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Annapurna, the goddess of food and plenty specially revered in the villages of
India. From a mud mural. The importance of dietary intake and physical and
mental health is discussed in ancient Indian scriptures written several centuries
B.C. (Courtesy of India Tourism Development Corporation.)
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FOREWORD

I welcome the privilege of writing some words of introduction to
this important book. Its authors have been courageous in bringing
together in one text a triad of topics that cover such large tracts of
biomedical sciences as epidemiology, biochemistry, immunology,
and clinical medicine. Malnutrition and infection are known to be
closely linked, the one promoting the other. The adaptive immune
system forms a part of the link since it is responsible for a good
deal of defense against infection, and it may be affected adversely
by malnutrition and indeed by infection itself. Knowledge in this
complex field is of great potential importance because malnutri-
tion and infection are such dominant features of the ill-health of
many of the world’s underprivileged people.

As this book shows, there is no lack of technical facets for
study. There are now so many components of the immune
response which can be measured or assessed and so many aspects
of nutritional biochemistry which can be studied that the problem
is to select what to study and where to begin. Moreover, the great
number of variables in the nature of nutritional deficiencies, in
types of infections or multiple infections and in the genetic,
environmental, and social background of the affected people, all
combine to make interpretation and application of findings a
speculative business. Descriptions of cause and effect must us-
ually be provisional rather than definitive. There are, quite
rightly, so many occasions in this book when a conditional verb
must be used that research workers could be tempted to ask
whether these topics can indeed be integrated in a systematic and
useful way.

That is no reason for not trying. The biomedical scientist
trying to apply his knowledge and skills to the improvement of
health in the community cannot expect to find controlled condi-
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viii FOREWORD

tions comparable to those that can be achieved in the test tube or
the inbred mouse. Some consistency has already emerged in this
complex field. In malnourished children, the T cell system—
thymus, T lymphocyte, and cell-mediated response—are regularly
impaired, although amounts of immunoglobulin are not reduced
and may even be raised. Antibody formation is normal or re-
duced, perhaps (note the conditional clause) due to defective T
cell function. Such findings imply, for example, a relationship
between nutritional status and the effectiveness of vaccines. No
doubt all nutritional problems could be solved by food, but unless
we are so sanguine as to imagine that an optimal diet will in the
near future be available for all, it would be well to consider
possible strategies to minimize the adverse effects of malnutrition.

Immunization with present vaccines, and the new ones to
come, might be more effective if carried out under nutritionally
favorable circumstances as, for example, during a season when
food was more plentiful or after a period of dietary supplementa-
tion. Alternatively, it may be possible to design the vaccine, and,
in particular, its adjuvant, to stimulate an effective T cell response
even in malnourished subjects.

Much of the research described in this book concerns the
essential laboratory base upon which further advances can be
made. But even the most elegant triumphs in this field will ring
hollow if their relevance to the control of human disease cannot
be assessed or realized. There is now, more than ever, a need to
link the more fundamental laboratory and clinical studies with
observations on man. Longitudinal epidemiological studies on
infectious diseases that seek to assess the significance of nutrition
and immunological changes alongside other factors such as ge-
netics and social and economic circumstances are one powerful
approach that has already been exploited in some areas. This
book will be a valuable source of knowledge and ideas for such
studies.

DaviD S. ROwE

Special Programme for Research and Training in Tropical Diseases
World Health Organization
Geneva, Switzerland



PREFACE

The intimate and complex relationship between diet and health
finds mention in the ancient scriptures of India, in the treatises of
Chinese and Roman medicine, and in the Corpus Hippocratum. It
is sad that in spite of phenomenal advances in agricultural
techniques and medical sciences, we still see in 1977 the struggle
between diminishing food supply and increasing population
growth in its starkest form. Undernutrition, often combined with
the intertwined problem of infection, continues to threaten the
health and survival of the majority of the world’s population,
particularly infants and children. If nutritional deficiency and
susceptibility to infectious illness are a conjugate pair, it is
important to understand the pathogenetic processes involved.
Recent advances in immunological concepts and techniques
have stimulated many studies in the general field of nutrition-
immunocompetence-infection interactions. Several noncellular
factors and the number, morphology, and function of many cell
types have been found to be altered in nutritional deficiency
states. The studies have provided an insight into the intricacies of
Nature’s methods of preferential synthesis of cells, proteins, and
enzymes required for host defense, at the expense of expendable
elements. Nutritional modulation of immunity may be an impor-
tant determinant of morbidity and mortality associated with a
variety of disease processes. Interestingly, undernutrition as well
as overnutrition can alter immune responsiveness. Thus ‘‘opti-
mum nutrition’’ is the key phrase for dietary influences to keep
immune response within normal limits. Questions arising from
observations in man have led to controlled experimentation in
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laboratory animals. It is unlikely that the results of animal
experiments can be directly extrapolated to the human situation.
However, such fundamental observations point the way to the
interesting possibility of dietary manipulation of immune re-
sponse, which may determine susceptibility or resistance to many
diseases.

The data generated have to be interpreted with caution.
Many aspects of the immune response have been studied, often in
isolation from other parameters and seemingly out of context with
other critical environmental variables which influence the occur-
rence of infectious illness. In the feverish excitement of research,
it is easily forgotten that in complex biological systems the total
effect of a series of components is not necessarily the sum of their
individual effects. Differences in the nutritional status of the
subjects evaluated, variations in the techniques used, the pres-
ence or absence of complicating infections and stress hormonal
and metabolic processes, make it difficult to compare and collate
observations.

In this interpretative monograph, we have attempted to
summarize and analyze critically the reported information, to
bring out the controversies, and to point out the lacunae where
further data are required. We have drawn upon the work of others
and of our own, and have included some previously unpublished
observations. We have asked many questions which cannot at
present be answered. The inevitability of increase in scientific
knowledge cannot be denied. It is our fervent hope that the efforts
of many research workers and health professionals will lead to
solutions with the ultimate objective of preventing or alleviating
suffering generated by malnutrition and infection.

We wish to acknowledge the excellent assistance of Rose
Marie Puddicombe, Louise Kittridge, Rosemary Burklin, Clifford
George, Gordon King, and Jim Thistle, in the preparation of the
manuscript.

R. K. CHANDRA
P. M. NEWBERNE
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INTRODUCTION

The important role of nutritional deficiency as a contributor to
childhood mortality particularly from infectious disease, as a
conditioning factor in the complex mosaic of many diseases, and
as a hurdle to socioeconomic advancement, is widely recognized.
Improvements in nutrition, together with better hygiene and
immunization, can take most of the credit for decreasing death
rate from infectious disease and for the longer expectation of life
in industrialized countries. This change in the mortality pattern
came before the development of antibiotics and modern medical
techniques. In developing countries, gross life-threatening malnu-
trition in the shape of marasmus and kwashiorkor continues to be
rampant. These dramatic syndromes represent the clinical end
points of nutritional pathology, and form the tip of the massive
iceberg of undernutrition. More than 100 million preschool infants
and children suffer from moderate-severe malnutrition in the
world. And for one case of kwashiorkor or marasmus, there are at
least 100 with mild to moderate deficiencies of one or more
nutrients. Recent studies in the Americas have revealed a surpris-
ingly high incidence of nutritional problems. The Pan American
Health Organization survey of mortality patterns carried out in
Central and South America showed malnutrition and infections to
be the most serious health problems in children, as primary or
more often as secondary factors in deaths (Puffer and Serrano,
1973). Fifty-seven percent of the children who died under 5 years
of age revealed signs of undernutrition, intrauterine and/or after
birth, as either the underlying or an associated cause of mortality.
The death rate from infectious diseases, mainly diarrhea and
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2 CHAPTER ONE

measles, was found to be 23%. Random population surveys in the
United States (Department of Health, Education and Welfare,
1972) and in Canada (Nutrition Canada, 1973) have revealed a
high prevalence of nutritional problems particularly among the
impoverished segments of society. An examination of 300 ran-
domly picked preschool children of poor black families in Mem-
phis showed that about one-sixth were below the third percentile
of standards of weight and height, one-fourth were anemic, 27%
had retarded skeletal development, and 44% had low levels of
vitamin A (Zee et al., 1970).

Clinicians have long observed that undernutrition predisposes
the host to the risk of acquired infection and that the course,
frequency of complications, severity, and mortality of the infec-
tious illness are augmented. It is likely that this is the result, in
part, of impaired immunocompetence secondary to nutritional
deficiency. Infection in turn frequently worsens the nutritional
status, often precipitating overt symptoms and signs, and causes
immunosuppression. A variety of complex pathogenetic mecha-
nisms probably underlie these multicornered interactions (Fig.
1.1).

There is an intimate relationship between nutritional status,
immune response, and infection (Fig. 1.2). The common concur-
rent existence of malnutrition and infection may symbolize a
pathophysiologic interaction between the two, to produce effects
including immunosuppression that are more than the summed
result expected from the two diseases acting singly, the phenome-
non of synergism (Scrimshaw ef al., 1968). Or an antagonism may
exist. Alternatively, the frequent coexistence of malnutrition and
infection may simply indicate the occurrence of common causa-
tive factor(s) in the same ecosystem. In most industrialized
countries, economic affluence, availability of food in sufficient
amounts, immunizations, and improvement in sanitation have led
to the decline of malnutrition as well as infectious illnesses. In the
economically less privileged nations, however, the opportunities
for combined mutually aggravating effects of undernutrition and
infection continue to prevail and to pose a threat to the health of
the majority of their populations, most particularly young children
under § years of age.
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Figure 1.1. Mechanisms of interactions between infection, nutritional defi-

ciency, and immunosuppression.

In the continuous struggle between the host and the patho-
gen, resistance ability of the former and virulence of the latter are
the key determinants (Fig. 1.3). If the organism is highly patho-
genic, for example measles virus, disease is the invariable result
in the nonimmunized person. In the case of the relatively aviru-
lent organism, for example Candida albicans, generally no dis-
ease ensues, and ‘‘immunity’’ develops. In the vast majority of
instances, however, both these forces are of variable intermediate
strength, and in such a situation factors modifying one or the
other may tip the balance to morbidity and mortality, or to
symptomatic infection with complete recovery. Nutrition is one of
the critical determinants in this balance (Chandra, 1976b).

When nutritional deficiency and infection coexist, the former
is often chronic and precedes the latter acute process. Infectious
illness is likely to cause the greatest havoc during periods of rapid
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IMMUNOCOMPETENCE

NUTRITION

IMMUNOCOMPETENCE

Figure 1.2. Interactions between nutritional status, immunocompetence, and
infection. Abnormality in one field affects the other two. (a) Nutritional
deficiency impairs immunocompetence and increases the frequency and severity
of infection. Infectious illness is associated with negative nitrogen balance, may
precipitate overt malnutrition, and depresses immune responses. Primary immu-
nodeficiency states are characterized by failure to thrive and a variable suscepti-
bility to infection. (b) Undernutrition and infection often coexist and augment
each other and impair immunocompetence to a variable extent.
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Figure 1.3. The magnitude of morbidity and mortality in infectious disease is the
net balance of the opposing forces of pathogen virulence and host resistance.
Organisms such as measles virus produce symptomatic disease in virtually all
nonimmune individuals. Other agents such as Candida albicans exist in sym-
biosis with man until impairment of host immunity allows it to produce
opportunistic infection.

growth with high physiological demands of nutrients: intrauterine
life, the first two years of life, adolescence, pregnancy and
lactation, and old age. The frequent occurrence of elevated cord
blood IgM in poor communities reflects the high incidence of
prenatal infections. The duration and severity of the preceding
undernutrition and the length and severity of superadded infection
determine the biological importance of the resulting interaction.
In an infant getting a marginally adequate diet, heavy parasitic
burden and closely spaced infections invariably retard growth or
produce an actual loss of weight (Fig. 1.4). Case incidence of
common infections, such as gastroenteritis, respiratory illnesses,
and tuberculosis, is increased and infections contribute to aug-
mented preschool morbidity and mortality.

The mutually augmenting effects of malnutrition and infection
are seen not only in individuals with gross energy-protein under-
nutrition, but also in those with deficiency of individual nutrients,
such as iron, folates, pyridoxine, etc. The clinical association of
anemia and infections is known, but one may be a cause or
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Figure 1.4. Impact of infectious ill-
ness on growth. The infant’s weight
in the first six months of life was on
the 50th percentile of standard. Re-
current episodes of gastroenteritis
G, respiratory infection R, pneu-
monia P, and measles M slowed the
rate of weight gain and occasionally
produced an actual weight loss, and
brought down the child’s growth
curve to below the 3rd percentile.

consequence of the other. There is a higher than expected
frequency of clinical or subclinical iron deficiency in patients with
chronic mucocutaneous candidiasis (Higgs and Wells, 1973) and
recurrent herpes virus infection (Chandra et al., 1977d). Clinical
surveys estimating the incidence of infection in relationship to the
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individual’s iron status have yielded variable results (Chandra,
1976a). Much of the data is difficult to interpret because of
inadequate sampling, controls, follow-up attrition, and statistical
methodology. In a survey of construction and plantation workers
in Indonesia, Basta and Churchill (1974) reported a higher preva-
lence of acute and chronic infections in the iron-deficient anemic
group compared with nonanemic controls. Some studies report a
reduction in the incidence of respiratory infections and gastroen-
teritis in infants given iron supplements, whereas other studies
have failed to confirm such an effect (Pearson and Robinson,
1976; Chandra, 1977b).

Let us turn the picture around and relook at the very basis of
the unchallenged epidemiologic opinion that infections are com-
moner and more severe in the malnourished. The clinical impres-
sion of health workers dealing with underfed populations, the
comparison of morbidity and mortality data obtained from under-
nourished and well-nourished groups often far removed from each
other geographically and ethnically, and change in such data after
nutritional supplementation, has supported the concept of syner-
gism between malnutrition and infection. However, in many such
studies, the other critical variables of infection frequency, viz.,
sanitation, personal hygiene, overcrowding, family size, were not
taken into consideration.

On the other hand, there are many bits of circumstantial and
direct evidence which, if pieced together, dispute the concept that
lack of dietary nutrients makes an individual more susceptible to
infection, and that in fact starvation exerts an overall beneficial
effect for man in the continuous ecological struggle between
human beings and their microbial predators in the environment.

Experimental studies suggest that host resistance to many
viral infections and to tumors is enhanced by undernutrition. The
pathologic conditions examined in this fashion include vaccinia,
poliomyelitis, foot-and-mouth disease, lymphocytic chorio-menin-
gitis, and sarcoma. In cattle, there is direct relationship between
food supply, nutritional status, and incidence of foot-and-mouth
disease. Lean animals with limited food intake have the lowest
incidence of the disease. Similar data is available for hibernating
or starving hedgehogs. Cooper et al. (1974) reviewed their data
showing that chronic protein deficiency in mice did not alter
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either the primary or the secondary antibody response to immuni-
zation with Brucella abortus, destruction of Listeria monocyto-
genes was facilitated, and allograft rejection was hastened. Con-
trarily, streptococcal infection was enhanced. In protein-deficient
animals, Jose and Good (1971, 1973) showed enhanced cell-
mediated immune destruction of allogeneic, syngeneic, and autoch-
thonous tumors. Negative data must, however, be interpreted
with extreme caution, since several critical factors including the
dependence of the species for the nutrient being investigated may
exert important modulating influence. The majority of studies on
nutritionally deprived laboratory animals observed that morbidity
and mortality following infectious challenge are increased. Sev-
eral animal species, many nutrients, and a variety of pathogenic
organisms including bacteria, viruses, fungi, rickettsia, and para-
sites, have been studied. Scrimshaw et al. (1968) reviewed the
extensive experimental data on the interactions between malnutri-
tion and infection and concluded that the two factors generally
aggravate each other, and only rarely does antagonism occur.

Murray and Murray (1977) have summarized the historic and
epidemiologic information supporting the thesis that starvation
suppresses infection and refeeding activates it. Susceptibility to
epidemic diseases and mortality thereof were higher among the
rich and well-fed, during the 1914-18 pandemic of influenza and
among prisoners in the concentration camps of World War II.
Well-fed prisoners in English jails suffered a higher morbidity and
mortality, perhaps from infection. In anorexia nervosa, there is a
surprisingly low incidence of infections. The seasonal periodicity
of malaria in some tropical areas has been ascribed, in part, to the
increased availability of food and presumably improved nutri-
tional status after the monsoons. Outbreaks of malaria, brucel-
losis, and tuberculosis were observed when famine victims
showed significant weight gain.

The complexities of environmental influences and host fac-
tors in determining susceptibility to and severity of infection defy
simplistic analysis. On the one hand, there is the strong clinical
impression of a synergistic interaction between nutritional defi-
ciency and infection, possibly mediated through atrophy of the
thymus and other lymphoid tissues, and impairment of specific
and nonspecific immunologic and nonimmunologic protective
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responses. Nutritional therapy corrects these abnormalities, but
perhaps not soon enough since many patients still die of compli-
cating infections and other complications. On the other hand,
there is some evidence in support of the thesis that calculated
mild undernutrition and leanness may be an animal’s greatest
physical asset, producing longer life, fewer malignancies, reduced
mortality from inherited susceptibility to autoimmune disease,
and perhaps fewer infections. These biological paradoxes remain
a riddle awaiting solution through more critical data.



MECHANISMS OF HOST
DEFENSE

A complex set of structures and processes is involved in protect-
ing individuals from infections, other foreign matter, and mutant
cells developing de novo in the body, and their complications.
These defense mechanisms may be specific for the invading
microbe, or antigen-nonspecific; some are immunological, others
nonimmunological (Table 2.1). Although individual populations of
cells, proteins, and factors have been generally described and
studied in isolation, there is an intimate interaction in vivo
between different mechanisms of host defense. The immunologic
orchestra plays in concert, rather than solo.

The functional significance of each component has been
deduced from qualitative and quantitative primary immunity defi-
ciency states, ‘‘the crucial experiments of Nature’’ (Good, 1973),
and by correction by passive replacement or reconstitution ther-
apy. The relative importance of different protective processes
would depend upon the biologic characteristics of the infecting
agent and the route of invasion. These defense mechanisms
attempt to prevent colonization, systemic entry, and multiplica-
tion and dissemination of pathogens, and influence the conse-
quent complications and final outcome: no symptoms, disease,
recovery, or fatality.

The body’s defense mechanisms may not always be benefi-
cial. In many instances, the very processes that are mounted
against invading pathogens may themselves cause tissue damage,
clinical manifestations and complications associated with the
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12 CHAPTER TWO

disease. At the end of the 19th century, the Austrian pediatrician
Clemens von Pirquet had postulated that an interaction of anti-
bodies with the viruses of smallpox and measles might cause the
skin eruptions characteristic of these diseases. These speculations
that immune response might cause disease are fully borne out by
numerous studies. The immunologic processes underlying local or
systemic damage in disease have been categorized by Coombs
and Gell (1975) into four basic types of reactions: Type I,
anaphylactic or reagin-dependent; Type II, cytotoxic or cell
stimulating; Type III, antigen-antibody or immune complexes;
Type IV, delayed cell-mediated with release of lymphokines
and/or development of cytotoxicity. A number of different pro-
cesses may be going on at once in the same patient and even in
the same lesion. If these immune responses are exaggerated or
subdued, quantitatively or qualitatively, there is a greater likeli-
hood of complications and an adverse ultimate outcome.

