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Abstract

Trace elements, inflammation, and rotavirus vaccine response among a cohort of infants in
El Alto, Bolivia

By Christopher G. Miller

Rotavirus infection is the most common cause of fatal diarrhea in infants despite the existence of
effective rotavirus vaccines. Over 90% of rotavirus deaths occur in low- and middle-income
countries (LMIC’s). One such LMIC, Bolivia, experiences the highest under-5 mortality rate in
Spanish speaking South America, with numerous deaths attributable to rotavirus infection. Yet,
in LMIC’s like Bolivia, rotavirus vaccines are less effective than in high-income countries. The
Nutrition, Immunology, Diarrhea in Infants (NIDI) study in EI Alto, Bolivia was created to
explore the factors related to reduced immune response to the rotavirus vaccine in Bolivia. NIDI
investigators enrolled 461 infants in the study. Blood was drawn up to three times — once pre-
vaccination, at approximately 2 months, and twice post-vaccination, at approximately 6 months
and 12-18 months — and analyzed for several biomarkers, including: serum concentrations of
calcium, copper, iron, magnesium, and zinc; concentrations of systemic inflammatory markers a-
1-acid glycoprotein (AGP) and C-reactive protein (CRP); and rotavirus-specific IgA antibodies.
There is a need to understand how micronutrient levels play a role in the rotavirus vaccine’s
reduced performance in low income settings. To meet this need, a secondary analysis was
completed on the NIDI data. Spearman’s correlation analyses revealed moderate positive
correlations between serum copper and both AGP (p =0.51-0.71, p <0.01) and CRP (p = 0.46-
0.55, p<0.01). The distributions of values for trace element concentrations were described, with
many values falling outside of reference ranges in the literature, especially values for serum
magnesium and zinc (up to 55% and 67% of the time, respectively). There were no significant
relationships between any serum element and rotavirus-specific IgA seroconversion using
logistic regression analyses, but Spearman’s analyses revealed inverse relationships between
both serum copper (p =-0.14, p=0.01) and CRP (p =-0.16, p<0.01) and the fold-change in
rotavirus-specific IgA following vaccination. These results indicate a need to account for
inflammation when assessing copper status, as well as a need to refine the reference ranges for
serum element concentrations in infants. Furthermore, the findings suggest that higher
inflammatory burden may blunt the strength of the immune response to rotavirus vaccination.
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Rotavirus Infection & Vaccination: A literature review of the role of trace
elements and inflammation in vaccine response

Diarrhea is estimated to cause over 700,000 childhood deaths every year, making it the
second leading cause of childhood mortality [1-3]. The most common cause of fatal diarrhea is
rotavirus infection [4, 5], which accounts for up to 28% of fatal cases of diarrhea in children [1].
Most of the mortality burden of rotavirus diarrhea is borne by low- and middle-income countries
(LMIC’s) [1, 4, 6, 7]. Indeed, over 90% of rotavirus deaths occur in LMIC’s [4]. Rotavirus
deaths can be prevented with safe, effective vaccines [8-15] but these vaccines are seen to be less
effective in LMIC’s than they are in high-income countries [14-16]. The explanation for this
remains unresolved [17, 18]. A more thorough understanding about why rotavirus vaccines are
less effective in LMIC’s than in high-income countries could guide interventions aimed at

improving vaccine effectiveness in LMIC’s.

I. Rotavirus

l.a. The Virus

Rotavirus diarrhea is caused by double-stranded RNA viruses in the Reoviridae family’s
Rotavirus genus (reviewed in [19, 20]). At least eight virus groups are recognized in the
Rotavirus genus and substantial genetic diversity exists between and within these groups [19].
Three groups (groups A through C) are known to cause disease in humans, with the A group
most commonly associated with gastroenteritis. Rotaviruses have traditionally been further
classified based on the structure of two outer capsid proteins, VP7 (which determines the virus’s

G type) and VP4 (which determines the virus’s P type).



I.b. Transmission and Pathogenesis

Transmission of rotavirus occurs via the fecal-oral route, and can take place following
close contact with infected individuals or with contaminated surfaces, food, and water [19, 21].
Upon entry into the small intestine, the virus begins replication in the villous epithelium, leading
to several histopathological changes including damage to and stunting of the intestinal villi,
epithelial cell death, and crypt cell hyperplasia [19-21]. Diarrhea likely results from a
combination of glucose, sodium, and water malabsorption, villous ischemia, increased enteric
nervous system activity, and the presence of a viral enterotoxin (NSP4) produced by rotavirus,
which promotes ion secretion.
I.c. Clinical Symptoms, Diagnosis, and Treatment

The clinical symptoms and disease course of rotavirus infection are similar to those of
other types of viral gastroenteritis [22]. Rotavirus has an incubation period of one to three days
and symptoms start acutely, usually as vomiting and fever with subsequent explosive, non-
bloody diarrhea [19, 23, 24]. These symptoms are typically self-limiting and resolve in four to
eight days, though reports of persistent diarrhea and lactose intolerance exist [19]. Infected
infants and children undergo more severe disease courses than infected adults [25-27]. Among
the most severe complications in rotavirus-infected infants and children are dehydration,
metabolic acidosis, seizures, and death [19, 28]. While most children with rotavirus
gastroenteritis experience mild disease courses, 7 to 18 percent have symptoms severe enough to
necessitate hospital admission [19, 29].

Diagnosis and treatment of rotavirus gastroenteritis are based on clinical presentation
[28]. Routine testing for rotavirus in children with gastroenteritis is not widespread, as it does not

change disease management. Nevertheless, detection of the virus in stool can be accomplished



using enzyme-immunoassay (EIA) for rotavirus antigens, reverse transcription polymerase chain
reaction (RT-PCR), electron microscopy, and polyacrylamide gel electrophoresis of rotavirus
RNA excreted in stool. Evidence of infection can also be uncovered, with relatively high
specificity and sensitivity, using enzyme linked immunosorbent assays (ELISA’s) or
immunochromatography to detect circulating antibodies against rotavirus in the serum.
Treatment of rotavirus gastroenteritis revolves around prevention and management of
dehydration. Supplemental treatment may include antiemetic medication, probiotics, and zinc
supplementation, though there are no universal recommendations for such treatments [28, 30-

32].

Il. Immunity and Vaccination
Il.a. Immunity

Infection with rotavirus confers natural immunity, with increased protection and less
severe diarrhea accompanying each new rotavirus infection [33, 34]. Before widespread
vaccination, it was estimated that over 95% percent of children experienced a primary rotavirus
infection by age two, and that nearly all children had experienced a primary infection by age five
[28, 33, 34]. Asymptomatic rotavirus infection confers a similar degree of immunity to
symptomatic infection, and natural infection by one strain often confers immunity to other strains
[34]. Nevertheless, not every infant with diagnosable rotavirus infection develops complete
immunity following their first infection, suggesting that multiple doses of vaccine need to be
given for vaccination to be as efficient as natural infection at producing immunity.

Development of immunity to rotavirus following infection or vaccination involves both

components of the immune system: innate immunity and adaptive immunity (reviewed in [35]).



Briefly, the innate immune system is comprised of several different types of hematopoietic
immune cells - including macrophages, neutrophils, eosinophils, natural killer cells, and
dendritic cells — and non-hematopoietic cells — including epithelial cells lining the gut, skin, and
airway (reviewed in [36]). The innate immune system was historically referred to as “non-
specific” immunity, in part because it responds to structural components common to groups of
different pathogens rather than to pathogen-specific structures. It acts rapidly to protect hosts
from infection. Innate immune cells do not demonstrate “immunological memory”; that is, innate
responses to invading pathogens are identical following each exposure to those pathogens. The
innate immune system contrasts with the adaptive immune system, which mounts a specific
protective response to pathogens encountered in the past. The adaptive immune system can be
further categorized into humoral immunity — directed by B-lymphocytes which secrete
antibodies against pathogens — and cellular immunity — directed by T-lymphocytes.

Immune responses to rotavirus infection and vaccination remain poorly understood. The
innate immune response to rotavirus infection and vaccination likely involves upregulation of
natural killer cells and increased expression of toll-like receptors (TLR’s) by innate immune cells
(reviewed in [35]). However, most data regarding the innate immune response to rotavirus are
derived from animal studies, and data from human studies are lacking. Adaptive immune
responses to infection and vaccination in humans have been more thoroughly studied,
particularly humoral immune responses. Neutralizing 1gG and IgA antibodies to the VP4 and
VP7 rotavirus capsid proteins are associated with protection against rotavirus gastroenteritis.
Accordingly, serum rotavirus-specific IgA is most often measured and used as a correlate of
protection against future infections [37, 38]. Less information exists regarding the role of the

cellular portion of the adaptive immune system in humans, though there is evidence that



rotavirus-specific T-helper cells circulate during the convalescent stage of infection (reviewed in
[35]).
I1.b. Rotavirus Vaccination

Three attenuated oral vaccines are available for the prevention of rotavirus gastroenteritis
[8, 39]. The first vaccine Rotarix® (GlaxoSmithKline Biologicals) is a live, attenuated human
monovalent vaccine against the G1P[8] strain of rotavirus, the most common human strain [12,
40]. Licensed in 2006, the monovalent vaccine is typically given in two doses, at 2 and 4 months
of age, and it confers protection against most human strains of rotavirus [40], (reviewed in [35]).
The other globally available vaccine, Rotateq® (Merck), is a pentavalent vaccine derived from a
bovine rotavirus strain, WC3, and containing five human-bovine reassortant viruses [40]. The
bovine WC3 strain of rotavirus is, by nature, weakly virulent in humans but the five reassortant
viruses in the pentavalent vaccine contain genes encoding for outer capsid proteins found in the
most common human rotavirus serotypes. Therefore, the pentavalent vaccine confers protection
against most disease-causing rotavirus strains. Three doses of the pentavalent vaccine, given by
6-15 weeks of age and administered at least a month apart, are given to produce immunity. A
third vaccine, Rotavac® (Bharat Biotech), designed in India and distributed there since 2014,
recently received prequalification status from the World Health Organization (WHO) for use in
national vaccination programs globally [41, 42]. A vaccine against the naturally occurring
reassortant human-bovine 116E strain of rotavirus, Rotavac® is administered at 6, 10 and 14
weeks [41]. The WHO recommends that all infants receive one of the three vaccines to reduce

rotavirus-associated diarrhea mortality [43].



