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1. ABSTRACT

Nutritional status determines the generation and
functioning of cellular and molecular components of the
immune system which are responsible for host resistance to
various infectious diseases, including tuberculosis. Studies
carried out by us and others have demonstrated that
malnutrition exerts detrimental effects on many aspects of
host immune responses against mycobacterial infection.
First, dietary deficiencies of single nutrients, such as protein
and zinc, cause thymic atrophy and impair the generation
and maturation of T lymphocytes in animal models of
tuberculosis, resulting in reduced number of
immunocompetent T cells in lymphoid compartments
including the blood. Second, deficiencies of protein, zinc
and vitamin D impair T-cell functions, including decreased
production of the Th1 cytokines IL-2 and IFN-γ, and
depressed dermal tuberculin reactions and PPD-induced
lymphoproliferation in guinea pigs and mice infected with
virulent Mycobacterium tuberculosis. Third, protein
malnutrition causes trapping or sequestration of reactive T
lymphocytes and loss of tuberculosis resistance following
BCG vaccination. Finally, protein malnutrition potentiates
M. tuberculosis H37Rv-infected monocyte-macrophages to
produce higher levels of TGF-β1, a cytokine which has
been implicated as a likely mediator of immunosuppression
and immunopathogenesis in tuberculosis.

2. INTRODUCTION

Nutritional status determines normal health and
functioning of all systems in the body, including the immune
system which is responsible for host resistance to various
infectious diseases. Deficiencies of many nutrients have
been demonstrated to have adverse effects on the immune
system and disease resistance of humans and animals, some
of which have been reviewed in several papers and books
(1-7). The nutrients covered in these reviews include protein,
calories, vitamins, and trace elements.

Malnutrition impairs many aspects of specific and
nonspecific host defense. The most consistent and
profound effects of malnutrition appear to be the loss of T
lymphocyte functions, both effector and regulatory, and the
subsequent impairment of resistance against infectious
diseases like tuberculosis which require an intact cell-
mediated immune response (5, 8). Several aspects of cell-
mediated immunity are clearly quite sensitive to nutritional
insult (1, 3, 9). These cellular immunologic aberrations
include loss of delayed skin hypersensitivity reactions,
reduced mitogen- and antigen-induced proliferation,
diminution in the absolute and relative levels of helper-
inducer CD4 T cells, and decline in the production of
certain T-cell cytokines, most notably interleukin-2 (IL-2)
and interferon-gamma (IFN-γ) (1,3, 9,10) Cellular immune
dysfunction in malnutrition increases host susceptibility to
infectious diseases, decreases vaccine efficacy and negates
the diagnostic usefulness of delayed hypersensitivity skin
tests (3, 9, 10). Malnutrition also adversely affects innate,
nonspecific responses, including delayed myeloid cell
production in, and release from, the bone marrow, reduced
mobilization of inflammatory cells into tissue lesions,
impaired phagocytosis and intracellular killing, altered
neutrophil mobility and chemotaxis, and reduced production
of the macrophage cytokines interleukin-1 (IL-1) and tumor
necrosis factor-alpha (TNF-α ) (11, 12). These innate
responses are important in the initiation of acquired
immunity and the essential effector components of cell-
mediated immunity. On the humoral immune side,
malnutrition causes impaired secretory IgA generation,
reduced levels of CD20+ B cells, and decreased affinity of
antibody, especially for T-dependent antigens (13).

The precise mechanisms of immune alterations
caused by malnutrition have not been elucidated. One of the
earliest observations that suggested a mechanism by which
protein malnutrition might adversely affect cell-mediated
immunity was profound thymic atrophy with the resultant
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loss of well-developed thymus-dependent areas of
peripheral lymphoid compartments and a marked decrease
in the production of thymic hormones (14). The thymic
microenvironment and hormones are essential for the
differentiation and maturation of immunocompetent T
lymphocytes. Therefore, protein malnutrition results in the
loss of T lymphocyte functions and cell-mediated resistance
to infectious diseases such as tuberculosis (3, 7, 9, 10).
Decreased generation of thyroid hormone in malnourished
mice may also contribute to the loss of immunity (15). Thus,
malnutrition may act indirectly by inducing hormonal
changes that directly affect immunologic functions. Other
studies have implicated the roles of oxidative stress (16),
prostaglandins (17), and changes in cyclic nucleotides (18)
as possible mechanisms by which malnutrition may impair
immune responses.