2.1. ONTOGENETIC DEVELOPMENT OF ANTIGEN-
SPECIFIC IMMUNITY

The two-component concept of the cellular systems subserv-
ing specific immunological functions is now established. The
pluripotent stem cell can be identified first of all in the yolk sac.
Subsequently, the precursors of the major hematopoietic cells,
including lymphocytes, granulocytes, and macrophages, can be
found in the fetal liver and bone marrow. The ontogenetic
development of the primodia of various lymphoid organs and their
population by functional lymphoid cells has a characteristic
pattern (Chandra, 1978b). Lymphocyte precursors ultimately de-
velop into one of the two major subsets distinguished on the basis
of function and cell surface markers: thymus-dependent T lym-
phocytes, and bone-marrow- or Bursa-dependent B lymphocytes
(Lawton and Cooper, 1973). The development of these two
defined but interdependent populations of immunocompetent cells
is shown in Figure 2.1. The mature T and B lymphocytes are
responsible for the two main components of antigen-specific
protection, cell-mediated immunity, and the immunoglobulin-
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Table 2.1
Host Defenses

1. Specific immunological responses
Immunoglobulins and antibodies
Serum
Secretory
Cell-mediated immunity
T lymphocytes (helper, suppressor, cytotoxic, etc.)
Killer cells
II. Nonspecific factors of resistance
Skin and mucous membranes
Mucus
Visceral and ciliary movements
Phagocytes
Complement system
Opsonic function
Iron-binding proteins: transferrin, lactoferrin
Interferon
Lysozyme
Febrile and metabolic responses

STIMULATED
LYMPHOKINES
anE —_— Ro—— GRAFT_REJECTION
9 DELAYED HYPER-
STEM CELL \\\*‘/ T LYMPHOCYTES  SENSITIVITY
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Figure 2.1. Development of the cells involved in antigenic-specific cell-mediated
and humoral immunity. There is a complex interaction—+, helper or facilita-
tory; —, inhibitory—between T lymphocytes, B lymphocytes, and macrophages.
Surface markers are progressively acquired. R = rosetting with sheep erythro-
cytes, C = complement, Fc = crystalline fragment of immunoglobulin, EBV =
Epstein-Barr virus, B.M. = bone marrow.
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antibody system, each of which may act in systemic sites or at
mucosal surfaces.

2.1.1. Thymus-Dependent Cell-Mediated Immunity

Some of the lymphoid cells come under the functional
influence of the thymus. The pattern and timetable of develop-
ment of the thymus varies in different species. In man, the
epithelial portion of the thymus has a common embryonic origin
around the 6th week of gestation, from the 3rd and 4th branchial
arches with the parathyroids and the thyroid. This embryologic
feature explains the occurrence of hypocalcemic tetany, peculiar
facies, and thymic aplasia in DiGeorge’s syndrome. Around the
8th week of gestation, lymphocytes enter the thymus, where the
cortical area is an active site of cell proliferation, acquisition of
cell surface antigens, and functional maturation. It is possible that
the generation of a diversity of specific antigen receptors takes
place during thymic lymphopoiesis. The majority of the new cells
die within the thymus (Mutsuyama et al., 1966), a process which
may be aimed at specialization, individual antigen recognition,
and elimination of the ‘‘forbidden clones’’ directed against one’s
own tissues. The maturation effect of the thymic microenviron-
ment is the result of soluble factors (? ‘‘thymosin,”” ? other
thymic hormones) since it can be achieved by dialysate permeat-
ing across millipore filters. These humoral substances perhaps
assist in the maturation of T cells in the peripheral tissues as well,
and in the full expression of their function. The mature T
lymphocytes move to the medullary core of the thymus and then
leave the organ, to populate secondary lymphoid tissues such as
the paracortical areas of lymph nodes, periarteriolar areas of the
spleen, gut-associated lymphoid tissue, etc. Some of these T cells
are long-lived and keep recirculating via the lymphatics, thoracic
duct, and afferent venous drainage, perhaps for many years.

Mature human T lymphocytes are recognized by their ability
to form nonimmune rosettes with sheep erythrocytes in the cold
(Fig. 2.2), and their reaction with antisera raised against human
thymocyte antigens and antisera against human brain cells. The
electrokinetic behavior in free-flow electrophoresis, cell-surface
molecular components (Mehrishi and Zeiller, 1974), membrane-
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Figure 2.2. Rosette-forming human T lymphocytes.

bound acetylcholinesterase (Kutty et al., 1976) and a-naphthyl
acetate esterase activity (Ranki et al., 1976) can also differentiate
T lymphocytes from B cells. Small amount of immunoglobulin
have been shown on the surface of T cells by extremely sensitive
autoradiographic techniques and by electron microscopy. The
exact function of this immunoglobulin and the nature of the
antigen-recognition receptor are the subject of much current
debate and work. Functionally, T lymphocytes may have a helper
or suppressor effect on other T and B lymphocytes. They function
through release of soluble factors (lymphokines) and direct cell-
cell cytotoxicity, and participate in delayed hypersensitivity and
homograft rejection.

In mice, a number of antigens have been demonstrated on the
surface of T cells. Different combinations of antigens are ob-
served in progressive stages of ontogenetic development, some
being acquired initially only to be lost at a later stage, for example
some Ly antigens, whereas others, for example theta (6), being a
permanent cell characteristic. Lymphocytes phenotyped on the
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basis of surface antigens have different functions (Medawar and
Simpson, 1975; Janeway et al., 1975).

There is convincing evidence to suggest that cellular immu-
nity is functional early in gestation. It may be required to deal with
maternal leukocytes which may provoke graft-versus-host reac-
tion. Mixed leukocyte reaction can be demonstrated as early as
the 10th week. A functionally adequate cellular immunity may
help in limiting the extent of fetal infections and of contagious-
ness. On the other hand, the immunologic and inflammatory
response to the invading pathogen may be responsible for the
clinical manifestations, as exemplified by intrauterine syphilis
infection.

2.1.2. Immunoglobulins and Antibodies

The immunoglobulins are produced by the B lymphocyte-
plasma cell system. The early stages of development of cells
involved in the synthesis and release of immunoglobulins have
been studied extensively in the chicken, in which a well-demar-
cated cloacal Bursa of Fabricius serves as the central thymic
equivalent for the B cell system. The high rate of cell division in
this organ suggests that new specificities and antibody-combining
sites are being continuously generated. A similar microenviron-
ment suitable for induction probably exists in man but its ana-
tomic localization has not been established. The gut-associated
lymphoid tissue, particularly the appendix and Peyer’s patches,
and the bone marrow, is considered to be the mammalian homo-
logue of the Bursa. In newborn rabbits (Cooper et al., 1968) and
in the human neonate (Chandra, 1977d), extensive bowel resec-
tion is associated with lower than normal levels of immunoglobu-
lins. Recent evidence suggests that the bone marrow, liver, and
spleen may be the Bursa-equivalent organs in mammals.

Cooper et al. (1972) have postulated a two-stage model for
sequential ontogenetic development of B cells and differentiation
of plasma cells. The first stage of clonal development involves the
origin of antigen-reactive cells from stem cells. It is suggested that
cells synthesizing IgM and expressing genes for the variable and
constant (C,) regions give rise to cells producing IgG (C,), which
in turn may switch to IgA (C,) synthesis. This intraclonal differen-
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tiation by immunoglobulin has been supported by observations on
patients with primary immunity deficiency and cell-surface char-
acteristics of human malignant cells, and in chickens that were
bursectomized or given antisera specific for one type of heavy
chain. The second stage consists of clonal proliferation which
occurs in peripheral tissues. It is set into motion by antigenic
stimulation; B lymphocytes multiply and differentiate into immu-
noglobulin-secreting plasma cells, which are end cells incapable of
further division.

B lymphocytes are recognized by the presence of surface
immunoglobulin (sIg) which can be easily detected by staining
with fluorescein-conjugated antihuman-immunoglobulins anti-
serum and ultraviolet microscopy (Fig. 2.3). Autoradiography and
immune electron microscopy are alternate research tools for
detecting sIg. The second most frequently employed technique is
immune rosetting with sheep red cells induced in the presence of
antibody and complement. Other markers on the surface of
lymphocytes include receptors for aggregated IgG, Fc, and E-B
virus (Fig. 2.1). Differentiation from T cells on the basis of
electrokinetic behavior in free-flow electrophoresis, surface com-
ponents, relative paucity of cholinesterase, and absence of a-
naphthyl acetate esterase activity has already been commented
upon in the previous section.

Surface immunoglobulin-bearing B lymphocytes have been
seen in the blood and lymphoid tissues at 1112 weeks of gestation

Figure 2.3. B lymphocyte with surface immunoglobulin stained with fluorescein-
conjugated antihuman-immunoglobulins antiserum.
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(Lawton et al., 1972). However, plasma cells with intracyto-
plasmic immunoglobulin are not found in healthy fetuses till about
20 weeks (van Furth et al., 1965). Antigenic stimulation such as
infection accelerates the developmental process, whereas a germ-
free environment retards it.

IgM is the first immunoglobulin detected, as early as 10
weeks of human gestation (Gitlin and Biasucci, 1969). Soon after
this time, IgA, IgD, and IgG are also found (Chandra, 1975b).
Almost all of the fetal serum immunoglobulin consists of IgG
which is selectively transferred from the mother across the
placenta, a process in which the Fc component of the Ig molecule
plays an important role. The concentration of serum IgG rises
progressively with increasing gestational age and body weight
(Chandra, 1975c) (Fig. 2.4). The various subclasses of IgG are
acquired by the fetus at different rates, IgG, being transferred
most effectively. Also, IgG, transfer is affected the most in
placental insufficiency (Chandra, 1975b). Before and after birth,
the concentration of immunoglobulins is determined largely by the
extent and duration of antigenic stimulation. Raised cord blood
IgM is highly suggestive of infection during intrauterine life
(Alford et al., 1975). In developing countries where infectious
diseases are common and standards of sanitation are poor, there
is a precocious rise in immunoglobulins to adult levels by the age
of 2-5 years (Chandra and Ghai, 1972). Genetic differences also
affect the development of immunoglobulins. Recent studies in
mice have demonstrated the inherited interstrain variability in the
quality or affinity of antibody produced (Morgan and Soothill,
1975). The role of the environment is shown by the observation
that animals reared in germ-free conditions have poor and delayed
development of circulating immunoglobulins.

There is a large body of data on the physicochemical and
biologic properties of the major immunoglobulins classes (Table
2.2), each of which has a characteristic heavy chain and either
kappa () or lambda (M) light chain (Turner and Hulme, 1971). The
antigen recognition and binding mechanism is located in the
portion of the immunoglobulin molecule (Fab) made up of the
light chain and a portion of the heavy chain (Fd) which can be
prepared by proteolytic digestion of the whole molecule. The
biologic function is located in the portion of the heavy polypep-
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Figure 2.4. Serum IgG related to body weight. There is a significant direct
correlation between the two measurements and a plateau is reached in infants
who weigh 2250 g or more. From Chandra, 1975¢c. Copyright 1975, American
Medical Association.

tide chain (Fc) split off by papain digestion. Following antigen-
binding by the immunoglobulin molecule, the Fc component
undergoes a conformational change to impart functional activity
to it. On the basis of differences in the detailed amino acid
sequence of the heavy polypeptide chain, four subclasses of IgG
(G,, G;, G;, GY and two each of IgA and IgM, and structural
variants within each subclass (allotypes), are recognized.

2.2. PHAGOCYTES

Metchnikoff’s pioneering observations at the turn of the
century pointed to the role of leukocytes as a first-line defense
barrier against bacterial invasion. Phagocytes present in the
vascular compartment (neutrophils, eosinophils, basophils, mono-
cytes) constitute a highly mobile and readily available force. The
reticuloendothelial system of tissue histiocytes is constituted by
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Kupffer cells in the liver, macrophages in the spleen, lymph nodes
and pulmonary alveoli, and microglial cells in the central nervous
system. The important role played by phagocytes in defense
against bacterial and fungal disease is illustrated by chronic
granulomatous disease, in which impaired killing of phagocytized
intracellular bacteria results in a severe illness characterized by
suppuration of the lymph nodes, liver, lungs, and other organs,
often causing death in the first two decades of life.

There have been rapid recent developments in the field of
phagocyte biology. These encyclopedic details are discussed in
several exhaustive reviews published in the last three years
(Pollard and Weihing, 1974; Stossel, 1974, 1975; Ward, 1974;
Wilkinson, 1974a; Bellanti and Dayton, 1975; Berlin et al., 1975;
Cline, 1975; Humbert et al., 1975; Klebanoff, 1975; Cheson et
al., 1977). This section gives a conceptual summary of some
biological aspects.

The process by which polymorphonuclear leukocytes afford
protection can be divided into ten stages: production, mobiliza-
tion, opsonization, recognition of and attachment to the object of
phagocytosis, ingestion, degranulation, metabolic activity with
associated generation of microbicidal free radicals, killing, and
digestion of the inactivated particle. Malfunction of any of these
steps, singly or in concert, may predispose the host to frequent
infections.

Granulocytes originate from the pluripotent stem cell, first
noted in the human fetal liver at about 2 months of gestation, and
later on in the bone marrow. The morphologic stages of differen-
tiation include myeloblasts, promyelocytes, myelocytes, meta-
myelocytes, band cells, ultimately maturing into segmented poly-
morphonuclear leukocytes. The functional ability of the fetal
phagocyte system has not been adequately studied. In the neona-
tal period, the reduced phagocytic capacity of neutrophils is due
mainly to lack of serum factor(s) such as complement components
involved in opsonization, since the defect can be almost com-
pletely corrected by employing serum of adults. The cord blood
leukocytes have a distinctly reduced ability to kill intracellular
bacteria and fungi.

Recent advances in cell-labeling (Thakur et al., 1976) have
provided a much-needed stimulus for studies on neutrophil kinet-
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ics and traffic. Experiments employing radiolabeled tritium, chro-
mium-51, phosphorus-32, and the newcomer, gamma-emitting
indium-111, showed that, after release from the bone marrow,
neutrophils remain in the vascular compartment for about 6
hours, either circulating in the fast-flowing bloodstream or adher-
ing to the endothelial lining of the vessels. The cells migrate to the
tissues, drain to the lymph nodes, and reenter the circulation. The
cell is attracted to the site of action by chemotactic factors
released from the tissues invaded by the pathogen. Neutrophil
movement depends upon the microfilaments actin and myosin,
and microtubules (Stossel, 1974).

The initial step before endocytosis of particles can occur
involves the coating of bacteria with antibodies and heat-labile
components, mainly complement components. IgG and C3 recep-
tors have been identified on the surface of mononuclear phago-
cytes (Huber and Fudenberg, 1970), but the chemical nature of
such receptors is not known. The participation of C3 is essential
for immune adherence of IgM-coated cells.

There is evidence to suggest that neutrophil receptor sites for
the Fc portion of IgG are involved in the phagocytosis of bacteria
coated with IgG antibodies (Quie et al., 1968). Chemical agents
which act on the free sulphydryl group, and oxidizing agents,
inhibit phagocytosis by their interaction with IgG receptors,
whereas reducing agents have no such effect. Proteolytic trypsin
inactivates heat-labile opsonic receptors on phagocytes but has no
effect on IgG receptors. The biochemical and biophysical bases of
bonding between particles and cells, endocytosis, and fusion of
granules with phagocytic vacuoles are not completely understood.
Phagocytosis of particles is dependent on glycolysis, but oxidative
consumption and oxidative phosphorylation are not essential. In
addition, the presence and physicochemical character of the
bacterial envelope and the autolytic enzymes released by the
pathogen are important determinants in the interaction between
phagocytes and microorganisms (Elsbach, 1973).

Once inside the phagocytic vacuole, a series of metabolic and
enzymatic processes are activated, all of which are aimed at the
ultimate destruction of the pathogen. Lysosomes, which are
polymorphic packets of more than a dozen lytic enzymes, fuse
with phagocytic vacuoles to form phagolysosomes. Hydrolytic
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enzymes, including ribonuclease, deoxyribonuclease, phospha-
tases, cathepsins, plycosidases, sulfatases, protease, phospholi-
pase, elastase, mannosidase, lysozyme, glucuronidase, glucos-
aminidase, triglyceride lipase, and iron-chelating lactoferrin, all of
which are associated with neutrophil granules or are found in cell
sap, are poured into this space. Many intraleukocytic cationic
proteins possess bactericidal activity, whereas other proteins
have fungicidal property.

Phagocytosis is associated with a 10-fold increase in hexose
monophosphate shunt activity, increased consumption of oxygen
and glucose, and increased production of hydrogen peroxide. The
hexose monophosphate shunt was thought to play a critical role
as illustrated by metabolic and bactericidal defects in neutrophils
from patients with absent glucose-6-phosphate dehydrogenase.
However, it is probably a secondary event involved in the
regeneration of reducing substances including glutathione and
ascorbic acid, and inactivation of oxygen radicals and peroxide
which diffuse out of the phagocytic vacuole into the cytoplasm.
Molecular singlet oxygen, superoxide radical, hydrogen peroxide,
and hydroxyl radicals are important in bacterial killing (Kleban-
off, 1975). Cyanide-insensitive NADH-oxidase or glutathione re-
ductase may provide the initial step, leading to formation of
hydrogen peroxide. The continuing availability of NADP* to
serve as an electron receptor for the dehydrogenases is crucial.
Granulocyte enzyme myeloperoxide acts in concert with the
hydrogen peroxide-halide system, and amplifies or mediates the
latter in the Kkilling of bacteria and fungi. Lysozyme (muramidase),
which can hydrolyze the cell-wall mucopolypeptides of bacteria,
probably provides the final blow to the microbe weakened by
assaults by other bactericidal mechanisms.

2.2.1. Monocytic Phagocyte

The kinetics and functions of fixed and wandering macro-
phages are less well-defined than those of the polymorphonuclear
leukocyte. Promonocyte in the bone marrow differentiates suc-
cessively into the monocyte and then the macrophage. These cells
have a rapid turnover and are affected by corticosteroids as well
as cytotoxic drugs. Upon being stimulated, the macrophage
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becomes bigger in size and the morphological details become
more complex. Several different types of intracellular granules are
recognized, which play an important role in digestion of phagocy-
tosed material. Ingestion is facilitated if the particle is opsonized
by complement C3, immunoglobulins (IgG,, IgGs), migration
inhibitory factor produced by stimulated lymphocytes, and other
substances. The macrophage has cell-surface receptors for these
molecules and forms rosettes with antibody coated red cells.

Activation of the macrophage increases the enzymatic poten-
tial of the cell. The microbicidal pathways include peroxide,
superoxide, malonyldialdehyde derived from unsaturated fatty
acids, lysozyme, lactoferrin, and interferon. Besides phagocytosis
and intracellular digestion, the macrophage plays a critical role in
antigen ‘‘processing’’ which confers heightened immunogenecity
on the substance. The mechanism involved is not clear. Soluble
factors as well as cell-cell contact may be important.

Pitt (1977) referred to the monocytic macrophage as ‘‘a
sweeper, a mediator, and an instructor.”’ The complex biology of
the macrophage is far from completely known. The current
knowledge has been reviewed recently (Carr, 1973; Wilkinson,
1974b; van Furth, 1975; Nelson, 1976).

2.3. COMPLEMENT SYSTEM

The complement system consists of a complex set of 11
distinct serum proteins which can be activated by a variety of
agents such as antibodies, microbial products, and enzymes. The
various complement components interact in a sequential fashion
to mediate and amplify many of the biological effects of immune
reactions, chemotaxis, immune adherence, opsonization, anaphy-
laxis, cell lysis, and bacterial inactivation. The potential ability of
this system to damage the host’s own cells is limited by the
spontaneous decay of activated complement and control by
inhibitors and destructive enzymes. The complement system also
interdigitates with many other systems of the host.

In the last 10 years, considerable progress has been made in
the isolation and characterization of individual components of
complement and the development of immunochemical quantita-
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tion and functional assays (Muller-Eberhand, 1975; Colten, 1976;
Johnston and Stroud, 1977). The genetic heterogeneity of comple-
ment proteins is now recognized. The number and variety of
confusing names which evolved during the initial discoveries have
now given place to a standardized nomenclature.

In man, the synthesis of complement components C1, C2,
C3, C4, and probably other components, starts in early fetal life,
around 8 weeks of gestation. The complement activity in fetal
serum is the result of active fetal synthesis, since the placenta is
an effective barrier to passage of complement either from or to
the fetal circulation. The synthesis of specific complement pro-
teins in vitro by isolated fetal tissues has been demonstrated.
Complement components have been detected in sera of fetuses
borne by genetically deficient mothers. The electrophoretic pat-
terns of complement proteins exhibiting genetic polymorphism
often differ in paired maternal-fetal samples. The principal sites of
synthesis differ from one component to another: C1 by epithelial
cells of the small and large intestine and the genito-urinary system
except the kidney; C3, CS5, C6, C9, and C1 esterase inhibitor by
the hepatic parenchymal cells; and C2 and C4 by macrophages in
various tissues. It appears that all the subunits of C1 are synthe-
sized in a single cell type. The genetic loci controlling the
synthesis of C3, C4, and C2 have been mapped on human
chromosome 6 close to the major histocompatibility complex.

