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The Innate Immune System, Energetics, and the Early-Life Environment 

Abstract 

Human immune function is sensitive to ecological context, yet knowledge about immune 

function primarily derives from a few populations that are relatively unique ecologically, both in 

comparison to other populations globally and to conditions likely experienced during human 

evolution. In this dissertation I use life history theory and the emerging field of ecological 

immunology to situate an investigation into variation in human immune function.  

Using data from three populations, I test several hypotheses concerning how innate immune 

function may evidence sensitivity to energetic resources, and how non-acute immune function 

may be influenced by the early-life environment. First, working with data from a sample of 

adolescent girls in the Gambia, I analyze how C-reactive protein (CRP) may be related to 

energetics. I find that non-acute immune function has relationships with both energy reserves and 

growth rates, but not energy balance. I then use data from a research project established in 

Connecticut to test hypotheses concerning how the early-life environment may influence within-

individual stability of CRP. Working with Ecuadorian immigrants who experienced different 

early-life ecological circumstances than those common in the United States, I find that CRP is 

stable within-individual, but overall levels of CRP are low. In the final study, I utilize 

comparative data from the Shuar Health and Life History Project to understand how immigrants 

compare to individuals who remain in their natal communities. I find that CRP is 

indistinguishable between these two samples, but that indicators of chronic disease risk have 

shifted. Immigrants have significantly higher glucose levels, and higher waist circumference than   
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non-immigrants. However, these changes are not accompanied by changes in CRP levels, and 

CRP is inconsistently related to the indicators of the metabolic syndrome in both populations.  

The sensitivity of the immune system to both energetics and the early-life environment suggests 

that the higher levels of inflammation seen in affluent populations may result from multiple, 

compounding processes. Critically, these results strongly suggest it is not appropriate to use 

categorical levels of CRP to describe metabolic risk across populations, and some individuals 

assume risk factors for chronic disease without accompanying changes in inflammatory proteins.  
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Chapter 1. Immune function, life history theory, and ecological immunology 

1.1 Introduction 

Human immune function is sensitive to ecological context, yet much of our knowledge 

about immune function derives from populations living in the affluent areas of the United States, 

Europe, and other rich, industrial and post-industrial nations such as Japan. These populations 

experience unusual ecological conditions both in comparison to other populations globally and to 

conditions likely experienced during the majority of human evolution. In this dissertation I use 

life history theory and the emerging field of ecological immunology to theoretically situate an 

investigation into variation in human immune function. In particular, I am interested in how non-

acute immune function may evidence sensitivity to energetic resources and demands, and how 

non-acute immune function may be influenced by the early-life environment.  

1.2 The theoretical view of the immune system: Life history theory and ecological 

immunology  

Life history theory is a conceptual framework that aims to understand how organisms 

allocate limited time and energy across the life cycle. This theory proposes that biological traits 

such as altriciality, reproductive maturity, and lifespan are selected to maximize fitness in 

response to environmental pressures, such as mortality rate, nutritional availability, or pathogen 

load. Through comparative work and theoretical modeling, this framework has offered a way to 

understand why species and taxa differ in biological traits, as well as within-species variation in 

life history traits and strategies (Cole, 1954; Gadgil and Bossert, 1970; Stearns, 1992; Charnov, 

1993; Hill and Hurtado, 1996). Broadly, life history traits are related to growth, reproduction, 

and maintenance, with maintenance subsuming somatic tissue repair, energy expended in 

activity, survival, and immune function. Most organisms are nutritionally constrained, and all 
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organisms are temporally constrained. The concept of trade-offs, or the balancing of the 

allocation of time and energy between competing life history traits, is inherent in life history 

theory (Ellison, 2001; McDade, 2003; Kramer and Ellison, 2010; Snodgrass, 2012). This 

dissertation is focused on understanding variation within human immunocompetence from a life 

history perspective.  

