sup-
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plementation is commonplace, especially among chiidren and adult wo-
men. Although these practices may be beneficial with regard to pre-
venting iron deficiency, there is concern that for some individuals iro
fortification of staples may result in excessive dietary iron levels (2).
8Since the susceptibility to infectious disease appears to be affected by
both deficiency and excess of iron, determination of the risks relative
to benefits of iron fortification and supplementation awaits the eluci-
dation of the role of iron in immunity.

Metabolically, there are two potential components to the role of
fron in determining the susceptibility to infection. First, there is a
competition between the host and the infecting microorganism for iron.
In both host and microbe, a variety of mechanisms have evolved to se-
quester and withhold iron. The concept of "nutritional immunity" has
developed (3) to describe the situation in which the infected host re-
distributes iron to produce a metabolic state of iron deficiency, de-
priving the infecting organism of iron needed for its growth. Second
iron may function as a component of the host immune response. At
present, it 18 not known whether the action of iron is an immunologica
one or a general biochemical function. Each of these components will
be examined, with greater emphsagis on the second.

THE COMPETITION BETWEEN HOST AND MICROBE
FOR IRON

Just as iron is an essential nutrient for animals and plants, it is also
required by microorganisms. Total iron concentrations in the tissues
of vertebrate hosts are sufficient to meet the requirement for growth
of microorganisms (4). For the invading microorganism to multiply
successfully, it must compete with the host for nutritive iron. Bac-
teria, fungi, and algae in need of iron for growth scquire iron by se-
creting a class of powerful iron chelators known as siderophores (5).
8iderophores, in concert with several enzyme systems, spontaneously
act to chelate iron from the environment, transport it into the micro-
organism, release it inside the cell, and return to the environment to
chelate additional iron.

Vertebrate hosts have evolved powerful mechanisms capsble of
withholding iron from invading microorganisms. Intracellular and ex-
tracellular iron in vertebrates is associated with a variety of proteins,
and relatively Httle is in fonic form. In addition to their other func-
tions in the body, several iron-binding proteins in flulds and tissues
that may be exposed to microbial invasion act bacteriostatically by wit
holding iron from invading organisms (8). For example, in plasma,
transport iron is tightly bound to transferrin. Under normal con-
ditions, transferrin is 25-35% saturated with {ron and severely limits
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In.most of the studies it was impossible to separate the effects of mu}-
tiple vitamin deficiencies, mineral deficiencies, and/or protein-energy
malnutrition from iron deficiency. During the repletion phase in some
studies, renourishment included provision not only of iron, but also of
diets superior In many other nutrients. Correction of clinical or mar-
ginal deficiencies of each of these other nutrients could also affect the
immune response (18). Bacterial and parasitic diseases were also pre-
valent in some of the groups studied. As described in the previous
section, both iron status and the host immune resppnse are altered as
a result of invading mieroorganiams. It becomes difficult, if not im-
possible, to separate cause-and-effect relationships in these types of
fleld studies. In few of these studies is it possible to distinguish the
anemia of infection from a true iron-deficiency anemia of nutritional
origin.

In some cases, the design included studies of clinical infections.
In other cases, however, the subjects were considered to be healthy
and subglinfoal infection was not considered as a possible contributing
factor in the immune response parameters measured. It is also very
difficult to compare results among the studies because of differences
in age, geography, nutritional status, control groups, and laboratory
methodologies.

Two of the earliest publcations most cited in support of the thesis
that iron deficiency renders the host more susceptible to infection stud-
ied iron nutrition during infancy. MacKay (19) was the first to ob-
serve that Infants recelving iron supplementation had 50% fewer respir-
atory and gastrointestinal infections than infants not given iron. To
study the utilisation of dietary iron during infancy, Andelman and
Sorod (20) provided iron-fortified formula or evaporated milk formula
without iron supplement to term infants from a low socioeconomic pop-
ulation and studied iron status and morbidity during the first 18
months of life. The incidence of iron-deficiency anemia as indicated
by hemoglobin eoncentrations, hematocrit, serum iron, and calculated
body iron content was higher in the evaporated milk-fed group (76%)
than in the iron-fortified formula-fed group (9%). Likewise, the inci-
dence of respirstory infections as reported by parents during the
first 18 months of life was significantly greater in the evaporated milk-
fed infants than in the iron-gupplemented group.

