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This Thesis examines nutritional aspects of the host/parasite association. Although it is well recognized that
parasites greatly influence the nutritional status of their hosts, the effects of variations in host nutritional status
on the relationship between host and parasite remain largely unexplored. Preliminary assimilation of scattered
evidence led to the generation of the present thesis that changes in host nutritional status significantly influence
both host and parasite success. This thesis was investigated with respect to three host/parasite systems:

I. Experiments examining the influence of vertebrate host nutrition on Schistosoma mansoni infection and
disease sequelae, employing a murine model, focused on three areas:

1. Externally imposed host protein deficiency during single and multiple infections showed that
schistosomes invading deficient hosts were less successful than those invading well-fed animals. Parasite
survival, growth and fecundity were significantly reduced. Parasite antigenicity fell as a result, and in the
presence of protein deficiency-induced immunosuppression, host pathogenesis was largely suppressed.

2. The influence of externally imposed fluctuations in host protein status on mature infection
showed that providing increased protein diets to mice harboring schistosomes which had matured under
deficiency largely reversed the deleterious effects of protein undernutrition on the parasite. The resultant rise in
antigenicity, in the presence of host immune activity restored by refeeding, produced a marked increase in
disease expression. Conversely, a period of acute protein deficiency in hosts harboring schistosomes which had
matured under conditions of protein repletion significantly reduced parasite reproductive success and led to
marked amelioration of chronic immune-mediated pathology.

3. Externally imposed host protein deficiency during vaccination and drug treatment showed
that deficient hosts were less able to capitalize on the protection against schistosome infection which these
interventions provided to well-fed animals. Immunosuppression known to accompany protein deficiency was
thought to have compromised immune-mediated elimination of invading parasites in the vaccinated host, and
immune-mediated elimination of damaged adult parasites in hosts receiving praziquantel treatment.

II. Experiments examining the interactions between invertebrate host nutrition and S. mansoni infection
showed that schistosome growth and replication are significantly reduced in snails maintained on qualitatively
complete, but quantitatively inadequate diets. In addition to decreased cercarial output, time-dependent
cercarial infectivity post-shedding was reduced when development took place in nutritionally deficient snails.

III. A review of published evidence which examines the influence of host nutritional status on malaria showed
that the majority of the various forms of nutritional deficiency tend to suppress malarial replication and disease
in both the vertebrate and invertebrate host. This review provides an accessible basis for future work.

Experimental results presented in this document support the thesis presented above. Furthermore, they suggest
that the protection which host nutritional deficiency provides against some parasites may consist of changes
within the host rendering conditions suboptimal for fulminant parasite exploitation. As infection is well
documented to induce largely host-mediated changes in the ambient conditions within the host by way of the
metabolic response, this Thesis suggests that the ability of the host to respond to infection in this way may
provide a form of defence against parasites susceptible to fluctuations in ambient conditions.

The implications which follow this suggestion are serious: refeeding nutritionally deficient humans in the
presence of active infection can remove the protection which ambient defences may provide against some
diseases by restoring conditions suitable for parasite survival, reproduction and exploitation.

This Thesis cqncludg:s that the formulation and implementation of successful public health policy must include
informed considcration of the complex nutritional interactions between parasite, host and disease.
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CHAPTER ONE
PARASITES & HOST NUTRITION
00

“De duobus malis minus est semper eligendum’
Thomas A Kempis (circa 1380-1471)

0

Chapter Summary

This chapter examines nutritional aspects of the host/parasite relationship. Although parasites have a
well recognized impact on host nutrition, the majority of the nutritional costs associated with infection
are host-mediated. It appears that host undernutrition, whether endogenously induced or exogenously
imposed, can produce physical and chemical conditions within the host which are suboptimal for
parasites success. It is suggested that host nutritional fluctuations can lead to changes in infection and
disecase independent of the other, and shown that nutritional fluctuations can lead to both increases and
decreases in parasitic infection and disease. The implications of counterintuitive changes in disease in
response to host nutritional fluctuations are discussed in terms of the field situation, where
schistosomiasis and malaria are implicated as responding antagonistically to host undernutrition.

1.1: INTRODUCTION

All organisms require nourishment in order to develop and propagate. Primary producers and
consumers gather nutrients from their environment and assemble them into living tissues.
Predators exploit their efforts at consolidation, and ascending the food chain, successively
higher animals represent increasingly rich islands of organic material in a relatively
depauperate environment (Ricklefs, 1980).

Although providing inherent nutritional advantages, predation can be difficult to sustain;
consumed quarry represent spent resources which may be difficult and costly to replace. As
a result, prey availability is commonly a major determinant of predator success (Ricklefs,
1980). Some organisms have largely escaped this constraint, however, by spending an
extended period of time feeding from a single prey individual. Parasites employ a highly
specialized form of predation in which exploitation of the prey resource (the host) by the
predator (the parasite) is continuous and on a sustainable level relative to the predator’s

lifespan.

Parasitism is a lucrative strategy - parasites enjoy a rich supply of nutrients provided under
the highly regulated conditions of the host interna. By reducing endoregulatory
requirements, however, such conditions lead to increasing dependence of the parasite on its
host (Bryant & Behm, 1989).

Parasite reliance upon its host for food intensifies along the continuum of intimacy exhibited
by host/parasite associations, culminating in obligate endoparasitism where the parasite’s

entire nutritional requirements must be met from within the host (Bryant & Behm, 1989;
FOOTNOTE

1 «Of two evils, the lesser is always to be chosen”.
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Hall, 1985; Meshnick & Cerami, 1985). In addition to food, parasites rely to some extent
upon their hosts for shelter. In intimate associations, where the parasite exists within the
stable environment of the host interna, selection may largely abandon parasite robustness in
favour of reproductive output. Parasites thus unable to independently maintain homeostasis
rely upon their host to maintain the stable physical and chemical conditions pivotal to their
success (Hall, 1985; Meshnick & Cerami, 1985). The difficulties experienced in culturing
parasites in vitro attest to their precise nutritional and physico-chemical requirements, and

suggest that fluctuations in in vivo conditions significantly influence parasite success.
Parasites & Host Nutrition: Mutually Inclusive

Physical and chemical conditions within hosts fluctuate as a result of exogenous and
endogenous factors. Among the latter, parasites influence the host interna both by their
nutritional costs and by inducing disease. As a result, parasites commonly have an
appreciable impact on the environment upon which their own success depends. Thus host
and parasite forge an intimate, bidirectional relationship which is fundamentally nutritional in
nature (Hall, 1985). Their complex interaction suggests that to view either parasitic infection
or host nutrition in isolation is highly artificial.

The ultimate outcome of the nutritional relationship between host and parasite assumes
crucial significance when viewed in the light of the global prevalence and coincidence of
nutritional stress and parasitic diseases in impoverished human communities (Bundy &
Golden, 1987). For this reason, the following general introduction focuses almost
exclusively on infection and human nutrition, although fundamental similarities exist
between humans and other animals with respect to nutrition/parasite interactions. In
attempting to understand the complex relationship between parasites and host nutrition, it is
useful to begin by examining the effects each has upon the other.

1.2: THE EFFECTS OF PARASITES ON HOST NUTRITIONAL STATUS

By definition, parasites impose nutritional costs on their hosts. Not only do they compete
with the host for available nutrients and metabolites, but pathophysiclogical changes within

the host in response to parasitic infection commonly have serious nutritional consequences.
Competition for Nutrients

Parasites may compete with their hosts for nutrients at almost any stage in the complex
process of nutritional repletion. Gastrointestinal parasites, such as the human roundworm
Ascaris lumbricoides, have immediate access to ingested food, and any uptake by such
parasites directly reduces nutrient availability to the host (Schultz, 1982; Stephenson &
Holland, 1987). However, the majority of parasites deprive the host of nutrients which have
been metabolized and/or incorporated into host tissues at some prior expense to the host. For

2
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example the hookworms, Necator americanus and Ancylostoma duodenale, suck blood and
tissue fluids from feeding lesions in the intestinal mucosa of their human hosts, resulting in
the loss of various essential nutrients, such as protein and iron, and metabolites, such as
haemoglobin and transferrin (McDowell, 1981; Schad & Banwell, 1985; Stephenson &
Holland, 1987).

Parasites are commonly much smaller in terms of biomass than their hosts, and thus the
nutrients taken to meet their metabolic requirements generally represent a relatively small
proportion of host food intake (Crompton & Nesheim, 1982; Hall, 1985). There are,
however, occasions when parasitic competition for nutrients can have a significant impact on
the host.

Hosts existing in or near nutritional deficit are sensitive to small changes in nutrient
availability (Torin & Viteri, 1985; Wood & Calloway, 1985); any nutrients lost to parasites
can only exacerbate nutritional stress, and may precipitate disease in hosts which are pushed
across clinical deficiency thresholds. This is particularly likely when parasites have a higher
affinity for essential nutrients than their host. For example, the pseudophyllidean tapeworm
Diphyllobothrium latum, which absorbs high levels of vitamin B;; from food in the intestinal
lumen of its human host, can induce clinical deficiency of this vitamin even when dietary
intake would otherwise be adequate (von Bonsdorff, 1956).