Il.c. Reduced Vaccine Effectiveness in Low and Middle-Income Countries

Numerous studies have demonstrated the rotavirus vaccine’s reduced effectiveness in
LMIC’s [9, 14-16, 37, 44]. While the two oral vaccines show over 90% effectiveness against
severe infections in high income countries, their effectiveness against severe infections in
LMIC’s is around 56% (reviewed in [44]). Phase Il clinical trials have demonstrated vaccine
efficacy of 81% in Latin America, 50% in Sub-Saharan Africa, and as low as 42.7% in high
mortality regions of Asia. This is of particular concern given the fact that LMIC’s bear the brunt
of the rotavirus-associated mortality burden [1].

Several hypotheses have been proposed to account for the vaccines’ decreased efficacy in
LMIC’s (reviewed in [18, 44]). Some suggest that LMIC’s host a greater variety of rotavirus
strain serotypes, many of which may not be cross-covered by the approved monovalent and
pentavalent vaccines [18, 45]. Others posit that infants in LMIC’s consume a relatively higher
volume of neutralizing antibodies in breast-milk during vaccine administration (reviewed in [17,
18]). Further, some cite a higher degree of comorbidities, such as HIV/AIDS and environmental
enteropathy (sub-clinical intestinal inflammation with disruption of the intestinal mucosal barrier
and altered intestinal absorption) in low income countries leading to reduction of the vaccines’
efficacy (reviewed in [17, 18, 46]). Additionally, it has been proposed that poor nutritional status
among infants in LMIC’s may play a role in the vaccine’s reduced efficacy (reviewed in [17,

18]).

I11. Nutrition and Trace Elements
Broadly speaking, malnutrition is divided into two categories: protein-energy

malnutrition and micronutrient malnutrition (reviewed in [47, 48]). Protein-energy malnutrition



is defined as inadequate intake of calories or protein to meet the body’s needs and it is typically
detected in children using anthropometric measurements including weight and height (reviewed
in [49]). Micronutrient malnutrition is characterized by deficiencies or excesses of minerals and
vitamins that are essential to growth and normal functioning of body systems (reviewed in [47,
50]). It is ideally detected on the basis of biochemical measurements (reviewed in [47]).
Micronutrient malnutrition leads to suppression of both the innate and adaptive immune
responses (reviewed in [51] and in section Il.a. above).

There is ongoing study into the role that micronutrition plays in determining immune
responses not only to the rotavirus vaccine, but also to other licensed vaccines [52]. A 2009
Journal of Nutrition review, by Savy and associates, of the interactions between nutrition and
responses to various vaccines concluded that “malnutrition has surprisingly little or no effect on
vaccine responses” [52]. The authors evaluated a pool of over a hundred and thirty studies
dealing with a range of live, inactivated, recombinant, conjugate, and polysaccharide vaccines
and found limited evidence of relationships between selected micronutrients or protein-energy
malnutrition and vaccine immunogenicity. Nevertheless, the studies included in the review only
focused on protein-energy malnutrition, vitamin A, vitamin D, iron, and zinc because the authors
found virtually no studies that dealt with other vitamins or trace elements. Further, no studies
included in the review dealt with rotavirus vaccination.

Still, several studies not discussed in the review have evaluated the role of nutrition in
rotavirus vaccine response. Studies exploring the role of macronutritional status (typically using
weight-for-height or similar anthropometric measurements to assess for the presence of
malnutrition) have found little evidence of reduced rotavirus vaccine effectiveness in the setting

of malnourishment [53-55]. Indeed, one study of Bangladeshi infants found an increased risk of



developing rotavirus diarrhea associated with being well-nourished [56]. Multiple studies of the
role micronutrients play in rotavirus vaccine response have focused on vitamins A and D.
Vitamin A-deficient piglets were seen to have impaired innate and adaptive immune responses to
rotavirus vaccines [57-59]. One study found an association between vitamin D deficiency and
rotavirus diarrhea [60]. Fewer studies have evaluated the role of elemental micronutrients in
influencing rotavirus vaccine response. Those that have done so have largely focused on zinc,
with limited evidence of an association between zinc supplementation and rotavirus vaccine
response [61]. There is an unmet need to understand how micronutrients — in particular,
elemental micronutrients such as copper, zinc, calcium, magnesium, and iron — relate to rotavirus
vaccine response and if this relationship can account for the reduced effectiveness of the vaccine
in low-income settings.
IV.a. Copper

Although copper has a well-known role in several biological processes, including
metabolism, thyroid function, anti-oxidation, and the maintenance of skin, blood vessels, and
connective tissue, copper’s role in the immune system is still being explored (reviewed in [62])
[63, 64]. Acquired copper deficiency has been implicated in increased incidence of infections
and there is some evidence of cellular adaptive immune dysfunction, including decreased T-cell
proliferation, in the setting of copper deficiency [65, 66] (reviewed in [51]). Furthermore, animal
studies have demonstrated a link between copper deficiency and dysfunctional humoral adaptive
immunity [67, 68]. Due to its pro-oxidative properties, copper is thought also to be recruited by
the innate immune system as an antimicrobial agent in times of infection; cells of the innate
immune system may capitalize on copper’s toxic oxidative properties to kill pathogens [69]. For

example, macrophages may leverage their high copper content to disrupt microbial enzymes or

10



create an environment high in reactive oxidative species (ROS), which are deadly to the microbe.
Indeed, serum copper levels are seen to rise almost universally in the setting of acute or chronic
infection, irrespective of the type of infection (fungal, bacterial, or viral) (reviewed in [69, 70]).
Much of rise in copper in these settings is attributed to increases in ceruloplasmin, the major
copper-carrying enzyme in blood and an acute phase reactant. Ceruloplasmin’s transcription in
the liver is upregulated in times of stress and it may play a role host defenses [71, 72]

While copper deficiency may be detrimental to the immune system, dietary copper
overload may also increase susceptibility to infection (reviewed in [51, 69]). A small study of
men fed long-term, high copper diets revealed associations between high copper intake and
decreased percentage of circulating neutrophils, and between high copper intake and decreased
serum interleukin 2R (IL-2R), a cytokine which upregulates lymphocyte proliferation [73].
Additionally, invasive microbes require copper for their own survival; these microbes often
integrate the human host’s copper into their own cellular mechanics (reviewed in [69]).
Accordingly, the human host is believed to have developed mechanisms for copper limitation
and sequestration during infection. Taken as a whole, the current body of research suggests that
well-regulated copper balance is integral to immune function.

Nevertheless, there is limited evidence of a relationship between serum copper levels and
vaccine response. Children chronically exposed to heavy metals, including copper, were seen to
have lower antibody titers following vaccinations compared with unexposed children [74].
Similarly, a small study of the effect of high-copper diet on influenza vaccination found a lower
fold-increase in circulating antibodies against influenza among men fed high-copper diets
compared to control subjects [73]. However, studies have also linked higher copper levels to

improved vaccine response. A prospective cohort study by Kaynar et al examined the
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associations between plasma mineral levels and influenza vaccine immunogenicity and found a
significant relationship between higher plasma copper and seroconversion following HIN1
vaccination [75]. A bovine study showed that dairy calves who received copper-containing
injectable trace mineral supplements had a higher antibody titer following bovine herpes vaccine
challenge compared unsupplemented calves [76]. Still other studies reveal no link between
copper and vaccine response. For example, a human study of American cutaneous leishmaniasis
(ACL) found no relationship between elevated or low copper levels and ACL vaccine response,
as measured by Montenegro skin test diameter [77]. No studies have characterized the
relationship between serum copper and rotavirus vaccine response.
IV.b. The Copper/Zinc Ratio

Researchers have speculated that the ratio of serum copper to zinc may also be a useful
marker of mortality risk, inflammatory burden, immune system dysregulation, and nutritional
status [78-84]. Elevated copper/zinc ratios have been associated with a range of diseases,
including asthma [80], multiple sclerosis [83], and colorectal cancer [84]. The copper/zinc ratio
has also been described as a valuable marker of response to treatment in patients with pulmonary
tuberculosis [85] as well as a predictor of survival in HIV-positive men [81], with higher copper-
zinc ratios associated with worse outcomes. Moreover, the copper/zinc ratio has been correlated
with nutritional parameters (decreased BMI, creatinine, and albumin), inflammatory biomarkers,
and markers of oxidative stress in individuals undergoing peritoneal dialysis [79]. It has been
proposed that a high copper/zinc ratio may decrease proliferation of B-cells and CD3 and CD4
T-cells.

Zinc is one of the most studied of the micronutrients thought to impact the immune

system [51]. Briefly, zinc deficiency has been associated with abnormal CD4/CD8 T-cell ratios,

12



decreased natural Killer cell activity, and imbalance between cell-mediated and humoral immune
mechanisms. Zinc deficiency has also been tied to immune system irregularities that contribute
to increased vulnerability to infections, particularly among malnourished children. Zinc is an
important cofactor for the secretion of thymulin, a immunoregulatory molecule involved in
cellular immunity [86]. Zinc-deficient children who receive zinc supplementation have reduced
incidence and duration of diarrhea and pneumonia [87]. Still, there are scarce data to indicate
that zinc supplementation improves rotavirus vaccine immunogenicity. Indeed, a recent study
found no effect of zinc supplementation on rotavirus vaccine immunogenicity in a low-income,
urban community in India [61]. Plasma zinc is an appropriate measurement for estimation of zinc
status on a population level [88].
IV.c. Magnesium, Calcium, and Iron

Magnesium is essential to virtually all major cellular functions and plays a central role in
bone and muscle health [89]. Serum magnesium concentrations tend to be tightly regulated in
humans in the absence of significant co-morbidities [89, 90]. Magnesium levels are maintained
in homeostasis by intestinal and renal mechanisms; absorption and secretion can be up- or down-
regulated depending on blood levels and bodily stores [89]. The majority of magnesium is stored
in bone tissue and deficiency is rare. Magnesium deficiency is most commonly due to renal and
gastrointestinal losses [91]. Furthermore, magnesium deficiency is rarely symptomatic in the
absence of other biochemical or electrolyte abnormalities, making it difficult to ascribe
symptoms solely to magnesium deficiency. Magnesium’s role in the human immune system
remains under study, though it has been implicated in inflammatory aging processes, cellular
apoptosis, exercise-induced immunosuppression, and asthma pathophysiology (reviewed in

[92]). In animal studies, magnesium deficiency has been associated with upregulation of
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inflammatory mechanisms, including upregulation of certain cytokines, activation of
macrophages and neutrophils, and local intestinal immune responses in mice [92, 93]. In in vitro
studies, magnesium deficiency has been associated with deficient T-cell responses, without
concurrent B-cell impairment [94]. Although serum magnesium concentration does not
necessarily provide a complete picture of magnesium status on the individual level, it may be an
appropriate measurement for assessments of magnesium status at the population level [95].