Tuberculosis coexists with malnutrition in many
parts of the world, and remains a major cause of morbidity
and mortality worldwide (19). The emergence of multidrug-
resistant tuberculosis and the epidemic of AIDS have further
worsened the situation (20, 21). The incidence of
tuberculosis is unusually high among malnourished people
even in developed countries, including the elderly, homeless,
alcoholics, drug abusers and HIV-infected individuals (22,
23). The re-activation of latent or previously subclinical
tuberculosis infection is often related to deteriorating
nutritional status (24). These observations and early
experimental animal studies indicate that there is a strong link
between malnutrition and increased susceptibility to, and/or
severity of, tuberculosis (19). The nutrients that have been
implicated in the immune response to tubercle bacilli, either
in vivo or in vitro, include protein (9, 25), zinc (9, 25-28),
vitamin D (9, 29-30), and others.

The interaction between malnutrition and host
antituberculosis resistance is complex and not well
understood. A review of early experimental animal and
human studies on nutrition and infection demonstrated that
multiple nutritional deficiencies exacerbated tuberculous
disease in several studies published prior to 1968 (31). More
recently, single nutrient deficiencies, especially dietary
protein deficiency, have been demonstrated to have multiple
detrimental effects on host antimycobacterial resistance in
experimental tuberculosis (32, 33). Deficiencies of protein,
zinc and vitamin D in the guinea pig have been reported to
result in the loss of tuberculin hypersensitivity to purified
protein derivative (PPD) and marked decreases in PPD-
induced lymphoproliferation (9, 25, 34, 35). Most
importantly, protein malnourished guinea pigs exhibit a
significantly reduced capacity to generate lymphocyte
populations which can mediate adoptive transfer of
resistance to tuberculosis when infused into normally-
nourished, syngeneic recipients (32), and to express BCG
vaccine-induced resistance to respiratory challenge with a
low dose of virulent M. tuberculosis. (36, 37). Resistance to
tuberculosis is believed to be conferred by T cell-mediated
immunity, which requires the participation of monocyte-
macrophages, T lymphocytes and an array of cytokines
generated by these cells (38, 39). Any adverse effects that
dietary protein or other nutrient deficiency exerts on the

generation, maturation, function and interaction of these
cells and cytokines would potentially impair host
antituberculosis resistance. This review will discuss the roles
of monocytes/macrophages, T lymphocytes and their
cytokines in host antituberculosis resistance, and the impact
of dietary protein, zinc, and vitamin D deficiency on them.

3. MONOCYTE-MACROPHAGES AND NUTRIENT
DEFICIENCIES

Monocyte-macrophages play important roles in
the immune response to mycobacterial infection.
Mycobacterial proteins, in addition to live organisms, can
trigger monocyte-macrophages to release various
chemokines and cytokines, including IL-1, TNF-α and
transforming growth factor beta (TGF-β among others (40,
41). Some of these cytokines attract a large number of
monocyte-macrophages and lymphocytes to the sites of
tuberculous inflammation where macrophages initiate
immune responses by processing and presenting antigens to
T lymphocytes in the context of self major
histocompatibility complex (MHC) molecules. Activated
macrophages effectively phagocytize tubercle bacilli and
exert potent antimycobacterial functions by inducing rapid
phagosome-lysosome fusion (42), generating reactive
oxygen intermediates (ROI) (43) and reactive nitrogen
intermediates (RNI) (43). Activated macrophages also
contribute to granuloma formation. Tuberculous
granulomas, aggregates of monocyte-macrophages,
epithelioid cells, lymphocytes, and Langhan’s giant cells
surrounding tubercle bacilli, augument effective bacterial
killing and sequestration of organisms from dissemination
(44-46).