Whilst nutrient losses attributable to parasite uptake are frequently insignificant with respect
to individual host intakes, it should be noted that, on a population level, the collective
nutritional burden imposed by highly prevalent parasite infections in impoverished human
communities may be considerable. For example, it has been calculated that individual
Ascaris lumbricoides can consume (.14 grams of carbohydrate daily (Cabrera, 1984). In the
Philippines, some 20 million Filipinos each harbor approximately 20 Ascaris. Therefore
estimates of the food lost directly to Ascaris per day in that country suggest the equivalent of
1000 fifty kilogram sacks of rice, or 50 tonnes (Cabrera, 1984).

Although nutrient losses to parasite uptake and the resultant impact on host nutritional status
increase in proportion to the number and nutritional demands of individual parasites, higher
parasite burdens are more likely to be nutritionally important with regard to their
pathophysiological effects on host structure and function than to their direct cost in nutrients.

Parasitic Disease

Parasites induce a plethora of changes (collectively known as parasitic disease) in the host
which result from both direct damage to host tissues by, and, more significantly, host
responses to the physical and chemical presence of parasites (Holmes, 1986; 1987). Parasitic
diseases are responsible for the most serious nutritional consequences of infection and may
disrupt the complex process of host repletion at any stage, from acquiring food to its

3
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successful intracellular use (Keusch, 1985a; Keusch & Scrimshaw, 1986; Rosenberg &
Bowman, 1984; Stephenson, 1980; Stephenson & Holland, 1987; Tomkins & Watson, 1989).

Food Acquisition

Mental aptitude and physical ability are required to gather, grow and/or earn food. Lethargy
resulting from general malaise or nervous damage (Hajduk, Englund, Mahmoud & Warren,
1985) arising from host responses to infection can reduce the motivation to secure food
(Crompton, 1986; Hall, 1981). For example African Sleeping Sickness, a disease caused by
host responses to several species of the flagellate protozoan, Trypanosoma, induces chronic
lassitude, resulting in a marked loss of productivity (Hajduk et al., 1985).

In addition, parasitic infection commonly results in tissue damage which can reduce the
host’s physiological capacity required to secure food (Bengtsson, Pehrson, Bjorkman,
Brohult, Jorfeldt, Lundbergh, Rombo, Willcox & Hanson, 1988; Crompton, 1986; Hall,
1981). For example, anaemia secondary to hookworm disease reduces the blood’s capacity
to transport oxygen, resulting in decreased aerobic, and therefore work performance (Latham,
Stephenson, Kurz & Kinoti, 1990; Stephenson & Holland, 1987).

Moreover, when chronic disease leads to on-going nutritional stress, mental development can
be significantly impaired. School children suffering from persistent anaemia display
decreased mental performance; it follows that anaemia secondary to some parasitic
infections, such as hookworm disease, if unchecked, may impair the nental development of
chronically infected individuals (Brozek & Church, 1984; Calloway, 1982; Crompton, 1986).
Recent evidence., in which geohelminth infection has been clearly related to reduced
academic performance (Nokes, Cooper, Robinson & Bundy, 1991), confirms this notion.
Accordingly, increasing attention is being paid to the role of infection in impairing effective
learning (Halloran, Bundy & Pollitt, 1989; Pollitt, 1990).

It appears that regardless of food acquisition opportunities, parasitic disease can significantly
influence the amount and type of food acquired by the host by inducing host responses which
deter and/or impede its acquisition.

Ingestion

Once food is acquired, intake is under neural and hormonal control (Morgensen & Calaresu,
1978). Parasitic disease frequently reduces host appetite by inducing pain and/or vomiting in
response to ingesiion, whilst the expectation of recurrent symptoms can deter further intake
(Crompton, 1984). In addition cytokines, such as Interleukin 1 (IL-1), released from
macrophages activated by infection, may induce fever and endotoxin release which combine
to reinforce inappetance (Dinarello, 1990; Keusch & Farthing, 1986). Anorexia is a response
common to many parasitized hosts (Hall, 1985; Stephenson & Holland, 1987), and has been

4
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the subject of previous attention (Crompton, 1984; Crompton, Arnold, Walters & Whitfield,
1985; Crompton, Walters & Arnold, 1981; Hart, 1990; Latham et al., 1990; Rosenberg &
Bowman, 1984).

Other work has shown that host food preference can change in response to parasitic disease.
That rats heavily infected with the nematode Nippostrongylus avoid those food flavors which
they associate with morbidity demonstrates that parasitic disease can qualitatively influence
food intake (Keymer, Crompton & Sahakian, 1983a). Humans too may display perversions
of normal food intake during parasitic disease; for example, hookworm disease has been
associated with the development of pica and geophagia in children (Schad & Banwell, 1985).

In rare instances, parasitic disease can physically obstruct ingestion. The severe oesophageal
swelling which can occur in response to acute infection with the protozoan Trypanosoma
cruzi (the causative agent of Chagas Disease) blocks food intake, thus rapidly leading to host
undemnutrition (Nogueira, Coura & Chen, 1985).

In summary, regardless of food availability, parasitic disease can significantly influence the
amount and type of food eaten by the host by inducing host responses which deter, alter
and/or obstruct intake.

Digestion

Parasites frequently impair host digestive functions, and several mechanisms have been
identified (see Rosenberg & Bowman, 1984). Whilst some trematode flukes disrupt bile flow
from the liver of their human hosts, reducing digestive function (Bunnag & Harinasuta,
1985), other parasites, such as Ascaris, damage the brush borders of their host’s intestinal
epithelial cells active in enzyme secretion essential to the digestion of specific compounds.
Such damage can produce host intolerance to important nutrients, such as lactose (Carrera,
Nesheim & Crompton, 1984; Hall, 1985). In addition, Ascaris has been found to secrete an
antiproteolytic substance in vitro which is thought to be active in inhibiting digestive attack
on the parasite in vivo by blocking the action of pepsin, cathepsin E, trypsin and
chymotrypsin. Despite local effects, it is thought these antienzymes do not grossly impair
host digestion (Hall, 1985; Pawlowski & Arfaa, 1985).

In addition to disrupting food degradation, parasites can stimulate intestinal activity which
alters the flow of food through areas of the alimentary tract active in digestion and
absorption. Among numerous parasitic infections which alter gastric flow, ascariasis,
amoebiasis (Mata, 1985) and giardiasis (Roberts-Thomson, 1985) can significantly reduce
the amount of time food takes to pass through the host, reducing food digestion and
absorption, and thus increasing nutrient excretion. Whilst many other parasites similarly
increase transit rates (Rosenberg & Bowman, 1984), heavy infection with Ascaris can
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physically obstruct gastric flow, inducing vomiting and other nutritionally expensive
responses (Blumenthal & Schultz, 1975).

Absorption

Once food is decomposed by digestion, nutrients become available for active uptake into host
tissues. Malabsorption is a feature common to many parasitic diseases, as the sensitive
intestinal surfaces active in uptake present parasites with a site which is rich in nutrients yet
relatively free of immune defences (Hall, 1985). Parasites can injure the delicate absorptive
surfaces of the host gut by their physical and chemical presence eliciting pathogenic
responses. For example host responses to Ascaris infection produce marked changes in the
jejunal mucosa, including height and width reductions of villi, elongation of crypts, a

decrease in the crypt:villus ratio and round cell infiltration of the lamina propria (Beaver,
Jung & Cupp, 1984).

In addition, many protozoan parasites seriously damage host mucosal surfaces, leading to
ulceration and contributing to malabsorption (Banwell, 1985). In severe cases, necrosis of
intestinal surfaces in response to parasite activity can produce lesions through which nutrients
are lost into the excretory passages. For example, enteropathies secondary to amoebic
infection can lead to severe intestinal haemorrhage (Sepulveda & Martinez-Palomo, 1985).
Although some reabsorption may occur downstream in the intestine, such tissue losses are
serious and can rapidly lead to severe nutritional deficits (Stephenson & Holland, 1987).

Once actively absorbed through the intestinal wall, nutrients are transported by circulating
cells to sites of metabolic activity. Disturbance of cell dynamics by parasitism can therefore
impair nutrient transport by disrupting concentration gradients and reducing cell availability
and carrying capacity (Keusch & Farthing, 1986). For example filarial worms can obstruct
the lymphatic flow of their human hosts, causing malabsorption (Banwell, 1985), whilst the
increased rate of erythrocyte destruction in the enlarged spleen during schistosomiasis may
reduce the nutrient carrying capacity of the blood (Stephenson & Holliand, 1987).

Metabolism

By far the greatest nutritional impact of parasitic disease occurs when infection triggers
numerous responses within the host which drastically alter metabolism. These are largely
mediated by various bioactive peptides (collectively known as lymphokines) released by
activated macrophages in response to infection. Among the many factors released (see Klein,
1990), IL-1 induces marked systemic changes in nutrient intake (described above), metabolic
dynamics and nutrient excretion which combine to rapidly and significantly reduce
nutritional status in the infected host (Dinarello, 1990; Keusch & Farthing, 1986) (Table 1,
overleaf).
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Protein metabolism..................ocoovemeeeenieeiiiencee et Increased nitrogen loss (negative balance)
Catabolism of muscle protein
Conversion of amino acids to glucose
Decreased synthesis of albumin, transferrin
Increased synthesis of acute-phase proteins by liver
Proliferation of phagocytes & lymphoid cells
CarboRYArate MEtADOLISI..............c..cceevereieseetisiree et cesast e stassesertessassessessessessassessessessesssns “Pseudodiabetes™
Increased glucose oxidation
Peripheral (muscle) insulin resistance
Augmented gluconeogenesis
Mineral metabolisSm................couoeevivieineeriieineeseineecsisseeeseeresenene e enssaaess Removal of plasma iron to the liver
Reticuloendothelial system uptake of zinc
Increased plasma ceruloplasmin copper
Urine, stool and sweat losses of Mg, P,K & S
TABLE 1., Metabolic responses to infection which alter host nutritional status (adapted from Keusch & Farthing, 1986).

