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Key Points

* Many criteria have been developed for demonstrating causality, but few have been refined for
application to the design or analysis of nutrition-infection interactions.

* A conceptual framework for exploring the impact of host nutritional status on infectious
disease needs to consider the impact of nutrition on both the host and the pathogen.

* Infection alters nutritional status through a variety of mechanisms.

e Establishing causation in a context of multiple nutrient deficiencies and infections is chal-
lenging, especially given the difficulty of directly extrapolating mechanisms identified under
controlled experimental conditions to natural populations.
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There are varying combinations of infectious diseases and micronutrient and macronutrient deficien-
cies in the different ecological settings around the world. Even within a community, the combination
of infectious agents and nutritional deficiencies varies among individuals. Pathogens can be affected
by nutritional status through multiple pathways that may have distinct consequences depending on the
host and environment. Host nutritional status can affect success of a pathogen, beginning with expo-
sure to the infectious agent through to the resolution of the infection, either naturally or through
response to interventions. Some of the pathways may result from changes in host behavior and others
through biochemical and metabolic changes in the host or pathogen. Given the multiple potential
pathways, exploring causal relationships between a specific nutritional disorder or combination of
disorders and single or multiple infections poses challenges.

To better frame the exploration of these complex relationships, we lay out key definitions, theories
of causality, types of causal relationships, and criteria for assessing causal associations between nutri-
tion and infection. To better understand the relationships between nutrition and infectious disease, we
follow the classification system used by Scrimshaw et al. [1] of synergism, antagonism, or no effect.
These terms are used to reflect the net combination of effects as even within a single nutrient-infection
combination, it is conceivable that, at a mechanistic level, there may be a mix of both synergistic and
antagonistic relationships. In presenting an overarching conceptual framework of potential pathways
of interaction, we seek a unifying construct that helps frame the other chapters in this book and guides
conceptualization of future multidisciplinary research into nutrition-infection interactions.

Background: Definitions and Tools for Understanding Relationships
Between Nutrition and Infection

Definitions

To set the stage, we clarify the meaning and usage of our central themes: nutritional status and
infection.

Nutritional Status

Nutritional status reflects the body’s store of available nutrients and is measured using anthropometry
(e.g., height, weight, mid upper arm circumference) and biochemical indicators (e.g., hemoglobin)
and concentrations of specific nutrients (e.g., serum retinol) compared against recognized standards
or cutoffs. Macronutrients include proteins, lipids (fats), and carbohydrates (sugars), while micronu-
trients include water-soluble or fat-soluble vitamins, macrominerals, and trace minerals. Nutritional
status is an indicator of the balance between nutrient needs and nutrient consumption. Undernutrition
includes both micronutrient malnutrition, where intake or absorption of single or multiple micronutri-
ents is inadequate to meet physiological needs for good health, and protein-energy malnutrition,
where consumption of macronutrients (protein, carbohydrates, lipids) is insufficient (see Chap. 2);
overnutrition often includes both an excess of macronutrients and deficiencies of micronutrients [2].

Infection

This book focuses on infections of relevance to humans caused by viruses, bacteria, protozoans, and
helminths. We distinguish between an infection (i.e., the presence of a pathogen) and disease (i.e.,
signs, symptoms, and pathology [disease progression]). We note that disease severity is a function of
pathogen virulence (see Box 1.1), host tolerance, and pathogen load. The chapters address infections
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Box 1.1 Definition of Terms

* Susceptibility — the set of complementing genetic or environmental causes sufficient to make
a person contract a disease after being exposed to the specific causes [7, 8]

* Vulnerability — contextual factors that influence the likelihood of exposure of individuals and
communities

* Virulence — the ability of a specific strain of a microorganism to produce disease [9], often
related to the rate of replication of the infectious agent or its intrinsic invasive capacity

» Tolerance — the process whereby the body becomes increasingly resistant through continued
exposure [9] or produces less pathology for a given infection load

e Pathogenicity — the ability of a pathogen to produce disease [9] or symptoms, often as a
consequence of an overactive immune or inflammatory response

» Resistance — the ability of the host to limit infection or disease [10], typically through effec-
tive barriers or immune responses that have a genetic component

that are harmful, but also highlight situations where pathogens may have beneficial effects (e.g., Shea-
Donohue et al. [3]), such as within the microbiome [4, 5]. Limited attention is given to infections that
cause disease directly within the vector, unless the impact on the vector is also associated with altered
impact on human hosts. Both asymptomatic and symptomatic infections are addressed where rele-
vant, particularly as there is a growing awareness of pathological changes that may be happening in
the asymptomatic stage of infections, such as in infections with the human immunodeficiency virus
(HIV), where asymptomatic infection is associated with a 10% increase in resting energy expenditure
[6]. Where helpful in understanding underlying mechanisms, we make reference to studies in live-
stock as well as rodent models.