Like magnesium, calcium is necessary for virtually all cellular functions and calcium
levels are tightly regulated in healthy humans [90, 96]. Taken alone, serum calcium is not
thought to be a reliable, specific indicator of nutritional or immune status, though serum calcium
levels may be elevated or decreased in many different settings, including malnutrition [90].
Beyond its ubiquitous role in cellular mechanisms, calcium is thought to be an important
signaling molecule between cells of the immune system [97]. Moreover, body calcium is
regulated by Vitamin D, which itself is an important immune system modulator [98].

Iron deficiency and abnormalities in iron metabolism can have profound effects on the
immune system [99, 100]. However, considered in isolation, measurements of serum iron
concentration do not adequately represent body iron stores or the presence of iron deficiency
[101]. Further, serum iron concentration is dynamic and of limited clinical value [102, 103].
Nonetheless, it may be useful to consider serum iron concentrations when evaluating the
relationship between elemental micronutrients and immunological or inflammatory phenomena;
serum iron decreases in the setting of chronic disease and acute infection, due, in part, to the
body’s efforts to sequester iron from invasive organisms [104, 105]. The effect of iron deficiency
on the immune system has been well-studied and is worth briefly reviewing. Iron is essential for

hematopoiesis and it follows that successful generation and functioning of immune cells
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depends on iron [50]. Among other things, iron deficiency has implicated in decreased T-cell
proliferation, defective IL-2 production, impaired neutrophil function, and defective natural
killer cell functioning (reviewed in [106]).

IV.d. Inflammation and Elemental Micronutrient Concentrations

Serum elemental concentrations may be affected by many factors. Among these factors is
the presence or absence of inflammation. For instance, a positive association between serum
copper concentrations and levels of circulating inflammatory markers has been documented in
the literature [107]. Similarly, serum magnesium is negatively associated with circulating
inflammatory markers [108]. A reduction in serum iron accompanying infection has also been
observed [109]. Accordingly, it is important to characterize the relationship between elemental
micronutrients and inflammation in order to better understand the role such micronutrients play
in affecting vaccine response. For example, the presence of inflammation could conceivably
impact the immune response to rotavirus vaccine while at the same time causing an increase in
serum copper; if the presence of inflammation is not accounted for, then one may mistakenly
attribute the altered immune response to increased serum copper. In such a situation, it is useful
to have a way to account for inflammation.

C-reactive protein (CRP) and az-Acid Glycoprotein (AGP) are acute phase reactants
which are elevated during inflammatory processes [110]. In addition to being relatively easy and
inexpensive to measure, CRP and AGP have several other characteristics that make them ideal
for use in population-level studies of inflammation (reviewed in [111]). Both markers allow
researchers and clinicians to make objective observations about the presence of inflammation (as
opposed to, say, estimating inflammation based on clinical exam). Moreover, both markers can

be elevated in the setting of “sub-clinical” inflammation (i.e. in individuals with no outward
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physical manifestations of inflammation) or after medical interventions to treat symptoms of
inflammation have taken place (i.e. medications to combat fever). Measurements of CRP and
AGP can be used to detect the presence of inflammation, to estimate the degree of inflammation,
and to correct measurements of serum micronutrient concentrations accordingly [112, 113].

Briefly, researchers have proposed several ways to correct serum biomarker
concentrations for inflammation based on AGP and/or CRP [114]. In particular, many efforts
have been directed at describing methods to correct serum ferritin (a biomarker representing
body iron stores, which also happens to be an acute phase reactant that rises in the setting of
inflammation). Methods to correct ferritin for inflammation may be reasonably extrapolated for
use with other biomarkers that are similarly affected by inflammation. Such methods include: 1)
changing the cutoffs for a particular biomarker if inflammation is deemed to be present; 2)
excluding from analyses those individuals whose CRP or AGP exceeds a certain threshold; 3)
multiplying biomarker concentrations by a correction factor based on the presence of
inflammation; and 4) using linear regression to determine the degree to which a biomarker
changes with AGP and/or CRP and adjusting accordingly. Of these methods, the linear
regression method may provide the most accurate and precise population-level measurements,
because it includes all individuals (not just “uninflamed” individuals) and it best reflects the
variability of a given biomarker based on the degree of inflammation [114].

Micronutrients, inflammation, and immunity are closely interrelated. Conceivably then,
micronutrient status may affect infants” immune responses to rotavirus vaccine. Furthermore,
differences in infants’ micronutrient statuses between high income countries and LMIC’s may
explain the disparity in rotavirus effectiveness between high income countries and LMIC’s. One

such LMIC, Bolivia, began widespread rotavirus vaccination in 2008 [8]. Rotavirus vaccination
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programs in Bolivia have been met with success, although the rate of protection conferred by

vaccination remains lower in Bolivia than in high income countries [115].

1VV. Context

IV.a. Bolivia

A landlocked country situated in the Western part of South America, Bolivia is one of the
poorest Latin American countries [116]. It is home to approximately 1.24 million children under
five years old with an all cause, under-5 morality rate of 66 deaths per 1000 live births [8], the
highest under-5 mortality rate in Spanish speaking South America [117]. Chronic malnutrition
and underweight in children under five years old are relatively common in Bolivia. At 18%, the
rate of moderate to severe stunting is the second highest in South America, behind Ecuador, and
the percentage of children who are underweight is among the highest in the region.
IV.b. Rotavirus Vaccination in Bolivia

Before the introduction of the rotavirus vaccine to Bolivia in 2008, diarrhea was
projected to cause over 51,000 hospitalizations and 546 deaths annually in children under five
years old [8]. The leading infectious cause of deadly diarrhea was rotavirus. In 2008, the country
began vaccination with the monovalent oral rotavirus vaccine [115]. By 2011, officially reported
rotavirus vaccine coverage was 80% and by 2016, officially reported coverage rates were as high
as 87% [118]. The monovalent rotavirus vaccine has been estimated to confer 54%-84%
protection to Bolivian children receiving two doses, a higher effectiveness than most low-income
countries though still lower than that of high-income countries [115].
IV.c. El Alto

El Alto is the second most populous city in Bolivia [119]. Bordering La Paz, El Alto

began as an “overflow” area that grew more populous as real estate in La Paz became limited.
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The city is home to a large number of migrants from other parts of Bolivia and much of El Alto’s
growth has come in the shape of informal settlement. Poverty is widespread in most of El Alto’s
districts, with a growing gap between rich and poor residents. Children in El Alto are not
immune to this poverty and face resultant rates of chronic malnutrition as high as 18% [120,
121].
IV.d. Nutrition, Immunology, Diarrhea in Infants Study

The Nutrition, Immunology, Diarrhea in Infants (NIDI) study sought to explore the
factors associated with lower vaccine immune response in El Alto relative to that in high income
settings. Among the factors hypothesized by the NIDI study team to relate to vaccine response
were host genetics, infant antibodies, inflammation, presence of co-infections or environmental
enteropathy, and nutritional status. To characterize the relationship between nutritional status and
host response to rotavirus vaccine, the NIDI study team collected anthropometric data and

measurements of various micronutrients in vaccinated infants’ serum.

V. Conclusion

There is a need to understand how micronutrition plays a role in the rotavirus vaccine’s
reduced effectiveness in low income settings. The goal of the proposed study is to understand the
importance of elemental micronutrients in influencing rotavirus vaccine immune response among
a cohort of rotavirus-immunized infants living in EI Alto Bolivia. The proposed study has three
specific aims:
1) to evaluate the relationship between circulating inflammatory markers and serum trace

element levels, and adjust trace element measurements for inflammation if necessary;
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2) to describe serum concentrations of key trace elements — unadjusted and, if necessary,
adjusted — in a cohort of rotavirus immunized infants in El Alto;
3) to evaluate the relationship between serum trace element concentrations and rotavirus vaccine

immunogenicity.

V1. Significance

LMIC’s experience the highest mortality from rotavirus diarrhea yet the effectiveness of
the rotavirus vaccine is lowest in these settings. The reasons for the vaccine’s reduced
effectiveness in LMIC’s are not fully understood but poorer micronutrient status among infants
in LMIC’s may play a role. In particular, elemental micronutrients such as calcium, copper, iron,
magnesium, and zinc, may be associated with rotavirus vaccine response. The overarching goal
of this research is to better characterize the relationship between elemental micronutrient status
and rotavirus vaccine immune response among a cohort of rotavirus-immunized infants in El
Alto, Bolivia. In so doing, this research could inform public health initiatives that aim to improve
rotavirus vaccines’ effectiveness in Bolivia and other LMIC’s. For instance, if poor
micronutrient status or specific elemental micronutrient deficiencies are associated with inferior
vaccine response, public health stakeholders may focus efforts on designing programs to
optimize infant nutrition. Likewise, if vaccines are seen to perform sub-optimally in areas with
high prevalence of micronutrient deficiencies, rotavirus vaccination initiatives may be tailored to
meet the specific needs of such situations (i.e. there may be a greater need for vaccine-boosters
in areas with highly prevalent zinc deficiency). Similarly, any associations (or lack thereof)
between elemental micronutrients and vaccine response may inform the directions of future

research projects that evaluate rotavirus vaccination’s reduced effectiveness in LMIC’s. If no
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compelling relationships between serum trace elements and rotavirus vaccine response are found,
future research projects may explore other potential causes of the rotavirus vaccines’ reduced
effectiveness in LMIC’s (i.e. environmental enteropathy, waning immunity needing additional
booster doses of the vaccine).