Lymphokine release leads to the production of pyrogens and acute phase proteins (Klein,
1990). Pyrogens induce fever which increases the host’s basal metabolic rate (BMR; 13-15%
increase in BMR.degree celcius-1), which in turn metabolizes nutrients at an abnormally high
rate, wasting energy and increasing the demand for other essential nutrients (Hall, 1985).
The principal metabolic response to infection is, however, the induction of catabolic
dominance. In severe and/or chronic infection, anorexia and increased metabolic
requirements may lead to gluconeogenesis (the production of glucose by the liver from amino
acid precursors released from contractile proteins of muscle), resulting in negative nitrogen
balance and wasting of lean body mass (Keusch & Farthing, 1986; Keusch & Scrimshaw,
1986).

Micronutrient dynamics are also markedly altered in response to infection. Acute phase
proteins (such as transferrin and lactoferrin) sequester micronutrients (such as iron and zinc)
from host circulation into non-utilizable storage compounds, thereby reducing their
bioavailability (Keusch & Farthing, 1986; Kochan, 1973; Peto & Hershko, 1989).

Nutrient Excretion

The predominantly catabolic response of hosts to infection leads to a net increase in the
wastage of nutrients to excretion (Keusch & Scrimshaw, 1986). Clearly, the host response to
infection, largely mediated by IL-1, produces a rapid and marked reduction in host nutritional

status, whilst simultaneously potentiating immune activity (Figure 1, overleaf).
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Microorganisms, microbial products, Ag-
Ab, lymphokines, toxins, injury,
inflammatory processes, adjuvants

| MONONUCLEAR PHAGOCYTE ACTIVATION |

4

Endogenous pyrogen, leukocytic endogenous
mediator, lymphocyte activating factor, mononuclear

Hypothalamus

(_ ACTIVATION, AB PRODN J

Bone Marrow

Neutrophils Liver ( ACTIVATION, LYMPHO- )

(NEUTROPHIL{ \ 4
Fibroblasts Muscle \ KINE PRODN, IL-2
( AcTIVATION ; /

v ( ACUTE PHASE )
PROTEINS
( COLLAGEN >< AMINO ACID ’
FIGURE 1. Infection-induced IL-1 release potentiates immune activity whilst simultaneously altering host metabolism,

resulting in significant reductions in nutritional status (Ag=antigen; Ab=antibody; AB=antibody) (adapted from Keusch,
Cerami & Takaku, 1990 and Keusch & Farthing, 1986).

Nutrient Diversion

Nutrients otherwise required by the host may be diverted to fuel expensive biosynthetic
functions in response to parasitic infection and disease; examples include immunity (Hall,
1985; Keusch & Scrimshaw, 1986) and tissue repair (Dreizen, 1979).

Secondary Infections

Parasitic disease can change the host in such a way as to reduce its active defences to, and/or
increase its suitability for secondary infections (Coovadia, 1988; Klein, 1990). In serious
cases of disease, induced nutritional stress can lead to a reduction in host immunity
(Coovadia, 1988), which is nutrient-dependent (see, for example, Chandra, 1988). A fall in
immune defences reduces the host’s ability to actively resist subsequent infections as well as
control existing, subclinical infections. For example, some protozoan parasites can rapidly
multiply and become pathogenic in the immunocompromised host (Ellner, 1985).

Other parasites actively immunosuppress their hosts by various mechanisms (Ellner, 1981;
Ellner, 1985). Among numerous examples, acute T. cruzi infection can non-specifically
suppress both the humoral and cell-mediated immune responses (Nogueira er al., 1985), with

obvious implications for active host resistance to secondary infections.

As noted previously, parasites have precise requirements in terms of nutritional, physical and
chemical conditions. It has been shown that nutritional stress secondary to parasitic disease
may render conditions within the host more suitable for extant organisms, with a resultant
increase in their numbers and the evolution of disease. For example, the intestinal damage
caused by some gastrointestinal parasites can increase gut acidity, leading to bacterial



DALE 1993 Parasites & Host Nutrition Chapter One

overgrowth and accompanying nutritional stress (Mata, 1985). Clearly, secondary infection
can only add to the host’s nutritional burden by increasing the amount of nutrients lost to
direct uptake by parasites and by compounding the nutritional costs of the diseases they
induce.

Host Responses to Infection: A Paradox

In summary, pathophysiological host responses to parasites can radically reduce host
nutritional status by impairing food intake, altering metabolic dynamics, and increasing
nutrient waste (Figure 2). This is a well studied area, and indeed parasites have been clearly
implicated as major contributors to nutritional problems in developing countries (McGregor,
1988; Stephenson & Holland, 1987).

Deficiency-induced Immunosuppression
> Decreased
Acquisition
IMMUNE Decreased
RESFONS Ingestion
PEPTIDE
MEDIATORS (IL- Decreased |
MONONUCLEA Digestion FALL IN
R PHAGOCYTE l\iig?,gzlsléc ) ) NUTRITIONA
Decreased L STATUS
Absorption
Altered
Metabolism (Host Changes)
Competition for Nutrients »l Increased
Losses
FIGURE 2. Summary of the effects of parasitic infection and disease on host nutritional status; when infection leads to
undernutrition-induced immune suppression, what controls parasite exploitation? Perhaps host changes...

However, the impact of parasitic infection on the host contains an intriguing, yet unexplored
paradox. Having detected infection, the immune recognition system responds simultaneously
in two ways: the first, and well described response is to potentiate the immune system by
releasing amplifiers which set in motion the complex immune actions designed to attack
invading parasites (Klein, 1990).

The second, and virtually unexplored, effect of immune recognition of non-self is the
metabolic response to infection (see Keusch & Farthing, 1986). Lymphokines (and perhaps
some of the many other soluble factors) released by activated macrophages initiate a complex
series of metabolic events within the infected host which combine to produce an acute and
marked fall in host nutritional status by reducing nutrient intake, increasing metabolic
requirements, decreasing metabolic efficiency and precision, and increasing excretion
(Keusch & Farthing, 1986, Klein, 1990). This host-mediated reaction appears largely
responsible for the nutritional costs of infection.
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Thus, precisely when they require maximum nutritional resources to fuel expensive immune
defences, it appears that hosts respond to infection by mobilizing immunity, whilst
simultaneously producing a marked reduction in host nutritional status. That such an
apparently inappropriate response to infection occurs, yet nutritionally disadvantaged, and
therefore immunosuppressed hosts are not overcome by their parasites, suggests there exists a
mechanism in addition to immunity which limits parasite exploitation.

As parasites depend upon their hosts to provide stable food and shelter, the answer may lie in
the effects which deteriorating host nutritional status has on their environment and thus the
parasites themselves (Figure 2). Undernutrition can result from either internally induced
responses, such as those described above, or from qualitatively and/or quantitatively
insufficient food intake. As the majority of work in this area addresses the effect of
externally imposed nutritional changes on the host/parasite association, the following
discussions focus exclusively on this aspect.

Whilst hosts, and particularly humans, are of parasitological interest primarily because of the
diseases they suffer, it must be remembered that hosts are simultaneously reservoirs of
infection. The impact of host nutrition on parasites is thus important in two respects: (1) host
nutrition potentially influences parasite survival and reproductive success, which shapes
parasite transmission dynamics, and (2) host responses shaped by nutritional status combine
with infection dynamics to determine disease expression, our ultimate concern. It is therefore
instructive to examine the effects of host nutrition on both parasite success and the expression
of disease.

1.3: THE EFFECTS OF HOST NUTRITIONAL STATUS ON PARASITES

As described above, parasites inevitably influence host nutrition. However being a
bidirectional association, the nature of the host resource is, in turn, of pivotal importance to
parasite survival and reproductive success. This aspect of the host/parasite relationship
remains virtually unexplored since it is tacitly assumed that malnourished hosts suffer greater
parasitic disease severity than well-fed hosts simply because their compromised immune
defences are less able to defeat infection (Bundy & Golden, 1987).

However the dependence of parasites on their hosts to provide a stable environment (Bryant
& Behm, 1989; Hall, 1985), and the fundamental changes in that environment which result
from the fall in nutritional status and the induction of disease (Holmes, 1987; Torin & Viteri,

1985), suggest that such an assumption may be overly simplistic.

Once host contact is made, the survival and reproductive success of parasites depends upon
the ability of the host to marshal effective defences. The influence of changes in host
nutritional status on parasite success is therefore likely to reflect the effects of host nutritional
status on the host defences.

10
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Host Defence: 1. Immunity

The mammalian immune system comprises a complex array of host defences which obstruct
foreign material from entering the body, or recognize and remove it once inside (Klein,
1990). It is highly biosynthetic in nature, and as such is nutritionally expensive to assemble,
maintain and deploy (Hall, 1985). Various forms of malnutrition differentially impair
components of the immune system (Chandra, 1988; Dreizen, 1979; Keusch, Wilson &
Waksal, 1983; Suskind, 1977; 1980), which is considered to be the major determinant of
parasite success (David, 1985). It is therefore generally recognized that nutritional changes,
by modifying immune efficacy, affect the host’s ability to actively influence parasite survival
and reproductive success.