Mean hemoglobin levels characteristic of iron deficlency were found
to be associated with meningitis and pneumonis, in a retrospective
study of medicel records of hospitalized infants in Papua, New Guinea
(21). This association appeared to be independent of nutritional status
as judged by weight for age. In contrast to these studies suggesting
a relationship between iron status in infancy and susceptibility to in-
fectious disease, Burman (22) found that iron supplementation of in-
fants did not alter morbidity.

In contrast to the literature which suggests that iron deficiency
increnses the susceptibility to infectious disease, there are studies
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that suggest that iron deficiency provides protection from infectious
disease and that iron repletion reverses this protection. Masawe ct al.
(23) studied the incidence of infection among hospitaliZed Africans
with anemias of various origins. Patients were classified as having
iron deficiency, dimorphic, megaloblastic, hemolytic, or refractory
anemia. The presence of infection was determined by examination of
stools, urine, blood smears, and x-rays. A high frequency of infec-
tions was found in these snemic patients. Fewer bacterial infections
and more parasitic infections were found associated with iron-deficiency
anemia indicated by absence of stainable iron in bone marrow than with
other anemias,

Murray's research team has studied the effects of refeeding and
iron repletion on the course of infectious disease in African patients.
The Murrays (24) studied the incidence of falciparum malaria attacks
among Central African patients and their accompanying relatives after
treatment and refeeding with a hospital diet. Prior to hospitalization,
under famine conditions, malaria attacks were uncommon. Parasitemia
increased with refeeding and correspond to the early hyperferremia of
refeeding. This abrupt improvement in iron levels apparently caused
rapid multiplication of existing parasites and attacks of malaria. Somall
nomads subsist primarily on an all-milk diet, which is low in iron and
leads to a high incidence of iron-deficiency anemia. Remarkably, the
incidence of infection in the nomads is very low. For one study, the
Murrays (23) chose 137 iron-deflcient nomads (with hemoglobin levels
of 8.2 g/d1) who were free of overt signs of infection. The effect of
iron repletion on infection was studied by giving the nomads ferrous
sulfate (900 mg) or placebo tablets daily. During the month of reple-
tion, there were 7 episodes of infection in the placebo group and 36
in the iron-treated group. The results suggested that oral iron re-
pletion increased the activity of infectious disease, which had been re-
pressed during iron deficiency.

Although these observations, that treatment of anemia with iron
results in increased infection rate, are often cited in support of a
protection afforded by mild iron deficiency, the effects of excessively
high dosages of iron on infectious disease must also be considered
when interpreting the data. As indicated by Murray's study (24), ma-
laria attacks were highest during the period of hyperferremia brought
about by very high oral iron supplements. Parenteral administration
of large amounts of iron has also been associated with increased infec-
tion rate. In New Zealand, Polynesian infants have a higher incidence
of iron-deficfency anemia than European infants. Prophylactic treat-
ment of infants at risk with intramuscular iron dextran injections was
initiated in the early 1970s to prevent iron deficiency. Barry and
Reeve (26) reported a nine-fold increase in the incidence of neonatal
sepsis in iron-treated Polynesian infants compared with non-iron-
treated Polynesian infants. The termination of the practice of injecting
Polynesian newborns in New Zealand with iron dextran was accompanied
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by o dramatic fall in the incidence of the disease (27). The experience
with Polynesian infants, however, stands in contrast to the case of
fron dextran prophylaxis in Maori infants native to New Zealand.
Cantwell (28) reported a lower frequency of hospitalizations for infec-
tions in infants given iron injections at birth than in those not
injected.

Despite the controversial nature of results from human studfes,
relatively few animal models have been used to study the effects of un-
complicated iron deficiency on the susceptibility to infection. One way
of studying iron deficiency and infection is to challenge animals fed
defined diets with pathogenic organisms. It has been reported that
rats fed iron-deficient diets are significantly more susceptible to chal-
lenges of Salmonella typhimurtum (29) and Streptococcus pneumoniae
(30) than are control-fed rats.