There are two major pathways of complement activation
(Fig. 2.5). In the classical pathway, Clq serves as the recognition
unit, C4, C2, and C3 as the activation system, and C5, C6, C7,
C8, and C9 as the membrane attack unit. The three subunits of
C1, namely Clq, Clr, and Cls, are held together by noncovalent
bonds in the obligatory presence of Ca*™*. A single molecule of
IgM antibody on the surface of a cell is able to bind Cl1. In the
case of IgG, two adjacent molecules are requried for such
binding, an infrequent event since antibodies are scattered ran-
domly over the cell surface and the probability of two IgG
molecules’ occupying adjacent sites is small. Enzymatic activa-
tion of other complement components is initiated by activated
Cls. The process of enzymatic cleavage exposes a binding site
with a short life on the activated complement component. The
intermediate complexes are extremely unstable. The reactions
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Figure 2.5. The complement cascade. Complement proteins interacting in a
sequential manner generate activated forms (indicated by a bar above the
symbol) to liberate biologically active fragments (designated by a lowercase
letter), and eventually to cause cell lysis and death. Complement activation may
be initiated in Clq (classical pathway) or through a bypass mechanism which acts
on C3 (alternate pathway).

involving the late-acting complement components C7 to C9 are
not yet well understood. Lesions on cell surfaces produced by
complement activation can be seen in electron micrographs, and
are quite uniform in size although the latter varies with each
species. The internal diameter of the membrane lesions produced
by human complement is 10-11 nm.

The alternate pathway bypasses Cl1, C4, and C2, and is
activated by immunoglobulin aggregates, polysaccharides, and
cobra venom factor (Fearon and Austen, 1975). It consists of the
initiating factors, properdin, C3 or proactivator C3PA (Factor B,
glycine rich B-glucoprotein), and C3 proactivator convertase
(Factor D). It merges with the classical pathway at the C3 stage,
sharing the membrane attack unit.
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Alterations in the quantity and activity of complement com-
ponents have been described in many clinical situations (Lach-
mann, 1975). Deficiencies of isolated proteins are rare and often
inherited. In many acquired diseases, the complement system is
an active participant in pathophysiologic processes. An increase
in serum concentration is a part of an acute-phase response,
whereas a decrease may be due to reduced synthesis, accelerated
consumption, and fixation to tissues, or loss through the gut or
the kidney.

2.4. OTHER FACTORS OF HOST RESISTANCE

A number of other mechanisms provide protection from
invading pathogens. These are listed in Table 2.1, but the discus-
sion of each of them is beyond the scope of this monograph (see
Bellanti, 1970; Stiehm and Fulginiti, 1973; and Gell et al., 1975).

2.5. CONCLUDING REMARKS

The principal tiers of antigen-specific and antigen-nonspecific
immunity have been described separately in the above sections. It
is becoming increasingly clear, however, that cellular interac-
tions, both facilitatory and inhibitory, are the key to the generation
of optimal immune response, which is further amplified by other
factors, such as the complement system. Cellular and humoral
phenomena can influence each other. For example, the ingestion
of foreign particles by phagocytes is promoted by antibodies,
complement component C3, and other serum factors. Also, anti-
bodies activate the complement system and fix its constituent
proteins on the invading cell’s surface. The uniqueness of the
immune system lies in the extreme heterogeneity of cell popula-
tions capable of highly specific interactions without the necessity
of any physical segregation. Burnet views it as ‘‘a homeostatic
and self-monitoring system whose function is to maintain the
genetically defined integrity of body substance, which end it



MECHANISMS OF HOST DEFENSE 29

achieves by transient interchanges of information from random
contact between fully mobile units’’ (1976, p. 158).

Primary, often inherited, deficiencies of host defenses are
associated with an increased incidence of infection of variable
severity, cancer, atopy, immune complex diseases, autoimmune
disorders, and reduced survival. Much more common is the
secondary suppression of one or more protective mechanisms by
a variety of pathological states, including infection, malignancy,
therapy with corticosteroids and antimetabolites, irradiation,
surgical resection, thermal injury, anesthesia, and surgery. On a
global scale, however, nutritional deficiency is the commonest
cause of secondary impairment of immunocompetence.



ASSESSMENT OF
NUTRITIONAL STATUS

The definition of undernutrition has proved to be more difficult
than might be expected for so prevalent a condition. The ease of
clinical recognition of the two polar entities of kwashiorkor (from
the Ga language of Ghana, meaning ‘‘displaced child’’) (Fig. 3.1)
and marasmus (Greek marasmos, withering) (Fig. 3.2) does not
belittle the semantic and diagnostic problems surrounding less
severe and intermediate forms of nutritional deficiencies.

3.1. ENERGY-PROTEIN UNDERNUTRITION

The World Health Organization defines protein-calorie mal-
nutrition as ‘‘a range of pathological conditions arising from
coincident lack, in varying proportions, of protein and calories,
occurring most frequently in infants and young children and most
commonly associated with infection’ (1973, p. 1). The world
prevalence of marasmus exceeds that of kwashiorkor at least
fourfold. The obsession with protein deficiency has given place to
the recognition based on facts that the major nutritional defi-
ciency in the world today is that of total food intake (calories or
energy). It is logical, therefore, to use the term energy-protein
undernutrition to provide the appropriate stress to energy deficit.
Based on careful dietetic surveys, epidemiological data, and
metabolic-endocrinal observations, it has been suggested that
kwashiorkor and marasmus represent two aspects of nutritional

31

R. K. Chandra et al., Nutrition, Immunity, and /zgﬂ’z'r/‘////
© Plenum Press, New York 1977



32 CHAPTER THREE

4 ’ I

Figure 3.1. Kwashiorkor in a young Indonesian boy. The striking manifestations
include extensive skin changes, edema, and mental agony. WHO photo by Dr.
Liem Tjay Tie. Courtesy World Health Organization, Geneva.

imbalance and adequacy rather than two separate entities with
different dietary causes.

Gomez et al. (1956) and Jelliffe (1966) recommended the use
of weight loss as the index of severity of malnutrition. The
Wellcome classification (Table 3.1) (FAO/WHO Expert Commit-

Table 3.1
Wellcome Classification of Energy-Protein Undernutrition®
Body weight Deficit in
as % of weight for
Class standard® Edema height”
Underweight child 80-60 0 minimal
Nutritional dwarfing < 60 0 minimal
Marasmus < 60 0 ++
Kwashiorkor 80-60 + ++
Marasmic kwashiorkor < 60 + ++

¢ From FAO/WHO Expert Committee on Nutrition (1971).

® Reference standard is the 50th percentile for age on the Harvard growth curves.

< Weight for height = (weight of patient/weight of normal subject of same height)
X 100.
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Figure 3.2. Marasmus in a 13-month old Indian girl weighing 3.94 kg. Note the
gross wasting, wrinkled skin, growth failure, and misery. Courtesy World Health
Organization, Geneva.
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tee on Nutrition, 1971) has the merits of simplicity and uses the
sensitive and reproducible measure of weight. It can be employed
for valid international and longitudinal comparisons since a single
set of standards is used. However, it requires knowledge of the
correct age, which is not too accurate a parameter in rural areas
of developing countries with varying calendar systems. The
classification has been mauled also by reasoned arguments that it
confuses type and severity of nutritional deficiency, and that the
magnitude of deficit in weight for height cannot be quantitated by
using terms such as ‘‘minimal’’ and ‘‘++.”” Waterlow and Rutis-
hauser (1974) suggested that the duration over which energy-
protein undernutrition has occurred was important and distin-
guished present malnutrition (‘‘wasting,”’ estimated by weight
related to height) from the effect of previous deficits (‘‘stunting,”’
measured by height for age).

The problems of an all-encompassing classification and the
interpretation, advantages, and disadvantages of various indices
of nutritional status have been recently reviewed (Chandra,
1977h). Progressive depletion in nutritional status results, succes-
sively, in biochemical and physiologic adaptation, changes in the
size of the body and its component parts, altered concentration of
tissue constituents, biochemical lesions, disordered physicochem-
icai organ function, histomorphologic changes in tissues, and,
finally, clinical manifestations (Chandra, 1977h). Studies which
include data based on the relatively late indices obviously cannot
be compared with others that examine earlier subclinical stages of
nutritional deficiency.

Anthropometric measurement is the most extensively em-
ployed index of nutritional deficiency, past and present. It has the
advantages of being simple, inexpensive, reproducible, quantita-
tive, and accurate. Dietary intake and assimilation are the most
relevant of all environmental factors which interact with genetic
potential to determine physical size. A summary of anthropomet-
ric measurements currently in common use is given in Table 3.2.
A ratio of two indices obviates the necessity of an accurate
assessment of age. Repeated measurements estimate growth ve-
locity and are more usefu] than a single-point analysis.

The accurate assessment of various grades of nutritional
deficiency requires biochemical measurements. Biochemical esti-
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mations can be carried out on a number of body tissues, for
example, muscle, liver, bone. In practice, tests are limited to the
two easily accessible body fluids, blood and urine (Table 3.3).
Appropriate tests must be selected to serve the requirements of
the particular study. The ideal test requires that the sample should
be easily collectable (random sample of urine, finger-prick blood)
and stable during transport, not influenced by recent dietary
intake, cheap, simple, sensitive, specific, and reproducible.

Table 3.3
Laboratory Tests for Assessment of Nutritional Status
Test
Nutritional deficiency Blood Urine
Energy-protein Transferrin (S)
Albumin (S)
Urea (B, S) Urea“
Amino acids® (S)
Creatinine
Amylase
Vitamin A Vitamin A (S)
Cartene (S)
Vitamin B, Transketolase (R)
Thiamine®
Pyruvate and lactate (B)
Vitamin B, Riboflavin (R) Riboflavin®
Vitamin By Xanthourenic acid following
tryptophan load
Niacin N-methylnicotinamide
N-methyl-2-pyridone-5-car-
bonamide
Vitamine B,, Vitamin B, (S)
Hemoglobin (B)
Morphology (R, P)
Folic acid Folate (S, R)
Hemoglobin (B)
Morphology (R, P)
Iron Transferrin saturation (S)
Iron (S)
Hemoglobin (B)
Morphology (R)
Iodine T4, T3, TSH lodine

Note: (S) = serum; (B) = blood; (R) = red cells; (P) = polymorphonuclear leukocytes.
“ Expressed as a ratio of creatinine.

® Ratio of essential/nonessential or valine/glycine provides a fair estimate.

“Random sample as well as after *‘loading.”
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3.2. VITAMIN AND MINERAL DEFICIENCIES

Deficits of vitamins, minerals, and trace metals singly, or
more often in combination, are invariably encountered in individ-
uals with energy-protein undernutrition. Once again, the diagno-
sis of overt syndromes is not difficult. For example, vitamin A
deficiency is recognized if night blindness, xerophthalmia, and
corneal opacity are observed. However, mild and subclinical
deficits are not easy to pick up or quantitate but are likely to be
functionally important, as has been brought home to us by the
example of latent iron deficiency (Chandra, 1973a, 1975d, 1976a,
1976d, 1977b; MacDougall et al., 1975).

3.3. FETAL MALNUTRITION

The definitive diagnosis of fetal malnutrition is even more
difficult than that of postnatal malnutrition. A variety of etiopath-
ogenetic factors lead to intrauterine growth retardation repre-
sented by infants who are small-for-gestational-age. An accurate
assessment of birth weight and of gestation by maternal history of
the last menstrual period, and neurodevelopmental examination of
the infant, is required for the neonatal diagnosis of fetal malnutri-
tion. However, the diagnosis by purely clinical means is unreli-
able except in those with. gross deficits of growth. In autopsy
materials, Anderson (1972) showed that the ratio of brain weight
to liver weight remained relatively constant throughout fetal
development (mean, 2.8; range, 1.7-4.1). Infants with body
weight less than 1 SD below the mean body weight for gestation
had an elevated brain/liver-weight ratio of 4.5 or more. Survival
time had no significant effect on the index. He suggested that this
ratio may be employed as an index of prenatal nutrition.

Antenatal diagnosis of intrauterine growth retardation has
been attempted by ultrasound examination of the fetus (Campbell,
1970) and measurement of specific protein and steroid products of
the fetoplacental unit in maternal serum and urine (Gruenwald,
1975; Klopper, 1976). Urinary or plasma estrogens, human pla-
cental lactogen, human chorionic gonadotrophin, and heat-stable
alkaline phosphatase are the most widely used biochemical indi-
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ces. There is a good correlation between serum concentrations of
placenta-specific materials and fetal weight, which may be ex-
pected based on the known dependence of fetal size on placental
function. A recent preliminary report suggests that measurement
of pregnancy-specific B;-glycoprotein in maternal blood may
provide a sensitive, easy, and practical index of fetal well-being
and growth (Gordon et al., 1977).

Another approach to the antenatal assessment of fetal nutri-
tion focused on maternal leukocyte enzymes and metabolites
(Metcoft, 1974). Nutritional deficiency alters the energy metabo-
lism of cells (Yoshida er al., 1967). Leukocytes of infants with
marasmus and kwashiorkor contain reduced amounts of the
metabolites oxalacetate, pyruvate, lactate, and adenine nucleo-
tides. Activities of mitochondrial adenylate kinase and cyto-
plasmic pyruvate kinase are reduced. Similar data were obtained
on the cord-blood leukocytes of infants born small-for-gestational-
age and in the leukocytes of their mothers, indicating that the
metabolism of the maternal leukocyte might reflect fetal nutrition
and development. Birth weight of the infants correlated directly
with RNA polymerase activity of leukocytes from the peripheral
blood of their mothers. This was in contrast to the findings in the
placentas. The mechanism underlying such changes in enzymes is
not clear. Several interacting variables may influence enzyme
activity, including a change in the number of enzyme molecules,
alterations in intracellular modulators, and change from one
molecular form to another. Mameesh et al. (1976) have recently
looked at the kinetic properties of pyruvate kinase in the mothers
of infants with fetal malnutrition. Pyruvate kinase, one of the rate-
limiting regulatory enzymes in glycolysis, exists in two major
isoenzyme forms in mammalian tissues: type L in the liver,
parenchymal cells, and erythrocytes; and type M in muscle and
leukocytes. Based on Michaelis—-Menten kinetics, the M isoen-
zyme is considered nonallosteric whereas the Type L isoenzyme
is modified by phosphoenolpyruvate, adenosine triphosphate, L-
alanine, K*, and fructose-1,6-diphosphate. The activity of leuko-
cyte pyruvate kinase from mothers delivering small-for-gesta-
tional-age infants was reduced with respect to the substrate
phosphoenolpyruvate, but was less responsive to activation by
fructose-1,6-diphosphate, irrespective of the presence or absence
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of L-alanine. This and other data suggested that pyruvate kinase
in maternal leukocytes during pregnancy is influenced by the
same modulators that modify the activity of the L-type enzyme. It
is possible that ethnic and geographic factors as well as nutritional
deficiency or imbalance may affect the leukocyte metabolism.
Since the human fetus depends upon glycolysis for its energy
needs, impaired enzyme activity in intrauterine growth retarda-
tion could lead to a reduction in available metabolic energy
required by rapidly proliferating embryonal tissues. The metabo-
lism of maternal leukocytes including the kinetic response of
pyruvate kinase to allosteric modulators during pregnancy may
provide an additional test for the antenatal diagnosis of fetal
malnutrition.

3.4. CONCLUDING REMARKS

The problems of the definition and grading of deficiencies of
the many nutrients consumed by man make the interpretation of
published literature on nutrition-immunity-infection interactions
difficult. Many reports on this topic have not clearly defined the
nutritional status of the subjects that were evaluated. This is
particularly true of human studies.



INFECTIONS IN
UNDERNQOURISHED
INDIVIDUALS

The clinical impression that nutritional deficiencies generally
reduce the capacity of the host to resist infection and its conse-
quences is widely accepted. Published evidence which suggests
that nutritional status conditions the individual to infectious
disease is based on several different types of data: higher point
prevalence of infection in undernourished subjects attending the
clinic or hospital or surveyed in the community, more frequent
and more severe complications following an infectious illness in
the malnourished, higher infection-related mortality rate in mal-
nourished populations, frequent presence of complicating infec-
tion in children dying of kwashiorkor or marasmus, reduction in
infection rate associated with improvement in dietary intake,
higher rate of occurrence of infections during war or blockade or
following famine. However, many of the studies suffer from one
or more faults in sampling: lack of inclusion of a sufficient number
of subjects with different severity of nutritional deficiency; retro-
spective analysis; inadequate diagnostic workup for nutritional
status and for the presence and etiology of infection; lack of
consideration of other environmental determinants, for example
sanitation and personal hygiene; inadequate statistical analysis;
etc.

Scrimshaw et al. (1968) reviewed all the studies to date on
the effect of malnutrition on resistance to infection and summa-
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rized that multiple nutritional deficiencies increase the incidence
and/or severity of tuberculosis, acute diarrheal disease, rickettsia,
infectious hepatitis, measles, amebiasis, and respiratory disease.
The extensive epidemiologic data from field studies in Guatemala
summarized by Scrimshaw (1970) and Mata (1975) suggest syner-
gistic interactions of malnutrition and infection. This applied also
to small-for-gestational-age, low-birth-weight infants who showed
greater rates of infection with Shigella, E. histolytica, G. lam-
blia, and Candida. Dysentery and bronchopneumonia were more
frequent in children in the lower quartile of growth than in those
in the upper quartile (Mata et al., 1971). In Australian aboriginal
children, Jose and Welch (1970) found that intestinal parasites
reached heavier loads in growth-retarded subjects but played no
part in initiating the syndrome. A high proportion of children with
deafness, or dying from gastroenteritis and/or pneumonia, had a
previous history of nutrition-related growth failure.

Of children with moderate-severe malnutrition admitted to
hospitals in Asia and Africa, 30 to 65% have active infection, and
there is a high sepsis-related mortality in these patients (Smythe
and Campbell, 1959; Phillips and Wharton, 1968). Malnourished
children show a tendency to develop gram-negative septicemia,
disseminated herpes simplex infection, afebrile or anergic re-
sponse to infection, and gangrene rather than suppuration.

A number of studies have pointed to the high mortality from
measles in the developing countries, which may be attributable in
part to the poor nutritional status of the population (Ghosh and
Dhatt, 1961; Morley, 1962, 1964; Taneja et al., 1962; Gordon et
al., 1965). Malnourished children suffering from measles may not
show a rash. There was a high frequency of giant-cell pneumonia,
and thymolymphatic atrophy was less marked than in the children
dying with energy-protein undernutrition who did not have mea-
sles (Smythe et al., 1971).

Hepatitis-associated antigen was found in a higher proportion
of Indian and Thai patients with energy-protein undernutrition
than in the general population (Suskind er al., 1973; Chandra,
19771). The incidence of HBsAg was approximately 3 to 8 times
higher than in age-sex-matched well-nourished controls from the
same community. The higher HBsAg detection rate in marasmus
compared with the incidence in kwashiorkor may be explained on
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the basis of a longer time period over which an opportunity for
exposure and infection existed in the former. Information on the
prevalence rate of other hepatitis antigens and subtypes is not
available. The frequency of detection of HBsAb was slightly
lower, though statistically it was not significant (Chandra, 1977i).
This may well be due to depressed cell-mediated immunity and
helper function necessary for mounting an adequate antibody
response to viruses, as also seen in Indian childhood cirrhosis
(Chandra, 1975i, 1976f). Cellular immunity is consistently im-
paired in nutritional deficiency. Other syndromes with the com-
mon denominators of depressed CMI and susceptibility to de-
velop antigenemia with HBsAg include lepromatous leprosy,
Down’s syndrome, and leukemia-lymphoma.

