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B Abstract Thymic atrophy, lymphopenia, and compromised cell- and antibody-
mediated responses that cause increased rates of infections of longer duration are the
immunological hallmarks of zinc deficiency (ZD) in humans and higher animals. As the
deficiency advances, a reprogramming of the immune system occurs, beginning with
the activation of the stress axis and chronic production of glucocorticoids that accelerate
apoptosis among pre-B and -T cells. This reduces lymphopoiesis and causes atrophy
of the thymus. In contrast, myelopoiesis is preserved, thereby providing protection for
the first line of immune defense or innate immunity. Changes in gene expression for
cytokines, DNA repair enzymes, zinc transporters, signaling molecules, etc., suggest
that cells of the immune system are attempting to adapt to the stress of suboptimal
zinc. Better understanding of the molecular and cellular changes made in response to
inadequate zinc should lead to the development of immunotherapeutic interventions.
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INTRODUCTION

As of two decades ago, it was evident that suboptimal nutriture had an adverse im-
pact on host defense. However, the mechanisms whereby specific nutrients might
alter the function of cells of the immune system were unknown. Because zinc
deficiency (ZD) is a frequent dietary problem and accompanies many chronic dis-
eases, it seemed to be an especially relevant model for determining the impact
of a single element nutritional deficiency on immune function at the cellular and
molecular level (30). The original discovery of dietary zinc deficiency in humans
was made in the Middle East (58, 59), and was shown to exist in many under-
developed nations including Brazil, Bangladesh, Guatemala, Indonesia, and Peru
(1,9,11,29, 30, 57, 58). In the United States, investigators have demonstrated sub-
sets of Americans such as pregnant teenagers, children from low-income homes,
low-birth-weight infants, some of the elderly, etc., are also at risk of dietary zinc
deficiency (30, 37). However, it is important to also remember that chronic dis-
eases such as gastrointestinal disorders, chronic diarrhea, renal disease, sickle cell
anemia, cirrhosis, some cancers, cystic fibrosis, and pancreatic insufficiency have
been shown to lead to suboptimal zinc status (9, 17, 24, 42, 43, 58, 64, 67). These
disease states are associated with increased infections of prolonged duration, a
clear indication of compromised immunity (24, 58). The genetic disease Acroder-
matitis enteropathica is more rare and impairs absorption of zinc from the diet,
leading to skin lesions or Acrodermatitis that is characteristic of zinc deficiency
(58). It is important to note that this disease provides the hallmarks for zinc defi-
ciency because thymic atrophy, lower numbers of circulating lymphocytes, poor
delayed-type hypersensitivity responses, and high numbers of infections accom-
pany this disease (18, 54). For this reason, a number of labs have used models of
zinc deficiency for their immunological studies, and it now represents the best-
characterized nutritional-immunological paradigm.
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IMPAIRMENT OF ANTIBODY-MEDIATED AND
CELL-MEDIATED RESPONSES BY ZINC DEFICIENCY

Antibody-Mediated Responses

Many investigators began their studies by utilizing the advantages offered by inbred
mice in order to define in detail the effect of ZD on various facets of the immune
system. Indeed, the mouse has proven to be a highly reliable model for the human
immune system. The resulting literature now consists of hundreds of papers and
reviews (24, 36).

Initial studies noted that as acute zinc deficiency advanced in young adult mice,
one could expect to observe highly atrophied thymuses within 30 days. Whereas a
normal thymus might be 30 mg in a well-fed mouse, it would range from 12 to 2 mg
in marginally zinc-deficient (MZD) and severely zinc-deficient mice (SZD) that
weighed 75% to 78% and 68% to 72%, respectively, of mice fed a zinc-adequate
(ZA) diet (38, 41, 42). Because inanition accompanies ZD as it progresses one
is obliged to include restricted-fed mice (48). Regrettably, the latter mice rarely
provide any useful insight because they are closer to ZA mice for all parameters
evaluated. Data also indicated that the numbers of lymphocytes in the peripheral
blood and spleen were substantially reduced among ZD mice (13). Thus, the
thymic atrophy and lymphopenia that were hallmarks of ZD in humans were also
readily observed in ZD mice by many labs (13, 19, 24, 36). To assess actual
immune defense capacity, mice were also inoculated with sublethal doses of the
parasite Trypanosoma cruzi, which causes Chagas disease in humans (22). The ZD
mice exhibited blood parasitemias that were nearly 50-fold greater than that of ZA
controls. Large numbers of the ZD mice died, whereas none of the ZA or restricted-
fed mice died. It was a remarkable demonstration of the degree to which a single-
element nutritional deficiency could compromise host defense against an infection.

Defenses against other pathogens and infectious agents exhibit similar impair-
ment for ZD rodents, providing quantitative evidence that suboptimal zinc could
lead to intensification of infections with prolonged duration (24, 62). In subse-
quent experiments mice were immunized with sheep red blood cells. These cells
required both functional T-helper cells and B cells and a hapten attached to either
lipopolysaccharide or Ficoll, which required predominantly B cells for responses.
Substantial reductions of 40% to 70% were noted in the ability of ZD to produce
specific antibody responding cells or plaques to these various antigens (13,23, 24).
Taken together, the data confirmed that substantial reductions in antibody-mediated
defense capacity was created by the deficiency.