Theories of Causality

Prior to exploring criteria for assessing causal relationships, it is important to characterize the kind of
causality being explored. Historically, understanding causality has been both a philosophical and a
natural science pursuit. Aristotle was an influential early proposer of theories of causality, unpacking
the theoretical cause of an “object” [11]. More recent representations of causal relationships have
reflected on multiple potential meanings of the phrase “A causes B”. Parascandola and Weed con-
cluded that an epidemiological perspective is best served by a counterfactually based! probabilistic
definition of causality that uses probability statistics to assess the impact of a condition when it is
present compared to when it is absent [12]. Thygesen and colleagues utilized two theories of causal-
ity: regularity and generative. The regularity theory proposes that we can say “A causes B” when we
observe a statistical pattern indicating that A is followed by B. The generative theory proposes that we
can say “A causes B” when we have identified pathways and biological mechanisms that could lead
from A to B [13], independent of epidemiological evidence. In the usage by Thygesen and colleagues,
regularity theory is similar to probabilistic causality, while generative theory is focused on biological
mechanisms and has no clear counterpart in the Parascandola and Weed framework [13].

From a nutritional epidemiological perspective, both regularity and generative causality can be
used as possible pathways to evaluate cause and effect, and their joint use is ideal. Generative causal-
ity occurs in nutrition when a specific nutritional deficiency leads to specific physiological conditions
in human populations, and we have a mechanistic understanding of the relationship. Vitamin A defi-

' Counterfactual probabilistic approaches assess the statistical association of presence and absence of a potential risk
factor with the condition of concern.
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ciency causing xerophthalmia (abnormally dry conjunctiva and cornea of the eyes) is a good example.
The larger focus of nutritional epidemiology has been on whether deficiencies or excesses of nutrients
(such as vitamin A) could affect the acquisition and/or the progression of other diseases, even when
mechanisms are not yet well understood. In this second context, causality is understood as either
“regular” when the association is solely epidemiological or “generative” [12] when mechanisms are
understood.

Criteria for Assessing Relationships Between Infections and Malnutrition

Identifying and characterizing patterns of association and relationships between two events are funda-
mental to the history of science. In the field of infectious diseases, theories of causality began from
detecting the presence of an infectious agent. Koch’s postulates (Table 1.1) were a key conceptual
innovation that allowed researchers to demonstrate with scientific precision that a specific agent
caused a specific infection. This was revolutionary and led to rapid identification of interventions to
reduce infectious diseases such as cholera. With the development of the science of epidemiology over
the last century, there has been a growing understanding of causality as more than a single factor lead-
ing to a single outcome and an increasing awareness of the importance of nonpathogenic influences
on infectious diseases. With this changing understanding, analyses of probabilistic associations and
potentially causal relationships rely on much more than Koch’s postulates. In particular, emerging
understanding of asymptomatic disease, cofactors in the manifestation of infectious pathology, and
other complexities that were not known in Koch’s nineteenth century all inform current understand-
ings of causality.

To give a noninfectious-/non-nutrient-focused example of determining causality, in the 1960s, the
growing epidemic of lung cancer motivated scientists to look for causal theories and criteria that were
relevant in assessing emerging patterns in medicine and public health. The principal focus was on the
role of tobacco in lung cancer, and this contributed to the development of a more probabilistic and
epidemiologically focused set of criteria for assessing potentially causal relationships [14]. Bradford
Hill (Table 1.1) identified seven criteria, only one of which he considered essential: temporality [15].
Building on the Bradford Hill criteria, and specifically addressing issues that arise in considering
causality in the field of nutritional epidemiology, Potischman and Weed [16] focused on a subset of
the Bradford Hill criteria (Table 1.1) with the addition of biological plausibility, a criterion reflecting
the generative theory of causality of Thygesen [13].

Monteiro and colleagues combined both sets of criteria and added one more: analogies from simi-
lar conditions (Table 1.1) [17]. They then used each criterion separately to assess evidence of a
causal relationship between a species of malaria, Plasmodium vivax, and subsequent undernutrition
[17]. One of the most challenging criteria, temporality, was addressed through multiple cohort stud-

Table 1.1 Criteria for causal inference, drawn from several sources

Koch’s postulates (1890) [129] Bradford Hill (1964) | Potischman and Weed

infection focus [15] cancer/tobacco (1999) [16] nutrition Monteiro et al. (2016) [17]
Pathogen present in every case of Strength Strength Strength

disease Consistency Consistency Consistency

Pathogen isolated from host with Specificity Temporality Specificity

disease Temporality Dose response Temporality
Symptoms/disease reproduced when | Biological gradient (biological gradient) Biological gradient
pure culture of pathogen inoculated | Coherence Biological plausibility | Coherence

into healthy susceptible host Experimental design Experiment(al design)
Pathogen recoverable from Plausibility (biological)
experimentally infected host Analogy
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ies in P. vivax-endemic areas that assessed nutritional status prior to infection with P. vivax [17].
They concluded that current evidence is consistent with P. vivax contributing to undernutrition in
endemic settings, demonstrating the applicability of clearly stated causal analysis to situations of
nutritional and infectious disease epidemiology. Their analysis offers a compelling example of using
rigorous causal analysis from a breadth of criteria to assess the strength of the evidence for a given
relationship.

Types of Relationships

From a theoretical perspective, poor nutritional status could have a direct association with infection in
three ways. Poor nutritional status could have a synergistic effect on an infection where it promotes
the infection in some way, it could diminish the infection with an antagonistic effect, or it could have
no impact on the infection, either because of independence of the two conditions or because the syn-
ergistic aspects cancel out the antagonistic dimensions of the association.