The effects of dietary protein deficiency on
monocyte-macrophages are still controversial. Adoptive cell
transfer experiments revealed that monocytes/ macrophages
were functioning well in protein-deprived M. tuberculosis-
infected guinea pigs, based on the fact that protein-deficient
guinea pigs were protected against virulent M. tuberculosis
infection by the infusion of syngeneic, immune lymphocytes
from normally nourished donor guinea pigs (32). This
observation indicates that the monocytes/macrophages of
protein malnourished recipients were capable of receiving
appropriate activating signals and exerting their
mycobacteriostatic and mycobactericidal effects in vivo
(32). In an in vitro coculture system of immune
lymphocytes and macrophages, lymphocytes derived from
protein malnourished guinea pigs were able to cooperate
with syngeneic macrophages from normally-nourished
donors to control the accumulation of virulent tubercle
bacilli inside macrophages, but not with autologous
macrophages from the same protein-deficient environment
(33). The fact that lymphocytes from protein malnourished
guinea pigs could activate macrophages from normally-
nourished guinea pigs suggests that protein deficiency did
not alter this activity, at least in vitro. On the other hand, the
inability of lymphocytes from protein malnourished guinea
pigs to activate autologous macrophages provides evidence
that protein malnutrition impairs the productive interaction
between T lymphocytes and macrophages, and/or the
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acquisition of mycobacteriostatic/mycobactericidal activity
by macrophages from protein malnourished animals in the
presence of adequate activation signals. Previous
publications also indicated that macrophage functions,
including superoxide dismutase production (47), response
to macrophage migration inhibitory factor (MIF) (28), Fc
receptor-mediated phagocytic capacity (48), chemotaxis and
intracelluar bactericidal activity (49), were not impaired in
protein malnutrition. However, this does not exclude the
possibility that impairment of other macrophage functions
might be caused by protein deficiency. Other investigators
have reported that protein deficiency significantly alters
macrophage functions (50-53). The granulomatous reaction
is an important host resistance mechanism in mycobacterial
infection. Aggregates of monocytes and lymphocytes
freshly recruited from the circulation surround the foci of
replicating mycobacteria and prevent tubercle bacilli from
disseminating. More importantly, close contact and
interaction between monocytes and lymphocytes in the
granulomas facilitate cognate and non-cognate interactions
between these cell types, promote the maturation and
activation of monocytes and enhance the
mycobactericidal/mycobacteriostatic efficacy of activated
macrophages. Functional analyses in experimental animal
studies demonstrated that dietary protein deficiency resulted
in defective mobilization of monocytes into sites of
inflammation and significant retardation in the generation of
a granulomatous response to M. bovis BCG infection in
mice (50). Impaired pulmonary granuloma formation in
protein malnourished animals was also observed in virulent
M. tuberculosis infected mice (54). In a guinea pig model of
low-dose pulmonary tuberculosis, protein deficiency was
demonstrated to cause smaller, more numerous, less well-
circumscribed granulomas and extensive interstitial
inflammatory cell accumulation in the lungs (32). The
inability of malnourished animals to mount a granulomatous
response may result from the defects of generation,
maturation and function of monocytes/ macrophages, T
lymphocytes or both. Studies by Tawa and colleagues
demonstrated that dietary protein deficiency reduced the
activity of many macrophage lysosomal proteases, including
cathepsins B, H and C, and carboxypeptidases A and C, as
well as other lysosomal hydrolases (55), some or all of
which may be involved in the control of intracellular growth
of mycobacteria. These results suggest that the generation,
migration and/or maturation of monocytes are adversely
affected by protein deficiency. Studies also demonstrated
that dietary protein deficiency decreased MHC expression
and  depressed phagocytosis, cytokine secretion, O2

-

release and microbicidal function of
monocytes/macrophages (50).