However, it was also noted that the number of anti-sheep red blood cell plaques
generated was normal when considered on a per-million lymphocyte basis in the
spleen. In other words, although the absolute number of responding lymphocytes
was down, the remaining population of responding cells when normalized appeared
to be responding appropriately (13). This finding suggested that the residual splenic
lymphocytes in ZD mice were reasonably functional. Moreover, flow cytometry
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indicated no major change in the phenotypic distribution of the major classes and
subclasses of T and B cells (40).

Tolerance

A recent experiment provides insight into the impact of ZD on the regulatory
aspects of the immune response. Rats made zinc deficient for 28 days were re-
peatedly administered ovalbumin orally to induce tolerance (20). However, the ZD
mice did not become tolerized and exhibited a dysregulation of cytokine expression
and lack of clonal deletion when compared to controls. This suggests that periods
of ZD might enhance the possibility of autoimmune disease by contributing to the
inefficient removal of anti-self or nonsense clones that are routinely generated in
the marrow.

Cell-Mediated Responses

In the case of cell-mediated reactions, the response of natural killer (NK) cells was
less intense in ZD rodents and humans (1, 19, 64). Tumors in some cases appeared
to grow faster in ZD mice presumably because of reduced defense (21). Several labs
demonstrated that suboptimal zinc status also altered delayed-type hypersensitivity
reactions in rodents and humans (54). However, these results are controversial
because there is concern that human subjects may have been previously exposed
to the antigens used in the tests. Thus, the data are confounded by unknown degrees
of rebound in memory-type responses. Whether one uses rodents or humans, many
of the assays used to evaluate cell-mediated responses are, unfortunately, still
problematic. Therefore, the impact of a deficiency in zinc cell-mediated responses
key to cancer and viral defense remain less well defined.

Our lack of information on the impact of ZD on viral defense mechanisms is
especially troublesome because the work of Dr. M. Beck demonstrates that both
Coxsackie and influenza viruses have a significantly accelerated rate of mutation
in mice that are selenium deficient (6, 7). The accelerated mutations could be due
to greater production of oxygen radicals as well as reduced defense allowing for
greater proliferation of mutagenized viral subsets. Though the increase might be
slight, it is conceivable that periods of zinc deficiency might also increase the
incidence of mutations leading to cancer and/or chronic viral diseases. Indeed, a
number of labs have shown that suboptimal zinc causes DNA strand breaks (2,
33-35). Though immune repair was rapid in repleted ZD adult mice, the long-term
impact of ZD on the regulatory aspects of immunity is not really known (23).

Underinvestigated Areas of Inmune Defense

Of additional concern is how little we know of the impact of zinc deficiency on
mucosal immunity. ZD is well known for creating diarrhea, which suggests a dis-
ruption of gutimmunity (9, 58). It undoubtedly affects pulmonary immunology, but
the degree to which a ZD host may be more susceptible to pneumonia, tuberculosis,
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SARS, etc., is not known in quantitative terms. Memory responses are, of course,
vital to providing long-term protection against previously encountered infections
and to providing protection via vaccinations. There is insufficient information on
the impact of marginal or severe zinc deficiency on the generation and maintenance
of memory responses. This is of special concern in the case of young children or
the elderly, where suboptimal immune defense capacity along with suboptimal
nutriture might combine synergistically to yield inadequate protective responses
to vaccines. Whether or not periods of zinc deficiency alter the number or status
of memory cells present in adults is also of significant concern. Indeed, with the
exception of a few preliminary studies, we know little of the effect of zinc on the
complement system, acute phase response, inflammatory responses, or the hyper-
sensitivity responses. It is sobering to realize that after 30 years of effort by many
labs, we have only scratched the surface on how changes in zinc status impact the
various branches and cells of the immune system.

ROLE OF ELEVATED GLUCOCORTICOIDS GENERATED
DURING ZINC DEFICIENCY

Neuroendocrine Changes Initiated by Zinc Deficiency

Several years ago it was clearly demonstrated that glucocorticoids, in particular
corticosterone, were chronically elevated in zinc-deficient mice and that adrenalec-
tomies or removal of these steroids prevented the thymus from atrophying during
zinc deficiency (15, 16). Since these studies were done, glucocorticoid-induced
apoptosis of thymocytes became a classical system for the study of cell death (12).
Thus, it became evident that the chronically produced glucocorticoids found in
ZD might be accelerating apoptosis in early T and B cells. Prior to this, adrenalec-
tomies were used to also ascertain whether the chronically elevated glucocorticoids
in zinc-deficient mice played any role in depletion of the marrow of developing
B cells or thymic atrophy (25). Mice were adrenalectomized or sham operated.
Zinc-deficient sham mice had a sixfold elevation of corticosterone levels and a
thymus 65% the size of the adrenalectomized zinc-deficient mice. Moreover, the
sham-operated zinc-deficient mice exhibited a reduction of 50% in the proportion
of pre-B cells in the marrow compared to adrenalectomized zinc-deficient mice
(25). However, the adrenalectomized zinc-deficient mice had nearly normal lev-
els of pre-B, immature, and mature B cells and were analogous to sham-operated
zinc-adequate mice for all these variables. Thus, removal of corticosterone via
adrenalectomy provided substantial protection for B-lineage cells developing in
the marrow and T cells in the thymus of zinc-deficient mice. Clearly, chronically
elevated corticosterone, generated as zinc deficiency advances, plays a key role in
the observed lymphopenia and thymic atrophy of zinc deficiency.