Synergistic Relationships Between Nutrition and Infection

A number of nutritional deficiencies can reduce the ability of a host to resist a pathogen, and a number
of infections can impair nutritional status. This kind of causality is said to be synergistic in that both
the infection and malnutrition exert negative effects on host health. There is an extensive literature
documenting synergistic relationships between malnutrition and infections, and the public health sig-
nificance has become evident [18-20]. In the mid-1990s, several researchers developed an approach
for estimating population-level effects of malnutrition (low weight-for-age) on risk of infant and child
mortality [21, 22]. Pelletier and colleagues estimated population attributable risks from data on mor-
tality rates from specific childhood infections for children with differing nutritional status [22]. Thus,
they estimated that 56% of all child deaths from 53 developing countries were due to underlying
malnutrition, as malnourished children had a higher mortality rate for diarrhea, malaria, and pneumo-
nia than well-nourished children [21]. This analysis of the synergistic relationship between malnutri-
tion and childhood mortality has clear implications at the population level in terms of the broader
clinical and public health efforts needed to address malnutrition in order to reduce childhood
mortality.

The impact of undernutrition on transmission of tuberculosis (TB) in the central-eastern Indian
states has been explored using modeling [23]. The authors modeled several different scenarios of
future undernutrition, based on reductions in undernutrition achieved over the past 20-30 years by
countries such as Bangladesh (5.0% annual decrease in the proportion of their population with inad-
equate caloric intake), Vietnam (8.0% annual decrease), and Ghana (11.7% annual decrease) [23].
The models suggested that a modest improvement in caloric intake (in range of that achieved in
Bangladesh) could avert 4.8 million TB cases and 1.6 million TB deaths in Central and Eastern India
over 20 years [23]. In this example, the synergistic relationship was inferred by the association
between improvements when caloric intake increased and a proportional reduction in TB cases
observed across regions, though the ecologic association may or may not hold in real-world
circumstances.

Combined diarrhea and malnutrition provide another example of a synergistic relationship.
Severely undernourished children (weight for age z score (WAZ) < —3.0) had an odds ratio of 9.5 for
mortality from diarrhea when compared with children with a WAZ > —1.0 [24].

Both macronutrient deficiencies such as protein-energy malnutrition and deficiencies of specific
micronutrients can lead to increased severity of infections. Vitamin A deficiency increases the severity
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of measles to the point that vitamin A supplementation is recommended for children with measles [25—
27]. Tron deficiency can also interact synergistically with infections. For example, progression to gastric
cancers was increased if Mongolian gerbils infected with Helicobacter pylori, a bacterial infection that
causes stomach ulcers, were fed an iron-depleted diet instead of an iron-replete diet [28, 29].

Antagonistic Relationships Between Nutrition and Infection

An antagonistic relationship is less frequent but can be vitally important. One example is when a
nutritional deficiency reduces infection-induced pathology more than it reduces the host immune
response; a second example is when an infection reduces severity of malnutrition [1]. One early report
of the negative effects of malnutrition on the host being countered by a benefit of reduced infection
emerged in a feeding camp in Ethiopia during a 1970s famine in Somalia where iron repletion was
used. The odds ratio for positive malaria blood smears was 13.4 among those who received supple-
mental iron, relative to nomads who were iron deficient and who did not receive iron [30]. The antago-
nistic relationship between malaria and iron continues to be documented, with a recent longitudinal
study showing increased risk of a positive malaria smear among infants in the highest quartile of iron
status [31]. In a mouse model of urinary tract infections with uropathogenic Escherichia coli (UPEC),
animals on a low-iron diet had a significantly lower bacterial burden [32]. Dietary iron has also been
suggested to have an antagonistic relationship in hookworm infections, with both iron deficiency and
iron excess reducing hookworm egg output in hamsters and normal levels of iron significantly increas-
ing hookworm egg output and decreasing hamster survival [33]. This latter example emphasizes the
nonlinear relationship between iron supplementation and hookworm infection, with antagonistic
effects at extremes of the spectrum of iron status and synergistic effects in the normal range of iron
status [33]. In an attempt to strengthen the case for causality, recent studies have focused on potential
biological mechanisms underlying antagonistic relationships between iron and infections [34].

No Relationship Between Nutrition and Infection

There are some infections where mild to moderate malnutrition does not appear to affect risk of infec-
tion or disease, and infection does not appear to affect nutritional status. However, a critical assess-
ment must consider the consistency of conclusions among studies, the number of studies/subjects, and
whether a given relationship may hold for more extreme nutritional status, as with anemia/low iron
and hookworm [33]. In a review of 13 studies of dengue fever and nutrition, there was no consistent
pattern between malnutrition measured solely by anthropometry and the three forms of dengue.
Interestingly, however, subgroup analyses suggested that more severe dengue (dengue shock syn-
drome) might be increased in underweight individuals (i.e., synergistic relationship), whereas less
severe dengue may be more prevalent in mildly malnourished individuals. Finding no association
between nutritional status and disease severity may indicate that a particular pathogen is not affected
by host nutritional state or may reflect a heterogeneity of impacts under differing nutritional condi-
tions and/or study populations [35].