Zinc, one of the nutrients most intensely examined
with respect to its impact on immunity, is required for an
optimal immune system. Zinc deficiency has been
demonstrated to have a dramatic and consistent detrimental
effect on thymus-dependent immune functions in both
humans and animals (26). However,  no experimental data
suggest that zinc deficiency has any adverse impact on
monocyte/macrophage functions. Altered migration of
peritoneal macrophages from zinc-deficient guinea pigs by

macrophage migration inhibition factor (MIF) was
unaffected by zinc status (28). A level of zinc deficiency
sufficient to produce altered peripheral T cell function, e.g.
loss of PPD-induced lymphoproliferation, did not influence
the ability of the animals to control mycobacterial
replication, as evidenced by the fact that infection of zinc-
deficient BCG-vaccinated and nonvaccinated guinea pigs
with virulent M. tuberculosis by the respiratory route
resulted in no difference in resistance as expressed in terms
of bacillary loads in the lung and spleen (9, 25). These
results indicate no apparent detrimental effect of zinc
deficiency on monocytes/macrophages.

The role of vitamin D in the pathogenesis of
tuberculosis remains controversial. The metabolically active
form of vitamin D, 1,25(OH)2D3 or calcitriol, is known to
exert profound effects on the synthesis of critical
immunoregulatory molecules by monocytes/macrophages
and lymphocytes (56). It is clear that calcitriol is capable of
acting synergistically with cytokines such as IFN-γ to
contain intracellular replication of M. avium and M.
tuberculosis within cultured human monocytes/
macrophages (57-59). In contrast, similar experiments
conducted with murine macrophages infected with M.
tuberculosis failed to demonstrate a protective effect for
calcitriol (29, 60, 61). It has been reported that vitamin D
deficiency altered macrophage functions in mice (62). In a
guinea pig model of experimental pulmonary tuberculosis,
chronic, dietary vitamin D deficiency has been demonstrated
to exert a detrimental effect on antigen (PPD)-specific T cell
responses (9, 30). However, vitamin D-deprived guinea pigs
responded to pulmonary infection with virulent M.
tuberculosis by allowing exactly the same degree of bacterial
accumulation in the lung and spleen as that seen in well-
nourished counterparts. Likewise, prior vaccination with
BCG protected both groups of guinea pigs identically (30).
These results reveal that a degree of dietary vitamin D
deficiency sufficient to produce significant alterations in
PPD-specific T cell functions did not alter the level of innate
or vaccine-induced resistance to virulent M. tuberculosis
and did not show any detrimental effects on
monocytes/macrophages in this model.

4. T LYMPHOCYTE SUBPOPULATIONS AND
NUTRIENT DEFICIENCIES

Both CD4 and CD8 T lymphocytes have been
demonstrated to be important in resistance against
mycobacterial infection in vivo  (63-67). CD4 T cells have
been considered to be the primary T cell subpopulation
responsible for coordinating and mediating specific
resistance to tuberculosis. After being activated, specific
CD4 T cells secrete potentially protective Th1-type
cytokines, including IL-2 and IFN-γ, which evoke protective
antimycobacterial responses by amplifying immune
responses and activating effector cells, especially monocyte-
macrophages (68, 69). CD4 T cells also possess the
potential to exert direct cytolytic effects on mycobacterial
antigen-pulsed and mycobacterium-infected macrophages
(70-74). Memory T lymphocytes are generated, which can
last a long time and possess the potential to accelerate
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specific immune responses to a secondary encounter with
mycobacteria. These memory cells have been shown to
confer specific immunity on guinea pigs by an adoptive
transfer procedure (32). CD8 T cells are responsible
primarily for cell-mediated cytolysis of target macrophages
harboring mycobacteria. Upon contact with antigen-bearing
target cells, CD8 T cells degranulate to release a number of
toxic molecules, including perforin. Perforin inserts itself
into the target cell membrane, aggregates, and forms pores.
Then, other molecules pour in, resulting in osmotic
deregulation and target cell death, and releasing
mycobacteria to be phagocytized by nearby activated
macrophages (75). CD8 T cells also can exert cytolytic
effects via apoptosis induced by the interaction between Fas
and Fas ligand expressed on the target cell surface (76-78).
Meanwhile, CD8 T cells produce the Th1-type cytokine,
IFN-γ, which can stimulate the antimycobacterial activity of
infected macrophages (79). Lack of functional CD8 T cells
has been reported to result in fatal tuberculosis infections in
mice (63). γδ T cells, a third subpopulation of T
lymphocytes, may contribute to protective immunity against
mycobacterial infection, since γδ T cells have been found to
accumulate in infected tissues (80, 81), and secrete
cytokines in response to mycobacterial antigens (82),
including the 65 kDa heat shock protein of M. tuberculosis
H37Rv (83). They also recognize both low molecular weight
proteins (84) and very small phosphorylated, nonprotein
ligands isolated from the bacillus (85, 86). Ladel and
colleagues have demonstrated that γδ T cell receptor gene
disruption increased the growth of M. tuberculosis in mice
(87). Recently, D’Souza et al. reported that γδ T cells may
play an important role by influencing local cellular traffic,
promoting the influx of lymphocytes and monocytes, and
limiting the access of inflammatory cells that do not
contribute to protection but may cause tissue damage (88).
Finally, CD4-CD8- αβ T cells have been shown to recognize
mycolic acids and other non-peptide antigens from M.
tuberculosis in a CD1-restricted fashion (89), but the in vivo
function of these cells remains unknown.