The above experiments demonstrated that an acute form of zinc deficiency
made significant neuroendocrine changes to include activating the hypothalamus-
pituitary-adrenocorticoid axis or the stress axis. Subsequently, protein-energy
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malnourished (PEM) rodents and humans were also shown to have elevated glu-
cocorticoids (44, 55, 63, 66). In this regard it is interesting to point out that there
are many parallels between PEM and ZD. Besides elevated glucocorticoids, both
deficiencies cause thymic atrophy and lymphopenia, and reduce cell- and antibody-
mediated responses (18, 24, 28, 44, 55, 63, 66). Moreover, children suffering from
PEM have low serum zinc (28). Conversely, as discussed above, ZD is accompa-
nied by inanition or reduced intake of calories and protein as it advances (48). This
began the recognition that some acute forms of malnutrition constituted a stress
that made significant neuroendocrine changes. These findings were analogous to
the observations of clinicians who found that patients under the stress of trauma,
surgery, burns, etc., also produced elevated quantities of corticosterone and cortisol
(52, 53). Thus, to a degree ZD constitutes a natural stress.

IMPACT OF ZINC DEFICIENCY ON LYMPHOPOIESIS

B Cell Lymphopoiesis

The atrophy of the thymus and decline in the number of peripheral and splenic lym-
phocytes in the ZD mouse paralleled observations made in zinc-deficient humans
(1, 54, 64). It seemed very probable that the deficiency had altered lymphopoiesis
or the production of lymphocytes. In mature adults, the bone marrow is the site of
production of all the cells of the B lineage as well as the earliest of T cells that finish
maturation in the thymus (31). The marrow and the thymus are thus the so-called
primary immune tissues. We were particularly interested in these tissues because
there had never been an examination of the effect of a nutritional deficiency on
lymphopoiesis or hematopoiesis using modern tools of immunology. When con-
sidering nutritional relationships, it is important to remember that the bone marrow
is the largest tissue of the body; it is required on a daily basis to produce all the
cells in the blood, including lymphocytes, neutrophils, monocytes, platelets, red
blood cells, eosinophils, and basophils (61). Whether in mouse or man, the mar-
row is a large tissue and must, therefore, be a major user of nutrients. Thus, it was
important to determine how the marrow might change or reprogram hematopoi-
etic processes in response to an inadequate supply of zinc and the presence of
chronically elevated glucocorticoids.

The lineage subsets for cells of the B lineage and their respective markers are
outlined in Figure 1 (31). The earliest protein to appear on early B cells is CD45RA
or the pan B cell marker B220". It appears on the so-called pre-pro B cells that
express germ line Ig. Note, however, this very early B cell expresses reasonable
amounts of the antiapoptotic protein Bcl-2 (50). This may be because they are
not yet of any danger to the body, which could be the case for pre- and immature
B cells that upon completing Ig gene rearrangement might express anti-self or
nonsense molecules. The latter cells are normally eliminated apoptotically. Thus,
these lineages express little Bcl-2 and could be exquisitely sensitive to suboptimal
zinc (Zn) and steroids if they accelerated apoptosis (Figure 2) (12). B cells that
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Figure 1 There are many subsets of cells within the B lineage developing in the marrow.
The array of phenotypic markers, rearrangement of the Ig gene, and expression of the
antiapoptotic protein Bcl-2 is depicted for the various members of this group.

successfully acquire acceptable forms of immunoglobulin (IgM and IgD) move
out to the periphery to become naive B-cells ready to engage in antibody-mediated
responses. Analogous lineages and diversity of Bcl-2 expression exists for early
T cells that are in the process of developing and rearranging the genes for the T-cell
receptor.