Although maintaining the complex array of immune responses requires a wide range of
nutrients, the following summary of the effects of undernutrition on immune activity focuses
primarily on protein-energy malnutrition (PEM), as it is the most widespread nutritional

deficiency among human populations exposed to parasitic infections (Solomons & Keusch,
1981).

Antigen Non-Specific Immunity

Also known as Innate or Natural Immunity, antigen non-specific immunity comprises
physical barriers and non-specific cellular and non-cellular responses to extraneous material
entering the body which are not qualitatively modified by prior antigenic experience (Klein,
1990).

Physical Defences

The skin and mucosal surfaces constitute the host’s first line of defence against infection,
presenting a physical barrier to invading parasites. Within these barriers, secretions of active
substances, such as IgA, mucous and mucosal lysozymes, attack foreign bodies (Klein,
1990). Protein malnutrition limits the biosynthesis required for cellular renewal and
maintenance, thus compromising the integrity and secretory abilities of these surfaces and
therefore the host’s capacity to obstruct and attack invading parasites, and to contain
spreading infection (Dreizen, 1979).

Cellular Components

Once internal, parasites are assailed by mobile phagocytic defence cells which ingest or
attack identified foreign material. General polymorphonuclear leukocyte (PMNL) function,
including motility (chemotaxis), phagocytic capacity, activation of the oxidative metabolic
burst and intracellular microbicidal activity and monocyte-macrophage activities, is generally

11
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depressed by malnutrition (Table 2a) (Chandra, 1989; Dreizen, 1979; Keusch, 1985b; Keusch
etal., 1983).

Non-specific inflammatory responses dependent upon antigen presentation by T
lymphocytes, such as Delayed Type Hypersensitivity (DTH) responses and the killing of
intracellular pathogens, may be impaired secondary to T-cell defects resulting from
malnutrition (see below). As a result, granuloma and tuberculocidal mechanisms are
depressed, and parasite elimination compromised (Keusch, 1985b).

(a) Phagocytes (b) Complement
Parameter Observation Parameter Observation
Chemotaxis.......occveviccrerereins  crereereeessesiecesesenneneen Delayed | Classical pathway
ACHVAUON..c.cviiriereecrernriiies cveeveereeersessessesesnnne s Impaired

Mobilization of marrow Alternative pathway

TESETVES....cceeiueeniiirireiiite reeveesseeseessensesseeseenes Depressed |  aCtivalion.....cccccceovveevecies aevrvveeeeeeceee e Impaired
Particle ingestion.....cceceeevees  coreeeeveiseeceeeee e, Normal | Component levels.........ccccece.  wevevereeeuieceiieeenne Decreased
Lysosomal fusion........ccceeees  voveerievceneeese e Normal | Regulatory proteins (C1
Bactericidal activity.........coo..  coveeverrann. Decreased (variable) |  inhibitor & B1H).........c.oe.  seeesceseesenne Relatively normal
Degranulation........ccecececcvines eeeeviereieer e Normal | Opsonic function..........ccccee.  ceeevvcvnseeeeseeeenn. Diminished
Oxidative burst.........ccocveececes crveereeeeeceeeee e Blunted | C3 conversion products........ ....ceevecrinnne.. Present in vivo
Jodonation......cccocevveevecieiees it Impaired | Inmmunoconglutinin..........c..  .ooueevevrvevevreeeeeeen.. Increased

TABLE 2. Summary of the effects of human protein-energy malnutrition on components of the antigen non-specific immune
system (adapted from Keusch, 1985b).

Non-Cellular Components
Complement

PEM simultaneously produces an increase in complement activation and a decrease in its
production by limiting protein-dependent biosynthesis, thus leading to rapid fall in
complement levels (Table 2b); the result is a deficiency in complement activity necessary for
normal phagocyte function, including chemotactic and opsonic functions, and for execution
of the classic and alternative pathways to lytic cell killing. The role of complement in
amplifying inflammation, by acting as a vascular permeability enhancer promoting the egress
of PMNLSs from the circulation to sites of infection, is similarly depressed (Keusch, 1985b).

Lymphokines

Lymphokines are non-immunoglobulin secreted products of sensitized lymphocytes and
monocytes which amplify and regulate non-specific defences by influencing the behavior of
target cells involved in immunity and inflammation (Klein, 1990). As such, a malnutrition-
induced fall in lymphocyte and monocyte production and secretion is thought to induce an
appreciable reduction in lymphokine activity (Hoffman-Goetz, 1988).

Others

The activity of lysozymes (small protein enzymes with microbicidal activity contained in

serum, tears, saliva, sweat, respiratory and intestinal mucous and monocyetes), properdin (a

12
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serum euglobulin integral in the alternate complement pathway involved in resistance to
infections of bacterial, viral and protozoal origins) and interferon (comprised of various
factors active in amplification of effector cells and effective in impairing adenosine
triphosphate formation in microbial cells) is decreased during PEM due to the reduction in
protein biosynthesis required for their manufacture (Dreizen, 1979; Hoffman-Goetz, 1988).

Transferrin (produced in the liver) and lactoferrin (present in milk, tears, saliva, bile and
leukocytes) are protein molecules endowed with inherent antimicrobial properties by virtue
of their actively binding free iron required by these organisms into unusable compounds
(Keusch & Farthing, 1986). As the production of these components is largely protein-
dependent, it is likely that malnutrition which impairs protein synthesis suppresses their
production and activity (Dreizen, 1979).

Antigen Non-Specific Immunity Falls with Malnutrition

Malnutrition significantly reduces the integrity of the host’s physical defences and the
production of active cellular and non-cellular defence components within the tissues by
impairing their biosynthesis. It can be stated, therefore, that malnutrition leads to a general
depression of non-specific immunity.

Antigen Specific Immunity

The second, and more potent components of the host’s immune defence are the antigen
specific systems. The humoral and cellular immune systems are qualitatively and
quantitatively modified by previous experience with antigens, and provide rapid and targeted
responses to infection by memory of antigens previously encountered, and their recognition
upon re-exposure (qualitative), followed by subsequent clonal proliferation of specific

defence products (quantitative).
Cellular Immunity

Cell mediated immunity (CMI) owes its effectiveness largely to the host’s ability to
proliferate and concentrate various cells active in destroying invaders. Indicators of cellular
immunity activity include the number and proportion of circulating T lymphocytes,
lymphocyte transformation and proliferation induced by mitogens and antigens, the
production of soluble mediators with immunological properties following exposure to
mitogens and antigens, and dermal DTH to a variety of ubiquitous recall antigens or
following prior sensitization to specific agents (Chandra, 1983).

Various components of the cellular immune response are compromised during nutritional
deficiency, such as PEM (Table 3a, overleaf). The most pronounced influence of PEM on
CMI is a marked reduction in the number and proportion of T lymphocyte populations in the

13
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peripheral circulation (Keusch, 1985b). It is thought these changes are associated with
involution and abnormalities of areas of the central (thymic) and peripheral (spleen, tonsil,
lymph node) lymphoid organs active in T-cell growth, resulting in a marked reduction in
thymocyte synthesis, particularly in the organ cortex. This reduction is exacerbated by
impaired terminal differentiation and maturation of T-cell precursors (Keusch ez al., 1983).

In vitro proliferation of lymphocytes activated by antigens and mitogens during PEM has
been reported as either impaired or normal. The most common defect is a depression of the
proliferative mitotic response as measured by responses to mitogenic lectins, such as
phytohaemagglutinin (Keusch, 1985b).

Information on the production of soluble mediators by sensitized lymphocytes in PEM is
limited; although a decrease in production has been implicated, the predominant effect

appears to be a reduction in the responsiveness of target cells (Hoffman-Goetz, 1988).

PEM depresses both afferent (sensitization) and particularly efferent (response) limbs of the
cutaneous DTH response following injection of recall antigens such as Candida albicans or
streptokinase-streptodornase, or following neosensitization with Bacille Calmette-Guérin
vaccine or the chemical hapten, 2-4-dinitrochlorobenzene (see Keusch, 1985b). As the DTH
response is the result of a number of sequential steps (sensitization via antigen presentation
by macrophages {activation}, cellular recognition of antigenic determinants {memory},
release of lymphokines from T-cells, and changes in vascular walls enabling migration of
inflammatory cells to the distressed site), observed dermal anergy to both primary and
secondary challenges suggests that one or more of these processes are impaired during PEM
(as outlined above).

(a) T Lymphocytes (b) B Lymphocytes
Parameter Observation Parameter Observation
Thymus gland.........ccocevcvnens ienns Atrophy & lymphocyte | Peripheral lymphoid
depletion. Decreased| organs.........ccccovvvsiiiiciies e Partial preservation
Peripheral lymphoid thymic serum hormone of cellularity of B-
OTZANS....ccurtrmenrecresrisessess sesessesseesens Cell depletion from lymphocyte regions
T-dependent areas | Circulating lymphocytes....... .coveveeerrennen. Normal number
Circulating lymphocytes....... ...Relatively normal numbers
but decreased proportion of | Serum immunoglobulins......  ....ccniiiieninnneenne Normal to
mature T lymphocytes elevated levels
Mitogen responses in Secretory
VIFO..uvreeeeseesseerisnessesosnse srstiesacscssssssssssessonanes Depressed immunoglobulins.......cccc..  wevieiieennen. Decreased levels
Mediator production........cc..  wecerreirninne Inadequate data, but | Secretory antibody
appears to be decreased |  TeSPONSES.......ccocvvriiviiriies cevrienientinn s Impaired
Delayed type skin Serum antibody
hypersensitivity....cccoveeces veveenennes Impaired, particularly |  responses........ccovvvvinces reniviininnenne. Variable; may fall
efferent limb secondary to T-cell defects

TABLE 3. Summary of the effects of human protein-energy malnutrition on components of the antigen-specific immune
system (adapted from Keusch, 1985b).