Generalized, often fatal, infection with herpes simplex virus
is rare, apart from the perinatal period. In Africa, it has been
observed frequently in association with kwashiorkor in children
6-24 months of age. Templeton (1970) reported five such cases
characterized by necrotic hemorrhagic lesions in various organs,
especially under the capsule. The diagnosis was confirmed on
culture, locating inclusion bodies in liver cells, and by indirect
immunofluorescence. The adrenal cortex was affected exclusively
and the medulla was always normal. In the liver, the surface and
cut sections showed characteristic whitish spheres each sur-
rounded by a ‘‘halo’’ of hemorrhage, which stood out in the fatty
background. There was a central zone of complete necrosis
surrounded by virus-infected cells. The absence of inflammatory
cells was striking. Local interferon production has been shown to
be important in the healing of experimental herpes infection in
mice, and this, together with depressed cell-mediated immunity,
may be a contributory factor in the spread of herpesvirus infec-
tion.

Morehead et al. (1974) reviewed 35 consecutive admissions
of Thai children with moderate-severe malnutrition and found 32
to be having one or more infections. Forty ‘‘major’’ infections,
defined as those potentially life-threatening, were present in 24
patients, more commonly in those with edema and with clinical
evidence of vitamin A deficiency. Infections included pneumonia,
genito-urinary infection, septicemia, wound infection, and isola-
tion of enteropathogens. Septicemia was associated regularly with
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edema and low serum proteins. Significant bacteriuria was often
found in the absence of pyuria. In some children, more than one
major and/or minor infections were observed. Thirty-seven ‘‘mi-
nor’’ infections (otitis media, otitis externa, skin infections,
conjunctivitis) were found in 26 patients. A variety of pathogenic
organisms was isolated, the same organism being found in more
than one site in some patients. Mixed infections were found in
44% of all positive cultures, in contrast to an incidence of 5-10%
in the well-nourished. Specific pathogens isolated included gram-
positive cocci in 26 instances, gram-negative bacteria in 41,
Shigella sonnei in 3, Salmonella in 2, Mimae/Moraxella, Bacte-
roides, and Mycobacterium tuberculosis in one each. Candida was
isolated only once, from a case of otitis externa. Pathogens
generally showed marked in vitro resistance to multiple antibiot-
ics.

Autopsy studies have confirmed infection to be a significant
causative factor in deaths of malnourished children. Twenty-two
of 25 African malnourished children on whom autopsy data were
reviewed by Purtilo and Connor (1975) died of fulminant infec-
tions, including disseminated varicella, staphylococcal infection,
miliary tuberculosis, cerebral malaria, measles, herpes simplex,
diphtheria, and Pneumocystis carinii, and infestation with Stron-
gyloides stercoralis, Necator americanus and Ascaris lumbri-
coides.

Hughes et al. (1974) examined the role of protein-calorie
malnutrition as a host determinant for Pneumocystis carinii pneu-
monitis. Mean body weights and serum protein values were below
normal in cancer patients with P. carinii infection than in matched
controls without pneumonitis. Similar findings have been reported
in patients with primary immunodeficiency disorders, organ trans-
plants, and other serious underlying diseases. By the use of
methenamine silver nitrate impregnation technique, the organism
was found in 3 (7.7%) of 39 children with kwashiorkor and
pulmonary infection, but in none of 21 well-nourished children of
whom 16 had died with pneumonia. Other reports mention the
occurrence of pneumocystosis in marasmic infants often wasted
from chronic diarrhea (Dutz, 1970). The incidence of P. carinii
infestation in undernutrition (Bwibo and Owor, 1970; Hughes et
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al., 1974) is similar to its presence in children with lymphoprolif-
erative malignant neoplasms (Hughes et al., 1973).

The effect of deficiency of individual nutrients on host
resistance to infection has been extensively studied in laboratory
animals but such data is almost impossible to obtain in man since
human malnutrition is generally the result of deficits of multiple
nutrients. The reported increase in the incidence and severity of
infectious illnesses in children with overt signs of vitamin defi-
ciency, for example hypovitaminosis A and D (Clausen, 1935) is
likely to reflect a more severe form of energy-protein undernutri-
tion as well. Bean and Hodges (1954) reported a higher frequency
of upper respiratory infections during a 35-day period of experi-
mental pantothenic acid deficiency in four subjects.

Clinical surveys estimating the incidence of infection in
relation to the individual’s status of iron have yielded results,
varying from increased to reduced prevalence. Infection, recur-
rent or severe, is the most common symptom for which iron-
deficient children seek medical advice. MacKay (1928) observed a
modest decrease in the number of episodes of bronchitis and
gastroenteritis in iron-supplemented infants from low-income fam-
ilies in London. More recently, Andelman and Sered (1966) found
that respiratory infections were significantly less in infants who
were given an iron-fortified milk formula. Iron deficiency and
impaired cellular immunity are common findings in patients with
chronic mucocutaneous candidiasis (Higgs and Wells, 1973;
Fletcher et al., 1975). The skin lesions as well as immunological
abnormalities reversed rapidly on administration of iron. Basta
and Churchill (1974) reported a higher prevalence of acute and
chronic infections in the iron-deficient anemic workers in Indone-
sia compared with nonanemic controls. Adults with recurrent
herpesvirus infection show a higher frequency of iron deficiency
than matched controls. Other studies failed to show a relationship
between iron deficiency and infection frequency (Howell, 1971;
Burman, 1972). A Tanzanian study (Masawe et al., 1974) of older
children and adults with nutritional anemia found that iron-
deficient individuals had a lower frequency of infection than did
patients with other types of severe anemia, but there was no
evaluation of any control group of healthy subjects.
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Acute diarrheal disease in developing countries is most
commonly seen in young infants around the time of weaning from
the breast. The syndrome of ‘‘weanling diarrhea’ includes a
minority of infectious gastroenteritis caused by a specific patho-
gen, a proportion of undifferentiated, presumably infectious,
illnesses, and a bulk of nonmicrobial entities. Observations made
during epidemiologic surveys in India and Guatemala suggest that
nutritional deficiency is an important etiopathogenetic factor. In a
study of rural preschool children around Delhi, the incidence of
diarrheal illness in the undernourished group was 2-3-fold greater
than in the well-nourished group (Ghai and Jaiswal, 1970). Deteri-
oration in nutritional status due to dietary inadequacy was associ-
ated with higher spell frequency of diarrhea, whereas improve-
ment in nutrition reduced it. In a large majority of patients with
frequent loose stools, no known bacterial enteropathogen or
enterovirus was isolated. The frequency of detection of entero-
pathogens was almost equal in patients and symptomatic controls.
Quantitative and qualitative changes in the gut microflora of
malnourished children (Heyworth and Brown, 1975) may be
important in the pathogenesis of diarrhea and may worsen the
nutritional deficiency. Structural and functional changes in the
small intestine (Amin et al., 1969), altered bile acid formation
(Schneider and Viteri, 1974), and pancreatic atrophy may also
contribute to malabsorption.

The determinants of asymptomatic contact and colonization
differ from those of infection and disease. It is widely accepted
that nutritional status is a critical modulating factor that influ-
ences susceptibility to infectious disease (Scrimshaw et al., 1968;
Chandra, 1976b). Deficiencies of individual nutrients may alter
infection-related morbidity. In an undernourished person, the risk
of developing infectious illness and its complications, including
death, will be determined, among other factors, by the magnitude
and nature of nutrient imbalance.



NUTRITIONAL,
METABOLIC, AND
IMMUNOLOGIC EFFECTS
OF INFECTION

Infectious illness is regularly associated with alterations in the
metabolic balance, hormonal milieu, nutritional status, and host
resistance. The magnitude of these changes is related to the
severity and duration of infection, the type of pathogen, the
tissues. involved, and the preinfection status of nutrition and
immunocompetence of the individual. In some, careful serial
analyses may be required to detect changes in nutrition and
immune capacity. In others, overt clinical manifestations and
complications point to infection-associated disturbances in homeo-
stasis.

5.1. NUTRITIONAL CONSEQUENCES OF INFECTION

Infectious disease is invariably associated with loss of body
constituents, rapid utilization of body stores of nutrients, and
redistribution between various physiologic metabolic compart-
ments. Most infections cause anorexia and a decrease in food
intake. In some diseases, such as measles and herpes, soreness of
the mouth in young infants may lead to inability to suck and
failure of feeding from the breast or the bottle. Vomiting and

47

R. K. Chandra et al., Nutrition, Immunity, and /;{ﬂ’z'r/‘////
© Plenum Press, New York 1977



SERUM ALBUMIN (g%)

48 CHAPTER FIVE

diarrhea are frequent symptoms of infection and aggravate nutri-
tional losses and malabsorption (Fig. 1.1).

Systemic bacterial infections impair xylose absorption (Cook,
1972). In a study of Nigerian infants with acute measles enteritis,
the mean absolute loss of albumin measured by fecal clearance of
Fe%-labeled dextran was 1.7 g/day, the equivalent of about 20% of
the child’s normal protein intake (Dossetor and Whittle, 1975).
Serum albumin falls during an attack of measles (Fig. 5.1) and it
may precipitate edema.

"y A L A A A A A 4

-10 -5 G KON 5 10 15 20 25 30 35
|
RASH DAYS

Figure 5.1. Effect of measles on nutritional status measured by serum albumin
concentration. In all patients, a significant drop in albumin level occurred. In
those with low-normal levels before the infection, there was a more pronounced
fall in serum albumin concentration, often associated with the appearance of
dependent edema. Recovery occurred several weeks following medical nutri-
tional management.
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Table 5.1
Nutrient Consequences of Infection®

I. Absolute losses
Increased urinary nitrogen
Loss of electrolytes, minerals, and proteins in vomiting and diarrhea
Proteinuria
Negative metabolic balance of cations, minerals, and trace elements
II. Functional wastage
A. Overutilization
Increased usage of metabolic substrates
Depletion of glycogen stores
Diversion of amino acids for gluconeogenesis
Mobilization of fat from depots
Increased synthesis of cholesterol and triglyceride
B. Diversion
Hepatic uptake of plasma nutrients, e.g., amino acids
Synthesis of acute phase reactant proteins
Increased hepatocytic synthesis of enzymes
C. Sequestration
Uptake of minerals (Fe, Zn) into parenchymal liver cells and phagocytes
Uptake of trace elements into liver and other organs

¢ Adapted from Beisel (1972, 1975). This topic was extensively reviewed in a workshop on
Impact of Infection on Nutritional Status of the Host, May 11-13, 1976, Warrenton,
Virginia (published in Am. J. Clin. Nutr. August, 1977).

The pattern and severity of nutritional changes varies with
different types of infections or inflammatory processes, and are
proportionate to the severity and duration of illness. Beisel (1972,
1975) has classified nutritional wastage during infection as abso-
lute or functional (Table 5.1). Catabolic and anabolic processes
take place simultaneously, both sets contributing to depletion of
nutrients. The nutritional losses are of little consequence to a
well-nourished individual. In subjects with marginal or moder-
ately severe nutritional deficiencies, however, infection may tip
the balance toward overt malnutrition, such as kwashiorkor.

Serum levels of nutrients have been sequentially studied in a
variety of natural and experimentally induced infections. It must
be made clear that changes in concentration of a substance
represent the net balance of rates of entry and egress of that
constituent from the compartment, as of course of any alterations
in pool size.
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5.1.1. Proteins

Free amino acids have been utilized as an index of protein
status. Infection is associated with an early decrease in plasma
concentration of amino acids (Wannemacher, 1977), a conse-
quence of a rapid uptake by hepatocytes engaged in synthesis of
various acute-phase reactant glycoproteins. This synthetic activ-
ity is associated with sequential changes in nucleic acid metabo-
lism and consequent production of proteins in rough endoplasmic
reticulum. The hepatic flux of amino acids contributes also to
gluconeogenesis. Deamination makes the carbon skeleton avail-
able for synthesis of glucose whereas the nitrogen groups give rise
to increased production and urinary output of urea. Amino acids
are used up not only from the free plasma pool but also from
accelerated degradation of proteins in various tissues, especially
skeletal muscle. It is possible that some of the released amino
acids are reutilized within the same or adjacent muscle cells and
only the nonutilizable excess overflows into the blood vascular
compartment. The amino acids involved in these metabolic
changes include alanine, glutamine, valine, leucine, and isoleu-
cine. 3-Methylhistidine, an analogue of the amino acid histidine, is
produced from the breakdown of the contractile proteins actin
and myosin, and is an excellent marker to monitor the rate of
muscle catabolism (Wannemacher et al., 1974). 3-Methylhistidine
is unique in being neither reutilized nor degraded to carbon
dioxide.

In contrast to other amino acids, including tyrosine, plasma
phenylalanine concentration is increased during infection associ-
ated with fever. The ratio of plasma phenylalanine to plasma
tysosine is increased. Phenylalanine is poured out of catabo-
lized skeletal muscle. This exceeds by far the slight increase in
hepatic uptake of phenylalanine. It is possible that the activity of
hepatic parenchymal cell enzymes phenylalanine hydroxylase
(E.C.1.14.16.1) and dihydropterine reductase (1.1.99.7) is
impaired, thereby contributing to reduced levels of tyrosine and
increased accumulation of phenylalanine.

In most infections, most particularly in typhoid fever, there is
a rapid utilization of tryptophan by the liver cells as well as via
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kynurenine pathways leading to the production of serotinin (Rap-
oport and Beisel, 1971). Purine metabolism is accelerated as a
direct result of rapid turnover of body cells. This is reflected in
increased renal excretion of uric acid (Nessan et al., 1974).

A consistent increase in hepatic synthesis of acute-phase
reactant glycoproteins is characteristic of most infections. These
proteins include C-reactive fibrinogen, alpha;-antitrypsin and al-
pha,-acid glycoprotein. This response occurs even in malnour-
ished individuals, attesting to its fundamental importance and
teleologic value in terms of survival. In addition, amino acids
made available from the breakdown of peripheral tissues are
required for lymphocyte and granulocyte proliferation, immuno-
globulin production, and synthesis of antigen-nonspecific host
resistance factors such as complement components, kinin precur-
sors, and proteins of the coagulation system. There is a selective
increase in tryptophan oxygenase (1.13.1.12) and tyrosine trans-
aminase (2.6.1.5) (Rapaport et al., 1968). Other hepatic enzymes
are probably expendable for a short time and are usually reduced
during infection (Canonico et al., 1975). These include cata-
lase (1.11.1.6), glucose-6-phosphatase (3.1.3.9), 5’ nucleotidase
(3.1.3.5), and urate oxidase (1.7.3.3).

5.1.2. Carbohydrates

A number of alterations in carbohydrate nutrition occur
during infective illness (Rayfield et al., 1973; Rocha et al., 1973).
Gluconeogenesis is enhanced. Insulin requirements rise and glu-
cose tolerance is impaired even in a nondiabetic individual. Serum
glucagon concentration is high. The accelerated output of adreno-
cortical and growth hormones leads to glycogen breakdown and
fasting hyperglycemia, a logical metabolic response to increased
energy demands.

On the other hand, fulminant endotoxemia and viral hepatitis
damage may inhibit gluconeogenesis, resulting in hypoglycemia. If
glycogen stores are severely depleted and the peripheral muscle
mass is reduced, as in marasmus or in the small-for-gestation,
low-birth-weight infant, symptomatic hypoglycemia may compli-
cate sepsis (Yeung, 1970).
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5.1.3. Lipids

In many infections, especially gram-negative septicemia, total
serum lipid concentration increases. Changes in individual frac-
tions are variable and inconsistent. The ability of the liver to
synthesize ketones is impaired (Neufeld et al., 1976). Early in
infection, fatty acid levels increase and triglycerides and choles-
terol are formed rapidly. This, together with impaired ability of
peripheral tissues to remove circulating triglycerides and reduced
postheparin activity of lipolytic enzymes, results in elevated
serum lipid levels and fatty metamorphosis of hepatocytes. Dur-
ing starvation due to causes other than infection, fatty acids from
fat depots are employed as a substrate for ketone formation,
therepy reducing the use of amino acids for gluconeogenesis or
ketogenesis. In some infected individuals, there may be a failure
to initiate homeostatic mechanisms, such as accelerated mobiliza-
tion of body fat, normally activated to compensate for a reduced
intake.

5.1.4. Minerals and Electrolytes

During infective illness, most of the intracellular minerals, for
example potassium, magnesium, zinc, sulphur, and phosphorus,
are lost in proportion to the loss of body nitrogen. The precipitous
fall in serum iron concentration, often observed during the
incubation period, probably reflects a redistribution between
different body compartments. This may be a protective step,
sequestering the mineral from siderophores of the microorganism,
thereby impairing its proliferative capability. The decrease in
serum iron is greater than can be explained by changes in
transferrin levels. A similar change in zinc concentration occurs.
Zinc may contribute to the formation and stability of metalloen-
zymes and cell membranes or act as a cofactor in protein and
nucleic acid synthesis. As opposed to iron and zinc, serum copper
rises in proportion to the synthesis and release of Cu-binding
ceruloplasmin. _

The principal extracellular ions, sodium and chloride, may
also be lost through excessive sweating, vomiting, or diarrhea. At
the same time, fever stimulates the secretion of salt-retaining
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mineralocorticoids. Urinary sodium and chloride are markedly
reduced. In fulminant septicemia, toxic damage to cell mem-
branes may permit sodium to accumulate intracellularly. Infec-
tions of the central nervous system are often associated with an
inappropriate secretion of antidiuretic hormone and dilutional
hyponatremia.

5.1.5. Vitamins

The requirements and losses of the principal vitamins in-
crease during infections and infestations. Intestinal helminths and
protozoa add the factors of blood loss as well as malabsorption.
Nutritional anemias due to deficiency of iron, folates, and vitamin
B,, are almost invariably seen in patients with hookworm and
Ascaris disease. Infections may precipitate overt manifestations
of vitamin deficiency, such as xerophthalmia, pellagrous dermati-
tis, beriberi, angular stomatitis, etc. The ophthalmic complica-
tions of vitamin A deficiency are believed to be significantly
aggravated by associated local infections. In experimental
models, corneal damage from hypovitaminosis A can be pre-
vented or markedly delayed by maintaining a sterile environment
in the eye.

5.2. METABOLIC AND HORMONAL RESPONSES
DURING INFECTION

Infective illness is associated with a complex but predictable
set of metabolic and hormonal changes. These alterations in the
homeostatic milieu contribute to thc clinical manifestations of
infection. Sequential studies have delineated a stereotyped pat-
tern of biochemical, hormonal, and physiologic responses. In
addition, infection with some organisms induces pathognomonic
changes in cell metabolism leading to symptoms characteristic of
the causative infectious agent. Inflammatory processes mounted
by the host contribute to additional metabolic alterations.

Fever is a common accompaniment of infection. The febrile
response itself produces many biochemical, metabolic, and physi-
ologic alterations. The basal metabolic rate is increased, pH rises,
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plasma CO, concentration falls, and there is hyperpnea. These
alterations lead to respiratory alkalosis. If this persists, and with
the increased production of acid metabolites, it may give way to
metabolic acidosis. Fever promotes tissue losses of nitrogen. The
urinary content of urea, a-amino nitrogen, creatinine, and uric
acid are all increased. Hormonal changes during febrile response
add to the metabolic alterations. Thyroid hormones show a
biphasic pattern. These hormones are rapidly deiodinated result-
ing in a slight fall in serum protein-bound iodine, followed by an
increase induced by a delayed secretion of thyroid-stimulating
hormone. Changes in the production, release, and plasma levels
of glucocorticoids, growth hormone, glucagon, and insulin are
invariably seen.

Infection stimulates a number of anabolic responses which
are intimately linked with host defense. In the bone marrow and
lymphoid organs, the production of lymphocytes and phagocytes
is increased severalfold. Cellular metabolism is profoundly al-
tered. Direct oxidative metabolism of glucose and oxygen con-
sumption are enhanced in order to generate microbicidal radicals,
glycolysis is stimulated to supply energy for chemotaxis and
phagocytosis, and lipid turnover is increased to regenerate mem-
brane fragments internalized to form phagocytic vacuoles.