A Conceptual Framework for the Infection-Malnutrition Interface

One of the challenges in clarifying the influences of nutritional status on infection is the ongoing host-
pathogen “negotiation” during an infection (Fig. 1.1). At each stage of an infection, the host seeks to
block the spread of the pathogen, and the pathogen seeks to overcome the host defenses [36]. Building
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OA host’s

immunological
Pathogen capability to
replication in control/eliminate
host the pathogen

Evasion of host
defenses by
O pathogens
Invasion of host
through breach of
primary barriers

Fig. 1.1 Classification of host-pathogen interactions. (Reprinted by permission from Springer Nature: Sen et al. [36])

Does malnutrition alter the Does malnutrition alter the
success of the pathogen? success of the host?
Ve _ N
Ex_posure pathogen finds h_ost . Immunity & resolution
. gtzztéal & temporal overlap of host and infective - Reduced immune response
* Chemical cues that attract pathogen or vector to : Irgzzg;os[;rlate type of immune
host . . - .
* Production and handling practices that lead to Inappropriate timing of immune
\___response )
\___Pathogens on food
4 Pathogen establishes in host N Disease severity h
* Crosses barriers (gut, skin, lungs) * Increased tissue damage
¢ Finds preferred site * More severe symptoms
« Develops to reproductive stage * Prolonged symptoms
\_* Parasite survives Y, U More systemic consequences Y,
4 . N 4 N
Pathogen proliferates & spreads Response to treatment
 Pathogen attains nutrients needed to replicate * Altered absorption
« Viral particles, spores, oocytes or eggs released * Altered activation of drugs )
\ into environment ) L * Altered half-life of active metabolites

Does infection alter host nutritional status?

Fig. 1.2 Pathways by which nutritional status may alter (a) pathogen success and (b) host success at all stages of infec-
tion, through influences on behavior and immune function. Framework for designing, categorizing, and reporting
research questions and evidence at the interface of nutrition and infectious diseases. We note that different research
designs and evidence are needed to address the questions in each box

on the stages of an infection, we have developed a framework guided by plausible biological mecha-
nisms that delineates phases during the progression of an infection, to enable a more thorough explora-
tion of the potential pathways of influence of nutritional status on infectious diseases. Six stages are
identified, three focused on impacts of nutrition on the pathogen and three focused on impacts on the
host. Pathways related to the pathogen include (1) finding the host; (2) establishment, maturation, and
survival within the host; and (3) division or reproduction of the pathogen and subsequent release of
infectious stages to the environment or to another host. Pathways related to the host include (1) immu-
nological or inflammatory responses that may lead to resolution of infection, (2) progression of disease
symptoms that may be due to pathogen-induced damage or immunopathology, and (3) response to treat-
ments (Fig. 1.2).
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Exposure (Spatial and Temporal Overlap of Host and Pathogen)

Preventing exposure to an infectious pathogen is one of the primary approaches to preventing infec-
tions. Examples of individual behavioral interventions include the use of bednets to prevent mosquito
bites and malaria infection, washing vegetables thoroughly to remove potential pathogens, or wearing
long pants and sleeves to prevent the Borrelia infection leading to Lyme disease. Population-level
interventions are exemplified by spraying to kill potential arthropod disease vectors, pasteurization of
milk, or fluoridation of a water supply to reduce Streptococcus mutans-mediated dental caries. There
are multiple pathways by which nutritional status or dietary intake could affect risk of exposure.

Behavioral Pathways Both protein-energy malnutrition and iron deficiency can lead to fatigue and
limited energy [37], and an early study on human starvation found that reduced mobility compensated
for much of the unmet energy needs [38]. Reduced mobility may reduce exposure to outdoor patho-
gens such as helminths or sylvatic leishmaniasis. In contrast, increased time indoors may increase
exposure to airborne respiratory pathogens [39] or exposure to peri-domestic insect vectors that trans-
mit vector-borne diseases such as Chagas disease (see Chap. 6) [40]. A modeling study exploring
transmission of mosquito-borne diseases under conditions of varying levels of human mobility found
that both low mobility and high mobility populations were predicted to have lower prevalence of
infection, with moderately mobile populations having higher rates of transmission [41].

Diet-Related Pathways Many pathogens are transmitted through food, either because this is a typical
route of exposure, or because of accidental contamination. Thus, dietary choices together with deci-
sions about washing or cooking foods can influence exposure to infectious agents, and food choices
and styles of food preparation may themselves be influenced by nutritional status. Both zinc and iron
deficiency are strongly associated with pica, defined as the craving and consumption of non-food
items such as chalk, ice, paint chips, and soil [42, 43]. A study published in 2010 analyzed 88 samples
of soils sold for consumption in markets in Africa, Europe, and the United States and identified bacte-
rial and fungal contamination in almost all of the samples, suggesting that consumption of such non-
food items could lead to exposure to pathogens [44].