Humoral Immunity

Host protection provided by the humoral immune response consists largely of the ability of
circulating B lymphocytes to synthesize specifically reactive immunoglobulins in response to
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antigenic challenge. These attach to foreign cells, facilitating their attack by macrophages, or
through complement fixation (Klein, 1990). Malnourished hosts may exhibit a polyclonal
hyperimmunoglobulinaemia due to increased exposure to parasitic antigens (Chandra, 1984),
however specific responses are largely unaffected, or depressed secondary to T-cell defects
(see above and Table 3b, previous page).

Unlike the general reduction of T-cell producing areas (see above), regions of peripheral
lymphoid organs active in B-cell synthesis are largely preserved during PEM; the number of
circulating B lymphocytes therefore remains relatively normal. Despite this, serum antibody
responses to vaccine probes have been variously reported to be normal or depressed
(Chandra, 1984). In such cases, it appears that the largely intact B-cell responses require
triggering via the antigen presenting cell, which often requires T-cell help. Therefore the
antibody immune response in PEM is often blunted secondary to acquired T-cell defects (see
above and Keusch, 1985b).

Secretory IgA and other antibodies in secretions are generally depressed by malnutrition,
leading to defective mucosal immune responses. This is thought to result from changes in
lymphocyte populations during nutritional stress, although little work has studied these
effects (Keusch, 1985b).

HUMAN THYMIC |« - 1 _MURINE [:,_NIRO
PEM ZINC EPITHELIUM PEM J

)( Peripheral T Lymphocyt@
VITAMIN A
MURINE PEM
COMMON Antigen COPPER
LYMPHOID Presenting SELENIU
MAGNESIUM Yurammc]
VITAMIN A

FIGURE 3. Localization of the effects of nutrients on the immunological network (adapted from Keusch, 1985b and Keusch
et al., 1983).

Antigen Specific Immunity Falls with Malnutrition

It appears that the most significant changes in immunocompetence induced by PEM are in
cell-mediated immunity, the bactericidal activity of neutrophils, the complement system, and
the secretory IgA response. Other components of the specific immune responses, such as the
induction of immunoglobulin proliferation, may be blunted secondary to these defects. A
summary of these effects appears as Table 3 (above). In addition to PEM, previous work has
shown that deficiencies of certain other nutrients impair various components of the vertebrate
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immune system (Figure 3, previous page) (see reviews by Bendich & Chandra, 1990;
Chandra, 1988; 1989; Keusch, 1985b and Keusch ez al., 1983).

Host Nutrition & Immunity

Clearly various forms of malnutrition reduce the host’s qualitative and quantitative ability to
block and actively eliminate parasitic infection by disrupting mucosal and cutaneous
integrity, diminishing non-specific resistance factors, reducing phagocytic activity, retarding
wound healing, depressing cell-mediated immunity and impairing humoral antibody

activation. However deficiency-induced immune suppression is rapidly restored by refeeding
(Chandra, 1979).

It follows that the infected host would benefit from maximizing nutritional status in order to
optimize immune defences. However observations that the paradoxical metabolic response
to infection, which leads to a rapid and marked decrease in host nutritional status (see above),
is well preserved across vertebrate taxa (Keusch & Farthing, 1986) suggests that such
seemingly deleterious changes may provide some advantage in the face of parasitic infection.

Although it is widely believed to provide the sole reactive defence against infection, host
immunity is not always predictive of host resistance (Murray & Murray, 1989). The
following section suggests that changes in nutritional and physico-chemical conditions within
the host can profoundly influence parasite success.

Host Defence: II. Suitability

Changes in the individual host in response to infection are not limited to the immune system.
As described earlier, infection can lead to an acute and rapid decrease in host nutritional
status, with resultant changes in internal conditions, by stimulating the release of bioactive
peptide mediators from activated macrophages which alter nutrient intake, use and excretion
(see above and Keusch & Farthing, 1986). The result of such a response it to produce
physico-chemical changes within the host which are identical to those produced by externally
imposed undernutrition. It is suggested that such changes in the characteristics of the food
and shelter which the host represents to the parasite can compromise the invader’s survival

and reproductive success.
Nutritional Environment

As parasites inhabit nutrient-rich sites, their metabolic requirements are commonly small in
relation to those of the host (see above). A reduction in nutrients and metabolites which
continues to sustain the host is thus unlikely to starve the parasite (Rogers, 1962). However
as parasites rarely store nutrients, in those cases where the parasite has a greater requirement
for a specific nutrient than the host, a low level or absence of this nutrient from the host diet
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(or the absence of its metabolites from host tissues) can rapidly lead to parasite malnutrition
(Bryant & Behm, 1989; Meshnick & Cerami, 1985). Although parasites may attempt to
compensate for deficiencies in their food supply by increasing uptake (Rogers, 1962) or
altering body composition (Keymer, Crompton & Walters, 1983b), an inability to meet
essential requirements can limit parasite survival and reproduction (Scrimshaw, Taylor &
Gordon, 1968).

The plasmodia, for instance, must synthesize essential folates de novo because, unlike their
human hosts, they are unable to utilize intact dietary folates (McGregor, 1988). If other
essential nutrients are available, yet the precursors essential to folate synthesis are not present
in sufficient quantities, parasite replication is limited and failing parasite numbers are
overcome by host immunity (see Chapter 6 and Ferone, 1977 and Krungkrai, Webster &
Yuthavong, 1990).

Indeed hosts can actively deprive parasites of nutrients. Among the numerous metabolic
changes induced by lymphokines (such as IL-1) released from stimulated macrophages in
response to infection, anorexia reduces food intake (see above and Dinarello, 1990 and Hart,
1988), lowering both nutrient and metabolite availability. Furthermore, in some human
communities, traditional treatments include withholding food from ill individuals (Latham,
1975; Lusty & Diskett, 1984; Tomkins & Watson, 1989). In addition to reducing nutrient
ingestion, IL-1 stimulates the removal of micronutrients essential to parasite metabolism
from general circulation by triggering the release of acute-phase proteins which bind them
into unusable storage compounds (see above and Peto & Hershko, 1989).

In addition to the amount of food ingested, changes in food types available to the host can
affect parasites by changing their nutritional environment - food may be toxic to the parasite
or alter the host in some way which influences parasite success. Human milk presents an
important example. Not only does breastfeeding confer protective antibodies to suckling
infants, but it contains substances with antiparasitic properties, such as the enzyme, Bile salt
stimulating lipase (which can kill the vegetative forms of Giardia lamblia and Entamoeba
histolytica in vitro {Gillin, Reiner & Wang, 1983}).

Hosts can also influence parasite success by altering their dietary intakes in response to
infection. In the same way that hosts can avoid foods they associate with illness (Keymer ez
al., 1983a) thus limiting further infection by the oral route, so too hosts may favour those
foods which make them feel better (Johns, 1990). Natural vermifuges and natural anti-
protozoans (Bryant & Behm, 1989; Phillipson & Wright, 1991) are obvious examples. The
effects of host diet on parasites has been the subject of recent reviews (Crompton, 1987;
1989).
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Physical Environment

The complex cellular structure of living organisms is maintained by constant biosynthesis
and repair fuelled by continuous cellular nourishment. Reductions in host nutritional status
fundamentally alter tissue conditions by disrupting these functions (Dreizen, 1979). Where
tissue alterations affect physical attributes of the host on which parasites depend, or to which
they are adapted, nutritional deficiency can influence parasite success (Mettrick, 1980).

Malarial parasites rely on host erythrocytes for food and shelter during schizogony and
gametogony. It has been demonstrated that host riboflavin deficiency disrupts normal
synthesis of the erythrocytic membrane (Vial & Ancelin, 1989). In contrast to normal cells,
the high oxidant stress produced by malarial replication lyses malformed, fragile cells before
parasite maturation has been completed; expelled, immature plasmodia are overcome by
immune defences and the infection is suppressed (see Chapter 6 and Thurnham, 1985a).

In addition to relying on host structures, many parasites are sensitive to fluctuations in
physical conditions because in their stable environment, endoregulatory abilities are often
lost (Bryant & Behm, 1989). Fluctuations in such factors as temperature, tissue pH, and fluid
and electrolyte balances resulting from protein-energy malnutrition (Torin & Viteri, 1985)
may impair parasite survival and reproduction (Dixon, 1989; Kwiatkowski & Greenwood,
1989; Williams & Nesse, 1991). Indeed hosts can actively produce such changes regardless
of food availability by the activities of peptide mediators secreted in response to infection,
producing anorexia, fever and accompanying sequelae (see above and Hart, 1988; Keusch et
al., 1990 and Keusch & Farthing, 1986).

In addition to the direct effects of their environment, parasites may suffer from
hyperparasitism promoted by host malnutrition. For instance, the growth of bacteria during
malnutrition-induced pH changes within the host (Jackson & Golden, 1978) has been shown
to seriously compromise parasite survival and reproduction (Krakower, Hoffman &
Axtmayer, 1940).