Two hormone-like substances produced by leukocytes and
released during infectious processes have profound effects on the
metabolism of other cells. The first, leukocyte endogenous media-
tor, is a heat-labile, trypsin- and pronase-sensitive protein of small
molecular weight of about 25,000 daltons. It is unaffected by
changes in pH, or by lipase and ribonuclease. The leukocyte
endogenous mediator initiates the accelerated flux of amino acids
and minerals from plasma to liver, and increases the synthesis of
inducible enzymes and acute-phase reactant glycoproteins in
hepatocytes, with compensatory decrease in the production of
relatively nonessential albumin. Iron is taken up by liver cells
where it combines with apoferritin to form ferritin and hemosid-
erin. The initial metabolic alterations are achieved without
activation of the cyclic AMP adenyl cyclase system, but subse-
quent protein production requires new RNA synthesis. The
second leukocyte mediator, endogenous pyrogen, is also of small
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molecular weight and acts on the hypothalamic neurones to alter
the thermostatic arc resulting in fever. The physiologic role of
febrile response during infectious illness is not fully understood.

In organ-localizing infections, additional losses may be super-
imposed on the basic host responses outlined earlier. The most
significant are nutrient wastage via diarrheal stools which contain
large amounts of water, nitrogen, sodium, potassium, chloride,
and bicarbonate. Renal infections are often associated with loss of
renal tubular function and, if severe, of glomerular function. This
may end in uremia and fatal renal failure. Hepatocytic injury
interferes with gluconeogenesis and may be complicated by
hypoglycemia (Felig et al., 1970). The ability to produce and
handle bile salts and bile pigments is also affected. Ferritin is
released and, unlike other infections, serum iron concentration is
increased. Infections of the central nervous system are sometimes
associated with an inappropriate excessive secretion of pituitary
antidiuretic hormone resulting in water intoxication. In muscuiar
wasting associated with primary muscular disorders or paralytic
diseases secondary to neurologic deficit, intracellular constituents
are lost in excess.

The microbe-specific metabolic responses are epitomized by
the effect of Vibrio cholerae on epithelial cells of intestinal
mucosa. The organism produces a toxin of a large molecular
weight of approximately 82,000 (Sharp, 1973). The toxin binds to
the receptor on the brush border of the gut epithelium and
stimulates the adenyl cyclase cyclic AMP system. There is a rapid
outpouring of water and electrolytes, an energy-dependent pro-
cess (Keusch et al., 1971). The profuse diarrhea and the resultant
dehydration, electrolyte losses, and acid-base disturbance pro-
duce the characteristic clinical manifestations, complications, and
mortality associated with cholera.

Interestingly, many of the metabolic and hormonal changes
are initiated during the symptom-free incubation period well
before any clinical manifestations are seen. The extent of meta-
bolic changes induced by infection is directly related to the
severity and duration of the illness. The higher the febrile
response, the greater is the nutritional wastage. If the disease
becomes chronic, the stress hormonal and metabolic changes
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diminish, though the cumulative losses tend to become worse,
progressively encroaching upon all body tissues, including the fat,
ultimately ending in cachexia. The homeostatic equilibria are set
anew, with minimal additional losses being permitted.

5.3. IMMUNE RESPONSES IN INFECTION

Microorganisms entering the human body elicit four basic
types of immunologic reactions producing tissue damage and
disease (Coombs and Gell, 1975). Similarly, immunologic effector
phenomena involved in rendering a host immune from an infec-
tion have been grouped into four major categories (Coombs and
Smith, 1975). First, serum antibody reacts with microbial anti-
gen(s) with or without other soluble molecular cofactors. Here,
antibody may act as an antitoxin, neutralize virus, inhibit impor-
tant enzyme systems or metabolic pathways of the pathogen,
react with soluble nontoxic microbial products, or inactivate
organisms by complement activation. Second, serum antibody
may act together with phagocytes. Third, antibody may passively
sensitize macrophages and mast cells. Fourth, the mechanism of
delayed hypersensitivity may be mediated by T lymphocytes and
their soluble products. More than one mode may be active in the
host response to one pathogen.

Besides eliciting responses aimed at eliminating the organism
and achieving protection from reinfection, infections are often
associated with a transient and variable suppression of various
aspects of immunologic reactivity. The characteristics of the
pathogen, severity of the disease, nutritional status, and meta-
bolic and hormonal changes are important determinants in this
effect. Virtually all patients with fulminant generalized infections
have suboptimal immune responses to unrelated antigens. Immu-
nosuppression is a frequent accompaniment of infection but
sometimes it is so abbreviated in duration or magnitude as to
remain undetectable. Recent advances in immunological method-
ology have provided us with the tools with which the mecha-
nism(s) of immunodepression during and following episodes of
infection can be analyzed.
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5.3.1. Cell-Mediated Immunity

Measles, miliary tuberculosis, and lepromatous leprosy are
outstanding examples of infection-associated anergy. Clemens
von Pirquet (1908) defined anergy as lack of reactivity or of
production of ‘‘ergins’’ released by antigen-antibody interactions.
He was the first investigator to report depressed cutaneous
delayed hypersensitivity to tuberculin in patients with measles.
Infectious processes implicated in the development of anergy
include measles, infectious mononucleosis, rubella, mumps, vari-
cella, influenza, yellow fever, tuberculosis, leprosy, syphilis,
brucellosis, scarlet fever, histoplasmosis, blastomycosis, coccidi-
odomycosis, toxoplasmosis, malaria, and schistosomiasis. Ander-
sen et al. (1976) conducted sequential studies of lymphocyte
transformation responses in acute bacterial meningitis. Lympho-
cyte proliferation was depressed during the acute phases of
illness, and the responses to microbial antigens were more af-
fected than the responses to mitogens. Impairment of tuberculin
reaction has also been reported after immunization with live
attenuated virus vaccines (Brody et al., 1964). In addition,
pyogenic infections and noninfectious causes of leukocytosis may
be associated with cutaneous anergy (Heiss and Palmer, 1974),
with or without an associated defect of inflammatory response
elicited by chemical irritant oils.

In children suffering from measles, skin reactivity to tubercu-
lin and other antigens is impaired for several weeks. Induction of
sensitization with the strong chemical stimulant 2,4-dinitrochloro-
benzene is difficult. The lymphocyte proliferation response to
stimulation with phytohemagglutinin is reduced, in the presence
of a normal number of rosette-forming T cells (Fig. 5.2). This
impairment is most marked soon after the appearance of the rash
and improves progressively with passage of time thereafter.
Coovadia et al. (1974) reported that the depression of immunity
following measles was more severe than that in protein-calorie
malnutrition. More recently, Coovadia et al. (1977) have shown
that immunosuppression was more pronounced in children with
measles who subsequently died than in those who recovered. The
fatal outcome was associated with lower absolute counts of T and
B lymphocytes, serum C3 concentration, and PHA-stimulated
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Figure 5.2. Depression of cell-mediated immunity associated with measles. The
proliferative capacity of lymphocytes was reduced before, during, and for a
short period after the appearance of measles rash. Stimulation index was
calculated by cpm in lymphocyte cultures containing PHA/cpm in cultures
without PHA. The number of T lymphocytes estimated by rosette formation
with sheep red blood cells was generally normal or slightly low. The interrupted
lines represent the proportion of T lymphocytes in the peripheral blood of
healthy individuals (cpm = counts per minute).



EFFECTS OF INFECTION 59

lymphocyte proliferation. Similar transient alterations in immuno-
competence may be observed after immunization with live atten-
uated measles virus vaccine. Kantor (1975) studied lymphocytes
obtained at various intervals from individuals before and after
immunization with vaccine containing measles, mumps, and ru-
bella antigens, and stimulated with plant lectins phytohemagglu-
tinin and pokeweed mitogen, and with unrelated antigen, Candida
albicans. Mitogen-induced stimulation of DNA synthesis by lym-
phocytes was normal whereas in experiments with Candida,
postvaccination lymphocyte samples showed a smaller increase in
cell proliferation than specimens obtained before immunization.
There was no alteration in the number of rosette-forming T
lymphocytes. Cutaneous delayed hypersensitivity was not stud-
ied. However, Marks et al. (1974) showed that tuberculin reaction
remains unaffected by immunization.

Infectious mononucleosis, a self-limited lymphoproliferative
disorder caused by the Epstein-Barr virus, has also provided the
interesting situation where delayed hypersensitivity and lympho-
cyte proliferative responses to plant mitogens, antigens, and
allogeneic lymphocytes are depressed in the presence of an
adequate number of morphologically normal T cells (Mangi et al.,
1974; Chandra, 1977i). In eight patients with infectious mononu-
cleosis, Haider et al. (1973) observed negative tuberculin reac-
tions during acute illness which became positive during conva-
lescence.

Levene et al. (1969) described that a plasma factor in patients
with active syphilis reduced lymphocyte transformation by phyto-
hemagglutinin. Similar results were obtained by Thompson and
Dwyer (1975). The inhibition was more pronounced when serum
samples from patients with secondary syphilis were used, com-
pared with primary syphilis. The inhibitory effect was not cor-
rected by the addition of pooled normal serum. Interestingly, sera
of patients with congenital syphilis enhanced lymphocyte prolifer-
ation, which was interpreted as being due to absence of a
naturally occurring inhibitor or presence of stimulating factors.

5.3.1.1. Mechanisms of Anergy

The mechanisms of depression of cell-mediated immunity
during and for a variable period after infection with viruses,
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bacteria, particularly intracellular invaders, fungi, and parasites,
are not completely understood. Hypothetically, the organism might
affect antigen-sensitive or effector lymphocytes, macrophages, or
soluble mediators of the immune response at any of several steps
in the sequence of events leading to delayed hypersensitivity
reaction. Virus might directly damage or destroy T lymphocytes
or a vigorous T cell response to a large concentration of the viral
antigen may release soluble inhibitors of lymphocyte function that
would then prevent response to other antigens. It is possible that
some viruses preferentially stimulate a subpopulation of suppres-
sor T lymphocytes. Another hypothesis postulates that the res-
ponder cells elaborate a chalone with a negative feedback func-
tion. These may be important modulating components of normal
regulation in infective illness. The presence and persistence of
intracellular pathogen or antigen enhances the occurrence and
duration of anergy. Antigen elimination and clinical recovery are
associated with termination of the anergic state. The anergy of
miliary tuberculosis has been postulated to be due to extreme
antigen excess which may bind all available receptors on lympho-
cytes, preventing subsequent interaction with intradermally ad-
ministered antigen (Kent and Schwartz, 1967).

Besides cellular factors, serum samples of infected patients
have an inhibitory effect on in vitro proliferative responses of
lymphocytes of healthy donors (Chandra, 1977d, 1977f). The
nature of the plasma inhibitor(s) is not clear. Suppressor factors
have been demonstrated in the alpha and gamma globulins,
albumin or prealbumin. Parts of organisms or substances released
by them or by leukocytes and other body cells may be contribu-
tory. In some infections, antigen-antibody complexes may be
inhibitory, possibly by nonspecific blockage of cell receptors.
Many infections, including measles and chicken pox, are associ-
ated with elevated concentration of physiologically active free
cortisol not bound with protein. Steroids are well-recognized
immunosuppressive agents (Berenbaum, 1975). In addition, infec-
tion increases catabolism and nutritional requirements, and in
some instances there are absolute losses of proteins and other
nutrients. Dossetor and Whittle (1975) have shown the frequent
occurrence of protein-losing gastroenteropathy in Nigerian chil-
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dren with measles. These changes in the nutritional milieu could
contribute to impaired immune responses (Chandra, 1976b).

Experiments employing cell transfers in guinea pigs immu-
nized with a variety of sensitizing antigens showed that anergy
was due to an inhibitory environment since peritoneal exudate
cells of anergic animals could transfer reactivity to nonimmunized
recipients (Dwyer and Kantor, 1973). On the other hand, sensiti-
zation could not be transferred by injection of competent cells
into anergic animals.

5.3.1.2. Clinical Significance

The clinical implications of infection-associated anergy are
not known. Is there an increased incidence of infections and auto-
and hetero-sensitization during and following immunosuppressive
infections? Inactive tuberculosis may flare up after an episode of
measles. Secondary infections are frequent complications after
measles, influenza, and other viral and bacterial infections, but
physical structural damage of mucous membranes and tissues
would be as important here as immunosuppression. Primary
sensitization to allergens can occur for the first time after an
episode of acute infection. For example, hypersensitivity to cow’s
milk proteins may be initiated after a bout of gastroenteritis. The
incidence and severity of atopic disease and IgE levels in patients
with cystic fibrosis increase progressively with age (Chandra,
1977i). It is not known whether autoimmune disorders, immune
complex disease, and other immunopathologic states may be
initiated or precipitated by infection. In some situations, patho-
gens act as adjuvants providing exaggerated antigenic stimulus to
elicit tissue-damaging antibodies.

5.3.2. Immunoglobulins and Antibodies

During infection, the synthesis of y-globulins is increased
severalfold (Cohen and Hansen, 1962). The number of circulating
B lymphocytes is normal or increased (Coovadia et al., 1974;
Chandra, 1976b, 1977c). Serum concentrations of all major immu-
noglobulins are elevated (Table 5.2), principally as a result of
enhanced synthesis of antibodies directed against the infectious
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agent. Nonspecific stimulus to formation of unrelated antibodies
may also occur. Serum IgM level is increased in the acute phase
as well as in chronic infections especially with intracellular
pathogens, and IgA is predominantly elevated in chronic mucosal
infections of the gastrointestinal and respiratory tracts. Increased
IgE levels are characteristic of parasitic infestations (Johannsson
et al., 1968; Grove et al., 1974; Chandra, 1977f) and vary with the
severity of parasitic load and invasiveness of the pathogen.

The turnover of immunoglobulins is rapid and the plasma
half-life of radiolabeled IgG is considerably shortened (Chandra,
1977¢c, 1977f). Antibody response to a challenge by an unrelated
antigen is frequently depressed. For example, the titer of Salmo-
nella agglutinins following primary and secondary immunization
with typhoid-paratyphoid vaccine is significantly lower in infected
individuals than in noninfected controls matched for nutritional
status and several other parameters (Fig. 5.3).

5.3.3. Phagocytes

In infectious disease, most particularly of bacterial etiology,
tissue macrophages and circulating microphages are essential
protective mechanisms. Disease syndromes characterized by
chronic infections have been related to neutrophil dysfunction. It
is now clear that that the morphology and function of phagocytes
may be significantly altered during episodes of infection. It is
likely that alterations in macrophage and microphage function
may influence other aspects of immune response, such as quantity
and affinity of antibody produced, since phagocytes play a
facilitatory role in many T cell- and B cell-mediated responses.

5.3.3.1. Number and Morphology

Infection is commonly associated with an increase in the
proportion and absolute number of circulating polymorphonuclear
leukocytes. In addition, a frequent occurrence is a ‘‘shift to the
left,”” based on nuclear configuration, and defined by the presence
of band forms of neutrophils, metamyelocytes, and sometimes
myelocytes. The cytoplasmic changes include the presence of
‘“‘toxic’’ granules which stain more prominently than granules of
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Figure 5.3. Effect of concomitant infection on §. typhi O agglutinin response.
TAB = typhoid-paratyphoid A and B vaccine 0.1 ml intradermal injection; O =

children with chronic pulmonary infection; @ = noninfected controls. From
Chandra (1977f).

normal leukocytes, Dohle bodies consisting of light-blue amor-
phous inclusions, and cytoplasmic vacuoles (Ponder and Ponder,
1943). The severity of these morphologic alterations has been
associated with a poor prognosis. Ultrastructurally, Dohle bodies
are lamellar aggregates of rough-surfaced endoplasmic reticulum

and toxic granules are peroxidase-containing lysosomes (McCall
et al., 1969).

5.3.3.2. Phagocytosis and Microbicidal Capacity

In patients with fulminant pyogenic infections, the ability of
polymorphs to Kkill phagocytosed bacteria in vitro is impaired
(Solberg and Hellum, 1972; Chandra, 1977f; Chandra et al.,
1977a). In these studies, the reduced granulocyte function was not
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the cause but the result of the infection, since leukocyte function
returned to normal during recovery. Neutrophils with the charac-
teristic toxic granules seen in large numbers in bacterial infections
were found in one study to be slightly less efficient in dealing with
ingested organisms than morphologically normal leukocytes
(McCall et al., 1971). The reduction in total bacterial clearance by
toxic neutrophils was associated with increases in both free and
cell-associated bacteria suggesting a compromise in phagocytic as
well as bactericidal activities. The infection-related abnormality of
intracellular bacterial killing is dramatized in malnourished chil-
dren in whom the presence of coexisting infection acts as a
further depressive influence on bactericidal capacity of poly-
morphs (Chandra, 1977f; Chandra et al., 1977a).

Viruses may also impair neutrophil function. During the
course of experimental infection with sandfly virus in seven
volunteers, bactericidal activity was diminished by as much as
45% of baseline values, usually from the 7th to the 25th day of the
illness (Bellanti et al., 1972). In a brief communication, Craft et
al. (1976) reported diminished candidacidal activity of polymorphs
obtained from children with respiratory syncytial virus or influ-
enza virus infection. However, both these studies did not distin-
guish between inhibition of ingestion and failure of intracellular
killing, nor did they look at the infection-induced nutritional and
metabolic changes which may suppress leukocyte function. A
marked reduction in leukocyte glucose-6-phosphate dehydroge-
nase and in quantitative nitroblue tetrazolium dye reduction sug-
gested that intracellular microbicidal pathways may be impaired
(Bellanti et al., 1972). The ability of polymorphs to ingest staphy-
lococci was inhibited when they were incubated with influenza
virus. It was postulated that the inhibition of phagocytosis was
the result of the viral action at the cell surface (Larsen and
Blades, 1976).

5.3.3.3. Mobilization and Chemotaxis

The marginal pool of neutrophils is unchanged during infec-
tion but the marrow reserves are significantly depleted (Chandra
et al., 1976a). Circulating microbial products including endotoxin
in such individuals provide a continuous stimulus for the release
of granulocytes from the bone marrow.
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Directed movement of polymorphs in vitro toward a chemo-
tactic source is reduced during infectious illness (Rosen et al.,
1975; Chandra et al., 1976a). Toxic neutrophils from patients with
severe sepsis had 21% of the chemotactic activity of controls
(McCall et al., 1971). Anderson et al. (1976) found both random
mobility and chemotactic ability of neutrophils from patients with
uncomplicated measles to be grossly impaired. This was con-
firmed in vivo by abnormal Rebuck skin windows. The abnormali-
ties of motility reversed completely to normal by the 11th day
after the onset of the rash. Endotoxin-activated generation of
chemotactic activity was normal in the serum, which did not
contain leukotactic inhibitors either.

5.3.3.4. Biochemical Constituents and Metabolic Response

Bacterial infection is associated with a marked decrease in
intraneutrophilic concentration of lysozyme (Hansen and Ander-
son, 1973; Chandra et al., 1977b) which spills into the plasma
pool. The ratio of plasma lysozyme to neutrophil lysozyme is
increased S5-fold during infection (Chandra er al., 1977b). In a
sequential study of intraneutrophilic levels of lysozyme, myeloper-
oxidase and lactoferrin in acute bacterial infection, Hansen et al.
(1976) found decreased values during the first week of illness
followed by a slow increase over the next two weeks. Nadir
values coincided with maximal toxic granulation of the granulo-
cytes. It was postulated that infection results in deficient synthe-
sis of leukocyte antibacterial proteins in the bone marrow. In a
sequential study of neutrophil biochemical functions in volunteers
infected with sandfly fever virus, Bellanti et al. (1972) found a
marked reduction in glucose-6-phosphate dehydrogenase activity
and impaired nitroblue tetrazolium dye reduction, both of which
returned to normal within 3-4 weeks. No changes were detected
in leukocyte 6-phosphogluconic dehydrogenase activity.