Chemical Cues to the Pathogen A more hypothetical pathway between nutritional status and expo-
sure is the possibility that a malnourished individual emits volatiles that increase or decrease the
attractiveness of the host to particular vectors. Vector biting behavior, including choice of humans
over livestock and other nonhuman mammals, is strongly influenced by volatile organic compound
scents, and there is increasing evidence that volatiles are influenced by diet and metabolism [45].
Vertebrates are known to rely on chemical cues to detect (and choose) prey and to warn of approach-
ing predators. For example, fish release a chemical alarm signal that warns other fish of the presence
of predators [46], and both parasite-infected fish and tadpoles have been shown to release alarm sig-
nals [47]. Mosquito vectors detect hosts by recognition of volatile compounds [48, 49], visual cues,
CO,, human odors, body heat, and other nonvolatile compounds (Fig. 1.3) [50].

While evidence is strong that vectors are influenced by visual and olfactory cues, evidence on the
impacts of nutritional status on host odors, CO, release, and nonvolatiles is still nascent. Restriction
of vitamin E intake has been shown to reduce chemical signaling in lizards [51]. If nutritional status
affects human emissions in any way, it could alter the ability of parasites or vectors to find a suitable
host. Where transmission occurs via active penetration by the pathogen, such as in hookworm, or bit-
ing by a vector such as in malaria, volatiles may also attract (or deter) infectious stages and vectors to
(from) the host. Malnutrition can also decrease the basal metabolic rate [52], which would lower body
heat, thus changing another important vector cue.
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Fig. 1.3 Graphic illustrating the sensory cues used A
by mosquito vectors to target human hosts depicting X &‘
visual cues, CO,, odors, body heat, and nonvolatiles. A
(Reprinted with permission from Elsevier: Montell
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Establishment of Infection (Pathogen Successfully Crosses Host Barriers,
Establishes at Appropriate Tissue Location, and Matures)

A successful infection requires that infectious agents establish and reach a hospitable final location.
This typically involves two steps — (a) breaching protective physical, biological, and chemical barri-
ers, such as epithelial membranes, microbial biofilms, and stomach enzymes, and (b) transitioning
(sometimes changing through developmental stages) during migration to a suitable site where replica-
tion or reproduction can occur.

Breaching the Barriers

The integrity and health of barriers can be directly (and indirectly) affected by host nutritional status.
Humans have three primary barriers — the gut (gastrointestinal), skin (integumentary), and lung (pul-
monary) barriers. With the gut barrier, relationships between nutritional status and epithelial integrity
have been demonstrated for vitamin A deficiency and protein-energy malnutrition. Vitamin A defi-
ciency leads to increased intestinal permeability in animal and in vitro models [53, 54], and child
malnutrition in general has been closely associated with altered structure and function of the intestinal
mucosa [55, 56]. A general thinning of the skin with protein-energy malnutrition in a mouse model
has been reported [57]. Several studies have identified a role for vitamin D in pulmonary epithelial
integrity [58—60]. However, research on the impact of nutritional status on barrier functions to patho-
gens is limited primarily to the gut.
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Migration to Target Tissues

As the pathogen migrates through the host, it faces additional physical barriers such as cell walls, blood ves-
sels, and lung tissue, whose integrity and physical or immunological competence may be affected by macro-
or micronutrient deficiencies. During migration, pathogens typically undergo morphological, physiological,
biochemical, and molecular transitions that have evolved to enable them to exploit their host. Any of these
transitions can be sensitive to host nutritional status, as pathogens are dependent on the host for providing
essential nutrients. Once the pathogen reaches its destination, it needs to remain in the site and this often
involves adherence to target tissues. Nutrients may play a role in this adherence, as with iron in the case of
the vaginal pathogen, Trichomonas vaginalis, where iron induces synthesis of key adhesion molecules [61,
62]. Nutrient-dependent mechanisms such as this may be necessary for survival of many pathogens.

Pathogen Proliferation (Pathogen Reproduction and Release of Infectious Stages)

Critical to the ongoing presence of infections in a population is the ability of the pathogen to propagate and
then to release infective stages so that the infection can be transmitted to others. Propagation happens in a
variety of ways, including viral replication, binary fission, and production of spores or gametes or eggs. As
pathogens rely on host nutrients (see Chaps. 4, 5, 6, 7, and 14) [40, 63—-66], deficiencies of essential nutri-
ents can have a direct negative impact on pathogen propagation unless the pathogen is able to outcompete
the host for the limited nutrients. Research using an avian model has shown that fleas on nestlings that
received dietary supplementation laid more eggs than fleas on unsupplemented nestlings [67].

Once a pathogen has reproduced, it is transmitted to new hosts by direct contact; by release of
transmission forms into the environment through bodily fluids, feces, or airborne particles; or by
transfer into vectors or intermediate hosts. Host nutritional status may reduce movement of the trans-
mission stage out of the host. For example, if peripheral blood flow is reduced, malaria gametocytes
may not be available to mosquitoes when they bite. Host nutritional status may alter the interval
between infection and transmission, the duration of release of transmission forms from the host, the
longevity of infectious stages outside the host, their infectivity to the next host, or the geographical
range over which infection is spread. For example, in a randomized controlled trial (RCT) of adults
with moderate selenium deficiency, those who received selenium supplements shed poliovirus in the
feces for a shorter period after polio vaccination [68]. This could mean that selenium-deficient indi-
viduals might transmit the virus for a longer period of time. If nutritional status alters gut transit time
through diarrhea or constipation, infective stages might be released prematurely or, alternatively,
might be retained in the gut, thus compromising their viability.