Biochemical Environment

Malnutrition fundamentally alters biochemical activities within host tissues by limiting the
nutrients available to fuel them and by changing the conditions under which they occur
(Torin & Viteri, 1985). Many parasites have lost certain essential biochemical processes
(termed “streamlining”) because their needs are normally met by the host, and little or no
selective pressure exists to retain them (Bryant & Behm, 1989). Wheie malnutrition changes

such activities on which parasites depend, it may influence parasite success.
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Malaria provides an example; intra-erythrocytic replication by the plasmodia generates free
oxygen radicals. The stress these produce in the erythrocyte is normally reduced by
intracellular antioxidants, such as the tocopherols (Vitamin E). If effective antioxidants are
in poor supply, unchecked stress lyses the cell before parasite replication has been completed,
resulting in the expulsion and immune elimination of immature merozoites. Thus dietary
antioxidant deficiencies have been shown to limit malarial replication (see Chapter 6 and
Eckman, Eaton & Jacob, 1976).

Nutrition & Host Suitability

Clearly, malnutrition can decrease the host’s susceptibility to parasitic exploitation by
altering the nutritional, physical and biochemical characteristics of the resource it represents
to the parasite. Hosts can actively reinforce these deficiencies or create them independent of
food availability by the metabolic response to infection (see above); however a fall in host

nutrition, whether imposed or induced, may carry the cost of increased deficiency disease.
Parasite Success & Host Nutrition

For those parasites which multiply within the vertebrate host (microparasites), success
consists of initial survival, and more importantly, subsequent replication. For those parasites
which do not multiply within the vertebrate host (macroparasites), success consists of initial
survival and subsequent sexual reproduction. The success of parasites encountering a host
depends upon the ability of the host to maximize immune defences and minimize
susceptibility. As described above, the impact of reductions in nutritional status have
conflicting effects on these defences: malnutrition may increase host susceptibility to
infection by compromising the immune defences, but may simultaneously decrease the
suitability of hosts to parasites by making ambient conditions suboptimal for parasite survival

and/or reproduction.
Immune Defences

Isolating the effect of the immune defences on parasites, it is clear that a fall in host
nutritional status leads to a decrease in immunity and thus an increase in parasite success (see
above). This intuitive effect has been clearly demonstrated by the work of Slater (1987,
1988) and Slater and Keymer (1986; 1988) in which malnutrition-induced
immunosuppression led to an increase in helminth success within vertebrate hosts. Reversing
such a decrease by refeeding can lead to an immune-mediated decrease in parasite success;
numerous examples of the benefits of refeeding have been presented elsewhere (Tomkins &
Watson, 1989). Although intuitive, focusing solely on the immune component of host

defence neglects the influence of ambient conditions on parasite success outlined above.
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Host Suitability

Isolating the defensive effects of a change in host conditions on parasitic infection, it appears
that a fall in host nutritional status may lead to a decrease in host suitability and thus a
decrease in parasite success, as described above. If refeeding alters conditions existing under
the prevailing nutritional status, this may lead to an increase in host suitability, and thus
parasite success.

Parasite Success & Host Nutrition: The Dichotomy

There appears, in summary, conflicting effects of host malnutrition on host defences: a
reduction in host nutritional status has the simultaneous, yet opposing effects of increasing
host susceptibility to infection (by reducing immune defences) whilst simultaneously
impairing parasite survival and reproductive success (by altering the food and shelter which
the host provides for the parasite). Depending on the way host nutritional status affects them,
and the parasites resilience to each, malnutrition can therefore lead to an increase, no change,
or a decrease in parasite success (Figure 4). It might be expected that refeeding can reverse
these effects by restoring immune responses and normal conditions.

(PARASITE )

4 — Y
— |
Resilience Resilience ncrease
®)
Parasite Failure Parasite Failure — ]y &)
due to Immunity I due to Conditions —_— No Change 2
=
- = > + — - > + E
L Immunit Conditions > Decrease é
I Host Defences A <
I
GUTRITIONAL J
CHANGE

FIGURE 4. The influence of fluctuations in host nutritional status on both immune defence- and susceptibility-mediated
parasite success.

Implications

Increases in parasite success with a reduction in host nutritional status, and their reversal
during refeeding, are well documented (Scrimshaw ez al., 1968). However the thesis that
host malnutrition can lead to decreases in parasite success is counterintuitive, and thus
worthy of further attention. Although central to parasite population dynamics, parasitic
success within the host does not, however, equate in a simple fashion to disease intensity.
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1.4: THE EFFECTS OF HOST NUTRITIONAL STATUS ON DISEASE
Infection & Disease Intensity are Non-Linear

It is an unfortunate fact that the terms “infection” and ‘“disease” are commonly used
interchangeably. Infection is a term describing the act of parasitism on a host, whilst disease
refers to those changes in host structure and function which accompany infection. By using
the terms indiscriminately, it has become implicit that they are simple cause and effect: a
change in infection intensity will produce a corresponding (in size & direction) change in
disease, whilst any change in disease simply reflects a like change in infection intensity.
Such simplistic dogma ignores the complex interaction between host, parasite and disease.

Parasitic Disease

Parasitic disease represents some combination of the damage caused by parasites and that
produced by hosts in response to the physical and antigenic presence of parasites. Given the
improbability of either damage occurring in isolation (parasites invariably exact some toll
from their hosts & hosts invariably respond to infection is some way), it follows that all
parasitic disease lies on the continuum delimited by these two extremes (Figure 5).

e
LA&‘\LI_TE___WQIQE_.__"_______________________________________ﬂ TNMMUNE
..... ANTIGENIC ____ RESPONSE
PHYSICAL T
' :
v Hookworm V
1 Discase Schistosomiasis
I | | | DAMAGE
3 BY
| I I I HOST
Ascariasis Trypano- Malaria
somiasis
FIGURE 5. The continuum of parasitic disease lies between damage caused solely by parasites and that caused solely by host
responses to their presence.

Any nutritional change in the host produces a new total disease state reflecting the positive,
neutral or negative effects of the nutritional change on the parasite- and host-induced
components of parasitic disease. In order to elucidate the individual contributions of each
disease type to total parasitic disease, it is instructive to look at the likely effects of host

nutrition on each.
Damage Done by the Parasite

If we isolate the effects of parasites directly on their hosts, it is likely that the pathologic
results of infection are directly proportional to parasite numbers. Changes in host nutritional
status will therefore influence direct parasite damage in an fashion approximating its
influence on parasite numbers (see above). Although intuitively a major component, direct
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damage by parasites, which are generally small in biomass in relation to their hosts, is
localized and therefore represents a correspondingly small proportion of parasitic disease. Of
far greater importance is both localized and systemic damage incurred by host responses to
parasite presence.

Damage Done by the Host

In the majority of infections, host responses to infection are responsible for the greater part of
pathology. All other things being equal, if the host did not respond to parasite presence, little
damage would ensue, other than the assimilation of host tissue into parasite tissue. Disease
severity is thus largely the product of parasite antigenicity and host responses to it. Antigenic
challenge being equal (although it may rise or fall - see above), a change in nutrition will thus
reflect the change in host immunity which mediates both immunological
(immunopathological) and non-immunological (metabolic) changes in host structure and
function. The impact of malnutrition on such indirect disease thus depends upon the balance
of the effects of malnutrition on these two factors.

If nutritional deficiency reduces immunopathology to a greater extent than it increases
deficiency disease, a net fall in disease results. If deficiency disease is increased to a greater
extent than immunopathology is reduced, malnutrition produces a net increase in disease.

Although consideration given to this aspect is commonly small or non-existent, their
systemic effects and marked ability to alter host structure and function make immune-
mediated responses to infection of major importance.

In summary, by altering parasite antigenicity and host responses to it, changes in host
nutritional status can produce either an increase or a decrease in host-mediated disease.

Total Parasitic Disease

Total disease therefore rises and falls with changes in nutritional status depending upon
parasite susceptibility to changing immunity and host conditions, and the influence of host
nutritional status on these factors (see previous section), in combination with the extent of the

immune response, not simply immunity as current dogma dictates.
Parasitic Disease & Host Nutrition: The Dichotomy

Therefore depending on the contribution of each form of damage, nutritional changes in
either direction can produce increases or decreases in disease. Nutritional changes can
therefore produce a dichotomy of disease expression. That disease can increase in response
to a fall in host nutrition, and decrease with an increase in host nutrition is well documented
(Scrimshaw et al., 1968; Tomkins & Watson, 1989), however the notion that disease can
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decrease in response to a fall in host nutrition and rise in response to refeeding remains
counterintuitive and largely unexplored.

The ideas presented above suggest that host malnutrition does not inevitably lead to an
increase in parasitic disease, and may indeed reduce parasitic disease, regardless of whether
parasite success increases or decreases. It is interesting to note that the demonstration of a
dichotomy of disease effects following nutritional change in the presence of different
parasites may shed some light on the possible derivation of the proverb, “Feed a cold, starve
a fever”.

1.5: SYNERGY & ANTAGONISM

In their now classic monograph, Scrimshaw and colleagues (1968) examined the interactions
of host nutrition and parasitic infection. Although identifying both increases and decreases in
disease due to host undernutrition of various nutrients, their failure to recognize changes in
infection independent of disease intensity accompanying nutritional fluctuations reinforced
the erroneous assumption that these changes are simple cause and effect. Their definitions of
disease sequelae thus dealt solely with those infections in which disease severity altered,
regardless of parasite success, as described below.