IMMUNOCOMPETENCE IN
UNDERNUTRITION

There is an impressive mass of published evidence which suggests
that nutritional status conditions the host to infectious disease.
Nutritional deficiencies generally decrease the capacity of man to
resist the occurrence and consequences of infection. This dy-
namic interaction between nutrition and infection will be altered
by the type, inoculum size, and metabolic requirements of the
pathogenic organism, and by the nature and severity of dietary
deficiencies. In clinical practice, one usually encounters multiple
nutrient deficits so that in man the effect of the lack of specific
dietary elements on various facets of the immune response is
difficult if not impossible to assess. The precise definition of both
nutritional and immunologic profile in individuals examined is
important so that the interactions of one upon the other is
critically assessed and valid conclusions are drawn.

6.1. LYMPHOID TISSUES

Gross and histomorphologic changes in lymphoid organs of
severely malnourished children and adults have been documented
for almost half a century (Vint, 1937). The central organs of the
immune system, notably the thymus, as well as the peripheral
tissues, for example the spleen and lymph nodes, are significantly
altered in size, weight, architecture, cellular components, and fine
structure.
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6.1.1. Thymus

Thymuses of undernourished children are consistently small
and on an average weigh less than one-half of the normal organ
(Watts, 1969; Smythe et al., 1971). Occasionally, the reduction in
thymus weight is extreme, the organ weighing only a few milli-
grams, which has led to the term nutritional thymectomy, a
phenomenon dramatically illustrated in experimental deprivation
of calories and essential nutrients in laboratory animals.

Smythe et al. (1971) conducted postmortem studies on 23
children dying of marasmus and 47 children with kwashiorkor.
The mean thymic weight, expressed as a percentage of organ
weight for body length, was 37% in marasmus and 30% in
kwashiorkor. Two types of histologic abnormalities were distin-
guished. One-fourth of the specimens showed acute involution
characterized by lobular atrophy with loss of corticomedullary
differentiation and reduction in the number of thymocytes. In the
majority, histologic evidence of chronic atrophy consisting of
narrow, withered lobules with indented edges, absence of cortico-
medullary differentiation, scanty thymocytes, and prominent fi-
broblast-like cells, was seen. The mean thickness of thymic lobule
was 476 um in marasmus, 538 wm in kwashiorkor, and 1172 um in
the well-nourished group. In the marasmic group, 8% of the
organs had normal microscopic structure.

In the autopsy data reviewed by Purtilo and Connor (1975),
the thymus gland of malnourished children ranged in weight from
2.5 to 28 g, and averaged 5 g. There was loss of corticomedullary
demarcation, lymphocytic depletion, and relative increase in
fibrovascular tissue (Fig. 6.1). The Hassall bodies may be normal,
dilated, degenerated, or even calcified (Fig. 6.2). The crowding of
Hassall corpuscles so characteristic of secondary involution of the
thymus is in marked contrast to their absence in primary thymic
dysplasia. The histomorphologic changes in the thymus are the
severest in patients with antemortem lymphopenia. The simulta-
neous occurrence of overwhelming infection, most particularly
measles, aggravates the thymic involution. However, similar
histologic lesions and impaired cellular immunity are seen in
noninfected children with energy-protein undernutrition, which
suggests that thymolymphatic atrophy and hypofunction is the



Figure 6.1. (a) Normal thymus. The cortex and the medulla are clearly distin-
guished. x40. (b) Thymus in energy-protein undernutrition. There is loss of
cortico-medullary demarcation, depletion of lymphocytes and increase in fibro-
vascular tissue. X60. Courtesy of Dr. David T. Purtilo.
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Figure 6.2. Thymus in energy-protein undernutrition. Hassall corpuscles are
crowded together and some are in the process of dilatation and degeneration
(arrow). x250. Reduced 30% for reproduction.

primary lesion in nutritional deficiency and precedes the com-
pounding complication of infection.

Adverse nutritional factors during intrauterine development
can affect the growth of fetal lymphoid organs, particularly the
thymus. In autopsy studies conducted by Naeye et al. (1971,
1973) undernutrition was identified as a cause of low birth weight
in poor urban mothers. Body length and all organ weights were
smaller and thickness of abdominal subcutaneous fat less in
infants from families whose income was close to or below the
poverty line, irrespective of racial background. Weights of the
thymus and spleen were disproportionately smaller than weights
of other organs. A progressive decrease in newborn organ weight
took place from overweight mothers with high weight gain during
pregnancy to underweight mothers with low weight gain. Increas-
ing parity had an additive adverse effect on thymus weight. As is
probably true of general body growth and brain size, reduction in
the size and function of the fetally involuted thymus may have
long-lasting effects (Chapter 8).
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6.1.2. Lymph Nodes

The nutritional lesion in the lymph node is most pronounced
in the paracortical thymus-dependent regions. Lymphocytes are
sparse and germinal centers are small and decreased in number
(Fig. 6.3). Plasma cells and macrophages are relatively increased.

The mesenteric lymph nodes may not be enlarged despite
recurrent and chronic gastrointestinal infections, with the excep-
tion of tuberculosis which often presents as abdominal lymphade-
nopathy.

6.1.3. Spleen

The size and weight of the spleen in human malnutrition
varies from large to normal to small. In one study, the average
spleen weight was 54% and 70% of the normal in kwashiorkor and
marasmus respectively (Smythe et al., 1971). Histologically, the
reduction in germinal center activity is striking. There is marked
depletion of lymphocytes in the thymus-dependent periarteriolar
regions (Fig. 6.4). There is a relative distension of sinuses which
are filled with red blood cells. The number of cells in mitosis is
reduced, which parallels the observation of reduced incorporation
of tritiated thymidine by lymphoid tissues of nutritionally de-
prived laboratory animals. These changes in lymphoid popula-
tions in the spleen are more pronounced in young children dying
of severe infections, particularly measles.

6.1.4. Gut-Associated Lymphoid Aggregates

There is very poor documentation of histomorphologic altera-
tions in the gut-associated lymphoid tissues in malnutrition. The
tonsils and adenoids are often small to the point of being vestigial.
This is evident clinically (Smythe et al., 1971; Chandra, 1972) as
well as at autopsy. There is marked depletion of lymphocytes,
particularly in the paracortical areas, and reduction in the number
and size of germinal centers (Fig. 6.5). The average tonsillar area
measured by multiplying length and depth was 23 mm?, 22 mm?,
and 44 mm? in marasmus, kwashiorkor, and controls respectively
(Smythe et al., 1971).
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Figure 6.3. (a) Normal lymph node. The germinal centers are prominent. X20.
(b) Lymph node in energy-protein undernutrition. The germinal centers are
scanty and small. There is depletion of the paracortical lymphocytes. Xx40.
Courtesy of Dr. David T. Purtilo.
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Figure 6.4. Spleen in energy-protein undernutrition. There is marked atrophy of
periarteriolar lymphocytic sheath. x60.

Figure 6.5. Tonsil in energy-protein undernutrition. There is marked involution
of lymphoid component. x20. Courtesy of Dr. David T. Purtilo.
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Lymphoid aggregates in the small intestine, appendix, and
colon are reduced in size and lymphocyte population. Smythe et
al. (1971) measured the depth of the lymphoid tissue in small
intestine and found that the mean thickness of Peyer’s patch was
405 pwm, 575 pm, and 765 wm in kwashiorkor, marasmus, and well-
nourished groups, respectively. The mean size of lymphoid tissue
in the appendix was 360 um, 405 um, and 675 um, respectively.

6.1.5. Pathogenesis

The pathogenesis of these morphologic alterations in the
thymus and other organs of the immune apparatus may lie in one
or more of several mechanisms. In energy-protein undernutrition,
cell division and proliferation are severely restricted consequent
upon reduced availability of nutrients. Nutritional deficiency is
associated with changes in the production and concentration of
several hormones. Many hormones, including corticosteroids,
adrenaline, insulin, and thyroxine may affect immunocompetent
leukocytes (Claman, 1972; Farid et al., 1976; Eriksson and
Hedfors, 1977). Plasma cortisol level may be elevated (Rao et al.,
1968) and in kwashiorkor, the reduction in serum albumin frees up
a larger proportion of cortisol for action on tissues (Chandra,
1977h). “‘Stress’” may result in additional changes in hormone
levels. It has been suggested that tissues with a high nucleus to
cytoplasm ratio, such as lymphoid organs, show a preferential
uptake of corticosteroids with resultant cell lysis, involution, and
hypofunction. The lympholytic and immunosuppressive action of
corticosteroids is established (Berenbaum, 1975). Endotoxemia is
frequently associated with sepsis in malnutrition and may contrib-
ute to lymphoid atrophy. Finally, some pathogenic organisms may
invade lymphoid tissues and cause direct cellular damage.

6.2. CELL-MEDIATED IMMUNITY

6.2.1. Leukocyte Counts

There is a wide scatter of values reported for total leukocyte
number in the peripheral blood of children with nutritional defi-
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ciencies, from low to normal to high count. Most often, the total
white cell number is mildly increased. In observations made on
man, the strict differentiation between the effects of nutritional
deficiency and of frequently associated infection is not possible.
Sepsis usually produces leukocytosis but fulminant bacteremia
can depress the bone marrow and lead to leukopenia.

The proportion and absolute number of lymphocytes is
generally normal. About 10-30% of undernourished individuals
show mild to moderate reduction in lymphocyte counts. Lympho-
penia, defined as an absolute lymphocyte count less than 2500/
mm?, was seen in 15% of young Indian patients with energy-
protein undernutrition (Chandra, 1972). Superimposed infection,
particularly if it is acute and fulminant, can further depress the
number of circulating lymphocytes. In two studies from South
Africa, lymphopenia was observed in one-sixth and two-thirds of
infected infants with kwashiorkor (Smythe et al., 1971; Rosen et
al., 1975). Neumann et al. (1975) found profound lymphopenia
(cell count below 1000/mm?® in 9% of children with severe
malnutrition.

6.2.2. Lymphocyte Subpopulations

The consistent observation of impaired delayed hypersensi-
tivity responses in undernutrition and the development of the
techniques of the morphologic identification of various subsets of
lymphocytes led to the logical study of the proportion and
absolute number of lymphocyte subpopulations in the peripheral
blood and its correlation with nutritional status and with in vitro
and in vivo indices of cellular immunity. Initial studies from India
and Ghana showed that the frequency of T cells in the peripheral
blood was much reduced in malnutrition (Chandra, 1974a; Fergu-
son et al., 1974). This reduction in T lymphocytes paralleled the
severity of weight loss, impaired cutaneous delayed hypersensi-
tivity response to 2,4-dinitrochlorobenzene, and decreased DNA
synthesis by lymphocytes stimulated with phytohemagglutinin
(PHA) (Chandra, 1974a). The abnormalities were quickly and
completely reversed on nutritional improvement, thereby ruling
out any primary defect of the thymus. The dramatic increase in T
cell number following the provision of nutritional supplements
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occurs within a few days (Fig. 6.6) and may well be seen before
any measurable improvement in clinical features (weight, mid-arm
circumference, skin-fold thickness) or biochemical indices (serum
proteins and albumin concentrations) of nutritional status. The
reduction in T lymphocytes has been confirmed in studies from
Nepal and Calcutta (Bang et al., 1975), the Ivory Coast (Schopfer
and Douglas, 1976a), Thailand (Kulapongs et al., 1977a) and
Guatemala (Keusch et al., 1977a).

Similar changes in the proportion and absolute number of T
lymphocytes are seen in small-for-gestation, low-birth-weight in-
fants, a syndrome of fetal growth retardation of diverse etiology.
Complementary data from Los Angeles and New Delhi attest to
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Figure 6.6. Proportion of T lymphocytes in the peripheral blood of patients with
energy-protein undernutrition. The speed of recovery of T cell number after
nutritional supplementation is shown. This index of cellular immunity was seen
to return to the normal range of values in 1-4 weeks, often before any significant
change in clinical or biochemical parameters of nutrition. Based on the data of
Chandra, 1974a.
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Figure 6. 7. Rosette-forming T lymphocytes in small-for-gestation infants exam-
ined several months after birth. In infants and children with persistent growth
retardation, @, the proportion of T cells was significantly lower and correlated
with impaired delayed hypersensitivity. The range of normal values is shown as
horizontal lines. From Chandra et al., 1977c.

the reduction of T cells in the peripheral blood of infants with
intrauterine growth retardation (Ferguson et al., 1974; Chandra,
1975¢c). A follow-up study in Newfoundland revealed that the
percentage of rosette-forming T lymphocytes in the blood remains
lower than expected for several months after birth (Fig. 6.7)
(Chandra et al., 1977c). This correlated with impaired cutaneous
delayed hypersensitivity responses to a battery of ubiquitous
antigens (Chandra, 1977f). In children with persistent retardation
of growth measured by weight for height age, the depression of
cell-mediated immunity was observed for as long as 5 years after
birth (Chandra et al., 1977¢).

The influence of ‘various dietary nutrients on the thymus and
T lymphocytes is not clear. Iron is believed to have a direct effect
on the integrity of lymphoid tissues, a thesis supported by
experimental data (Chandra et al., 1977d). Preliminary studies
reported a mild to moderate reduction in the number of rosette-
forming lymphocytes in iron deficiency anemia (Chandra, 1975d,
1976d; Bhaskaram and Reddy, 1975; Chandra et al., 1977d). It is
necessary to obtain similar information in other deficiency syn-
dromes.
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Figure 6.8. Lymphocyte subpopulations in children with energy-protein under-
nutrition (solid bars) and well-nourished controls (open bars). There was a
marked reduction in rosetting T lymphocytes and a proportionate increase in null
cells. The percentage of null cells was derived by substracting from 100 the
proportion of E-rosetting and sIg-bearing lymphocytes. E = E-rosetting T cells,
EAC = antibody-complement-rosetting cells, sIg = surface-immunoglobulin-
bearing B cells, Fc = Fc-receptor-bearing lymphocytes. From the data of
Chandra, 1977a.

It is not established if the reduction in circulating T lympho-
cytes in energy-protein undernutrition reflects an absolute de-
crease in the total body pool of these leukocytes or merely a
sequestration and diversion into other areas. The mechanisms
leading to thymic atrophy have been discussed earlier.

The percentage of B lymphocytes in the peripheral blood in
malnutrition is normal or increased (Chandra, 1977a, 1977f). The
increase is often seen in those children who have an obvious
infection associated with nutritional deficiency (Bang et al., 1975).

If T lymphocytes are reduced in proportion and B lympho-
cytes are normal or only marginally increased, what are the
morphologic and functional attributes of the remaining cells? The
lymphocytes which do not bear the conventional markers for T or
B cells have been given the rather unsatisfactory label of null
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cells. The relative proportion of lymphocytes with various cell
surface markers in undernourished and well-nourished children is
shown in Figure 6.8. The major differences are in the numbers of
T lymphocytes and null cells. A small proportion of null cells
showed surface receptors for the Fc part of IgG and for C3.

The functional significance of the null cells is not completely
understood. However, preliminary data suggest that they have a
suppressor influence on mitogen-stimulated DNA synthesis in
normal T lymphocytes (Fig. 6.9). Additionally, such null cells
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Figure 6.9. DNA synthesis by T lymphocytes of a healthy donor in the presence
of mitomycin-treated lymphocyte subpopulations of four malnourished children.
T lymphocytes were obtained by E rosetting, B lymphocytes by EAC rosetting,
and null cells by passage of mononuclear layer through anti-Ig coated nylon wool
column, E rosetting of eluted cells, density gradient centrifugation, and collec-
tion of interphase layer. DNA synthesis in response to PHA was measured by 6-
hour *H-thymidine uptake. Stimulation index was calculated as ratio of cpm
PHA-containing culture/cpm culture without PHA. From Chandra, 1977a.
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Figure 6.10. Xenogeneic target cell lysis by lymphocyte subpopulations of four
malnourished children. Cell populations were separated as in Figure 6.9 and
layered over labeled DBA/2 fibroblast culture. Cell damage was measured by
isotope release at the end of 24-hour incubation. From Chandra, 1977a.

exert a ‘‘spontaneous’’ (without the obligatory presence or partic-
ipation of antibody) cytotoxicity against xenogeneic target cells, a
capacity much greater than shown by B lymphocyte-enriched or
T lymphocyte-enriched cell preparations (Fig. 6.10). The biologi-
cal importance of these in vitro observations is moot. The
possibility of such reactions subserving a negative feedback in
many immune responses, physiological and pathological, must be
considered. Patients suffering from several disorders with the
common denominator of depressed cell-mediated immunity, in-
cluding lepromatous leprosy, primary immunodeficiency, and
lymphoreticular malignancy, have an increased number of null
cells.

6.2.3. Delayed Hypersensitivity

Cell-mediated immunity is often assessed by skin test reac-
tions to a battery of antigens which the recipients are likely to
have met earlier in life; for example, streptococcal antigens
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(streptokinase and streptodornase), Candida albicans, purified
protein derivative (PPD) of tuberculin, trichophyton, and mumps.
Alternatively, sensitization may be deliberately attempted by the
use of keyhole limpet hemocyanin, or 2,4-dinitrochlorobenzene.
The antigens are injected intradermally and induration observed
48-72 hours later is considered a positive response. Skin tests
have the merits of being in vivo reactions, ease of administration
and interpretation, comparability, and repeatability, important
considerations in field studies and in situations where laboratory
facilities are minimal. However, subtle differences are not as
reliable as in adults. Also, macrophage function as well as
individual variation in nonimmunologic skin reactivity, as as-
sessed by response to chemical irritants, contributes to the final
skin reaction. Structural, hormonal, and biochemical changes in
the skin in nutritional deficiency can influence the hypersensitiv-
ity response.

The delayed hypersensitivity response is a composite of three
distinct sequential processes. The afferent limb involves sensitiza-
tion of T lymphocytes against a macrophage-processed antigen.
The efferent limb is characterized by the production of soluble
chemical mediators or lymphokines and comes into play when
sensitized T cells recognize and interact with the intradermally
injected antigen. The inflammatory response, probably triggered
by lymphokines released at the local skin site and chemotactic
factors, produces the dermal induration characteristic of a posi-
tive reaction. Nutritional deficiency depresses one or more com-
ponents of the delayed hypersensitivity response.

Early observations by Jayalakshmi and Gopalan (1958) and
Harland (1965) showed that children with subnormal rate of
growth due to dietary protein deficiency had an impairment of
their delayed hypersensitivity response to tuberculin. The reduc-
tion in response was directly related to the severity of weight
deficit and was not absolute since 50 T.U. or higher dose of
tuberculin overcame the anergy. A short period of good nutrition
through high-protein (4g/kg) diet repaired the delayed hypersensi-
tivity response.

Recent studies employing a battery of antigens have con-

firmed the frequent occurrence of anergy in energy-protein under-
nutrition (Chandra, 1972, 1974b, 1977d; Neumann et al., 1975).
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Figure 6.11. Cutaneous delayed hypersensitivity to monilia, streptokinase-
streptodornase (SKSD), phytohemagglutinin (PHA), and keyhole limpet hemo-
cyanin (KLH), related to nutritional status. Group I—severe malnutrition,
weight 51%-60% of the 50th percentile Harvard standard and/or serum albumin
<2.5 g%, and clinical features characteristic of kwashiorkor or marasmus.
Group II—moderate malnutrition, weight 61%-80% of the standard. Group ITI—
apparently healthy controls with weight = 81% of the standard. From Neumann
et al., 1975.

Cutaneous delayed hypersensitivity was reduced both in terms of
decreased diameter of induration and percentage of nonreactors.
Anergy was more pronounced in children with severe malnutri-
tion (Fig. 6.11). The failure to produce immunization with the
strong sensitizing agents 2,4-dinitrochlorobenzene and 2,4-dinitro-
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fluorobenzene in malnourished children (Smythe et al., 1971;
Chandra, 1972, 1974a; Feldman and Gianantonio, 1972; Edelman
et al., 1973; Schlesinger and Stekel, 1974; Smith et al., 1977) and
malnourished adults (Law et al., 1973) reflects the magnitude of
depression of cell-mediated immunity in nutritional deficiency. If
malnutrition occurs early in the first year of life, cutaneous anergy
may persist for a long time (Dutz et al., 1976).