Furthermore, achieving the specific aims of this research may yield secondary benefits.
By describing the relationship between serum elemental concentrations and inflammation (Aim
1), this research may lead to improved interpretation of serum elemental concentrations in other
clinical or biomedical settings. For example, serum copper measurements are helpful in
uncovering diseases of disordered copper metabolism (i.e. Menke’s disease) or severely copper
deficient diets, yet such measurements are known to be influenced by the presence of
inflammation and are, therefore, difficult to interpret [122, 123]; further exploration into the
relationship between serum copper and circulating inflammatory markers may improve clinical
interpretation of serum copper measurements. Likewise, description of the serum concentrations
of trace elements in this population of Bolivian infants (Aim 2) could lead to a more thorough
understanding of normal values based on clinical setting, age, sex, and other factors, as normal

ranges for many trace elements remain poorly defined [124-126].
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Analysis
VII. Methods
VIl.a. The NIDI Study Population and Design

Secondary analysis was completed on data from the Nutrition, Immunology, and
Diarrhea in Infants (NIDI) study. Briefly, the NIDI study was a comprehensive assessment of the
factors associated with rotavirus vaccine immunogenicity, from nutrition, to inflammation, to
human host genetics, to environmental enteropathy, to co-morbid infections, to maternal and
socioeconomic conditions [127, 128]. The study took place in El Alto, Bolivia, the country’s
second largest city, home to a predominantly urban, indigenous population with relatively high
rates of poverty [119-121]. Between May 2013 and March 2014, NIDI investigators enrolled 461
2-4-week-old infants and their mothers, whom they would follow for 12-18 months. Infants were
scheduled to receive a dose of the Rotarix® oral monovalent rotavirus vaccine at 2 and 4 months
of age. Informed, written consent of the mothers was required before study enroliment. Infants
with documented or suspected immune deficiencies, acute illnesses during the period of study
enrollment, congenital malformations, and those born to mothers unable to speak and understand
Spanish or Aymara were excluded from the study. Investigators received permission to conduct
the NIDI study from the Emory University IRB (IRB00056127) and the Research Ethics
Committee of Bolivia.

Mother-infant pairs were surveyed at up to ten follow-up visits: as many as eight times at
well-child clinical visits and one or two times following vaccine administration. Investigators
collected blood from infants on up to three occasions: once (pre-vaccination) at approximately 2
months of age, again (post-vaccination) at approximately 6 months of age, and, optionally, at 12-

18 months of age. Biochemical assays were conducted to determine, among other things, the
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serum concentrations of inflammatory markers AGP and CRP, serum element concentrations,
and serum rotavirus-specific IgA titers. Serum AGP and CRP were detected using sandwich
enzyme-linked immunosorbent assay (ELISA) as described in Burke, et al. 2017 [127]. Serum
element concentrations were detected using inductively-coupled plasma optical emission
spectrometry by Children’s Hospital Oakland Research Institute (CHORI) Elemental Analysis
Facility, as described by Cvijanovich, et al., 2009 [129]. Serum rotavirus-specific IgA titers were
detected using ELISA by the Gastroenteritis & Respiratory Viruses Laboratory, Division of Viral
Diseases, CDC, as described in Moon et al., 2010 [130].
VII.b. Statistical Methods

Statistical analysis of the NIDI dataset was performed using SAS® Statistical Analysis
Software Version 9.4 (Cary, NC). Normality of serum elements and inflammatory biomarkers
(AGP and CRP) was assessed using Kolmogorov-Smirnov testing. Because neither the values for
serum element concentrations nor the values for inflammatory biomarkers were normally
distributed, the correlations between serum elements and inflammatory biomarkers were
calculated using Spearman’s rank order correlation for non-parametric data. To assess for
significant differences in serum element concentrations across the three blood draws, the
Kruskal-Wallis for non-parametric data was used. The Wilxocon Two-Sample t-Test was used to
evaluate for significant differences in serum element concentrations between males and females
and between preterm and term infants. Logistic regression analyses were used to investigate the
relationships between natural-log transformed serum biomarkers and seroconversion (defined as
a four-fold or higher increase in serum rotavirus-specific IgA titers between the first and second
blood draws, with a positive rotavirus-specific IgA titer being defined as greater than or equal to

40), controlling for breastfeeding and prematurity. Both linear regression analyses and
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Spearman’s testing were used to investigate the relationships between serum elements and the
fold-change in rotavirus-specific IgA between the first and second blood draws.
VIl.c. Linear Regression to Correct Copper for AGP and CRP

Serum copper has a well-known, direct relationship with inflammation [69, 70, 107, 131].
Indeed, this relationship was borne out by our analyses. The decision was made, a priori, to
correct element concentrations for a particular inflammatory marker (AGP, CRP, or both) with
which they had at least moderate correlations (|p|> 0.4) that were present across multiple blood
draws. Based on this decision, serum copper was corrected for AGP and CRP (table 2) using the
linear regression method [127]. In brief, to determine how serum copper (natural-log
transformed, to better meet the assumptions of linear regression) varied with AGP and CRP

(both also natural-transformed), the following linear regression was used:

In(Cu) = Bo + B1(In(AGP)) + B2(In(CRP))

In the above equation, the beta-coefficients 1 and P2 represent the degree to which In(Cu)
changed based on unit increases in IN(AGP) or In(CRP), respectively. We then determined the
differences between an individual’s observed In(AGP) or In(CRP) from a reference In(AGP) or
In(CRP) (in this case, the 10" percentiles for AGP and CRP in the study population). The
differences between observed and reference values for In(AGP) and In(CRP) were multiplied by
their respective beta-coefficients from the initial linear regression. These products were
ultimately subtracted from an individual’s observed In(Cu) to calculate his or her corrected

In(Cu):
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In(CuCorr) = In(CUobs) - Bl(ln(AGPobs) — In(AGP]_Oth%)) — BZ(In(CRPobs) — In(CRPloth%))

AGP or CRP were only accounted for in copper corrections when their respective values were
above the 10" percentile for the study population (i.e. if an infant had a serum AGP below the
10" percentile for the study population, but a CRP above the 10" percentile, only CRP was

considered).
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VIII. Results

Before beginning analyses, it was important to describe the study population (Table 1).
Initially, 461 infants were enrolled in the study. However, data regarding serum element
concentrations were only available for 346 infants at the first blood draw, 324 at the second
blood draw, and 175 at the third, optional blood draw. Reasons for drop out between study
enrollment and completion included refusal of blood draw, off-schedule vaccination, and loss to
follow-up. Additionally, many blood draws did not yield sufficient blood volume for analyses.
Infants’ ages at the first blood draw ranged from 1-5 months old, with an average age of 2.11
months. At the second blood draw, infants’ ages ranged from 6-10 months old with an average
age of 6.73 months, and at the third blood draw, ages ranged from 11-17 months old, with an
average age of 12.08 months. Among those infants for whom serum elemental data were
available, the majority were male, most were born following full-term pregnancies, and the
minority were exclusively breastfed for at least 6 months. The majority of mothers were younger
than 26 years. Most mothers had received at least some secondary education. Although some
participants did not return for the second blood draw or the third, optional blood draw, the
demographic makeup of the study population remained relatively stable across blood draws.

To characterize the relationships between inflammatory markers and serum element
concentrations, the investigators calculated the Spearman correlation coefficients between each
element concentration and AGP and CRP (Table 2). The following cut-offs were used to define
the strength of the Spearman correlations: weak correlations were defined as those with absolute
values greater than 0 and less than 0.4; moderate correlations were defined as those with absolute
values between 0.4 and 0.8; strong correlations were defined as those with absolute values

greater than 0.8 [132].
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When values across all three blood draws were included in calculations, serum calcium
concentrations were significantly weakly negatively correlated with AGP and CRP. Serum
calcium concentrations were also significantly weakly negatively correlated with CRP during the
second blood draw. Serum copper concentrations were significantly moderately positively
correlated with AGP and CRP when values from all three blood draws were included in
calculations. There was a significant moderate positive correlation between serum copper
concentration and AGP at the first, second, and third blood draws. There was also a significant
moderate positive correlation between serum copper concentration and CRP at the first, second
and third blood draws. Serum iron concentrations were significantly weakly negatively
correlated with AGP and CRP when values from all three blood draws were included in
calculations. Serum iron concentration was also significantly weakly negatively correlated with
AGP at the second blood draw and the third blood draw, and with CRP at the second blood draw.
Serum magnesium concentrations were significantly weakly negatively correlated with AGP
when values from all three blood draws were included in calculations, at the first blood draw,
and at the second blood draw. Serum magnesium concentrations were not significantly correlated
with CRP. Serum zinc concentration was significantly weakly negatively correlated with CRP
using data from all three blood draws, and with both CRP and AGP at the second blood draw.
The copper/zinc ratio was significantly moderately positively correlated with AGP using values
from all three blood draws, weakly positively correlated at the first blood draw, and moderately
positively correlated at the second and third blood draws. The copper/zinc ratio was significantly
moderately positively correlated with CRP using values from all three blood draws, at the first

blood, at the second blood draw, and at the third blood draw.
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To summarize, concentrations of calcium, iron, magnesium, and zinc in the serum were
significantly negatively correlated with either AGP, CRP, or both at some time point during the
study, but these correlations were weak and inconsistent across all three blood draws.
Conversely, serum copper concentrations and the serum copper/zinc ratio were consistently
significantly positively correlated with both AGP and CRP at every blood draw (for graphical
representations of the relationships between serum element concentrations and inflammatory
biomarkers, see Appendix Figure 1). Given that consistent, moderately strong correlations
existed between copper and AGP and CRP, the decision was made to correct copper
concentrations for AGP and CRP.