Using multicolor flow cytometry along with a DNA stain, it was possible to
not only assess changes in the quantitative distribution or proportion of these
B-cell subsets using markers shown in Figure 1, but to ascertain whether they
maintained their cell cycle status during ZD. Subsequent to 30 days of suboptimal
zinc (0.5-0.8 pg Zn/g diet), the B-cell compartments of young adult mice were
greatly reduced due to collective losses of 50% to 70% among the pre-B and
immature B cells (Figure 3) (42, 56). Mature B cells survived reasonably well.
Surprisingly, an increase of 20% to 50% in the pro-B cells was noted in the depleted
B-cell compartment (Figure 3) (56). The greater loss of pre- and immature B cells
correlated with the lower expression of the antiapoptotic protein Bcl-2 (Figure 1)
(50). This was an indication that heightened apoptosis among precursor B and
T cells caused by low Zn and/or chronic exposure to Gc could be occurring.
Recall that adrenalectomies or removal of Gc provided substantial protection to the
primary immune tissues (16, 25). However, the ability of natural or endogenously
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Figure 2 A classical apoptotic pathway that is activated by glucocorticoids (Gc)
and suboptimal nutriture is outlined. Gc generated by the stress of suboptimal zinc
binds to their cytosolic receptor (GcR), whose translocation and induction of death
genes is regulated by the ratio of expression of the antiapoptotic Bcl-2 family members
versus the proapoptotic members such as bax. The latter molecules affect whether or
not cytochrome c is released from the mitochondria, a regulatory point in the death
pathway. If cytochrome c is released it forms a complex in the cytosol called an
apoptosome, which activates caspases, a family of proteolytic enzymes. These enzymes
digest and alter the cytoskeleton, causing the cell to condense in size. They also activate
a caspase-activated DNase (CAD), which cleaves the genomic material into 200 base
pair fragments. The exact role of suboptimal zinc in the death pathway has not yet been
defined.
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Figure 3 Typical changes in the distribution of subsets of cells within the B lineage
in the marrow created by suboptimal zinc in young adult mice. Young adult mice were
fed a zinc-adequate diet (ZA), restricted-fed adequate diet (RZA), or a zinc-deficient
diet for 30 days after which zinc-deficient mice were subdivided into MZD and SZD
subsets, as previously identified. Losses were greatest among pre-B cells that do not
express Bcl-2 (Figure 1) and may be more susceptible to apoptosis.

produced Gc to induce apoptosis during stresses such as ZD was not yet known.
Quantities of Gc analogous to that generated in ZD mice did, however, cause
substantial apoptosis among precursor B and T cells both in vitro and in vivo
(26, 27). Thus, the hypothesis emerged that heightened apoptosis played a role in
lymphopenia and thymic atrophy.
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Thymopoietic Processes

The other primary tissue that is essential to lymphopoiesis is the thymus, where
T-cells are produced presumably via seeding of organ with very early pre-pro
T cells from the marrow. Indeed, though the markers are different, the scheme
of development, rearrangement of the T-cell receptor, and changes in expression
of Bcl-2 are analogous to the B-cell scheme shown in Figure 1. Young adult A/J
mice were placed on ZA or ZD diet, but sacrificed at a point when their thymuses
were partially atrophied (e.g., 12.6 mg £ 2.0 mg for ZD (38%) versus 33.5 mg =+
2.7 mg for ZA). Here again, ZD caused substantial losses in the double positive
CD47CD8™ or pre-T cells that normally account for 80% of the cells of the thymus.
These data also affirmed the hypothesis that ZD might be enhancing apoptosis
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among these vulnerable cell lineages. As with B cells, the pro-T cells survived
to a greater degree to become a 50% greater proportion of the residual cells (41).
Mature CD4 " helper and CD8* cytolytic T cells also were quite resistant to ZD and
survived well in the otherwise atrophying thymus (41). Thus, the survival-death
pattern among developing T cells in the thymus paralleled the pattern observed for
developing B cells in the marrow (Figure 3).

Cell Death Pathways

The scheme provided in Figure 2 is a depiction of a common and well-defined
apoptotic pathway that is probably applicable to ZD (32). Glucocorticoids defi-
nitely utilize this Bcl-2 modulated pathway, binding to a cytosolic receptor that
can then move to the nucleus, inducing death genes in vulnerable cell types. This
pathway is also used when cells are deprived of sera or essential nutrients (12). It
is regulated by the Bcl-2 family of antiapoptotic proteins and its homologs. Cells
expressing high levels of Bcl-2 family members, especially in the mitochondria,
resist apoptosis, keeping mitochondrial pores closed. In the case of cells with low
Bcl-2 expression or substantial expression of proapoptotic family members such
as bax, the pore is thought to open, releasing cytochrome c (32). This causes for-
mation of a complex called the apoptosome and activation of a family of caspases
that digest the cytoskeleton and nuclear matrix of the cell. It also causes cleavage
of a caspase-dependent DNase (CAD) that digests the genome into 200 base pair
fragments (32). Thus, this is a multilayered, programmed form of death designed
to rapidly destroy the cell. As a result of these events, the cell condenses and
rapidly inverts its membrane. The latter causes digestion of the apoptotic cells
by phagocyte cells in a well-functioning immune system (12). Knowledge of this
pathway led to the supposition that the endogenously produced glucocorticoids
perhaps acting in synergy with low zinc would initiate this death pathway during
ZD, causing accelerated death among the pre-T and pre-B cells that express little
Bcl-2 (Figure 2).