Undernutrition & Parasitic Disease Synergy

It is generally assumed that the influence of host undernutrition on parasitic disease is
synergistic: by compromising host resistance and thus facilitating the development of
parasites and parasite-induced morbidity, acute undernutrition is thought to produce a total
disease state of greater severity than that which might be predicted by the combined effects
of parasitism and undernutrition working independently (Beisel, 1982; Chandra, 1979; 1984;
Mata, 1985; Scrimshaw, Taylor & Gordon, 1959; Scrimshaw er al., 1968). In synergistic
associations, a period of undernutrition exacerbates parasitic disease. As examples, the
experimental model for human hookworm infection, Heligmosomoides polygyrus in
laboratory mice (Slater, 1987; 1988; Slater & Keymer, 1986; 1988) and the lung symbiont of
man, Pneumocystis carinii (see (Solomons & Keusch, 1981) both display the increased
parasite success and host pathology characteristic of disease synergy in undernourished hosts.

In such cases, it is likely that the predominant effect on the parasite is a fall in immunity.
The increase in parasite success provided by the fall in immunity outweighs the negative
effects on the parasite resulting from changes in host conditions. In synergy, undernutrition

exacerbates total disease. This situation is reversed by refeeding.

If a period of undernutrition produces no change in total disease, either immunity and host
suitability are unaffected, or they are both equally and oppositely affected; in both cases no
net change in disease results.
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Undernutrition & Parasitic Disease Antagonism

If a period of host undernutrition leads to a total disease state less than that predicted by the
addition of undernutrition and parasitic disease working independently, undernutrition is said
to be antagonistic to total disease (Scrimshaw ez al., 1968). In such cases, it is likely that the
predominant effect on the parasite is a fall in the suitability of host conditions. The decrease
in parasite success imposed by the imperfect conditions outweighs the benefits for the
parasite provided by reductions in host immunity. In antagonism, undernutrition alleviates
parasitic disease; this is reversed by refeeding.

A Definition Revisited

By divorcing parasite success and disease severity (see previous sections), we need to address
the impact of changes in host nutrition individually with respect to parasite success and
parasitic disease.

Parasite Success

Changes in parasite success are not easy to quantify, however a useful measure is the
Intrinsic Reproductive Rate (Rg) which has been defined elsewhere (Anderson, 1986;
Anderson & May, 1985; 1991). When parasite success rises as a result of a change in host
nutrition, it is suggested that the term “Rp-Synergy” be used, and when it falls, “Rp-
Antagonism”. Reversing the nutritional change will reverse these effects (Figure 6).

NUTRITIONAL STATUS
— +
§ R Synergy Reversed R
O + oSYNEre Antagonism
-
7
=
=
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<—| R Antagonism gverse R,
< 0 ynergy
=D
FIGURE 6. Terms suggested for use when describing increases and decreases in parasite success which result from changes
in host nutritional status.

Disease Severity

When net disease rises as a result of host nutritional change, it is suggested that the term
“Patho-Synergy” be used, and when it falls, “Patho-Antagonism”. Reversing the nutritional
change will reverse these effects (Figure 7, overleaf).
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NUTRITIONAL STATUS
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FIGURE 7: Terms suggested for use when describing increases and decreases in host disease which result from changes in
host nutritional status.

Implications

The implications of host nutritional fluctuations producing independent changes in parasite
success and host disease are twofold: observing a fall in host disease can mask increases in
parasite success (pivotal to parasite transmission dynamics), whilst observing a fall in
parasite numbers does not necessarily result in a reduction in disease.

1.6: IN THE FIELD: PARASITES, DISEASE & HUMAN NUTRITION
Coincidence

Poverty is the overriding factor imposing both parasitic infection and undernutrition on the
inhabitants of Developing Countries (Bundy & Golden, 1987; Chandra, 1979; 1984; Dunn,
1985; Keusch & Farthing, 1986; Solomons & Keusch, 1981). Poverty largely removes the
ability of human communities to dampen fluctuations in food availability resulting from
seasonal, catastrophic and man-made factors. Undernutrition is a global problem of
distressing proportions, affecting over 800 million people worldwide, and associated with
more than 10 million human deaths each year (Stephenson & Holland, 1987).

Poverty also largely compromises effective sanitation, health education and on-going
treatment and control of parasitic infections; as a result, the parasites of man enjoy enormous
global success in areas exposed to nutritional problems. In addition, undernutrition and
parasitic diseases are both chronic conditions, are most common in growing children and

tend to occur together in the same individuals (Bundy & Golden, 1987).

Whilst each factor is important in it’s own right, their frequent coexistence and metabolic
intimacy suggest that to view either human nutrition or parasitic infection in isolation is
highly artificial (Keusch & Farthing, 1986; Scrimshaw et al., 1968).
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Interventions Must Focus on Disease Management

The coincidence of infection and undernutrition in human populations of Developing
Countries creates an imperative on more developed countries to lend assistance. The aim of
this assistance must be the reduction of net disease. This chapter shows that this may not
always be achieved by intuitive means. By fully understanding host defence mechanisms, we

can design interventions which compliment, not counter, the protection they provide.
Nutritional Interventions

Undernutrition remains the greatest problem in developing countries, and nutritional support
is frequently prescribed. The coincidence of undernutrition and parasitic infection suggests
that such interventions commonly reach infected people; although the primary aim is to
reduce deficiency disease (Kennedy & Knudsen, 1985), an accompanying assumption is that
food similarly reduces parasitic disease. This assumption may be fundamentally flawed,
because as shown above, disease can increase as a result of refeeding.

Observing an increase in disease with increasing nutritional status entices the simplistic
reaction that starving people is unethical; indeed it is, however ignoring the full implications
of refeeding is even more so. It must be understood that increasing host nutrition to levels
optimal for other human populations (such as those existing in the absence of endemic
parasitic infections) may see the displacement of deficiency disease by more severe parasitic
diseases if control measures do not accompany food. This aspect of the host parasite
relationship forms the basis of Chapter 3.

Treatment & Control Interventions

As technical advances continue to facilitate cost-effective interventions, increasing numbers
of people receive help in the form of drugs and vaccines. The coincidence of infection and
undernutrition in developing regions means that these interventions commonly reach humans
populations which are immunosuppressed. As the success of patient-based interventions
generally rely on host immunity, and as the immune system is greatly depressed by
undernutrition, it follows that these interventions may suffer reduced efficacy in
undernourished populations. Other drugs effectively starve parasites, and thus host
nutritional status will be an important determinant of their activity. This aspect of disease
control forms the basis of Chapter 4.

Ineffective Disease Management

It appears that in some cases we perceive protective changes in the host as disease. By

treating that disease, it may be that we are removing host protection. If we do not
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compensate by replacing natural defences with effective artificial ones, such as drugs and
vaccines, parasite exploitation may increase.

We must therefore reconcile the treatment of short term nutritional distress with longer term
reductions of total disease. This presents a difficult task, as interventions are judged on their
short-term, intuitive effects. However longer term monitoring will be required to reveal the
net disease results of specific interventions.

Climulus > CCommunication >

Scattered )
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[Evidence ) >|C

é

........... x cmeeremrescecmcmnccnnenenae I | ¥¥¥POLICY **#*

FIGURE 8. Disease management policy can only be influenced by the consolidation of scattered evidence into consensus,
and thus intuition.

Scattered evidence will not influence health policy; only further study which precipitates
consensus will have an impact on the design and execution of health policy in Developing
Countries (Figure 8). This thesis is designed to stimulate further work on the effects of
deficiency and refeeding, and the efficacy of treatment and control, by examining two
diseases implicated as responding in counterintuitive ways to nutritional change.
Schistosomiasis and malaria are not mere infections, but the most damaging helminth and

protozoan parasites of humans, respectively.
1.7: THESIS

That externally-imposed undernutrition sufficient to produce changes within the host may
compromise parasite success and reduce disease expression during some infections. And that
the occurrence of these effects has implications for the effective interventionary control of

certain parasitic diseases.
Aims

The aim of the present dissertation was to gather evidence for the thesis, to carry out
experiments which examine certain aspects of it, and to report the findings in an attempt to
stimulate discussion, future work and ultimately informed consensus in a relatively
unexplored area of Medical Zoology.
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Structure

As concerted examination of nutritional effects is almost entirely lacking from the field of
parasitology, it was decided to touch upon a number of different areas in order to stimulate
discussion on a wide range of topics. Addressing a number of areas has led to the generation
of disparate chapters, and thus each is necessarily self-contained. Due to similar underlying
themes, this construction has meant that some repetition was unavoidable.

This document consists of three main sections:

Schistosome infection and disease in the vertebrate host are examined in Chapters 2,
3 and 4 which study the nutritional aspects of simple infection dynamics, dietary

interventions, and treatment and control interventions, respectively.

Chapter 5 investigates the nutritional relationship between schistosomes and their

molluscan intermediate hosts.

Chapter 6 reviews the literature on the nutritional interactions between malarial
parasites and their hosts, and is included specifically to allow others access to this collection

of literature, perhaps providing a basis for further work in this area.