Furthermore, through coevolutionary processes, host nutritional status may change pathogen
genetics. This has been demonstrated in an experimental model where repeated passage of coxsacki-
evirus B3 virus through several generations of vitamin E-deficient or selenium-deficient mice led to a
viral phenotype with increased virulence [69]. In this case, vitamin E and selenium deficiencies
increased the pathogenicity of the virus.

Immune Responses to Natural Infection and to Vaccines Lead to Resolution
of Infection

When a host kills or expels an established pathogen, this is referred to as natural recovery. Nutritional
deficiencies are well known to impair the ability of the host to respond effectively to an infection,
allowing persistence of infections that are usually cleared rapidly (see Chap. 3) [70-74]. Nutritional
status is accepted as an important modifier of immune response to vaccines, although the specifics of


https://doi.org/10.1007/978-3-030-56913-6_4
https://doi.org/10.1007/978-3-030-56913-6_5
https://doi.org/10.1007/978-3-030-56913-6_6
https://doi.org/10.1007/978-3-030-56913-6_7
https://doi.org/10.1007/978-3-030-56913-6_14
https://doi.org/10.1007/978-3-030-56913-6_3

1 Pathways Linking Nutritional Status and Infectious Disease: Causal and Conceptual Frameworks 13

the impacts are less clear [75]. Studies in the 1980s explored particular dimensions of immune
response such as B-cell versus T-cell responses to measles vaccination [76, 77]. Protein-energy mal-
nutrition has been associated with a decreased response to tuberculin sensitivity skin tests following
BCG vaccination against tuberculosis in children [78], and a third of protein-deficient pigs that were
vaccinated with the attenuated human rotavirus vaccine developed diarrhea after subsequent exposure
to rotavirus, but none of the vaccinated protein-sufficient pigs did [79]. In an RCT of newborns in
Pakistan, zinc deficiency was shown to reduce the efficacy of oral poliovirus vaccine, but surprisingly
zinc supplementation did not improve vaccine efficacy [80]. Demonstration of the causal connection
between vaccine efficacy and nutritional status has been limited by the low number of studies, poor
quality of data, and heterogeneity in variables across studies that make comparisons very challenging
[81]. More recently, it seems the gut microbiome may modulate the interaction between nutritional
status and vaccine efficacy, at least for oral vaccines [82]. While there are a number of studies assess-
ing impact of malnutrition on immune function (see Chap. 3), studies are still needed to better unpack
how nutritional status affects vaccine efficacy [83, 84].

Disease Severity (Pathogen Leads to Symptoms and/or Immunopathology)

In human populations, infections that are rapidly resolved often go undetected. However, when
natural mechanisms of clearance (self-regulation by the infection or immune-mediated processes)
are interrupted, infections may become pathogenic, and disease severity may increase. In an
observational study of the intestinal protozoan infection Cryptosporidium parvum, the prevalence
of clinical complications in Jamaican children was higher in children with low weight-for-height
compared to well-nourished children [85]. This situation can be seen as an example where malnu-
trition may have permitted ongoing parasite replication and in turn increased infection-induced
disease severity.

Many pathogens have virulence factors that contribute to their ability to cause disease. Nutrient-
dependent virulence factors have been identified in numerous pathogens, such as Entamoeba histo-
Iytica [86], T. vaginalis [61], and H. pylori [28]. For example, with host iron deficiency, H. pylori
upregulates high iron affinity transporters in order to obtain the iron it needs, and these high affinity
transporters are associated with increased pathogenicity [28]. HIV has also been implicated in
nutrition-infection pathogenic interactions (see Chap. 9) [87]. Selenium is one micronutrient where
deficiency has been linked to poor HIV clinical outcomes, while selenium supplementation has been
shown to improve HIV clinical outcomes and to reduce the incidence of TB among HIV-infected
persons [88-91]. Serum retinol has been studied as a risk factor for adverse HIV outcomes, but it is
difficult to assess cause and effect, as persons with advancing HIV disease may have altered food
intakes and temporality is difficult to determine [92, 93].

The ability of the host to tolerate or limit infection-induced damage can be influenced by nutri-
tional status. Vitamin A/retinoic acid plays a key role in the development of mucosal tolerance through
its role in induction of regulatory T cells (Tregs), which are an important downregulator of the immune
response. Vitamin A/retinoic acid is an important stimulator of differentiation and proliferation of
Tregs, T helper Type 2 (Th2), T helper 17 (Th17), and IgA plasma cells [94]. Appetite is another
pathway by which nutrition may affect tolerance to a pathogen. A recent analysis of the impact of
fasting behaviors on viral and bacterial infections concluded that fasting was protective against dis-
ease progression for a bacterial infection, Listeria monocytogenes, in mice, whereas glucose supple-
mentation helped protect mice from influenza virus [95]. With the L. monocytogenes infection,
anorexia led to ketogenesis which helped to reduce antibacterial inflammation and release of antibac-
terial reactive oxygen species. In contrast, with influenza, glucose supplementation helped prevent
initiation of stress-mediated apoptosis [95]. Nutritional status and dietary intake are important media-
tors of disease, through pathways affecting both pathogen virulence and host tolerance.
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Fig. 1.4 In vivo preclinical evidence of the impact of different dietary strategies on parasitological, immunological,
biochemical, and histopathological parameters in animals infected by Schistosoma mansoni. The main diagonal arrow
indicated the primary measure of outcome. Black arrows in each box indicate the effect direction for each accessory
outcome. (—) mitigates and (+) stimulates mortality. (?) uncertain impact on parasitemia and mortality (insufficient
data). (Used with permission from Cambridge University Press: Marques et al. [100])