ACCELERATED APOPTOSIS AMONG PRE-T AND -B CELLS

Directly demonstrating heightened apoptosis among precursor cells in ZD mice
was problematic because phagocytic cells rapidly remove apoptotic cells. To cir-
cumvent these problems, the thymuses from the experiment described previously
were used because of the large percentage of pre-T cells (83%) that would be
undergoing apoptosis during ZD if the theory were correct. They were processed
into single-cell suspensions, and macrophages were removed. It was assumed that
at the time of harvest more death signals would have been sent to pre-T cells in ZD
mice than in ZA mice. Multiparameter FACS was used to simultaneously assay
for phenotype and apoptosis. The data revealed that the degree of apoptosis in
pre-T cells (CD4TCD8") was 30% or threefold higher than that of pre-T cells
from ZA mice (9%) (see Figure 4). In the two subsequent experiments performed



Annu. Rev. Nutr. 2004.24:277-298. Downloaded from www.annualreviews.org

by Fordham University on 01/04/12. For personal use only.

ZINC DEFICIENCY AND HOST DEFENSE 287

60 [
: a
50
. O zA
- SI)
® E
2 40f
2
S F H
< 30 —
-
o f H
o 20F T* H
o
g2
of

Pro-T Pre-T

Figure 4 The degree of apoptosis among early T cells is shown for the thymuses
harvested from zinc-adequate (ZA) and zinc-deficient (ZD) young adult mice. Quan-
titation of apoptosis was determined by DNA analysis using the flow cytometer.

in an analogous manner, the rate of apoptosis was accelerated 50% and 100%
above that of pre-T cells from ZA mice. No enhanced apoptosis was noted in ma-
ture cytolytic (CD4-CD8™) or helper T cells (CD4T7CD8™) from ZD mice, with
a modest increase noted in cell death in pro-T cells (CD3TCD4-CD87) (41).
Clearly this degree of heightened apoptosis among pre-T and -B cells in ZD mice
would substantially disrupt lymphopoiesis over time and would greatly reduce
the ability of ZD mice to replenish their peripheral immune system with lym-
phocytes. Thus, the mechanistic explanation for lymphopenia and thymic atrophy
in ZD is due, at least in part, to high losses of precursor lymphoids caused by
apoptosis.

It has also been apparent that zinc status can cause DNA strand breaks in cells
(2). Low concentrations of zinc alone also have been shown to induce DNA strand
breaks and apoptosis in vitro in thymocytes, glioma cells, and human fibroblasts
(33, 34, 49). However, the latter studies employed zinc chelators, which could
create different distributions and losses of zinc within a cell than those generated
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in a host with suboptimal zinc status. In this regard, the work of Ho et al. (34)
is of interest because the impact of culture medium low in zinc was compared to
results obtained with media containing a zinc chelator. Human lung fibroblasts from
each culture contained DNA strand breaks. However, DNA microarrays showed
substantial differences in the changes in gene expression between the two culture
conditions, although they both induced DNA repair enzymes and increased p53
expression (34). In confirmation of these in vitro studies, it is interesting that DNA
strand breaks were also noted in the livers of ZD rhesus monkeys and rat embryos
(35, 60). It is fair to say that it is very difficult to mimic a true form of zinc
deficiency in vitro given the changes created in metabolism, hormones, cytokines,
etc., by the deficiency. Furthermore, these studies make the important point that the
method of generating a culture low in zinc can also affect the outcome. Regardless,
it is clear that zinc status can impact apoptosis and DNA integrity in a variety of
cells.

CHANGES IN HEMATOPOIETIC COMPARTMENTS

Erythropoiesis

Data from the hematopoietic studies of ZD mice verified that the anemia that
accompanies zinc deficiency in humans also has its origins in the marrow, where
losses occurred of up to 60% in cells of the erythroid lineage. These results reaffirm
the observations made by clinicians (38, 58, 59). However, a substantial proportion
of this population was actively dividing in the marrow and to our amazement they
not only continued to cycle but exhibited small increases in S and G,/M (39). The
important observation has been made in recent literature that in the presence of
glucocorticoids the progenitor cells of the erythroid lineage can, in fact, cycle, but
fail to differentiate and mature (65). Thus, this rodent model of ZD is helping to
elucidate new understandings regarding the regulation of hematopoiesis.

Role of Mixed Progenitor Cells in Adaptation to Zinc
Deficiency: A Possible Fail-Safe

Stem cells that are key to the regeneration of the immune system have been shown
to survive moderate irradiation and pharmacological doses of Gc (61). Indeed,
early progenitors also appear to survive in ZD mice (38). Less was known of the
survival of the very early progenitors or pluripotent cells. It is possible that they
too have moderate expression of Bcl-2, as do pre-pro B cells (Figure 1) (31). There
are signs of protective or adaptive increases in these progenitors among ZD mice;
they increased about 50%, going from 6% in ZA mice to 9.3% in SZD mice (38).
These cells have the ability to develop into a variety of lineages. A large proportion
of these cells also showed enhanced cycling with increases of cells in S and Go/M
noted for both MZD (33%) and SZD mice (56%) (39). The actual lineages or
degree of commitment of the progenitor cells is also of great interest. It would
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be interesting to know if a high proportion of these progenitors exhibit so-called
lineage plasticity, becoming myeloid cells to a greater degree as ZD advances (61).
Such a shift would also contribute to the reprogramming of the immune system by
changing the distribution and production of lymphocytes and myeloid cells as the
deficiency advances. Lineage development in the marrow is, of course, affected
by the cytokines produced by stromal cells that could also be greatly affected by
ZD. It will be important to know if production of interleukin-7 that is essential to
development of pre-B and -T cells has declined, and if production of granulocytic-
monocytic cytokines that promote myeloid cell development is increased during
ZD (45).