Gastrointestinal infestation with nonbacterial parasites is a common
cause of iron-defictency anemia. Since dietary iron deficlency fre-
quently coexists with parasitic infestations, it is possible that the die-
tary deficiency potentiates infestation. A rat model has been used to
study the effects of iron deficiency on the host response to parasitic
infestation by Nippostrongylus brasiliensis. In one study, rats were
fed iron-deficient diets, infested with larvae of the parasite, and
killed after 9-28 days (31). The extent to which the rats were able to
mount a defense and expel the worms was indicated by the presence of
remaining organisms in the gastrointestinal tract at the time of killing.
Iron deficiency produced a significant delay in worm expulsion, and
iron repletion reversed the delay. Host defense to N. brasiliensis is
a multistep process. The first step, involving antibody-initiated dam-
age to the worms, appeared to be normal in iron deficiency. This sug-
gested that iron deficlency compromised a later step in the defense
mechanism, perhaps involving cell-mediated immunity or other endo-
genous mediators. In a subsequent paper, Duncombe et al. (32) re-
ported a study of the effect of iron deficiency on the susceptibility to
reinfection with N. brastliensis. Iron-deficient and control rats were
infected with the parasite, given antihelmintic chemotherapy, and then
challenged with a reinfection. Rats fed iron-sufficient diets developed
a strong acquired resistance to reinfection, but those fed the iron-de-
ficlent et did not. Iron repletion before either primary or secondary
infection restored the protective immunity, suggesting that antigenic
recognition of helmiths remained intact during iron deficiency.

From the preceding review, it s apparent that many unanswered
questions remain concerning the relationship between iron status and
susoceptibility to infectious disease. Perhaps, the best protection is
norma} iron balance achieved by consumption of a diet adequate in jron.
Imbalances caused by sither very poor diets, parenteral iron, or large
doses of iron supplemented orally disrupt the host's ablility to defend
itself against infectious disease.
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THE ROLE OF IRON (N THE IMMUNE RESPONSE .

To elucidate the functional role(s) of iron in the rﬁammaliar; host's im-
mune response, numerous components of immunological function have
been studied in iron-deficient patients and animals. Immunity is the
net result of a multicellular system in which a foreign substance inter-
acts with a wide variety of cell types and compounds produced by the
host. Immunological function can be catergorized into specific and
nonspecific components that function together to produce an immune
response.

Specific Immunity

Specific immunity includes cell-mediated (primarily T-cell dependent)
and humoral (primarily B-cell dependent) components that are targetec
against a specific antigen. Most research concerning the role of iron
in immunity has been concentrated in the area of cell-mediated immune
response. Here, again, results from various investigators are often
conflicting. Several approaches have been used to study cell-mediated
immunity in iron deficlency. The ability of lymphocytes to proliferate
when stimulated in vitro with antigens or mitogens has been evaluated
in the blood of iron-deficient patients and animals. Lymphocyte trans-
formation in vitro, indicated by thymidine uptake for DNA synthesis
following antigenic stimulation, was found to be significantly impaired
in 12 iron-deficient adult subjects with hemoglobin concentrations be-
tween 5.8 and 10.9 g/dl (33). The significance of the lymphocyte re-
sponse upon stimulation was dependent on the antigen used. Stimula-
tion by purified protein derivative was significantly affected, but Can-
dida albicans antigen did not produce significant results. Sawitsky

et al. (34) also found that the lymphocyte response to phytohemagglu-
tinin (PHA) and pokeweed mitogens in 26 adults with iron-deficiency
anemia was one-third that of control subjects.

Since iron deficlency is of particular concern in pediatric popula-
tions, a number of investigators have studied lymphocyte proliferation
in children. Macdougall et al. (35) have reported decreased incorpor-
ation of thymidine into DNA in cultures of lymphocytes from iron-de-
ficient children stimulated in vitro by phytohemagglutinin or Candida
antigen. After treatment with iron, the mitotic index was similar to
that of control children. These findings of impaired lymphocyte pro-
liferation in children wi‘th mild to moderate iron-deficiency anemia have
been confirmed by others (36,37). Restoration of iron status by oral
supplementation improved lymphocyte responses of previously anemic
children (38,39), even when PHA proliferative responses were within
the normal range during anemia (40).