To describe the serum concentrations of each element in the study population, the
investigators calculated the median and interquartile range (IQR) of each element concentration
at each blood draw. Median values and IQR’s were calculated for all infants as a whole, for term
and preterm infants, and for male and female infants (Table 3). Median values and IQR’s were
calculated because the distributions of the serum element concentrations at each blood draw were
non-normal by Kolmogorov-Smirnov testing. For every element, serum concentrations were
significantly different across all three blood draws by Kruskal-Wallis test with an a=0.05; serum
copper tended to increase over time while serum iron and magnesium tended to decrease. Serum
elemental concentrations did not significantly differ between term and preterm infants for any
element at any blood draw. Serum copper concentrations calculated by correcting for AGP and
CRP were significantly higher in males compared with females at the second and third blood
draws, using the Wilcoxon Two Sample t-Test and an 0=0.05. Serum iron concentrations were
significantly higher in females at the third blood draw, using the Wilcoxon Two Sample t-Test

and an a=0.05. In conclusion, serum element concentrations differed across blood draws for each
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element, but not between term and preterm infants. Furthermore, corrected serum copper and
serum iron inconsistently differed between male and female infants, depending on the time-point
of blood collection.

Serum concentrations for each element were compared with conventional ranges found in
the literature (Table 4). Given that such reference ranges are often ill-defined in infants, attempts
were made to use the most precise ranges available for each serum element concentration based
on age, sex, or both [133-137]. The reference range used for calcium was 9-11 mg/dL for all
infants [134]. The reference ranges used for serum copper were 40-140 pg/dL for infants
younger than 2 months, 40-160 pg/dL for infants 3-6 months old, 40-170 pg/dL for infants 7-9
months old, 80-170 pg/dL for infants 10-12 months old, and 80-180 pg/dL for children older
than a year [135]. The reference ranges used for iron were 72-203 pg/dL for male infants 90 days
or younger, 75-235 pg/dL for female infants 90 days or younger, 23-142 pg/dL for male infants
91 days to 12 months old, 60-192 ug/dL for female infants 91 days to 12 months old, 25-126
pg/dL for male children 13 months or older, and 55-162 pg/dL for female children 13 months or
older [136]. The reference range used for serum magnesium was 1.6-2.4 mg/dL The reference
range used for serum zinc concentration was 64-124 pg/dL [137]. Values for serum calcium,
copper, and iron fell within the reference ranges over 70% of the time, while serum magnesium
concentrations were frequently above range and serum zinc concentrations were frequently
below range. When corrected for AGP and CRP, serum copper concentrations were more likely
to be within the reference range.

To characterize the relationships between serum element concentrations, copper/zinc
ratios, and inflammatory biomarkers with seroconversion, the investigators performed logistic

regression analyses (Table 5, Table 6). Continuous independent variables were natural-log

28



transformed for fit. Seroconversion was defined as a four-fold or higher increase in serum
rotavirus-specific IgA titers between the first and second blood draws (IgA titers of O were
assigned a value of 1 for the purposes of this calculation). Elemental values from the second
blood draw were used in calculations (for information on logistic regression analyses using data
from other blood draws, see Appendix Table 1). No serum element concentration, copper/zinc
ratio, or inflammatory marker was a significant predictor of seroconversion (Table 5).
Controlling for prematurity and exclusive breastfeeding at least than 6 months (Table 6),
uncorrected serum copper concentration was inversely associated with the odds of
seroconversion (OR=0.329, 95% CI [0.116, 0.936]), while serum iron concentration was directly
associated with the odds of seroconversion (OR=1.634, 95% CI [1.034, 2.580]).

To further characterize the relationships between serum element concentrations,
copper/zinc ratios, and inflammatory biomarkers with the immune response to rotavirus vaccine,
linear regression analyses were performed (Table 7). To quantify the strength of the immune
response, the fold change in serum rotavirus-specific IgA GMT between the first and second
blood draws was calculated. The predictor variables and the outcome variable were natural-log
transformed for fit. Fold change in IgA GMT was negatively associated with uncorrected serum
copper, the uncorrected copper/zinc ratio, AGP, and CRP. Fold change in IgA GMT was
positively associated with serum iron. Spearman correlation coefficients between elements and
fold change in IgA GMT were also calculated, given the non-normal distribution of variables
(Table 8). Fold change in IgA GMT was significantly negatively associated with uncorrected
serum copper, the uncorrected copper/zinc ratio, and serum CRP. Fold change in IgA GMT was
also significantly positively correlated with serum iron. In summary, higher concentrations of

uncorrected serum copper, a high uncorrected copper/zinc ratio, and elevated levels of
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inflammatory markers were significantly associated with a smaller change between pre- and
post-vaccination rotavirus-specific IgA GMT. Conversely, higher serum iron concentrations

were associated with a larger change between pre- and post-vaccination rotavirus-specific IgA

GMT (for more information about the relationships between serum biomarkers and the change in

IgA GMT, see Appendix Table 2).

Logistic regression analyses were performed to characterize the relationships between
serum biomarkers and various morbidities among the population, including fever, diarrhea, and
cough (Table 9). Data from the second blood draw were used. Uncorrected copper, uncorrected
copper/zinc ratio, and AGP were associated with higher odds of having had a recent history of
fever, diarrhea, and cough/respiratory problem. Serum CRP was associated with higher odds of
having a recent history of diarrhea and cough/respiratory problem. Corrected copper and
corrected copper/zinc ratio were only associated with higher odds of recent cough/respiratory
problem. Serum iron was associated with lower odds of recent diarrhea. To summarize, serum

copper, the copper/zinc ratio, and serum inflammatory markers tended to be elevated in the

setting of recent illness while uncorrected serum iron was lower in the setting of recent illness (in

particular, diarrhea).
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IX. Discussion

Despite facing the highest mortality rates from rotavirus diarrhea, children in low- and
middle-income countries such as Bolivia receive less protection from the oral rotavirus vaccine
than children in high-income countries [14-16]. Children’s nutritional status in low- and middle-
income settings may play a role. The goal of this project was to characterize the relationships
between serum elemental micronutrient concentrations and the immune response to rotavirus
vaccine among a population of rotavirus-vaccinated infants in EI Alto, Bolivia. To do so, the
investigators aimed to assess the associations between serum elements and circulating
inflammatory biomarkers, to describe the range of serum element concentrations in the study
population (correcting for inflammatory markers if necessary), and to evaluate the relationship
between serum element concentrations and measures of vaccine immune response. Analyses
revealed a moderate positive correlation between serum copper concentrations and the
circulating inflammatory markers AGP and CRP, a relationship that was consistent across
multiple blood draws. Also, of note were the findings that serum concentrations of every element
varied across the three blood draws and that the serum element concentrations in this population
frequently fell outside of reference ranges found in the literature. Finally, while no serum
element concentrations from the first and second blood draws predicted seroconversion
following rotavirus vaccine, serum copper, the copper/zinc ratio, AGP, and CRP predicted a
smaller change between pre- and post-vaccination rotavirus-specific IgA GMT, while serum iron
predicted a larger change.

The finding that serum copper concentrations rose with elevations in AGP and CRP
(Table 2) is consistent with the literature, where the elevations in serum copper that accompany

inflammation, infection, and stress responses have been well-described [69, 70, 107, 131]. One
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explanation for this may be that the copper-carrying oxidase enzyme ceruloplasmin is an acute
phase reactant, known to rise in times of stress or trauma [71]. Ceruloplasmin carries 95% of
copper in the serum and its transcription in the liver is upregulated by proinflammatory
cytokines, leading some to hypothesize that ceruloplasmin plays a role in host immune defense
[71, 72]. In the present study, the observed elevation in serum copper accompanying elevated
AGP and CRP may be reflective of elevated ceruloplasmin levels induced by some inflammatory
insult. Alternatively, it may be reasonable to hypothesize that having elevated serum copper
predisposes one to an inflammatory state (though this is less likely, given that elevated serum
copper was observed in the setting of cough, fever, and diarrhea; see Table 6). Whatever the
explanation, the observation of a direct, moderately strong correlation between copper and both
AGP and CRP over multiple blood draws suggests that it is appropriate to account for
inflammation when assessing infants’ copper status.

In the study population, serum element concentrations differed significantly across blood
draws, for every element (Table 3), with copper tending to increase with time, and iron and
magnesium tending to decrease with time. This finding was not surprising, as the normal ranges
for serum element concentrations are known to differ with age [134-137]. Perhaps more
surprising were the high percentages of infants and children with serum element concentrations
outside the reference ranges documented in the literature (Table 4), with magnesium frequently
falling above range and zinc frequently falling below range. For example, at the first blood draw,
more than half of the serum magnesium values were above range, while at the third blood draw,
more than half of the serum zinc values were below range. These findings may be the result of a
systematic error inherent to the study — for instance, an error with the biochemical assays used to

determine serum elemental concentrations or an error in the data analysis steps. It is also possible
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that this specific population of infants in EI Alto has a different biochemical profile than those
populations from which the serum elemental reference ranges were inferred (i.e. higher rates of
zinc deficiency). A more likely explanation, perhaps, is that age- and sex-based reference ranges
for many of the studied elements in children younger than 1 year are ill-defined or imprecise; the
fact that the observed values fell out of range so frequently may highlight the need for further
studies that more precisely define the normal range of serum element concentrations in infants.
Lastly, once serum copper was corrected for AGP and CRP, fewer values fell above range. This
is also consistent with the hypothesis that serum copper may be overestimated if the presence of
an inflammatory state is not accounted for.

Logistic regression analyses revealed no significant relationships between serum element
concentrations or inflammatory markers and seroconversion (Table 5). However, uncorrected
serum copper, uncorrected copper/zinc ratios, AGP, and CRP were all related to a lower fold-
change in rotavirus-specific IgA GMT in linear regression and Spearman’s correlation analyses
(Table 7, Table 8). This may indicate that infants with a higher inflammatory burden do not
mount as thorough an immune response to vaccination as infants with a lower inflammatory
burden. Indeed, when serum copper and the copper/zinc ratio were corrected based on AGP and
CRP, their relationships with the degree of change in post-vaccine, rotavirus-specific IgA GMT
became non-significant. This suggests that the presence of inflammation, not serum copper itself,
is driving the observed relationship with IgA GMT fold-change. Similarly, serum iron was
directly related to the fold-change in IgA GMT. Serum iron is known to decrease in the setting of
inflammation and, in fact, we observed a weak, inconsistent negative correlation between serum
iron and circulating inflammatory markers in our study (Table 2) [104, 105]. Thus, the finding

that lower serum iron, which could result from increased inflammatory burden, was associated
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with lower fold-change in IgA GMT may be further evidence that the strength of the immune
response to rotavirus vaccine is blunted in the setting of inflammation.