Myelopoiesis

In considering the effects of ZD on hematopoietic processes, it is important to re-
member that cells of the myeloid lineages represent the first line of immune defense
or innate immunity. Myeloid progenitors develop into neutrophils or granulocytes
and monocytes within the marrow. A marked increase was noted in the myeloid
compartments of the marrow of ZD mice (38). In the case of granulocytic cells
that are the precursors of neutrophils, a nearly 40% increase was noted in MZD
and a 60% increase in these lineages in SZD mice. Moreover, an 80% increase in
monocytic cells was noted in MZD and SZD mice. It is also important to know
that in seven different studies the number of nucleated cells in the marrow never
declined in ZD (38, 39, 41, 42). Thus, these represent not only proportional in-
creases within the marrow, but actual or absolute increases in number of cells of
the myeloid lineage developing there. Only a small proportion of young granulo-
cytic cells are cycling, yet a 50% increase was noted in cells in S and G,/M phase
(39). For the monocytes, there was also 40% increase in the proportion of cells
in S and G,/M. Taken together, these findings over the course of three analogous
experiments indicate that cells of the myeloid lineages increase both in proportion
and absolute numbers, with substantial increases in actively proliferating subsets
in both MZD and SZD mice (Figure 5). This, of course, is in stark contrast to
lymphopoiesis, which is rapidly downregulated by ZD.

Reprogramming of the Immune System

The dramatic shift shown in Figure 5, whereby far fewer lymphocytes are produced
compared to myelocytic cells in the marrow, indicates an active reprogramming
of the immune system as ZD advances. The meaning of this reprogramming of
hematopoietic processes is not entirely clear, but it is potentially an adaptation
put into place to protect the first line of immune defense at all costs. Retention of
phagocytic capacity not only protects innate host defense, but provides clearance
for the large numbers of apoptotic cells being generated in the marrow, thymus, and
other tissues as a result of limitations in zinc (41, 60). Thus surveillance, seminal
attacks on pathogens, clearance of apoptotic and aging cells, wound healing, etc.,
would be maintained if production of myeloid cells were protected during ZD.
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Figure5 Duringa30-day dietary study of the effects of zinc-adequate (ZA), restricted
zinc-adequate (RZA), marginally zinc-deficient (MZD), and severely zinc-deficient
(SZD) on hematopoiesis, there was a significant decline in the proportion and number of
cells in the lymphoid compartment created by suboptimal zinc. Conversely, the myeloid
compartments that contain granulocytic and monocytic cells exhibited a substantial
increase through a reprogramming of the immune system, which includes significant
changes in hematopoietic processes in the marrow.

As the body moves from well fed to the starved state, many metabolic changes
take place, including increased use of fats and ketone bodies as energy sources.
As ZD becomes limiting, the immune system may also be obliged to make signif-
icant changes. Perhaps the choice is to maintain the very basic, and very vital, first
line of immune defense that is at work at all times providing ongoing protection.
Though also key to defense against an invasive infection, lymphocytes are never-
theless the second line of defense, called into action after the first line is overrun.
The overwhelming majority of lymphocytes survive only days or weeks at most
and never perform a single useful task. Maintaining and producing cells of the



Annu. Rev. Nutr. 2004.24:277-298. Downloaded from www.annualreviews.org
by Fordham University on 01/04/12. For personal use only

ZINC DEFICIENCY AND HOST DEFENSE 291

lymphoid lineage may become nutritionally costly as ZD advances and zinc be-
comes limiting. If so, it appears that chronic production of glucocorticoids is
initiated perhaps for the very purpose of downregulating lymphopoiesis by ac-
celerating the death of T and B cell precursors, eventually leading to the shift in
production of myeloid and lymphoid cell noted in Figure 5.