In contrast to the findings of reduced lymphocyte proliferation in
iron-deficient children, Kulapongs et al. (41) did not find impaired re-
sponses. They studied eight children being treated for severe iron
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deficiency (hemoglobin levels between 2.6 and 4.7 g/dl). Seven of

the children had hookworm infections at the time of the study. The
stimulation response to PHA of lymphocytes from the deficient children
before and after intravenous iron therapy was similar to that of heaithy
controls.

Numerous criticisms have been raised concerning the design and
laboratory methodologies used in these studies of lymphocyte prolifer-
ation in iron deficiency (42-46). Small numbers of subjects were used
in many of the studies, and variability among subjects was high. In
some patients the anemia was related to blood loss and much more se-
vere than in other case studies. The presence of subclinical infection
was often not considered in interpretation of data, even though cell-
mediated immunity may be impaired during infection. Similarly, other
nutrient deficiencies, as well as general undernutrition, were often
ignored during data analysis. Differences in methodology, including
culture conditions and antigen or mitogen used, make direct compari-
sons difficult, To avoid some of these design problems, Kuvibidila
et al. (47) have used an iron-deficient mouse model to study splenic
lymphocyte proliferation. Iron deficiency in the mice, but not caloric
restriction, impaired the blastogenic response of splenic lymphocytes
and partially purified T cells to concanavalin A and PHA.

A direct method used to assess cell-mediated immunity is the de-
layed cutaneous hypersensitivity response. Since this technique mea-
sures the inflammatory response to a skin test antigen in vivo, the
criticisms often raised of in vitro methodologies do not apply. How-
ever, direct comparisons among researchers are difficult due to differ-
ences in techniques. In each of the studies of iron-deficient children
in which tests of delayed hypersensitivity responses were done, at
least half of the subjects showed impaired responses to some of the test
antigens (35,38,40). Guinea pigs made anemic by feeding a low-iron
diet and phlebolomy also had impaired delayed hypersensitivity re-
sponses (48). The intensity of the response decreased as the severity
of anemia increased. Results of experiments using a mouse model have
further confirmed impairment in delayed hypersensitivity response in
iron deficiency (49) and indicate that the recall response to an antigen
previously presented to the anemic mouse is impaired. The authors
speculate that T-cell differentiation or lymphokine production involved
in the recall response may be altered by iron deficiency.

Central to the cell-mediated immune response is the ability of var-
ious cells to proliferate, differentiate, or produce secretions. Support
is provided in the literature that these cellular functions may be im-
paired during iron deficiency. Decreased percentages of circulating
T lymphoeytes have been reported in iron-deficient children (36,39)
and iron-deficient mice (47). Pathological changes in spleen and thy-
mus of iron-deficient rat pups have been reported by Rothenbacher
and Sherman (50). Iron deficiency during gestation and lactation im-
paired lymphopoiesis in both B and T cells of spleen and T cells of
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thymus in developing pups. Similarly, germinal centers. in lymph
nodes of iron-deficient guinea pigs have been reported to be absent
or present in decreased number (48). Decreased cellular growth, as
indicated by cell number and size, has been found in immunocompetent
organs of iron-deficient rat pups (51). The role of iron in cell-medi-
ated immunity may be a generalized biochemical function needed for
cell division. A role for iron in DNA synthesis has been suggested by
in vitro experiments (52,53) and in vivo experiments (54). The in-
volvement of iron may be via its effects on ribonucleotide reductase
activity (55), which is believed to be the rate-limiting enzyme in the
formation of ribonucleotides. There is also some evidence that protein
synthesis may be altered by iron deficiency (56,57).

As indications of humoral immunity, antibody production in re-
sponse to an immunization and immunoglobulin levels in serum have
been measured in iron deficiency. Nalder ot al. (58) found that anti-
body titers of rats in response to Salmonella pullorum immunization de-
creased as the level of dictary iron decreased. Circulating immuno-
globulin levels appear to be unaffected by iron-deficiency anemia in

children (35,38,59) and adults (34).