A failure of response to Mantoux tuberculin test in some
patients with active disease with Mycobacterium tuberculosis is
known. It appears likely that nutritional status is a critical
variable in depressed delayed hypersensitivity. In a group of
patients diagnosed to have active pulmonary tuberculosis on the
basis of radiologic findings and sputum bacteriology, tuberculin
reactivity correlated significantly with serum transferrin concen-
tration (Fig. 6.12). Transferrin levels are a sensitive biochemical
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Figure 6.12. Cutaneous delayed hypersensitivity to 5 T.U. tuberculin related to
serum transferrin concentration in patients with pulmonary tuberculosis. A
positive Mantoux test, induration > 10 mm, was generally observed in individu-
als with serum transferrin level of =162 mg%. Patients studied through the
courtesy of Dr. H. B. Dingley, Tuberculosis Hospital, New Delhi.
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index of energy-protein undernutrition (Chapter 3). Similar data
have been reported by Harrison et al. (1975).

Two-thirds of Nigerian adult patients with sputum-positive
pulmonary tuberculosis had a negative skin reaction to 4-5 T.U.
of PPD. The size of the reaction correlated significantly with
serum concentrations of albumin and transferrin. The cell-me-
diated immune response was generally depressed. An important
observation in this study was the slower response to treatment
shown by the more severely undernourished patients, supporting
the role of malnutrition in infection immunity.

Tuberculin reactions sometime after the administration of
B.C.G. vaccine can be used as an index of cellular immunity.
Tuberculin conversion after immunization was significantly less
frequent in children with postnatally acquired malnutrition (Chan-
dra, 1972; Abbassy et al., 1974a) as well as in a group of infants
with intrauterine growth retardation (Manerikar et al., 1976). In a
study on Nepali village children, the average induration of PPD-S
and PPD-B tuberculin reaction was considerably bigger in well-
nourished children compared with the undernourished group
(Ziegler and Ziegler, 1975). An analysis of the data by the number
and proportion of children who had post-B.C.G. induration
greater than 4 mm showed similar differences in the two groups.
An improvement in nutritional status was associated with in-
creased reactivity. The impairment of B.C.G. immunity was seen
in all grades of severity of nutritional deficiency. Sinha and Bang
(1976) found the tuberculin test response to be grossly impaired in
kwashiorkor and marasmic kwashiorkor, and adequate in
marasmus. The nutritional categorization was based on weight for
age and calculation of arm muscle and fat cross-sectional areas
based on arm circumference and skin-fold thickness. Therapy
with massive doses of vitamin A did not influence post-B.C.G.
tuberculin sensitivity.

Nutrition-related cutaneous anergy is not confined to the
severe deficiency syndromes nor to the poor populations of
developing countries. Kielman et al. (1976) showed a lower
incidence of post-B.C.G. tuberculin conversion and smaller diam-
eter of induration on Mantoux test in a group of rural infants and
children with moderate energy-protein undernutrition. Bistrian et
al. (1975) have reported a high frequency of adult protein-calorie
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malnutrition and visceral attrition as reflected by decreased levels
of serum albumin and transferrin among hospitalized patients in
urban Massachusetts. Lymphocyte count was reduced and celi-
mediated immunity impaired as measured by the Catalona tech-
nique for contact sensitization with 2,4-dinitrochlorobenzene and
delayed hypersensitivity to Candida. The mechanisms of produc-
tion of nutritional deficiency in hospitalized patients are not clear.
The malnourished state was thought to be a consequence of low
intake and of catabolic response to stress. The administration of
intravenous glucose, a frequent hospital practice, may induce
insulin release and reduce the release of amino acids from muscle,
and thereby their availability for visceral protein synthesis.
Cutaneous delayed hypersensitivity is impaired in iron defi-
ciency with or without anemia (Chandra, 1975d, 1976a; Mac-
Dougall et al., 1975; Chandra et al., 1977d). Folate deficiency can
be associated with failure to mount hypersensitivity reaction to
2,4-dinitrochlorobenzene (Gross et al., 1975). It is likely that
several other nutrients singly or in combination influence cell-
mediated immunity, as observed in experimental animals.

6.2.4. Lymphocyte Proliferation

The capacity of lymphocytes to synthesize DNA in response
to mitogenic or antigenic stimulus is an in vitro correlate of cell-
mediated immunity. Several studies have documented a reduction
in lymphocyte reactivity to the T cell mitogen PHA in chronic
undernutrition (Geeshuysen et al., 1971; Smythe et al., 1971;
Chandra, 1972, 1974a, 1978a; Grace et al., 1972; Sellmeyer et al.,
1972; Neumann et al., 1975; Schopfer and Douglas, 1976a;
Kulapongs et al., 1977a) and in acute starvation (Holm and
Palmblad, 1976). Even though there is a wide scatter of values
obtained for lymphocyte stimulation and considerable overlapping
of individual responses in groups based on nutritional status, the
mean stimulation index in undernourished subjects is significantly
lower than the corresponding index in the well-nourished (Neu-
mann et al., 1975). Mitosis is similarly depressed. Rarely, lym-
phocyte transformation response to PHA may be normal (Moore
et al., 1974; Schlesinger and Stekel, 1974). The unstimulated
lymphocytes of malnourished children have a higher DNA con-
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tent (Smythe et al., 1971; Chandra, 1978a), a consequence of
stimulation in vivo due to concurrent infection. Lymphocyte
stimulation in vitro in response to specific antigens PPD, strepto-
lysin O, and tetanus toxoid was diminished (Jose et al., 1970;
Chandra, 1978a). On the other hand, the responses to influenza
A2 antigen and streptococcal Group A polysaccharide were
enhanced. Lymphocyte proliferation in the presence of pokeweed
mitogen is normal or enhanced (Schopfer and Douglas, 1976a).

If cell-mediated immunity in vivo and in vitro is consistently
depressed in malnutrition, one would like to define the critical
dietary elements that are responsible for it, since energy-protein
undernutrition is the sum total of deficiencies of several nutrients.
In man, there are obvious difficulties in attributing defects in
immunity function to the lack of specific nutrients. There is some
data on iron- and folate-deficient individuals. The in vitro trans-
formation response to mitogens and antigens is reduced in iron-
deficient individuals (Chandra, 1975d, 1976a; MacDougall et al.,
1975; Bhaskaram and Reddy, 1975). The critical etiopathogenetic
factor is the lack of iron and not anemia, since iron-deficient
subjects with normal concentration of hemoglobin may also show
lymphocyte dysfunction. There is a significant correlation be-
tween depressed in vitro response and transferrin unsaturation
(Fig. 6.13) (Chandra et al., 1977d). Reduced DNA synthesis in
the bone marrow (Hershko et al., 1970) and in lymphocyte
cultures (Joynson et al. 1972) has been documented in iron
deficiency. Impaired cellular immunity in vitro improved dramati-
cally after administration of iron (Chandra, 1975d, 1977f). On the
other hand, Kulapongs et al. (1974) examined 8 Thai infants with
severe iron-deficiency anemia and did not observe any evidence
of immunosuppression.

Deficiency of folates is also associated with impaired cellular
immunity (Gross et al., 1975). The lack of vitamin B,, may or may
not be associated with impaired cell-mediated immunity. Mac-
Cuish et al. (1974) observed that patients with pernicious anemia
showed significant depression of lymphocyte transformation to
three different doses of PHA. Radioautographic examination of
PHA-stimulated cells indicated that the results were due to a
failure of intranuclear incorporation of ®H-thymidine by the pa-
tients’ lymphocytes rather than to a failure of PHA to induce
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Figure 6.13. Lymphocyte proliferation, intracellular bactericidal capacity of
neutrophils, and quantitative nitroblue tetrazolium test, related to serum trans-
ferrin saturation. The bars indicate the means and ranges of values obtained in

iron-replete controls. From Chandra et al., 1977d.

blastogenesis. The number of T cells was only very slightly lower

in pernicious anemia patients.

6.2.5. Methodological and Pathogenetic Considerations

The techniques employed for evaluation of cell-mediated
immunity are critical variables of results obtained. Valid compari-
sons between the data of two studies can be made only if identical
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test procedures were used. The limitations of the cutaneous
delayed hypersensitivity tests have been discussed earlier. The
method of obtaining and separating leukocytes, duration of lym-
phocyte culture, dose of mitogen or antigen, method of assessing
proliferative capacity, are all important in in vitro lymphocyte
stimulation studies. The numerous modulating factors involved in
human T lymphocyte-sheep red blood cell rosetting phenomenon
may explain the discrepencies between ‘‘normal’’ range obtained
in different laboratories. Are all lymphocytes forming nonimmune
contact with one or more sheep erythrocytes thymus-dependent
cells? In studies by Schopfer and Douglas (1976a) in the Ivory
Coast, the absolute number of T lymphocytes was lower in
kwashiorkor children. Lymphocytes forming ‘‘large’” (3 or more
than 3 sheep red blood cells) rosettes were fewer. On the other
hand, if all cells forming nonimmune contact with one or more
sheep erythrocytes were included, the percent of rosetting lym-
phocytes was comparable in well-nourished and kwashiorkor
children.

The depression in lymphocyte number and proliferation in
malnutrition could result from one of several pathogenetic factors:
reduction in number of T lymphocytes; impaired ability to synthe-
size DNA; increase in ‘‘null’’ cells possessing suppressor activity;
cytophilic inhibitors derived from microbes, host tissues, IgE,
hormones, chalones, etc.; changes in the activity of membrane-
bound enzymes such as cholinesterase; activation of latent vi-
ruses with immunosuppressive ability. The sera of malnourished
children frequently inhibit lymphocyte DNA synthesis (Moore et
al., 1974). Infection often associated with nutritional deficiency
contributes to the development of serum inhibitors including
microbial products, cortisone, chalones, acute-phase reactants,
IgE, and other unknown factors. Mortensen et al. (1975) have
reported that purified human C-reactive protein binds selectively
to human T lymphocytes, inhibits their ability to form sponta-
neous rosettes with sheep red cells, and depresses lymphocyte
response to allogeneic cells in mixed leukocyte cultures. How-
ever, C-reactive protein did not impair PHA-induced blastogene-
sis. a-Fetoprotein is elevated in small-for-gestation low-birth-
weight infants and may contribute to impaired cell-mediated
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immune responses (Chandra et al., 1976¢c; Chandra and Bhujwala,
1977).

6.3. IMMUNOGLOBULINS AND ANTIBODIES

6.3.1. y-Globulin Concentration and Metabolism

Low serum level of albumin is a characteristic feature of
kwashiorkor and the nutritional edema syndrome. Hypoalbumin-
emia provides an underestimate of the extent of depletion of the
body albumin, since reduction of extravascular pool is proportion-
ally greater than that of the circulating albumin. Predominantly in
calorie deficiency of which marasmus is the extreme example,
albumin concentration is frequently normal or only slightly re-
duced. Irrespective of total proteins or other fractions, the levels
of vy-globulins are normal or more often increased, the latter
attributable to frequent associated infections. These alterations in
serum protein components have been estimated by protein frac-
tionation using biochemical and electrophoretic techniques (An-
derson and Altman, 1951).

Cohen and Hansen (1962) used two isotopes with different
emission spectra to measure simultaneously the turnover of serum
albumin and 7y-globulin. The total body pool of albumin and its
synthesis rates were reduced. The fractional breakdown rate was
low. In uninfected children with kwashiorkor the distribution and
turnover of vy-globulin was relatively unaffected, indicating that
plasma cells were able to utilize available amino acids preferen-
tially. In cases of kwashiorkor complicated by obvious infection,
the y-globulin synthesis rate was higher (mean 163 mg/kg/day) and
the catabolic rate was slightly lower. The role of environmental
factors, particularly infection, in affecting these alterations was
shown by a 3-fold increase in y-globulin synthesis rates in West
African adults living in hyperendemic Gambia (mean 169 mg/kg/
day) compared with the same ethnic group in the United Kingdom
(mean 50 mg/kg/day). Nutritional recovery was associated with 3-
fold increase in synthesis rate and considerable repletion of the
total body albumin, which was proportionally greater in the
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extravascular pool. In contrast, the average 7y-globulin level and
synthesis rate did not alter during refeeding, except in malnour-
ished subjects with infections.

Kwashiorkor is often complicated by protein-losing gastroen-
teropathy (Cohen et al., 1962), which may be the result of
morphological alterations in the intestinal mucosa (Amin et al.,
1969) or of associated infections, such as measles (Dossetor and
Whittle, 1975). Intravenously administered '*'I-y-globulin was
found in fecal specimens and was protein bound since the label in
saline extracts of stools was almost completely precipitated by
10% trichloroacetic acid (Cohen and Hansen, 1962).

6.3.2. Immunoglobulin Levels and Turnover

Serum immunoglobulin concentrations reflect the past infec-
tious experience of the individual. In the majority of children with
energy-protein undernutrition, serum levels of IgG, IgA, and IgM
are normal or elevated (Table 6.1) (Najjar et al., 1969; El Gholmy
et al., 1970; Alvarado and Luthringer, 1971; Rosen et al., 1971;
Chandra, 1972, 1974b, 1976b, 1977c; Neumann et al., 1975; Bell et
al., 1976; Suskind et al., 1977). There is no correlation between
serum immunoglobulin levels and the degree of nutritional deficit,
the presence of plasmacytoid lymphocytes in peripheral blood, or
the prognosis. In some, especially those with a history of frequent
gastrointestinal and respiratory infections, serum IgA is markedly
increased (Keet and Thom, 1969; Chandra, 1972). Occasionally,
serum IgG, and rarely IgM and IgA may be low, particularly in
those who have the onset of nutritional deficiency in fetal or early
postnatal life (Aref et al., 1970; McFarlane et al., 1970; Chandra,
1972, 1977¢). After appropriate therapy with diet and antibiotics,
the immunoglobulin levels tend to return to the normal range
within a few days. Nutritional deficiency may reduce the synthe-
sis and levels of IgG and perhaps of other immunoglobulins but,
given the antigenic challenge of infection, there is accelerated
production. In malnourished infected children, particularly those
with gastrointestinal symptoms, there may be some loss of
immunoglobulins as part of protein-losing gastroenteropathy. For
example, measles infection is known to cause protein loss in the
gut, and the deterioration in nutrition brought about by this
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process also contributes to immunosuppression produced by this
disease.

A very wide range of values for serum IgD has been reported
in healthy children. Thus the interpretation of serum IgD concen-
tration in malnutrition is difficult, compounded by the lack of
knowledge of the biological role of this immunoglobulin. Serum
IgD is detectable by agar gel immunodiffusion in a higher propor-
tion of undernourished children and the mean levels are higher
than in well-nourished controls (Johannsson et al., 1968; Suskind
et al., 1977; Chandra, 1978a) (Table 6.1).

Some children with kwashiorkor, especially those with infec-
tion, may show extremely high IgD concentration, as may some
apparently healthy children. Serum IgD was increased in Gam-
bian children but not in adults (Rowe et al., 1968) and did not
correlate with the presence of malaria or other infections (Mc-
Gregor et al., 1970).

In healthy, well-nourished children, serum IgE concentration
is extremely low, often less than 10 units/ml requiring sensitive
radioimmunoassay methods to detect it. Many exogenous agents
as well as inherited factors influence IgE levels. In malnourished
groups, serum IgE is significantly elevated (Table 6.1) (Johanns-
son et al., 1968; Chandra 1977b, 1977f, 1978a). The increase is
more pronounced in individuals with demonstrable parasitic infes-
tations, most particularly Ascaris lumbricoides. However, under-
nutrition is so intimately intertwined with the occurrence of
infections and infestations that it is almost impossible to define
the effect of malnutrition per se on IgE synthesis. Invasive
parasites such as roundworm and hookworm profoundly stimulate
IgE (Chandra, 1977f). It has been suggested that IgE may be a
protective factor in eliminating or reducing the number of para-
sites, and in reinfection immunity. The second contributing factor
for elevation of IgE may be depressed T cell function. In other
human and experimental states with reduced cell-mediated im-
munity, high levels of IgE have been reported (Kikkawa et al.,
1973). Interestingly, sera containing high concentrations of IgE
inhibit in vitro lymphocyte response and sheep erythrocyte ro-
sette formation by T cells (Chandra, 1977c, 1977d, 1977f, 1978a).
Abbassy et al. (1974b) found that undernourished children did not
develop immediate hypersensitivity reactions at the skin sites



IMMUNOCOMPETENCE IN UNDERNUTRITION 93

where reagin-containing serum was injected and then scratch-
tested with the appropriate antigen. The failure to demonstrate
passively transferred immediate hypersensitivity was ascribed to
impaired release of chemical mediators of inflammation in pro-
tein—calorie undernutrition and/or nonresponsiveness of dermal
tissue to these mediators.

In low-birth-weight infants, cord blood concentration of IgG
is low and there is a significant correlation between serum IgE
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Figure 6.14. Ratio of fetal and maternal levels of IgG subclasses in paired
samples in normal pregnancy. Values found in 12 infants with intrauterine
growth retardation are also shown. IgG, = @ A, IgG, = O A. From Chandra,
1975b.
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and birth weight (Chandra et al., 1970; Chandra, 1975c). This may
be the result of preterm delivery so that sufficient time is not
available for acquisition of IgG from the mother, or in the case of
small-for-gestation infants it may be due to placental dysfunction
which may interfere with optimal transfer of IgG across the
placenta (Chandra, 1975b). The transport of IgG, is affected more
than that of IgG, (Fig. 6.14). Specific antibodies, such as tetanus
antitoxin, are present in lower concentration in the sera of low-
birth-weight infants (Fig. 6.15). The fetal/maternal ratio of tetanus
antitoxin vaires from 0.25 to 1.46, depending upon gestational age
and birth weight (Chandra, 1975b). The physiological hypoimmu-
noglobulinemia G is more pronounced in such infants (Fig. 6.16)
and may be associated with the clinical problem of frequent
infections. It tends to ameliorate by the age of 1 year, although in
some infants low IgG levels may persist well into the second year

ol
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Figure 6.15. Percentage distribution of cord blood tetanus antitoxin levels above
0.01 unit/ml related to the degree of weight deficit in infants with intrauterine
growth retardation. From Chandra, 1975b.
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Figure 6.16. Longitudinal follow-up of serum IgG levels in 10 infants with fetal
growth retardation, plotted on mean and range of values for healthy children.
Between 3 and 6 months of age, some infants suffered from bacterial infections
at a time when physiological hypoimmunoglobulinemia was pronounced. From
Chandra, 1975¢c. Copyright 1975, American Medical Association.

of life (Aref et al., 1970). Subsequently, the antigenic stimulus of
frequent infections increases the levels of all serum immunoglobu-
lins including IgG, so that adult concentrations are reached by 2-5
years of age (Chandra and Ghai, 1972).