Dietary protein malnutrition affects all systems in
the body. As protein availability decreases, it becomes
necessary to downsize the immune system to spare limited
nutrients for use and maintenance of more vital organs such
as the brain, heart, kidneys and liver. In the immune system,
severe protein malnutrition causes major changes in the
thymus and peripheral lymphoid tissues (14). The thymus
shows profound involution, with marked decreases in the
number of cortical lymphocytes and in the content of thymic
peptide hormones including thymulin, thymopoietin and
thymosin, indicating a loss of differentiation-maturation
functions of the thymic micro-environment (90-92).
Peripheral lymphoid tissues including spleen, lymph node,
tonsils, Peyer’s patches and appendix also show a
significant atrophy, with marked depletion of lymphocytes
largely confined to the T lymphocyte regions (8, 90, 91, 93).
As a consequence, despite a normal or even increased
leukocyte count in the peripheral blood, the absolute and
relative number of mature circulating T lymphocytes is
decreased, with a profound decrease in the CD4 T cell

subpopulation and a less dramatic but still significant drop
in the CD8 T cell subpopulation. These changes result in  a
significant reduction in the CD4:CD8 ratio (94-96). The
percentage of immature circulating T lymphocytes is
increased (97-99). The B lymphocyte population in the
circulation is less affected by protein malnutrition (100).
These results clearly demonstrate that dietary protein
deficiency decreases the generation and maturation of
functional T lymphocytes. We have demonstrated that
dietary protein deficiency prevents M. tuberculosis-infected
animals from generating a population of protective
lymphocytes by using a reciprocal adoptive cell transfer
procedure (32). Without doubt, these alterations greatly
contribute to the impaired cell-mediated immunity to
mycobacterial infection.

Besides the depressed generation and maturation
of circulating lymphocytes, dietary protein deficiency causes
intrinsic functional defects of T lymphocytes. In humans
and experimental animals infected with mycobacteria, dietary
protein deficiency consistently results in loss of mitogen-
and antigen-induced lymphoproliferation in vitro., perhaps
secondary to a defect in the principal T cell growth factor,
IL-2 (34, 37) The apparent inability of lymphocytes from
protein-deficient individuals to proliferate in culture may
result from the functional defects of either
monocytes/macrophages or lymphocytes or both.
Suppressor cells may also contribute to the depressed
lymphoproliferation. For specific antigen-induced
lymphoproliferative responses, the failure to generate and
maintain enough memory T lymphocytes during the primary
response could be another factor accountable for the
depressed proliferation of lymphocytes from protein-
deficient individuals.