The binary seroconversion measurement was obtained by calculating whether post-
vaccination IgA titers increased by a certain amount from pre-vaccination IgA titers (in this case,
fourfold). Fold-change in IgA was calculated simply by dividing post-vaccination IgA by pre-
vaccination IgA. Neither measurement perfectly represents protection from rotavirus infection
and, indeed, there is no universal definition for the IgA fold-change threshold that indicates
seroconversion following vaccination [38]. Furthermore, there are instances where the
seroconversion measurement used in our study indicates little about the strength of the immune
response following vaccination. For example, an infant whose IgA had increased from 1 pre-
vaccination to 40 post-vaccination would receive the same value for the seroconversion
measurement as an infant whose IgA had increased from 1 pre-vaccination to 2560 post-
vaccination. In this scenario, both infants may be protected from rotavirus infection but,
arguably, the second infant mounted a greater response to the vaccine. This difference in the
ways of measuring immune response to vaccination could explain the seemingly disparate
conclusions that could be drawn from the results in tables 5-8. Conceivably, the fold change
measurement is capable of detecting subtler changes in the immune response to rotavirus vaccine
due to the presence of inflammation.

Other studies have found evidence of an association between inflammation and vaccine
underperformance. In particular, oral vaccines have been shown to work less well than parenteral
vaccines in inflamed individuals. For example, Naylor et al., 2015 found that oral polio and
rotavirus vaccines underperformed in Bangladeshi infants who had evidence of systemic

inflammation or environmental enteropathy[46]. Similarly Becker-Dreps and associates (2017)
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found an association between biomarkers of environmental enteropathy and seroconversion after
one does of the pentavalent rotavirus vaccine in Nicaraguan infants [138]. Elevated CRP may
signal underlying environmental enteropathy [139] and the association we observed between
CRP and fold-change in rotavirus IgA GMT could indicate a blunted immunological response
mediated by the presence of environmental enteropathy.

This study was not without limitations. For one, the study population may not be
representative of infants in other low- and middle-income countries. Infants in such other settings
may be exposed to different genetic strains of rotavirus, have different feeding practices, or
receive the other licensed rotavirus vaccine (i.e. the pentavalent vaccine); the major findings of
this study may not be generalizable. Another limitation of this study is that the measurements
used to represent the exposures and the outcomes (i.e. serum element or biomarker
concentrations and rotavirus IgA titers, respectively) are not perfect correlates of the conditions
they are meant to represent. For example, while serum copper may be an appropriate measure of
copper status at a population level, it does not provide a perfect estimate of individual copper
status [140]. Similarly, there is ongoing research into the best way to measure immunity to
rotavirus; the presence of rotavirus-specific IgA in the serum may not always signify immunity,
especially in individuals with borderline titers [141]. Moreover, the presence of rotavirus-
specific IgA antibodies in serum may reflect natural immunity following exposure to rotavirus,
not necessarily immunity following vaccination; it is not always possible to differentiate between
natural- and vaccine-induced immune response to rotavirus based on IgA. A third limitation of
the study was participant attrition, incomplete participation in blood draws, or unavailable data
for serum element concentrations, the latter due primarily to blood draws with insufficient

volume for analysis. Initially, 461 infants enrolled in the study but data on serum element
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concentrations were only available for 346 infants at the first blood draw, 324 infants at the
second blood draw, and 175 infants at the third, optional blood draw.

Nevertheless, the study had several strengths. Chief among these was the high statistical
power of the study. Despite some attrition, serum elemental information was available for nearly
350 infants, improving the chance that any true relationships between serum elements,
inflammatory markers, and rotavirus vaccine immunogenicity would be uncovered. A second
strength of the study was its longitudinal nature. Much can change for infants and their mothers
during the first year of life. The longitudinal nature of the data allowed investigators the see, for
example, how serum element concentrations varied over the course infancy, at a level of
precision rarely found in the literature. Another strength was the richness of the study dataset.
Perhaps a major reason why rotavirus vaccination remains less effective in low- and middle-
income settings, is the fact that conducting research in such settings is often difficult. Ethical
study execution in resource-limited settings poses a unique set of challenges, from ensuring
participant retention, to maintaining a functional “cold-chain” of biomaterials, to promoting
sustainable, respectful cross-cultural interactions [128]. NIDI investigators established a
collaborative framework to create a robust dataset that allows researchers to examine the
complex relationships between nutrition, inflammation, human genetics, environment, and

rotavirus vaccine effectiveness.
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X. Conclusion

The goal of the proposed study was to understand the importance of elemental
micronutrients in influencing rotavirus vaccine effectiveness among a cohort of rotavirus-
immunized infants living in EI Alto Bolivia. The proposed study had three specific aims: 1) to
evaluate the relationship between circulating inflammatory markers and serum trace element
levels, and adjust trace element measurements for inflammation if necessary; 2) to describe
serum concentrations of key trace elements — unadjusted and, if necessary, adjusted — in a cohort
of rotavirus immunized infants in El Alto; 3) to evaluate the relationship between serum trace
element concentrations and rotavirus vaccine immunogenicity. In achieving the first aim, serum
copper was found to have persistently significant, direct correlations of moderate strength with
both AGP and CRP. From this finding, we concluded that the presence of inflammation must be
accounted for when assessing infant copper status. Completion of the second aim revealed that
many values for serum element concentrations fell outside of reference ranges in the literature,
particularly values for serum magnesium and zinc. This finding could perhaps lead to future
refinement of the accepted reference ranges in infants based on age. Finally, in completing the
third aim, we found that seroconversion, per se, was not related to serum element concentrations,
but that the strength of the immune response to rotavirus vaccination may be blunted in the

setting of inflammation.
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XI. Public Health Implications
The findings revealed a need to correct copper for inflammation (Table 2, Appendix
Figure 1). While serum copper is infrequently tested in clinical settings, it can be useful
in detecting diseases of copper metabolism, such as Wilson’s disease and Menke’s kinky
hair disease. Serum copper increases with inflammation, and it is possible to correct
copper based on AGP and CRP using the linear regression method.
Other elements exhibited some weak correlations with AGP and/or CRP (often with a
coefficient of around 0.1 or less) but these did not hold for every blood draw (Table 2).
Further, the scatter plots of these elements against AGP and CRP (all natural-log
transformed for fit) did not suggest a strong, linear relationship (Appendix Figure 1).
| believe that the high number of serum element concentrations that fell outside of the
reference ranges in the literature highlights the need for more precision in defining
“normal” serum element ranges in infants. This is particularly true for magnesium and
zinc.
In uncontrolled logistic regression analyses, none of the elements were associated with
seroconversion as it was measured (greater than 4-fold change between pre- and post-
vaccine IgA GMT, with a post-vaccine IgA GMT at least 40). However, in linear
regression and Spearman’s analyses, uncorrected serum copper, serum iron, AGP, and
CRP were all associated with the fold change in IgA GMT. The fold change was smaller
when copper, AGP, and CRP were higher. The fold change was larger when iron was
higher. Because copper increases and iron decreases in the setting of inflammation, |

concluded that the presence of inflammation may lead to a blunted immune response. |

38



do not believe that the elemental micronutrients themselves were responsible for reducing
the fold change in IgA GMT.

Based on the above conclusion, | believe that, to improve vaccine immunogenicity, it is
less important for public health campaigns to optimize or “normalize” infants’ copper and
iron statuses and more important to reduce their inflammatory burdens. The increased
inflammatory burden experienced by children in LMIC’s may contribute to the vaccine’s
reduced effectiveness in such settings.

Uncorrected copper was also increased in the setting of illness (recent fever, diarrhea, or
cough). Similarly, AGP and CRP were increased. | hypothesize that the presence of
illness/infection causes an up-regulation of the inflammatory response, which, in turn,
affects the concentrations of copper in the blood (i.e. copper increases because
ceruloplasmin is an acute phase reactant). | see these illnesses (fever, diarrhea, and
cough) as adding to the inflammatory burdens experienced by infants in LMIC’s. Based
on my other findings, | concluded that the immune response to rotavirus vaccination may
be blunted in the setting of inflammation. Thus, public health interventions in LMIC’s
aimed at reducing illnesses in infancy (i.e. diarrhea and respiratory infections) may have

the added benefit of improving infants’ responses to rotavirus vaccines.
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XI1. Tables

Table 1: Demographic information for a cohort of Bolivian infants and children in El Alto

First Blood Draw Second Blood Draw Third Blood Draw
(n=346") (n=324Y) (n=175Y
(1-5 months old)? (6-10 months old)® (11-17 months old)*
Characteristics Frequency  Percent Frequency  Percent Frequency  Percent
Male 188 54.34 173 53.40 94 53.71
Preterm (<37 weeks gestational age) 65° 18.79 57° 17.59 30° 17.14
Exclusively Breastfed At Least 6 months’ - - 1148 35.19 61° 34.86
Maternal Age'°
Less than 22 Years 107 30.92 92 28.40 40 22.86
22-25 Years 87 25.14 77 23.77 50 28.57
26-30 Years 85 24.57 81 25.00 40 22.86
More than 30 Years 63 18.21 72 22.22 43 24.57
Maternal Education
Primary or Less 56 16.18 48 14.81 25 14.29
At least Some Secondary 210 60.69 206 63.58 107 61.14
At least Some Superior 78 22.54 69 21.30 43 24.57

INumber of subjects for whom data regarding serum elemental concentrations were available
2Average age = 2.11 months, standard deviation = 0.29 months

3Average age = 6.73 months, standard deviation = 0.87 months

“Average age = 12.08 months, standard deviation = 0.73 months
SInformation regarding gestational age missing for 8 subjects
bInformation regarding gestational age missing for 7 subjects

"Includes infants who had received formula on no more than one occasion
8Information regarding breastfeeding practices missing for 2 subjects
°Information regarding breastfeeding practices missing for 3 subjects
Oinformation regarding maternal age missing for 4 subjects

nformation regarding maternal education missing for 2 subjects



Table 2: Summary of correlations between serum elemental concentrations and inflammatory markers