Chapter 7 concludes the thesis by recapping experimental indications, introducing a novel
theorem of host defence, and exploring the implications of the present thesis for optimizing
the results of disease control interventions in human communities endemic for both parasitic

infection and undernutrition.
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CHAPTER TwO
SCHISTOSOMES & VERTEBRATE HOST NUTRITION
SINGLE & MULTIPLE INFECTIONS
00

“Indeed there is no goodness in the worm”
Shakespeare, Antony & Cleopatra

0

Chapta Sutmary

This chapter examines the influence of externally imposed host protein deficiency on both parasite and
host during the early stages of Schistosoma mansoni infection. Previously published results indicate
that schistosome development and host pathogenesis are variably reduced in undernourished vertebrate
hosts. The present chapter consolidates this evidence and explores the influence of host nutritional
status on parasite success and disease development. Experimental results confirm that suboptimal
conditions within the undernourished host significantly reduce the numbers of parasites which
establish, their sex ratios, size, the proportion of females which are fecund, the proportion of eggs
which are normal and their size, and the number of eggs which successfully undergo tissue migration.
Hosts which become infected with schistosomes benefit from previously established undernutrition as
a result of decreased granulomata formation and organ inflammation producing lower morbidity.
These results have implications for human populations exposed to endemic undernutrition and
schistosome infection.

2.1: INTRODUCTION

Members of the family Schistosomatidae are dioecious Digenea which inhabit specific blood
vessels of their avian and mammalian hosts, and which require a phase of asexual replication
within a molluscan intermediate host to complete their lifecycle (Beaver, Jung & Cupp, 1984;
Rollinson & Southgate, 1987). The present chapter examines the nutritional interaction
between schistosomes and their vertebrate hosts in terms of the criteria described in Chapter
1. Although this, and the following three chapters refer largely to work on mansonian
schistosomes (which induce the hepato-splenic form of schistosomiasis), the broad
similarities in parasite development and disease aetiology observed between S. mansoni and
other schistosome species permit general extrapolation of many of the following

observations.

The schistosomes are well studied due to their medical and economic importance; by virtue
of the chronic and debilitating diseases they induce, schistosomes are widely believed to be
the most damaging helminths of man (Mahmoud, 1984), and second only to malaria in their
public health importance in tropical and sub-tropical areas (larotski & Davis, 1981,
Maddison, 1986).

Schistosomes & Host Nutrition: Mutually Inclusive

It is well established that schistosomes have a significant impact on the nutritional status of
their hosts, and excellent reviews have appeared elsewhere (Stephenson, 1989; Stephenson &
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Holland, 1987; Stephenson, Latham & Mlingi, 1986). However as obligate endoparasites,
schistosomes are also entirely dependent upon their hosts to provide suitable food and
shelter. Thus schistosome infection and disease (von Lichtenberg, 1987; Warren, 1987), and
the nutritional stress which results (Stephenson & Holland, 1987), commonly affect the
characteristics of the resource upon which the parasites themselves depend. The intimate,
and fundamentally nutritional nature of their relationship suggests that examination of
schistosome infection or host nutrition must include consideration of the other. In attempting
to understand the complex relationship between schistosomes and host nutrition, it is useful
to begin by examining the effects each has upon the other.

2.2: THE EFFECTS OF SCHISTOSOMES ON VERTEBRATE HOST NUTRITION

By their definition as parasites, schistosomes impose nutritional burdens on their hosts; in
addition to competing with the host for nutrients, schistosomes frequently induce disease
which may impair the host’s ability to satisfy nutritional requirements (Akpom, 1982;
DeWitt, 1962; Kinoti, Latham & Oduori, 1986; Stephenson, 1989; Stephenson & Holland,
1987; Stephenson et al., 1986).

Competition for Resources

Mansonian schistosomes inhabit the mesenteric-portal vasculature of their vertebrate hosts
(Beaver et al., 1984). Despite a voracious appetite for erythrocytes and other nutrients, their
small biomass in relation to that of the human host (even in relatively heavy infections), and
the nutrient-rich site of infection, suggest that parasite uptake is of minor importance in terms
of host nutrition.

Schistosomal Disease

By far the greatest nutritional costs of schistosome infection occur when the antigenic and
physical presence of schistosomes elicit host responses which produce structural and
functional changes within the host. These changes, manifest as disease, commonly impair

the host’s ability to acquire, utilize and retain nutrients.

The initial nutritional impact of schistosome infection occurs when macrophages activated by
schistosome antigens release peptide mediators (Colley, 1987), such as the Interleukins,
which induce acute metabolic changes (Keusch, Cerami & Takaku, 1990; Keusch &
Farthing, 1986). As described in Chapter 1, this systemic response leads to a rapid and
marked reduction in host nutritional status by altering the intake, use and excretion of
nutrients (see also Table 1, overleaf). Subsequent and chronic immunopathology reinforces
nutritional reductions when localized tissue damage impairs the host’s physiological ability
to meet essential nutritional requirements (Stephenson, 1989; Stephenson & Holland, 1987;
Stephenson et al., 1986) (Table 1, overleaf).
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Host Responses to Schistosomes: A Paradox

The host respons.: to schistosome infection is largely mediated by lymphokines which set in
motion two distinct reactions: the immune system is potentiated, whilst the metabolic
response to infection simultaneously produces a marked fall in nutritional status. As outlined
in Chapter 1, the occurrence of these two responses appears paradoxical, for it might be
expected that hosts would tend to conserve nutritional resources in order to fuel expensive
immunity. That such an apparently inappropriate host response to infection occurs suggests

there exists a host-mediated mechanism, in addition to immunity, which limits schistosome
SUCCesS.

As schistosomes are entirely dependent upon their hosts to provide stable food and shelter,
the answer may lie in the effects which deteriorating host nutritional status have on their
environment and thus the parasites themselves. Undernutrition can result from either
internally induced responses, such as those described above, or from qualitatively and/or
quantitatively ins.:fficient food intake. As previous work in this area addresses the effects of
externally imposed nutritional changes on the host/schistosome association, the following
discussion focuses exclusively on this aspect.

Although disease remains the primary focus of schistosome research, it must be remembered
that hosts are also reservoirs of infection. The impact of host nutrition on the
schistosome/host relationship is thus important in two respects: (1) host nutrition potentially
influences schistosome survival and reproductive success, which together shape parasite
transmission dynamics; and (2) immune responses mediated by host nutritional status
combine with infection dynamics to determine disease expression in man. It is therefore
instructive to examine the effects of host nutrition on both schistcsome success and the

expression of consequent disease.
2.3: THE EFFECTS OF VERTEBRATE HOST NUTRITION ON SCHISTOSOMES

The impact of schistosomes on host nutrition has been the subject of enthusiastic
investigation (see above), however the converse effect, that of host nutrition on schistosomes

themselves, remains largely unexplored.

Current dogma holds that undernourished, and therefore immunocompromised (Chandra,
1984; 1988) hosts are less able to resist schistosome infection (see Chapter 1 and Scrimshaw,
1988: Scrimshaw, Taylor & Gordon, 1959; 1968). However if we consider that
undernutrition alters the internal conditions of the host upon which schistosomes are entirely
dependent, such an assumption appears overly simplistic.
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Most of the evidence reviewed here relates to the use of laboratory animals, and its
extrapolation to human infections must therefore remain open to question (Keusch, Wilson
& Waksal, 1983). However, as ethical constraints preclude human studies, and given that
the development of schistosomes and schistosomiasis in permissive animal hosts closely
parallels that seen in man (DeWitt, Oliver-Gonzalez & Medina, 1964; Warren, 1961),
consideration of experimental evidence appears to be justified.

Schistosome Survival & Reproductive Success

Schistosomes do not multiply within the vertebrate host, and therefore the number of adults
reaching maturity in the host is a simple product of the number of cercarial challenges and
the proportion of these which are successful in surviving to adulthood. Having made contact
with a potential host, parasite success is determined by host defences. The impact of host
nutritional status on schistosome success is therefore likely to reflect the impact of nutrition
on host immunity and on the suitability of host internal conditions. A summary of past work
on host nutritional effects on schistosomes appears as Table 2 (overleaves).

Cercarial Penetration

Host acquisition by cercariae is to some extent dependent upon snail nutritional status (this
aspect of the schistosome lifecycle is dealt with in Chapter 5), however once contact is
achieved, vertebrate host defences determine larval survival. Following increased parasite
establishment in mice fed diets deficient in antioxidants (DeWitt, 1957b) and low in vitamin
A (Parent, Rousseaux-Prevost, Carlier & Capron, 1984), it was suggested that nutrient
deficiency may impair antibody-mediated elimination of invading cercariae. In addition,
cutaneous inflammation during cercarial invasion is reduced in naive mice fed diets low in
protein, and both delayed and reduced upon subsequent reinfection (Coutinho-Abath, 1962).

Collectively, undernutrition appears to lower the immune elimination of invading cercariae.

However both protein and vitamin A deficiency also result in a degree of corneal thickening
(Keusch et al., 1983) which is thought to render local conditions unsuitable for cercarial
survival (Coutinho-Abath, 1962; Turchetti-Maia, Bambirra, Coelho, Moraes e Santos &
Vieira, 1983). This may have the compensatory effect of increasing the attrition of invading

cercariae.
Schistosomular Development

Several hours after successfully entering the host's skin, cercariae metamorphose to the
schistosomular stage, becoming wholly dependent upon the vertebrate host for food and
shelter (Lawson & Wilson, 1980a; Wilson, 1987). The rate and degree of schistosomulum
development will reflect nutrient availability to the parasite (Oyerinde, 1975; Rumjanek,
1987), suitability of the internal milieu and the impact of immune attack.
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