A third protein deficiency-induced alteration of
cellular immune responses is lymphocyte trafficking or
homing of protective immune lymphocytes into infectious
foci (101, 102). In protein malnourished guinea pigs infected
with M. tuberculosis, certain lymphocyte subpopulations,
including CD2+ T cells (101), TcRαβ T and CD8+ T cells
(102), appear to be trapped or sequestered in the
bronchotracheal lymph nodes draining the infected lungs
based on their significantly increased proportions in that
organ, as compared to the spleen or circulation. It is
possible that the accumulation of T cells in the lymph nodes
is due to local proliferation followed by trapping or
sequestration. Lymphocyte trapping has also been observed
in some patients with uncontrolled clinical tuberculosis
(103). Dietary protein deficiency may decrease the
mobilization and trafficking of reactive lymphocytes, either
by altering the production and/or function of chemokines or
adhesion molecules expressed on the lymphocytes
themselves or on the endothelial cells. The trapping and
sequestration of antigen reactive lymphocytes make them
unable to recirculate to other infectious foci, thus,
preventing effective interaction between immune
lymphocytes and macrophages at the site of disease, and
impairing the activation of mycobactericidal/
mycobacteriostatic activity in macrophages.
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Like protein deficiency, chronic, dietary zinc
deficiency results in thymic atrophy and impairs thymus-
dependent immune functions (9, 25, 27). Upon infection
with M. tuberculosis., zinc deficient guinea pigs failed to
develop PPD-induced delayed hypersensitivity reactions,
and exhibited a significant reduction in the number of
circulating T cells and impaired PPD-induced proliferation
in vitro (9). In spite of the obvious T cell defects suggestive
of loss of protective functions, zinc deficiency did not
influence the ability of the animals to control mycobacterial
replication in vivo (9).

Calcitriol may be involved in the containment of
intracellular replication of mycobacteria (29, 30). Studies
have demonstrated that chronic, dietary vitamin D deficiency
exerted a detrimental effect on antigen (PPD)-induced
specific T cell responses, including dermal tuberculin
reactions and PPD-induced lymphoproliferation in vitro, in
guinea pigs infected with virulent M. tuberculosis (9, 30).
Despite these alterations, dietary vitamin D deficiency did
not alter the level of innate or vaccine-induced resistance to
virulent M. tuberculosis in this model (30).

5. CYTOKINES

The profile of cytokines produced in response to
infectious agents is a major determinant of resistance or
susceptibility to disease. Several cytokines, including IL-2,
IFN-γ and TNF-α, play important roles in mediating
resistance against M. tuberculosis. They modulate and
activate lymphocytes and monocyte-macrophages (104).
Activated macrophages exert powerful mycobacteriostatic
and mycobactericidal activities, and participate in the
formation and persistence of protective granulomas (44-46).
IFN-γ and TNF-α are widely considered to be the major
macrophage-activating cytokines (105, 106). Depressed
IFN-γ and TNF-α production can dramatically increase
susceptibility to tuberculosis (107), abrogate acquired
resistance (108), and result in the development of chronic
refractory tuberculosis (109).

Dietary protein deficiency adversely affects the
generation and function of monocytes/macrophages and
lymphocytes as mentioned above. It also alters cytokine
secretion by these cells. It has been well documented that
cytokines play a central role in mediating antimycobacterial
immunity. IL-2 is required to initiate and amplify immune
responses. IFN-γ and TNF-α are important macrophage-
activating cytokines and crucial in the immune response to
tuberculosis (110, 111). It has been reported that IL-2 (112,
113) and IFN-γ (113-115) production in patients with
chronic pulmonary tuberculosis were depressed. Similarly,
IL-2 production was depressed in chronically protein-
deficient guinea pigs vaccinated with M. bovis BCG (37),
and TNF-α and IFN-γ expression were reportedly
decreased in protein calorie-malnourished mice infected with
virulent M. tuberculosis Erdman strain (54). In malnourished
guinea pigs infected with M. tuberculosis, the capacity of
splenocytes and macrophages to produce total bioactive
IFN and TNF-α in vitro was found to be suppressed (33).