There is little information on the metabolism of immunoglob-
ulins in malnutrition. Preliminary data suggest that the plasma
half-life of radiolabeled IgG is decreased in those with high IgG
concentration and is prolonged in those with hypoimmunoglobulin-
emia (Table 6.1). The latter parallels the findings in primary
immunodeficiency states involving immunoglobulin synthesis.
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6.3.3. Serum Antibody Response

Antibody titer following natural infection or immunization is
one measure of humoral immunity. Levels of isohemagglutinins
are normal. The data on antibody response in undernutrition are
summarized in Table 6.2. In man, serum antibody response to
most antigens given in adequate amounts is comparable in under-
nourished and well-nourished groups (Chandra et al., 1976b).
Many of the studies in which impaired antibody synthesis has
been reported suffer from lack of control of several critical
variables such as concomitant infection, dose of antigen and the
vehicle in which it is administered, severity of malnutrition,
nature of specific nutrients which are deficient, simultaneous
institution of nutritional supplements, presence of competitive
microbes, and liver dysfunction. Response to T cell-dependent
antigens may be affected more often (Fig. 6.17) because of the
consistent impairment of cell-mediated immunity in malnutrition.
Infection per se can act as an immunosuppressant irrespective of
nutritional status (Chapter 5).
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Figure 6.17. Agglutinin titer (geometric mean values) to S. typhi O and H
antigens following primary and booster injections in healthy (open columns) and
malnourished (blocked columns) children. From Chandra, 1972.
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Table 6.2

97

Serum Antibody Response in Nutritional Deficiency®

Antibody production®

Antigen Group® Normal Reduced?
Bacterial
Anthrax A Werkman (1923) —
Werkman et al. (1924a,b)
Brucella A Cooper et al. (1974) Orr et al. (1931)
Cornybacterium A Zucker et al. (1956) Zucker et al. (1956)
kutscheri
Diphtheria toxoid H Balch (1950) Olarte et al. (1956)
Chandra (1977i)
A Pruzansky & Axelrod Arkwright & Zilva (1924)
(1955)
Klimentova & Frjazinova Bieling (1925)
(1965) Pruzansky & Axelrod
(1955)
Axelrod et al. (1961)
Krishnan et al. (1974)
Escherichia coli A — Orr et al. (1931)
Klebsiella A —_ Benditt et al. (1949)
Wissler et al. (1957)
Pasteurella tularensis H — Morey & Spies (1942)
A —_ Berry et al. (1945)
Pneumococcus H Neumann et al. (1975) —
A Werkman (1923) Wissler (1947)
Werkman et al. (1924a,b)
Salmonella (killed H Hodges et al. (1962a) Wohl et al. (1949)
bacilli) Chandra (1975d) Meyer et al. (1955)
Chandra et al. (1977d) Hodges et al. (1962b)
Reddy & Srikantia (1964)
Chandra (1972)
Suskind et al. (1977)
A Werkman (1923) Orr et al. (1931)
Werkman et al. (1924a,b) Greene (1933)
Blackberg (1927-28) Cannon et al. (1943)
Meyer et al. (1956)
Wissler et al. (1957)
Harmon et al. (1963)
Panda & Combs (1963)
Salmonella (flagellin) H — Mathews et al. (1972,
1974)
Tetanus toxoid H Chandra (1972, 1975d) Hodges et al. (1962a,
Kielman er al. (1976) 1962b)
Chandra et al. (1977d)
A Lopez et al. (1972) Tashmukhamedov (1965)

Krishnan et al. (1974)

Continued



98

CHAPTER SIX

Table 6.2 (Continued)

Antibody production®

Antigen Group® Normal Reduced*
Viral
Bacteriophage ¢X 174 A Lopez et al. (1972) —
Hepatitis H — Chandra (1977i)
Influenza H —_ Jose et al. (1970)
A Axelrod & Hopper (1960) Axelrod & Hopper (1960)
Underdahl & Young (1956)
Measles® H Chandra (1975f) Mata & Faulk (1973)
Chandra et al. (1977d)
Poliomyelitis® H Hodges et al. (1962c) Chandra (1975¢)
Brown & Katz (1965)
Chandra (1975f)
Tobacco mosaic H — Gell (1948)
Western equine
encephalomyelitis A — Brown & Katz (1966)
Yellow fever H —_ Ruckman (1946)
Miscellaneous
Alloantigens A Malavé & Layrisse (1976) Malavé & Layrisse (1976)
Ascaris A — Leukskaja (1964)
Heterologous proteins A — Gemeroy & Koffler (1949)
Stavitsky (1957)
Heterologous H — Gell (1948)
erythrocytes A Werkman (1923) Greene (1933)

Werkman et al. (1924a,b) Stoerk & Eisen (1946)

Stoerk & Eisen (1946) Wissler et al. (1946, 1957)

Stoerk et al. (1947) Stoerk et al. 1947)

Lopez et al. (1972) Axelrod et al. (1947)
Agnew & Cook (1949)
Ludovici et al. (1949)
Ludovici & Axelrod
(1951a,b)
Benditt ez al. (1949)
Kenny et al. (1968, 1970)
Cooper et al. (1970, 1974)
Mathur et al. (1972)
Nalder et al. (1972)
Aschkenasy (1973)

Chandra et al. (1973,
1977d)
McFarlane &  Hamid
(1973)
Gebhardt & Newberne
(1974)

Krishnan et al. (1974)
Chandra (1975g)
Olusi & McFarlane (1976)
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Table 6.2 (Continued)

Antibody production®

Antigen Group® Normal Reduced?
Keyhole limpet H Neumann et al. (1975) —
hemocyanin
Chandra (1977i)
Rickettsia
A Wertman & Sarandria Wertman & Sarandria
(1951 (1951)
Klimentova & Frjazinova Klimentova & Frjazinova
(1965) (1965)
Tumor A — Jose & Good (1971. 1973)

? Modified from Chandra er al. (1976b).

®*H = human subjects; A = laboratory animals.

¢ In some instances, antibody titer was affected by the deficiency of some nutrients but not
by others. Or antibody response to some antigens was normal and to others it was
reduced.

¢ Many studies in man have not carefully distinguished the immunodepressive effect of
nutritional deficiency from that of concomitant infection.

¢ Secretory antibody response is reduced in energy-protein undernutrition (Chandra,
1975f), and in iron deficiency (Chandra et al.. 1977d).

In some studies, antibody responses have been compared in
groups of malnourished children given different levels of dietary
nutrients, most commonly protein. Those on higher calorie-
protein intake have higher antibody response.

In low-birth-weight infants, the capacity to form antibodies
may be slightly impaired (Chandra, 1975c). For example, serum
antibody titer, following Sabin polio virus vaccine, is lower in
such infants than in healthy full-term controls (Fig. 6.18).

Geographic variations in the response of young children to
oral polio vaccine have been recognized. However, factors other
than nutrition may be important here. Sabin (1959) suggested that
interference between concurrent infection with enteroviruses and
vaccine virus may explain the low serum antibody conversion rate
and delayed excretion of polio virus. Ghosh et al. (1970) found an
extremely low incidence of rise in serum antibody. However, the
potency of the vaccine at the time of administration was not
checked and the nutritional status of the vaccinees was not
mentioned. In a study from South India, Jacob John (1975)
confirmed that seroconversion after oral polio virus vaccine was



100 CHAPTER SIX

5121 ® &K
o / Be
1284 o o

14
w
i ®
': o ® [
32”0/¢p0 o
5 J—
?__3 8- oo e® o e °
<2( 0/ °
21 ow -
4 ° o [
<1} - o .
T T T T T T T T
' ! 2 3 4 5 6 7 8

WEEKS AFTER IMMUNIZATION

Figure 6.18. Neutralizing antibody reciprocal titers to poliovirus Type I in full-
term healthy infants (O) and in infants with fetal growth retardation (@). The
mean titer was lower in the latter group. From Chandra, 1975¢. Copyright 1975,
American Medical Association.

low. In the large majority, there was a good correlation between
the absence or presence of vaccine virus excretion and negative
or positive seroconversion, suggesting that impaired antibody
response was mainly due to lack of virus ‘‘take.”” In a few
individuals, seroconversion occurred in the absence of demon-
strable fecal excretion of vaccine virus. This may reflect inactiva-
tion of virus by secretory antibody, nonuniform distribution, or
intermittent excretion of virus in feces and inadequacy of sam-
pling. In another group of vaccinees, the opposite phenomenon of
virus excretion without serum antibody response was observed.
None of these studies reported the nutritional status of the
children who were vaccinated, nor was secretory antibody exam-
ined. Antibody response improved and was adequate when polio
virus vaccine was administered five times (Jacob John, 1976).

In man, it is impossible to dissect out the effect of deficiency
of a single nutrient on antibody-forming capacity. In earlier
studies implicating specific deficiencies such as that of pyridoxine
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and pantothenic acid in reduced capacity to synthesize antibodies,
the concomitant presence and influence of deficiencies of other
nutrients was not clearly ruled out. Iron deficiency does not alter
antibody response to a variety of antigens (Chandra 1975d, 1976a;
Chandra et al., 1977d).

In some undernourished subjects, the administration of an
antigen may elicit a secondary booster response, suggesting
previous exposure and memory, even though the preimmuniza-
tion titer may be below the currently detectable levels. Small
amounts of preexisting antibody may facilitate further antibody
synthesis by one of many mechanisms: macrophage uptake and
processing of antigen, presence and number of memory cells, etc.

6.3.4. Secretory Antibody Response

The importance of the secretory immune responses in protec-
tion from mucosal invaders is recognized. The unique characteris-
tics of secretory antibodies have been recently defined (Hanson
and Brandtzaeg, 1973).

In malnourished children, the concentration of secretory IgA
(sIgA) in nasopharyngeal secretions is low (Chandra, 1975f;
Sirisinha et al., 1975). Since levels of total proteins and albumin
were only marginally affected, reduction in sIgA could not be
explained on the basis of a general impairment of protein synthe-
sis nor by enzymatic proteolysis. The possibility of sIgA being
reabsorbed through the mucous membrane was excluded by the
absence of reaction between the serum and antiserum to secretory
component. The reduction of sIgA may be the result of selective
depression of IgA synthesis in submucosae or of secretory
component production by epithelial cells (Chandra, 1977g). The
mucosal epithelial cells, particularly in the gut, are severely
depleted in number in undernourished subjects. An additional
pathogenetic mechanism may be the reduction in the number and/
or function of recirculating small lymphocytes which modulate
IgA synthesis in submucosae (Chandra, 1977i). Gut-associated
lymphoid aggregates, such as the tonsils, Peyer’s patches, and
lymphoid follicles in the appendix, are small in size in persons
with nutritional deficiency.
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In contrast, Bell et al. (1976) found significantly lower levels
of albumin and higher levels of immunoglobulins in the intestine,
the latter being attributed to the antigenic challenge provided by
frequent severe infections. The ratio of immunoglobulins to
albumin levels suggested that some of the gut luminal immuno-
globulins may have been derived from plasma.

It has been postulated that immunoglobulins in intestinal
secretions may be broken down into small low molecular weight
fragments which would diffuse more rapidly through gel, giving
larger precipitin rings and fallaciously high estimates of immuno-
globulin concentrations. However, studies by Bell et al. (1976)
looking at sepharose column fractionation of I'**-labeled duodenal
fluids of Indonesian malnourished and infected children showed
that more than 90% of IgA and IgG were present in molecular
weight sizes of 350,000 and 150,000 respectively. Thus it is not
likely that small fragments of immunoglobulin molecules, if pres-
ent, alter estimated results.

Specific antibody response in mucosal secretions in nutri-
tional deficiency has been examined in only one study (Chandra,
1975f). In a group of children with moderate or severe energy-
protein undernutrition, live attenuated polio virus vaccine and
measles virus vaccine were administered. Seroconversion was
achieved in all the children but nasopharyngeal IgA antibody to
the viral antigens was either undetectable or present in very low
titer (Fig. 6.19). The mean secretory antibody level was signifi-
cantly lower in the malnourished group compared with matched
well-nourished children. However, a low titer of antibodies of IgG
and IgM class was present, an observation similar to that made in
IgA deficiency.

An additional characteristic of gut immunity, namely the lack
of an anamnestic or secondary component (Newcomb et al.,
1969), may be pertinent to the above findings. In malnutrition,
antibody response to primary immunization challenge may be
inadequate, but secondary booster titer is often normal. In the
respiratory and gastrointestinal secretions, protection from infec-
tion and systemic spread requires an adequate ‘‘primary’’ re-
sponse each time. This may be reduced in malnutrition, as
suggested by the preliminary observations (Chandra, 1975f).
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Figure 6.19. Titers of IgA antibody to measles antigen in nasopharyngeal
secretions following immunization with a single dose of live attenuated measles
vaccine. Healthy = O, undernourished = @. Almost one-half of children with
energy-protein malnutrition did not have any detectable IgA antibody. Serum
antibody response, not shown here, was comparable in the two groups. From
Chandra, 1975f.

There is no published data so far on the mucosal cell-
mediated responses in malnutrition.

The clinical and biologic significance of reduced secretory
antibody response may touch upon several known facets of
undernutrition. Impaired secretory immunity may contribute to an
increased frequency of infections often seen in association with
nutritional deficiency. The small amounts and reduced activity of
luminal sIgA may fail to prevent mucosal binding of bacteria and
enterotoxin, a prerequisite of functional and metabolic abnormali-
ties caused by several enteropathogenic organisms. Systemic
spread may also occur more easily because of the reduced
efficiency of the mucosal barrier in checking pathogenic orga-
nisms from penetrating respiratory and gastrointestinal epithelia.
Other macromolecules, such as dietary proteins, pollen, etc.,
which are normally excluded by the mucosal barrier may also get
across the mucous membrane. Food antibodies of IgG and IgA
classes are frequently found in high titer in malnourished children
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(Chandra, 1975e¢). However, complement activation has not been
observed and no adverse effects were seen after ingestion of the
dietary proteins. It is not known if the frequency occurrence of
other immunopathologic diseases known to be associated with
defective mucosal immunity such as allergy, autoimmunity, and
neoplasia, is increased in malnourished groups. Individuals with
low or absent IgA in saliva and other secretions have a high
incidence of atopy and collagen disorders. It is possible that
chronic persistent stimulation of lymphoid tissue by dietary
antigenic fragments absorbed freely through the gastrointestinal
mucous membrane may act together with other factors such as
genetic susceptibility and oncogenic viruses to produce malignant
change. This may also occur in the event of excessive intake and
consequent heavy antigenic load in the gut. A recent analysis of
geographic variations in prevalence of disease revealed a positive
correlation between consumption of animal protein and lym-
phoma mortality (Cunningham, 1976). At the same time, the effect
of diet on immunocompetence may alter, increase, or decrease
host resistance to tumor growth (Chapter 8).

6.4. COMPLEMENT SYSTEM

The role of the complement system in amplification of the
immune response, including opsonization, immune adherence,
phagocytosis, leukocyte chemotaxis, and viral neutralization is
established (Johnston and Stroud, 1977). With malnutrition there
is an increased incidence of infections which tend to be more
severe and prolonged, and subjects are slower to recover from
gram-negative organisms which often plague the undernourished.
In defense against these organisms, the classical and alternative
pathways of complement activation play an important role. Also,
it is known that congenital deficiencies of C3 and other comple-
ment components may be associated with frequent pyogenic
infections, collagen disorders, and diseases of autoimmune etiol-
ogy. From these considerations, studies of the quantitation of the
complement components and their functional activity in malnour-
ished children emanated.

Total hemolytic activity of the serum is a measure of the
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functional integrity of the complement cascade. Sera of under-
nourished children showed a reduction in total hemolytic comple-
ment (Table 6.3) (Chandra, 1975a). Smythe et al. (1971) found
reduced complement activity in malnourished South African chil-
dren. In many patients, the Coombs direct antiglobulin test was
positive due to the presence of C4 (and occasionally other
complement components) and immunoglobulin on the surface of
red cells which may contribute to a shortened erythrocyte sur-
vival. However, there was no correlation between reduced hemo-
lytic serum complement and the presence or absence of C4 on
erythrocytes. It is possible that depressed thymus function in
malnutrition facilitates autoimmunization. Chandra (1972) re-
ported low concentrations of complement C3 in Indian infants
who had reduced body weight in relation to the expected for age
and height. It was suggested that low synthetic rate of comple-
ment components in the liver, gut, and macrophages, as well as
increased consumption of complement proteins in antigen-anti-
body reactions, result in reduced complement activity. C3 levels
are low in hepatitis (Chandra, 1970). Sirisinha et al. (1973) studied
the complete complement profile of 20 malnourished Thai chil-
dren, some with kwashiorkor and others with marasmus. Serum
concentrations of Clq, Cls, C3, C5, C6, C8, C9, and C3 proacti-
vator were markedly lower in the undernourished group than in

Table 6.3
Hemolytic Complement, C3, and Immunocongiutinin
in Healthy and Malnourished Children,
with or without Infection

Well-nourished Undernourished
No With No With
infection infection infection infection
No. of individuals studied 20 10 23 12
CHy, (units/ml)* 58 + 13 105 + 21 39 + 15 28 + 11
C3 (mg/100 ml)® 132 = 18 245 + 57 89 + 23 57 =19
Altered C3 on immunoelec- 0 6 9 S
trophoresis (no. positive)
IK (—log)® 1 5 3 4
(2-8) (<1-5) (<1-8)

% Mean = standard deviation.
® Mean (and range).
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normal children of the same age in the same geographical area
(Fig. 6.20). Complement component C4 level was comparable in
the two groups. After an initial week of stabilization, the patients
were randomly allocated to 1 of 4 dietary regimens with caloric
intake of 100 or 175 C/kg/day and protein intake of 1 or 4 g/kg/
day. The number of children in each of these nutritional rehabili-
tation schemes was small (2-8) but the children who received the
high-calorie high-protein diet tended to respond best in terms of
recovery of levels of complement components. The posttherapy
concentrations were above normal values (Fig. 6.20) possibly a
consequence of accelerated synthesis and overproduction. Alter-
natively, this ‘‘rebound’’ elevation may be a response to residual
infection, since complement activity is often increased in well-
nourished subjects with infection (Table 6.3). On the other hand,
infection in association with nutritional deficiency depresses com-
plement activity and C3 concentration. There is a significant
correlation between levels of C3 and duration of infectious illness,
the complement level decreasing or increasing depending upon
the nutritional status (Fig. 6.21).

In 35 infants and young children with primary energy-protein
undernutrition studied in New Delhi, assays of complement and
immunoconglutinin were done and the results analyzed in relation
to coexisting infection, complement activation in vivo, and the
effect of dietary rehabilitation (Chandra, 1975a). There was a wide
scatter of values in individual children, but the mean hemolytic
activity and concentration of C3 in malnourished children was
lower than that of healthy matched controls, the reduction being
more pronounced in those with overt infection. In addition, 42%
of serum samples showed anticomplementary activity, which
could be due to one or more of the following causes: presence of
antigen-antibody complexes, endotoxemia (Oberle et al., 1974),
macroglobulin, and inhibitors of C1 esterase, C3, and C6. In some
serum samples, several tests for detection of circulating immune
complexes were positive (Table 6.3) (Chandra, 1977b), but the
nature of the antigen(s) involved was not established. Reduced
levels of total complement hemolytic activity and C3 in malnutri-
tion have been recently confirmed by Suskind ez al. (1976) and
Neumann et al.(1977). Similar observations have been made in
acute starvation (Palmblad ef al., 1977a).

Low levels of complement activity in nutritional deficiency
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Figure 6.20. Serum concentrations of complement proteins in severe energy-
protein undernutrition. Estimations were done on admission to hospital and
sequentially for several weeks during which the children were getting nutritional
supplements. From Sirisinha et al., 1973.
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Figure 6.21. Serum C3 levels correlated with infection-morbidity indicated by
the number of days of fever. Three weight categories in reference to the standard
are shown. In well-nourished children, C3 concentration increases with infec-
tion. In the undernourished, C3 levels generally decrease. The child population
examined is fully described elsewhere (Kielman et al., 1976). Courtesy of Dr. A.
Kielman.

may reflect a general reduction in protein synthesis or mobiliza-
tion of the limited synthetic ability for production of more
urgently required antibodies directed against the invading patho-
gen. Lymphoid tissue, a site of complement synthesis, is severely
involuted in states of nutritional deprivation, and cell division,
regeneration, and proliferation are restricted. Additionally, liver
involvement invariably seen in malnutrition may reduce hepatocyt-
ic production of C3 and other components of the complement
system. The gut and the macrophage system synthesize some
complement proteins and these tissues are altered in malnutrition.
In infected undernourished children, evidence of complement
consumption and activation in vivo was adduced from several
observations (Chandra, 1975a): presence of electrophoretically
altered complement C3 (Fig. 6.22), a reciprocal rise in titer of
immunoconglutinin (Fig. 6.23) which is an antibody to converted
C3 and C4, and presence of anticomplementary activity in serum.



Figure 6.22. Two-dimensional cross-over immunoelectrophoresis into gel con-
taining antiserum to C3. Two additional peaks were observed in some serum
samples of undernourished children with infection. These peaks represent C3
conversion products often designated C3b an