Nonspecific Immunity

Nonspecific immunity includes a variety of biochemical factors and cel-
lular processes that do not involve recognition of a specific antigen.
These biochemical factors and cellular processes interact with both B-
and T-cell functions and secretions of the specific inmune response.
Phagocytosis of invading bacteria by neutrophils is one component of
nonspecific immunity. Two tests of neutrophil function are incubating
neutrophils with bacteria and determining bactericidal action in vitro
and measuring the ability of neutrophils to reduce the dye nitro blue
tetrazolium (NBT). Variable results have been found using these
techniques to evaluate immunity in iron deficiency. Defective bacteri-
cidal activity and/or reduction of NBT were found in neutrophils of
children with iron-deficiency anemia in studies by Chandra (38,60),
Macdougall et al. (35), Srikantia et al. (37), and Bhaskaram et al.
(39). In contrast, one study did not find defective phagocytosis in
iron deficiency (41). .

Prasad (61) has reported impaired myeloperoxidase-mediated fodin-
ation in polymorphonuclear leukocytes (PMN) of iron-deficient children
and proposed that it is the enzymatic basis for the decreased bacteri-
cidal activity. Myeloperoxidase is an iron-containing heme enzyme
present in azurophil granules and released during phagocytosis. It
catalyzes the halogenation of bacterial cell wall proteins, which are
lethal to the bacteria. Results from other researchers provide partial
support for this theory. Although Yetgin et al. (62) found decreased
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bactericidal activity in PMN from iron-deficient children, myeloperoxi-
dase activity was normal. Similarly, Sagone and Balcerzak (63) found
normal levels of myeloperoxidase in blood of iron-deficient patients.
Baggs and Miller's (29) study suggested that the increased suscepti-
bility to infection seen in iron-deficient rats was related to inadequate
numbers of myeloperoxidase-containing cells found in intestinal tissue.

Polymorphonuclear leukocytes also contain specific granules that
discharge lactoferrin, collagenase, alkaline phosphatase, and lysozyme
during phagocytosis (64). Lactoferrin is an iron-binding glycoprotein,
which is typically 15-30% saturated with iron and is found in a variety
of mucosal secretions as well as in leukocytes. It has been suggested
that apolactoferrin, released from neutrophils, removes iron from trans-
ferrin and transports it to the reticuloendothelial system, contributing
to the anemia of infection (65). In addition, lactoferrin appears to
have a direct bactericidal action on some bacteria (86), that is depend-
ent on a normal degree of unsaturation and is reversed by ferritin
(67,68). In one study, the influences of iron metabolism on lactoferrin
in polymorphonuclear leukocytes was investigated (69). It was found
that loss of iron through blood donation decreased lactoferrin concen-
trations significantly. They also found that iron therapy in patients
with iron-deficiency anemia increased lactoferrin concentrations.

Lysozyme, a bactericidal enzyme found in the specific granules of
polymorphonuclear leukocytes, is also found in organs, serum, and
secretions bathing mucosal surfaces. Increased activity of lysozyme
has been reported in kidney of iron-deficient adult rats (70) and in
serum and spleen of iron-deficient rat pups (71). Other components
of secretory immunity, such as saivary and milk secretory IgA (sIgA)
and lysozyme, have been found to be resistant to alteration by iron
deficiency in rat pups and dams (72).

In contrast to some components of specific immunity, nonspecific
immunity has received little attention from researchers exploring the
relationships between iron and immunity.

CONCLUSIONS

Although it is evident that the physiological iron status affects both
microbiological survival and host immunity, many unanswered ques-
tions and unresolved controversies remain. There continues to be a
need for well-designed, controlled studies to help establish the effects
of dietary iron on immune function. Clinical studies, as well as those
utilizing animal models, are needed to determine the effects of iron de-
ficiency and iron overload on the host resistence., The molecular func-
tion for iron in the immune response remains unknown. Future re-
search should attempt to elucidate this biochemical and/or immunologi-
cal function.
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