The decreased production of these cytokines at the site of
immune inflammatory responses may be responsible for the
impairment of overall host antimycobacterial resistance in
protein-deficient guinea pigs. IFN-γ exerts many
immunoregulatory effects and is a key cytokine in the
development of Th1-type immune responses which are
required for the elimination of intracellular pathogens,
including mycobacteria (116, 117). IFN-γ induces MHC
class II expression and, thus, increases Ag processing and
presentation by monocyte-macrophages to CD4 T
lymphocytes (118, 119). It also induces differentiation and
activation of monocyte-macrophages, and enhances their
intracellular microbicidal activity (54). Therefore, IFN-γ is
crucial in the immune response to mycobacterial infection
(110, 111). The depressed production of total bioactive IFN
produced by immune splenocytes in protein malnourished
guinea pigs is most likely due to the depressed production
of IFN-γ because protein malnutrition causes marked
depletion of T lymphocytes (8, 90, 91, 93) and profound
depression of NK cell activity (120) in the spleen, resulting
in IFN-γ−secreting cell loss and functional defect.
Moreover, IL-2 production, upon which IFN-γ production
is dependent, was depressed in protein malnourished guinea
pigs (37). All these alterations induced by protein
malnutrition may contribute to the depressed production of
IFN-γ. 

Dietary protein malnutrition impaired TNF-α
production in vitro  by peritoneal macrophages while
intravenous injection of PPD triggered a higher level of
TNF-α in the serum of immunized, protein malnourished
guinea pigs (33). Originally, Carwell et al. found that
bacterial lipopolysaccharide (LPS ) enhanced the level of
TNF-α in sera from M. bovis BCG-primed mice (121).
Mycobacterial lipoarabinomannan (LAM ), a major cell wall
constituent and one component of PPD, shares receptor
components of the LPS signaling system (122) and could
contribute to a PPD-triggered increase of TNF-α in serum.
In addition, Garner et al. showed that intravenous injection
of mice with Candida-derived mannan resulted in elevated
TNF-α level in the serum (123). Mannan-containing
components of PPD, such as LAM, may be responsible for
the increased serum TNF-α level after intravenous injection
of PPD in protein malnourished guinea pigs. One possible
explanation for the increased level of TNF-α in serum after
intravenous injection of PPD in malnourished guinea pigs is
that vaccination with M. tuberculosis H37Ra may trigger
inflammatory and immune responses in guinea pigs on the
low protein diet different from those in guinea pigs on the
high protein diet. It is also possible that protein deficiency
results in leakage of LPS from the gut which primes
macrophages to respond more dramatically to PPD in terms
of TNF-α production.

TGF-β1, produced by activated monocyte-
macrophages, platelets and other inflammatory cells, is a
critical immunomodulator in the inflammatory and immune
processes, exhibiting both proinflammatory and
antiinflammatory effects depending upon the state of
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activation of cells and the presence of other cytokines (124).
TGF-β1 initiates an inflammatory response by promoting
adherence, recruitment, and activation of undifferentiated
leukocytes. TGF-β1 typically induces CD16 (FcγRIII)
expression by undifferentiated monocytes, and their
chemotaxis and secretion of  a variety of inflammatory
mediators, including IL-1, IL-6, TNF-α, and platelet-derived
growth factor (125-127). This cytokine facilitates
macrophage migration into inflammatory sites by stimulating
expression of integrins and matrix-degrading enzymes (128).
It is also a chemotactic factor for CD4 and CD8 T cells
(129) and neutrophils (130). On the other hand, TGF-β1
favors the resolution of inflammatory and immune events by
inhibiting the functions of mature, activated cell populations
(79, 124, 131). TGF-β1 has several negative
immunoregulatory activities, including: directly inhibiting the
clonal expansion of activated T and B cells (132, 133);
aborting IL-1-dependent responses by inducing synthesis of
IL-1 receptor antagonist (IL-1ra) (134, 135); down-
regulating the production and activities of Th1-type
cytokines such as IL-2 and IFN-γ (136, 137); suppressing
the generation and effector functions of cytotoxic T cells,
natural killer cells (NK cells ), and lymphokine-activated
killer cells (LAK cells ) (138-140); deactivating effector
functions of activated macrophages, such as the generation
of TNF-α, reactive oxygen and nitrogen intermediates (141-
145); and attenuating IL-2 receptor and IFN-γ-induced
HLA-DR expression by monocytes (146, 147).