AGP! CRP?
Spearman'’s Correlation Spearman's Correlation
n Coefficient p Coefficient p
Calcium All Blood Draws 842 -0.08508° 0.0135 -0.082123 0.0172
Visit 2 (1-5 months old) 344 0.06019 0.2656 -0.03094 0.5674
Visit 6 (6-10 months old) 324 -0.0637 0.2529 -0.12882° 0.0204
Visit 8 (11-17 months old) 174 -0.12577 0.0982 0.03023 0.6922
Copper All Blood Draws 842 0.712543 <.0001 0.55385° <.0001
Visit 2 (1-5 months old) 344 0.515213 <.0001 0.46563° <.0001
Visit 6 (6-10 months old) 324 0.54013 <.0001 0.48133° <.0001
Visit 8 (11-17 months old) 174 0.68109° <.0001 0.53759° <.0001
Iron All Blood Draws 842 -0.33535° <.0001 -0.25715° <.0001
Visit 2 (1-5 months old) 344 -0.07644 0.1572 -0.0644 0.2335
Visit 6 (6-10 months old) 342 -0.187513 0.0007 -0.25765° <.0001
Visit 8 (11-17 months old) 174 -0.19885° 0.0085 -0.04766 0.5323
Magnesium  All Blood Draws 842 -0.26753° <.0001 0.00732 0.8321
Visit 2 (1-5 months old) 344 -0.3487° <.0001 0.04924 0.3626
Visit 6 (6-10 months old) 324 -0.18809° 0.0007 0.0575 0.3022
Visit 8 (11-17 months old) 174 -0.07197 0.3453 0.01973 0.7961
Zinc All Blood Draws 840 -0.01926 0.5772 -0.09819° 0.0044
Visit 2 (1-5 months old) 343 0.09502 0.0789 -0.0178 0.7425
Visit 6 (6-10 months old) 323 -0.14678° 0.0082 -0.20669° 0.0002
Visit 8 (11-17 months old) 174 -0.11879 0.1185 -0.13861 0.0682
Copper/Zinc
Ratio All Blood Draws 840 0.615713 <.0001 0.5256° <.0001
Visit 2 (1-5 months old) 343 0.376423 <.0001 0.4056° <.0001
Visit 6 (6-10 months old) 323 0.47555° <.0001 0.49718° <.0001
Visit 8 (11-17 months old) 174 0.63295° <.0001 0.51673% <.0001

a-1-acid glycoprotein
2C-reactive protein

3Statistically significant correlation at a = 0.05
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Table 3: Median serum elemental concentrations among Bolivian infants and children in El Alto

First Blood Draw
(1-5 months old)

Second Blood Draw
(6-10 months old)

Third Blood Draw
(11-17 Months Old)

Median (n)  IQR (25%, 75%) Median (n)  1QR (25%, 75%) Median (n)  1QR (25%, 75%)
Serum Calcium (mg/dL)*
All Infants 9.79 (346) (9.41,10.31) 9.84 (324) (9.40, 10.33) 9.33 (175) (8.97,9.76)
Term Infants? 9.78 (273) (9.41, 10.27) 9.80 (259) (9.38,10.33) 9.32 (138) (8.93,9.73)
Preterm Infants 9.93 (65) (9.48,10.61) 9.92 (57) (9.47,10.53) 9.50 (30) (9.14,9.83)
Male 9.85 (188) (9.43,10.36) 9.84 (173) (9.42,10.29) 9.33(94) (9.02,9.83)
Female 9.75 (158) (9.36, 10.29) 9.83 (151) (9.36, 10.40) 9.36 (81) (8.95,9.67)
Unadjusted Serum Copper (ug/dL)*
All Infants 84.4 (346) (72.0, 103.1) 120.2 (324)  (106.3, 143.8) 134.4 (175)  (118.8,153.1)
Term Infants? 84.4 (273) (71.9, 100.0) 121.9 (259)  (106.3, 140.6) 1343 (138)  (115.6, 156.3)
Preterm Infants 86.4 (65) (75.0, 103.1) 131.3 (57) (109.4, 153.1) 1359 (30)  (121.9, 150.0)
Male 85.0 (188) (71.9,101.5) 125.0 (173) (109.4, 146.9) 135.5 (94) (118.8, 156.3)
Female 84.4 (158) (75.0,103.1) 118.9 (151) (100.2, 140.6) 131.3 (81) (115.6, 149.3)
Adjusted Serum Copper (ug/dL)*
All Infants 71.7 (346) (61.8,80.7) 105.0 (324) (92.7,117.5) 1138 (175)  (103.6,127.2)
Term Infants? 70.5 (273) (61.8, 79.9) 104.5 (259) (92.2,115.7) 113.7 (138)  (103.8, 127.0)
Preterm Infants 72.5 (65) (62.7, 82.9) 109.0 (57) (93.3, 130.4) 1125(30)  (101.1, 126.0)
Male 70.3 (188) (61.8, 78.6) 105.9 (1730  (95.8,118.8) 116.1 (94)*  (106.4, 130.6)
Female 72.6 (158) (61.8, 81.5) 101.2 (151) (87.4,117.1) 1104 (81)  (1015,122.1)
Serum Iron (ug/dL)!
All Infants 134.3(346)  (109.4, 164.8) 100.7 (324) (74.8, 140.6) 75.0 (175) (53.1, 100.0)
Term Infants? 134.4 (273) (107.6, 162.5) 100.0 (259) (74.0, 143.8) 75.0 (138) (53.1,96.9)
Preterm Infants 128.1 (65) (1125, 168.8) 109.6 (57) (75.0, 129.0) 82.8 (30) (53.1, 140.6)
Male 125.0 (188)* (103.9, 156.1) 93.8 (173) (68.6, 138.9) 65.6 (94)° (43.8,90.6)
Female 139.0 (158)  (112.5, 168.8) 105.5 (151) (81.3, 143.8) 87.5 (81) (62.5, 109.4)
Serum Magnesium (mg/dL)*
All Infants 2.45 (346) (2.08, 2.69) 2.31 (324) (2.00, 2.61) 2.28 (175) (2.12, 2.44)
Term Infants? 2.44 (273) (2.06, 2.68) 2.26 (259) (1.99, 2.58) 2.28 (138) (2.08, 2.43)
Preterm Infants 2.47 (66) (2.10, 2.79) 2.41 (57) (2.03,2.67) 2.27 (30) (2.12, 2.49)
Male 2.46 (188) (2.08,2.71) 2.36 (173) (2.02, 2.64) 2.28 (94) (2.10, 2.46)
Female 2.44 (158) (2.06, 2.66) 2.26 (151) (1.94, 2.57) 2.27(81) (2.13,2.43)
Serum Zinc (ug/dL)!
All Infants 63.7 (345) (56.3,71.9) 66.3 (323) (56.7, 77.7) 59.4 (175) (56.3, 68.8)
Term Infants? 65.4 (272) (56.3,71.9) 65.6 (258) (56.7, 75.4) 59.4 (138) (55.6, 68.8)
Preterm Infants 62.5 (65) (56.3, 69.9) 67.1(57) (59.4, 80.6) 65.6 (30) (56.3, 68.8)
Male 64.9 (188) (55.9,71.9) 68.4 (173) (56.9, 78.1) 59.4 (94) (56.3, 68.8)
Female 63.0 (157) (56.3,71.9) 65.6 (150) (56.7, 75.0) 62.5 (81) (53.1, 68.8)
Copper/Zinc Ratio*
All Infants 1.37 (345) (1.09, 1.67) 1.83 (323) (1.52, 2.28) 2.16 (175) (1.84, 2.56)
Term Infants? 1.36 (272) (1.08, 1.36) 1.84 (258) (152, 2.24) 2.17 (138) (1.86, 2.59)
Preterm Infants 1.37 (65) (1.12, 1.74) 1.81 (57) (1.49, 2.39) 2.14 (30) (1.81, 2.53)
Male 1.36 (188) (1.08, 1.63) 1.82 (173) (1.52,2.33) 2.22 (94) (1.87, 2.63)
Female 1.37 (157) (1.11, 1.71) 1.84 (150) (1.50, 2.25) 2.06 (81) (1.82, 2.45)

1Significantly different serum concentrations across blood draws, using Kruskal-Wallis Test and a = 0.05
2No significant difference in serum concentrations between term and preterm infants for row, using Wilcoxon Two Sample t-Test and a = 0.05

3Significantly different serum concentrations compared to females during the same blood draw, using Wilcoxon Two Sample t-Test and a = 0.05
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Table 4: Distribution of Bolivian infants' serum element concentrations relative to reference ranges documented in the literature

First Blood Draw (1-5 months old)

Second Blood Draw (6-10 months old)

Third Blood Draw (11-17 Months Old)

Below Within Above Below Within Above Below Within Above
reference reference reference reference reference reference reference reference reference
range n (%) range n (%) range n (%) range n (%) range n (%) range n (%) range n (%) range n (%) range n (%)
Serum Calciumt 34(9.83%) 262 (75.72%) 50 (14.45%) 40 (12.35%) 237 (73.15%) 47 (14.51%) 44 (25.15%) 129 (73.71%) 2 (1.14%)
Unadjusted Serum Copper? - 329 (95.09%) 17 (4.91%) - 285 (88.24%) 38 (11.76) - 154 (89.02%) 19 (10.98%)
Adjusted Serum Copper? 6 (1.73%) 339 (97.98%) 1 (0.29%) - 323 (99.69%) 1(0.31%) - 173 (98.86%) 2 (1.14%)
Serum Iron? 7 (2.02%) 303 (87.57%) 36 (10.40%) 10 (3.09%) 256 (79.01%) 58 (17.90%) 20 (11.43%) 148 (84.57%) 7 (4.00%)
Serum Magnesium? 2 (0.58%) 155 (44.8%) 189 (54.62%) 4 (1.23%) 176 (54.32%) 144 (44.44%) - 117 (66.86%) 58 (33.14%)
Serum Zinc? 173 (50.14%) 168 (48.70%) 4 (1.16%) 138 (42.72%) 183 (56.66%) 2 (0.62%) 108 (61.71%) 66 (37.71%) 1 (0.57%)