In regard to the above theory, it is important to note that implantation of mice
with tablets that released corticosteroids at concentrations analogous to that ob-
served in ZD mice also promoted myelopoiesis in the marrow at the expense of
lymphopoiesis, which rapidly declines (46). Moreover, in ZD mice, higher pro-
portions of neutrophils are observed in the face of declining lymphocytes in the
peripheral blood, which suggests greater numbers of myeloid cells are, indeed,
released from the marrow into the periphery (24). Although some early literature
implied higher neutrophil counts in ZD humans, oddly many investigators noted
the decline in lymphocytes in the peripheral blood of deficient humans, but did not
provide data on numbers of neutrophils or monocytes. Of particular interest is our
recent finding that the incubation of human neutrophils with natural glucocorticoid
at 0.1 uM or concentrations lower than that found during ZD actually prolongs
their half life by several hours (J.W. Frentzel & P.J. Fraker, unpublished). This
is again in contrast to early lymphoid cells and lymphocytes themselves that un-
dergo apoptosis in the presence of glucocorticoids (25-27). This suggests a shift
in strategy within the immune system as it adapts to stress conditions. Thus, it
would be important to determine if neutrophils increase in moderately or acutely
ZD humans and if they maintain normal functional capacity.

Evidence of Gene-Directed Adaptations of the Immune
System to Zinc Deficiency

A 20% difference in body weight was accompanied by 50% to 80% losses in the
cellularity of the thymus and spleen, with concomitant losses in antibody and cell-
mediated responses noted in ZD mice (24). These early observations made it seem
as if ZD simply caused a rapid and unorganized dismantling of the immune system.
However, we began to rethink this supposition upon finding that myelopoiesis and
progenitor cells were protected and accumulating in ZD mice (38). Perhaps there
was, in fact, a more organized, gene-directed adaptation of the immune system to
suboptimal zinc than had been originally thought. Indeed, as discussed earlier, the
splenocytes from ZD mice gave an enhanced proliferative response to the mitogen
ConA, producing as much as 50% more interleukin-2, and antigen-activated B cells
produced 20% to 50% more antibody per cell than splenocytes from ZA mice (13).
The mixed lymphocyte response to foreign target cells was 50% to 70% enhanced
among lymphocytes from ZD mice, as were the proliferative responses to several
mitogens such as pokeweed mitogen and lipopolysaccharide (13). The residual
lymphocytes in ZD mice appear to be hyperactive and perhaps more potent. This
raises the question as to whether there is an immunological way of doing more with
less as part of reprogramming of the lymphocytic system to adapt to ZD. Using
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a variety of markers available in 1991 we noted no differences in the phenotypic
distribution of T and B cells in the spleens of ZD mice (40). However, there was
also more expression of Ig, Ia, and MHC-I, which actively participate in response
to antigens, suggesting a greater degree of activation.

Immunologists and nutritionists may not have given enough consideration to
the fact that the cells of the immune system may try to adapt to environmental
stresses such as extreme changes in temperature, reduced availability of food,
hypoxia, and trauma. Recently, cytolytic lymphocytes (CTL) were maintained
in a normal (20% O;) and a hypoxic state (2.5%). Although development was
delayed, CTL from hypoxic conditions exhibited enhanced lytic capacity that was
more sustained than CTL-maintained normal oxygen (10). Short day lengths that
occur during harsh winters cause greater migration of cells to the skin, perhaps
in anticipation of injury and infection, in Siberian hamsters that had enhanced
delayed-type hypersensitivity responses (8). These examples of immune response
to stress represent the interesting tradeoffs in functions recently noted in ZD.

Changes in Gene Expression: Further Evidence
of Reprogramming

New data denoting variance in changes in gene expression among cells of the
immune system also indicate reprogramming is occurring in response to an en-
vironment low in zinc. Thymocytes prepared from mildly ZD mice prior to any
shift in lineage composition created interesting, though modest, changes among
the 1200 genes subjected to microarray analysis (51). Of particular interest was
enhanced expression of a DNA repair enzyme, perhaps to prepare for the DNA
strand breaks and apoptosis that can occur as the deficiency advances (2, 51).
Similarly, there was enhanced expression of LCK, a lymphocyte-specific tyrosine
kinase that requires zinc for linkage to the CD4 receptor of the T cell. The latter
enzyme was also elevated in splenocytes during zinc deficiency, perhaps as a com-
pensatory mechanism for key signaling events (47). Yet, culturing ThO and Th1
cell lines in low zinc followed by mitogenic stimulation led to a reduced message
expression for interleukin II and interferon-y that would adversely affect their
functional capacity (3). These initial experiments reveal that much remains to be
done to understand how changes in zinc status modulate gene expression in the
various cell lineages at the molecular level.

Given the survival of cells of the myeloid lineage in the marrow of ZD adult
mice, it is interesting to note that HL-60 cells, a myeloid-like human precursor
cell line, also survived in cultures with low concentrations of zinc (3). Moreover,
when they were stimulated they exhibited enhanced expression of message for
tumor necrosis factor («), interleukin I (8), and interleukin 8. Thus, it provides an
in vitro facsimile of the divergent effect suboptimal zinc seems to have on lymphoid
versus myeloid cells.

Certainly survival of cells of the immune system during ZD will be affected by
their ability to maintain zinc homeostasis. Another important group of experiments
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examined the effect of low zinc conditions on a human monocytic cell line (THP-
1) and peripheral blood monocytes, albeit with the use of a chelator. Both normal
monocytes and the cell line had reduced mRNA expression for metallotheionein
and the transporter Zip 1 (14). However, there was increased expression for Zip 2
messages, which suggests myeloid cells are attempting to increase their uptake of
zinc during low zinc conditions. Clearly, a better understanding of the changes in
expression of zinc transporters that control the uptake and efflux of zinc is needed
to determine their role in cell survival during ZD.