Due to its essential roles in both the initiation and the
resolution of inflammatory and immune responses, either
deficient or excessive expression of TGF-β1 may result in
aberrent host defense reactions. It has been reported that
TGF-β1 deficiency is associated with overwhelming and
progressive inflammation, extensive tissue damage and death
in mice (148, 149). Overexpression of TGF-β1 also causes
tissue pathology by its immuno- suppressive activities (124,
150). In tuberculosis, TGF-β1 expression is increased in
Langhans giant cells and epithelial cells of pulmonary
tuberculous granulomas and in monocytes of patients with
tuberculosis (151). TGF-β1 may cause regression of
granulomatous inflammation in tuberculous pleurisy (152),
promote intracellular mycobacterial replication and block
macrophage activation by IFN-γ and TNF-α (153).
Recently, it has been reported that neutralization of TGF-β1
normalized PPD-driven lymphocyte blastogenesis and
increased IFN-γ production in the cells of patients with
pulmonary tuberculosis (114). We have demonstrated that
dietary protein deficiency potentiates the production of
TGF-β by virulent M. tuberculosis-infected peritoneal
macrophages in guinea pigs and that treatment with
exogenous TGF-β1 exacerbates the progression of
tuberculosis, resulting in depressed proliferative responses
of peripheral blood mononuclear cells (PBMC ) to PPD
stimulation and increased bacillary loads of virulent M.
tuberculosis in the spleen and lungs. On the other hand,
blocking endogenous TGF-β1, by treatment of guinea pigs
with a polyclonal antibody, significantly increased PPD-
induced lymphoproliferation of PBMCs (154). Thus, TGF-

β1 is a likely mediator of immunosuppression in
mycobacterial infections, and its increased production by
cells from protein-deficient guinea pigs in response to
mycobacterial antigen makes it a good candidate as an
important mediator of the diet-induced loss of host defense
functions against tuberculosis.

6. CONCLUSION

In conclusion, dietary deficiencies of protein,
zinc, and viamin D are associated with remarkably similar
defects in antigen-specific T cell responses in vivo and in
vitro, in guinea pigs infected with virulent M. tuberculosis,
while only protein deficiency was accompanied by loss of
tuberculosis resistance following BCG vaccination.
Actually, dietary protein malnutrition leads to multiple
detrimental effects on host antituberculosis resistance in the
guinea pig, mouse and human. First, dietary protein
deprivation may impair macrophage functions, including
TNF-α production, mature granuloma formation, and
cooperation with T lymphocytes to control mycobacterial
growth. Second, protein deprivation impairs T lymphocyte
generation and maturation, prevents M. tuberculosis-
infected animals from generating a population of
immunocompetent lymphocytes, and causes trapping or
sequestration of reactive lymphocytes in the draining lymph
nodes. Protein deficiency causes remarkable depression of
T lymphocyte functions, as indicated by losses of dermal
tuberculin PPD hypersensitivity reactions, PPD-driven
proliferation, and Th1 cytokine production including IL-2
and IFN-γ. Third, protein malnutrition potentiates M.
tuberculosis H37Rv-infected monocyte-macrophages to
produce higher levels of TGF-β1, which has been
implicated as a likely mediator of immunosuppression and
immuno-pathogenesis in tuberculosis (92, 97, 107, 108).
Given the devastating impact of tuberculosis worldwide, and
the intense efforts currently underway to develop new
vaccines and immunotherapies for this epidemic disease, it
is imperative that we understand more fully the precise
mechanisms by which nutrient deficiencies interfere with
anti-mycobacterial immunity and disease resistance.
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