The severity of many infectious diseases results from an over aggressive immune response that
itself causes pathology, as dramatized by the COVID-19 pandemic. In such situations, diet and nutri-
tional status may alter the degree of immunopathology [96-99]. A recent systematic review of pre-
clinical evidence shows that hepatic granulomas in mice infected with the trematode parasite,
Schistosoma mansoni, were fewer in number and/or size in mice fed low-protein or vitamin-restricted
diets and in zinc-supplemented mice, but higher in mice fed a high-fat diet (Fig. 1.4) [100].

Response to Treatment (Pathogen Cleared or Symptoms Reduced)

When an infected individual receives drug treatment, nutritional status may affect the host ability to
use the pharmaceuticals effectively. Nutritional status can affect drug distribution, drug absorption,
plasma binding of drugs, drug activation, and drug clearance [55, 101-106]. Protein-energy malnutri-
tion alters gut integrity and gastric emptying, which can affect drug absorption. Drug activation, the
conversion of an inactive form to the active form, and drug clearance are both important steps for a
number of drugs. Cytochrome P450 (CYP) enzymes are the dominant pathway by which drugs are
metabolized for both activation and clearance [107, 108]. Both protein-calorie malnutrition and iron
deficiency have been shown to affect cytochrome P450 3A4 (CYP3A4) activity. Rats on a protein-
and calorie-restricted diet had less CYP generally [109, 110] and CYP3A specifically [109]. In addi-
tion, rats with protein-calorie malnutrition had decreased hepatic metabolism via CYP3A [111]. The
decrease in activation may affect drug dosage, leading to a need for higher doses in malnourished
individuals. One study in patients on hemodialysis with low CYP3A4 found an increase in CYP3A4
after receiving intravenous iron supplementation [112]. These examples emphasize the importance of
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this often-overlooked area. Chapter 13 provides an in-depth review of drug-nutrient interactions rel-
evant to infectious diseases (see Chap. 13) [113].

Pathogen Affects Nutritional Status

In terms of the reverse pathway, namely, the pathogen affecting the host’s nutritional status, multiple
biological pathways have been delineated. Persons with infections can lose their appetites and suffer
from gastrointestinal disturbances and many other manifestations that compromise optimal nutrition.
Pathogens damage host tissues, they may compete with the host for nutrients, and they induce and
maintain energy-intensive immune responses [19, 114]. A vigorous immune response can place
extraordinary nutritional demands on a host, and even immune surveillance is nutritionally demand-
ing. Persons with chronic or severe infections may become malnourished unless intakes are adjusted
to cover increased demand. Hunger and food insecurity contribute to delayed initiation and nonadher-
ence to antiretroviral therapy for HIV in Africa, especially if patients recognize that the medicines
stimulate their appetite and food is unavailable [130]. Damage of host tissue in the gut can impair
nutrient absorption and lead to malnutrition, as in the case of environmental enteropathy [115, 116].
Damage to host tissue can also lead to increased physiological demand for nutrients to repair the
damage, and if the increased demand cannot be met through available diets, the body may draw down
other physiological stores, thus limiting physiological functioning [114]. Bartelt and colleagues have
developed a model of protein-deficient mice coinfected with Giardia lamblia and enteroaggregative
Escherichia coli for exploring impacts of coinfection on malnutrition and vice versa [117]. The
authors demonstrated that the combined infection and protein deficiency led to a greater weight loss
and alterations in metabolic functioning than the combined infection and an isocaloric complete diet,
although both protocols led to weight loss [117].

Infection-induced immune responses can result in release of pyrogens such as prostaglandin E, that
triggers an increased basal metabolic rate and fever. Counter to the old adage “feed a cold and starve
a fever,” fever increases the nutrient need of the host. A small study of 12 healthy volunteers demon-
strated that fasting facilitated a humoral immune response, whereas eating fostered more of a cell-
mediated response [118]. Perhaps infections that are resolved by a humoral response (like many
helminth infections) would benefit from fasting, whereas those that are cleared by a cell-mediated
response (many bacterial and protozoan infections that induce a fever) would be exacerbated by
fasting.

There is a growing awareness of the complex ways that pathogens, diet, and the microbiota of a
host interact, and a comprehensive understanding of the impacts of such interactions is still nascent.
A recent study highlighting the influences of diet on the microbiome found that two groups of mice
with the same initial microbiome composition had different microbial communities 8 weeks after
being fed a low-fat and high-plant polysaccharide diet (similar to rural limited resource settings) com-
pared with a high-fat high-sugar diet (Western) [119]. Research on the microbiome as a potential
mediator of nutrition-infection interactions is important to consider going forward [120].