'Reference range by age from Wu, 2006
2Reference range by age from Mayo Clinic

3Reference range by age and sex from Soldin, et al. 2009

“Reference range by age from Lin, et al. 2012
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Table 5: Summary of logistic regression analysis for serum element
concentrations?, element ratios, and inflammatory markers*?, predicting
seroconversion®

Biomarker n OR (95% CI)
Calcium 305 0.324 (0.048, 2.198)
Copper 305 0.362 (0.129, 1.011)
Corrected Copper 305 0.417 (0.120, 1.451)
Iron 305 1.557 (0.996, 2.434)
Magnesium 305 0.817 (0.203, 3.287)
Zinc 305 1.111 (0.372, 3.324)
Copper/Zinc Ratio 304 0.806 (0.558, 1.163)
Corrected Copper/Zinc Ratio 304 0.832 (0.483, 1.434)
AGP 320 0.717 (0.443, 1.161)
CRP 320 0.883 (0.764, 1.020)

INatural log-transformed for fit

2V/alues from second blood draw (6-10 months)

3Defined as a four-fold or higher increase in serum rotavirus-specific IgA geometric
mean titer between first and second blood draws

Table 6: Summary of logistic regression analyses for serum element
concentrations®?, element ratios?, and inflammatory markers'?
predicting seroconversion®, controlling for prematurity and exclusive
breastfeeding for the first 6 months, n=298

Biomarker OR (95% CI)
Calcium 0.275 (0.040, 1.898)
Copper 0.329 (0.116, 0.936)*
Corrected Copper 0.365 (0.103, 1.292)
Iron 1.634 (1.034, 2.580)*
Magnesium 0.731 (0.180, 2.973)
Zinc 1.096 (0.357, 3.366)
Copper/Zinc Ratio 0.792 (0.546, 1.151)
Corrected Copper/Zinc Ratio 0.804 (0.462, 1.400)
AGP 0.730 (0.449, 1.186)
CRP 0.882 (0.762, 1.019)

INatural log-transformed for fit

2alues from second blood draw (6-10 months old)

3Defined as a four-fold or higher increase in serum rotavirus-specific IgA
geometric mean titer between first and second blood draws

495% confidence interval excludes 1



Table 7: Summary of linear regression analysis for serum element concentrations® 2,
element ratios?, and inflammatory markers®? predicting fold change in IgA geometric
mean titers' between blood draws 1 and 2

Parameter
Biomarker Estimate Standard Error p
Calcium -2.21 1.3217 0.0951
Copper® -1.74084 0.687 0.0118
Corrected Copper -1.21722 0.83735 0.1471
Iron® 0.58497 0.29246 0.0464
Magnesium 0.10455 0.95221 0.9126
Zinc 0.34771 0.75106 0.6437
Copper/Zinc Ratio® -0.53652 0.25233 0.0343
Corrected Copper/Zinc Ratio -0.47696 0.37364 0.2027
AGP -0.72421 0.32840 0.0282
CRP -0.31867 0.09793 0.0013

INatural log-transformed for fit
2\/alues from second blood draw (6-10 months old)
3Statistically significant at a=0.05

Table 8: Summary of Spearman correlations between serum element concentrations?, element
ratios?, inflammatory markers?, and fold change in rotavirus-specific IgA geometric mean titers
between blood draws 1 and 2

Biomarker n? Spearman's correlation coefficient p
Calcium 305 -0.04919 0.392
Copper 305 -0.14001 0.01443
Corrected Copper 305 -0.08477 0.1397
Iron 305 0.11415 0.0464°
Magnesium 305 0.01807 0.7533
Zinc 304 0.04218 0.4637
Copper/Zinc Ratio 304 -0.13845 0.0157°
Corrected Copper/Zinc Ratio 304 -0.09576 0.0956
AGP 320 -0.10947 0.0504
CRP 320 -0.15829 0.0045°

NValues from second blood draw
20f the subjects with data for elemental concentrations from blood draw 2, 19 did not have data for IgA
3Statistically significant at a=0.05



Table 9: Summary of logistic regression analysis of serum element concentrations?, element ratios, and inflammatory markers* predicting
comorbidities?

Cough or respiratory problem in the

Fever in the past 2 weeks Diarrhea in the past 2 weeks past 2 weeks
Biomarker OR(95%CI) n OR(95%CI) n OR (95% CI) n
Calcium 0.238 (0.035,1.623) 324 0.183 (0.011, 3.021) 323 0.501 (0.078, 3.204) 324
Copper 3.689 (1.379, 9.868)° 324 4.239 (1.127, 15.949)° 323 17.920 (5.966, 53.828)° 324
Corrected Copper 1.730 (0.548,5.459) 324 1.348 (0.278, 6.520) 323 11.282 (3.317, 38.377)° 324
Iron 0.781(0.516,1.181) 324 0.338 (0.176, 0.647)° 323 1.015 (0.674, 1.528) 324
Magnesium 4.270 (1.097, 16.628) 324 0.298 (0.050, 1.775) 323 1.825 (0.484, 6.877) 324
Zinc 0.551 (0.195, 1.554) 323 0.563 (0.135, 2.351) 322 0.607 (0.216, 1.702) 323
Copper/Zinc Ratio 1.619 (1.136, 2.307)° 323 1.628 (1.050, 2.523)° 322 2.579 (1.709, 3.892)° 323
Corrected Copper/Zinc Ratio 1.604 (0.962, 2.672) 323 1.473 (0.748, 2.899) 322 2.792 (1.609, 4.846)° 323
AGP 2.325(1.456, 3.713)° 342 2.747 (1.504, 5.019)° 341 2.835 (1.736, 4.629)° 342
CRP 1.144 (1.000,1.310) 342 1.396 (1.170, 1.666)° 341 1.214 (1.055, 1.396)* 342

INatural log-transformed for fit
2\/alues from second blood draw (6-10 months old)
395% confidence interval excludes 1
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XI11. Appendices

Appendix Table 1: Summary of logistic regression analysis for serum element concentrations?, element
ratios, and inflammatory markers! predicting seroconversion?

Element Blood Draw n OR (95% CI)

Calcium 1 (1-5 months old) 297 0.336 (0.051, 2.241)
2 (6-10 months old) 305 0.324 (0.048, 2.198)

3 (11-17 months old) 160 0.701 (0.007, 71.907)

Copper 1 (1-5 months old) 296 0.508 (0.211, 1.225)
2 (6-10 months old) 305 0.362 (0.129, 1.011)

3 (11-17 months old) 160 0.234 (0.045, 1.224)

Corrected Copper 1 (1-5 months old) 296 0.357 (0.117, 1.090)
2 (6-10 months old) 305 0.417 (0.120, 1.451)

3 (11-17 months old) 160 0.129 (0.014, 1.202)

Iron 1 (1-5 months old) 296 0.857 (0.460, 1.596)
2 (6-10 months old) 305 1.557 (0.996, 2.434)

3 (11-17 months old) 160 1.503 (0.786, 2.875)

Magnesium 1 (1-5 months old) 297 0.492 (0.140, 1.726)
2 (6-10 months old) 305 0.817 (0.203, 3.287)

3 (11-17 months old) 160 0.764 (0.043, 13.592)

Zinc 1 (1-5 months old) 296 0.385 (0.123, 1.209)
2 (6-10 months old) 305 1.111 (0.372, 3.324)

3 (11-17 months old) 160 0.136 (0.020, 0.927)®

Copper/Zinc Ratio 1 (1-5 months old) 296 0.955 (0.609, 1.498)
2 (6-10 months old) 304 0.806 (0.558, 1.163)

3 (11-17 months old) 160 0.992 (0.585, 1.680)

Corrected Copper/Zinc Ratio 1 (1-5 months old) 296 0.908 (0.456, 1.808)
2 (6-10 months old) 304 0.832 (0.483, 1.434)

3 (11-17 months old) 160 1.285 (0.551, 2.998)

AGP 1 (1-5 months old) 319 0.897 (0.532, 1.513)
2 (6-10 months old) 320 0.717 (0.443, 1.161)

3 (11-17 months old) 168 0.815 (0.437, 1.520)

CRP 1 (1-5 months old) 319 1.003 (0.827, 1.216)
2 (6-10 months old) 320 0.883 (0.764, 1.020)

3 (11-17 months old) 168 1.055 (0.857, 1.298)

INatural log-transformed for fit

2Defined as a four-fold or higher increase in serum rotavirus-specific IgA geometric mean titer between first and

second blood draws, with second blood draw rotavirus-specific IgA geometric mean titer at least 40

395% confidence interval excludes 1
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Appendix Table 2: Summary of Spearman correlations between serum element
concentrations?, element ratiost, and inflammatory markers?, and difference in
rotavirus-specific IgA geometric mean titers between blood draws 1 and 2

Biomarker n? Spearman's correlation coefficient p
Calcium 305 -0.05495 0.3389
Copper 305 -0.13654 0.0170°
Corrected Copper 305 -0.09896 0.0845
Iron 305 0.11402 0.0466°
Magnesium 305 0.01810 0.7529
Zinc 304 0.02683 0.6412
Copper/Zinc Ratio 304 -0.12960 0.0238°
Corrected Copper/Zinc Ratio 304 -0.09697 0.0915
AGP 320 -0.09602 0.0863
CRP 320 -0.11972 0.0323°

Values from blood draw 2

20f the subjects with data for elemental concentrations from blood draw 2, 19 did not have data
for IgA

SStatistically significant at 0=0.05

Appendix Table 3: Summary of Spearman correlations between serum element concentrations?,
element ratios?, inflammatory markers?, and fold change in rotavirus-specific IgA geometric
mean titers between blood draws 1 and 2

Biomarker n Spearman's correlation coefficient p
Calcium 295 -0.02361 0.6863
Copper 295 -0.014549 0.0124?
Corrected Copper 295 -0.10344 0.0761
Iron 295 -0.06880 0.2388
Magnesium 295 0.00569 0.9225
Zinc 295 -0.11268 0.0532
Copper/Zinc Ratio 295 -0.06211 0.2877
Corrected Copper/Zinc Ratio 295 -0.00419 0.9428
AGP 318 -0.10947 0.05042
CRP 318 -0.10004 0.0749

Values from first blood draw
%Statistically significant at ¢=0.05
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Appendix Figure 1: Graphical representations of the relationships between serum elements and inflammatory markers
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