The above experiments are moving the field in the right direction. It is also clear
that we have barely scratched the surface in identifying the changes in expression
of enzymes, kinases, transcription factors, cytokines, chaperones, death genes,
transporters, etc., that will affect whether or not a cell survives ZD.

IMMUNOTHERAPEUTIC AND NUTRITIONAL
INTERVENTIONS

In the case of acute forms of zinc deficiency the mechanisms responsible for the
lymphopenia and thymic atrophy that are the hallmarks of this deficiency have been
identified. It also is now clear that suboptimal zinc initiates significant neuroen-
docrine changes to include the chronic production of glucocorticoids, which, in
turn, accelerates the death of pre-B and pre-T cells. If we begin with this informa-
tion and ask how we might reduce the impact of ZD on lymphopoietic processes,
a number of interventions are possible. The literature indicates that interleukin-
7 is key to promoting proliferation of early T and B cells that experienced high
losses in the marrow and thymus during ZD (45). Short-term bone marrow cultures
were set up and corticosterone (0.1-1 M) at concentrations observed in the ZD
mice was added, which induced 25% to 30% apoptosis among pro-B cells and an
astonishing 40% to 60% apoptosis in pre-B cells and immature B cells (45). As
in ZD mice, corticosteroid also reduced proliferation and cell cycle status among
these early B cells by 50% to 60%, as determined by flow cytometry. Remarkably,
interleukin-7 at very reasonable concentrations (0.1-1 ng/ml) was able to reduce
corticosteroid-induced apoptosis by 30% to 40% among pro-B and pre-B cells
(45). Moreover, it completely restored the cycling capacity of pro-B cells with
modest efficacy for pre-B cells. Insulin-like growth factor might also have poten-
tial; it increases weight as well as promotes lymphopoiesis in mice deficient in
B cells (61). Regrettably, the ability to effectively deliver an array of cytokines
in situ is a cloud that has hung over immunotherapy for two decades and may
impact the ability to offset the effects of ZD.

Of additional consideration would be to block the apoptotic signals sent by the
endogenously produced glucocorticoids. In the presence of steroid, the receptor-
ligand translocates from the cytoplasm to the nucleus, where changes in gene
expression vary from cell type to cell type, but can include induction of apoptosis
(Figure 2). Antagonists of the glucocorticoid receptor such as RU486 readily block
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ligand binding and prevent glucocorticoid-induced apoptosis (27). In a mouse
model, this same family of drugs prevented glucocorticoid-induced apoptosis of
early immune cells in vitro (27). It is possible that the administration of these
antagonists will provide substantial protection in the case of acute forms of zinc
deficiency and/or protein calorie malnutrition.

Inexpensive Nutritional Supplements for
Stabilization of AIDS

Nutritional management of chronically ill patients is modest compared to what
could and should be done. A powerful example of the value of zinc supplementation
already has been judiciously applied to a specific disease. Low serum zinc is
frequently found in HIV-1* patients and is associated with a higher rate of mortality
(4, 5). Those HIV-17 subjects were supplemented with modest levels of zinc for
several months. It reduced mortality by 30% for each 1 mg of zinc provided (4).
Disease progression was slowed and CD4™ counts increased. This is a remarkable
example of the value of appropriate nutritional supplementation for a disease state
in which immune defense is compromised. To have an impact on the care of
malnourished or chronically ill patients, a regimen of immunotherapy, drugs, and
nutritional supplementation may have to be developed on a disease-by-disease
basis not unlike the aforementioned regimen for AIDS patients.

CONCLUSIONS AND PERSPECTIVES

The impact of ZD on cell- and antibody-mediated responses has been reasonably
well defined. In addition, demonstrating that accelerated apoptosis among precur-
sor lymphocytes is the mechanism underlying reduced production of lymphocytes
provides important insight into the effects of ZD on hematopoietic processes.
Recently investigators have shifted toward molecular studies to identify the mech-
anisms and changes in gene expression created by suboptimal zinc. Such studies
will greatly facilitate the identification of nutritional and immunotherapeutic in-
terventions. For this to occur, however, there must be a substantial increase in the
number of human nutritional studies with immunological components. This must
be coupled with better education of clinicians and dieticians to insure improved
nutritional-immunological management of the chronically ill in the future.

On an optimistic note, interest in nutritional immunology has resurged sig-
nificantly. The number of quality contributions to the literature in this area has
increased substantially in the last few years. The applications to nutrition and
health are readily evident. Moreover, this field has matured enough that it can
also make substantial and compelling contributions to our understanding of im-
munology. It is now evident that ZD constitutes a stress on the immune system,
and it provides a well-characterized model for learning how the immune system
reprograms itself to adapt and respond to this deficiency frequently found in nature.
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