Challenges in Investigating Nutrition and Infectious Disease

Once mechanisms by which nutritional status affect infections have been demonstrated, there are
several challenges in estimating the impact in human populations: (1) heterogeneity of nutritional
status; (2) heterogeneity of infections; (3) a historical research emphasis on the role of infections in
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causing malnutrition rather than the opposite; and (4) difficulty in extrapolating from controlled lab
studies to human populations.

Nutritional status can vary at the level of macronutrient and/or micronutrient concentration within
individuals (i.e., high level of one nutrient, low or moderate levels of other nutrients) and also among
individuals within communities and between communities. Identifying relatively homogeneous popu-
lations that differ in nutritional variables of interest but that are similar for other nutritional variables
is challenging. Deficiencies or excesses of macro- or micronutrients seldom occur apart from other
nutritional perturbations. Thus measurements of multiple nutrients are essential for accurately charac-
terizing nutritional status, with significant associated clinical or public health research costs [121]. In
addition, individual nutritional status is difficult to measure, both at the macro- and micronutrient
levels. High-quality biomarkers of nutritional status are expensive to obtain and challenging to inter-
pret, as nutrient levels in bodily fluids can shift as nutrients are shuttled to different locations in the
body, despite no changes in overall nutrient status. For example, serum biomarkers of nutritional
status are highly variable, depending on multiple factors including time since the most recent meal,
infection status, hydration, diurnal variation, varying metabolic demands, and perhaps host genetics
[122]. A field study of children in Zambia found alterations in biomarkers of iron and vitamin A that
varied by stage of the acute phase response (incubation, early convalescence, convalescence, and
healthy) as measured by C-reactive protein and «;-acid glycoprotein (AGP) [123, 124]. Given the
multiple potential influences on such biomarkers, identifying optimum cutoffs as indicative of defi-
ciency is challenging.

Similarly, individuals, communities, and regions can vary in terms of the number and variety of
infections [125]. In human populations, infections vary in terms of the time since exposure to the
pathogen, the exposure dose, or intensity of infection, whether it is an initial infection or a secondary
infection with the same agent, and what other pathogens and microbiome the host harbors. Each of
these factors can affect immune response and potentially also the interaction between nutrition and
infection.

An additional challenge is that a multiplicity of factors can affect nutrition and, similarly, that a
large number of factors can affect infection. This complexity makes it challenging to generalize from
highly controlled laboratory models to free-living situations (see Box 1.2), even though laboratory
models are very helpful in identifying generative causal relationships. The field of ecology is replete
with examples where a scientist can demonstrate a clear pattern in the laboratory that is not apparent
under more natural conditions. The profile of infection dynamics of an intestinal nematode of mice,
Heligmosomoides polygyrus, differed markedly between an inbred susceptible and inbred resistant
strain of mouse under controlled laboratory infections. However, when the two strains lived together
in a large indoor enclosure where natural transmission occurred, the infection profile was undistin-

Box 1.2 Impact of Variations in Pathogen Virulence and Host Susceptibility

Scrimshaw et al. (citing H.S. Schneider, 1950, Strategic concepts in Epidemiology) note that
laboratory studies generally use homogeneous animal and disease models, where virulence of
the pathogen and susceptibility of the host are known. Schneider used an experimental 3 x 3
study design with three host characteristics (1) inbred resistant, (2) outbred mixed (mix of sus-
ceptible and resistant), and (3) inbred susceptible as well as three pathogen characteristics (a)
uniformly virulent, (b) mixed virulent and avirulent, and (c) uniformly avirulent, to explore the
impact of nutritional status. Schneider found that nutritional status only played a role in the
outbred host group that was infected with the mixed virulence pathogen, a situation most likely
found in humans. Thus, highly controlled laboratory models may actually underestimate the
impact of nutrition in real-world settings [1].
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guishable between the two strains [126]. Similarly, resistance of C57BL/6 inbred lab mice to the
intestinal nematode, Trichuris muris, was not evident when the mice were moved into a seminatural
outdoor enclosure prior to, or after experimental infection, as evidenced by higher number of worms
and worm biomass relative to mice infected in the lab [127]. This contextual element for infection
extends to nutrition-infection interactions, where laboratory conditions and conclusions may not be
generalizable even to natural infections in the mouse. This makes it even harder to extrapolate lab
findings to humans.

Conclusions

Taken together, this overview highlights the myriad pathways by which host nutritional status may
influence all aspects of the host-pathogen interaction. It also highlights the challenges in both design
and analysis faced by researchers whose goal is to demonstrate causality, and by inference the chal-
lenges faced by clinical and public health sectors charged with preventing and controlling infectious
diseases. Through the examples provided in the subsequent chapters of this book, we hope to high-
light not only the need for more rigorous application of causality analysis especially during epidemio-
logical research and in systematic reviews and meta-analyses on infection-nutrition interactions but
also the importance of laboratory research that identifies plausible mechanisms that may be relevant
in human populations. Given the influence of nutritional status on infections and vice versa, effective
global control of infectious disease will require addressing the relationships between malnutrition and
infections [128], and the conceptual framework proposed in this chapter may be useful in this
context.
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