Ecological immunology is an emerging field that aims to understand and explain variance 

in the immune system from an ecological and evolutionary perspective (Sheldon and Verhulst, 

1996; McDade, 2003). A core insight of ecological immunology is that optimal immune defense 

will vary in relation to the local ecology. Immune strategies are dependent on the local 

environment, including pathogen and microbial exposure, but also including nutritional 

resources, predation, conspecific interactions, and life history stage (for reviews see Sadd and 

Schmid-Hempel, 2009; Schulenburg et al., 2009). Through this perspective, ecological 

immunology seeks to explain variation in immune responses within and between species. Within 

a species, variability in immune defenses is seen both because immune defenses are costly and 

organisms are differentially able to support those costs, and because immune defenses are often 

involved in complex, dynamic relationships with both pathogens and other aspects of host 

immunity. The immune system is highly plastic, and different ecologies will select for different 

immune phenotypes. 

1.3 The immune system as an energetic cost 

Immune responses are considered to be expensive. Fever is associated with an increase of 

10% in basal metabolic rate (BMR) for every degree Celsius rise in body temperature (Dubois, 

1922) and recent work indicates that even non-febrile immune defense is associated with an 8-

14% increase in resting metabolic rate (RMR) (Muehlenbein et al., 2010). Experimentally 
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inducing an immune response increases oxygen consumption and BMR in animal studies 

(Demas et al., 1997; Ots et al., 2001). There is also evidence that the cost of the immune 

response necessitates trade-offs with other life history demands. For instance, stimulating an 

immune response is associated with reductions in activity, decreased body mass, reduced 

investment in young, and decreased reproductive success in a wide range of animals (Bonneaud 

et al., 2003; Cucco et al., 2010; Kelly, 2011). Despite the established energetic cost of some 

types of immune responses, it is unclear how these costs influence immune function outside of 

the response, such as circulating levels of antibodies or innate proteins.  

There is some evidence that, like acute immune function, non-acute immune function 

may have relationships with energetic and ecological factors. Immune system development 

begins in fetal life, with immigration of cells to the thymus beginning in gestational week seven, 

and there are long-lasting immunological consequences of fetal malnutrition (Blackburn, 2003; 

Chandra, 1975; Holt and Jones, 2000; Ferguson, 1978). In early life, the development of adaptive 

immunity may represent a significant cost, as upwards of 1010 cells are created each day, with 

only 5% surviving the selection process (George and Ritter, 1996; Ritter and Crispe, 1992; 

Shortman et al., 1990). And there is variation within and between-populations in thymus 

development and involution, indicating sensitivity to ecological factors (Collison et al., 2003; 

Rezanni et al., 2014; Veile et al., 2012). However, there is also evidence that the cost of 

maintaining normal immunocompetence is minimal. For instance, while adult humans maintain 

incredibly large populations of immune cells and proteins, for instance, up to 1011 B-

lymphocytes (Langman and Cohn, 1987; Nagy, 2014), these cells are often relatively long lived 

and, as a fraction of total protein and cell turn-over in the body, do not seem to represent a 
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substantial cost (McDade et al., 2016). How sensitive the maintenance of immunocompetence is 

to energetics and ecological factors, and whether it is ‘costly’, is an open question.   

1.4 Thesis overview  

This thesis is focused on the cost of immunocompetence, and how immunocompetence 

relates to ecological factors. In particular, I address the following questions: 

 Is innate immunocompetence sensitive to energetic resources and demands? Does it 

display sensitivity to energy reserves, energy balance, and energetic investment in other 

life history traits? (Chapter 2) 

 Does innate immunocompetence display lifelong relationships with the early-life 

environment, in particular the pathogen environment? Are these relationships plastic; do 

they persist even if that environment is no longer the current environment? Do these 

relationships show evidence of having sensitive periods during development? (Chapter 3, 

Chapter 4) 

 How might such relationships influence our understandings of the complex dynamics 

between immune function and chronic disease that are based primarily on studies in 

affluent populations? (Chapter 4, Chapter 5) 

 Finally, how do these broad questions on energetics and early-life environments interact? 

In considering apparent “regulatory” effects on the immune system, how do we 

distinguish between the immunological effects of a low-pathogen environment and the 

often concurrent exposure to high caloric availability and signals of energy excess?  

(Chapter 5) 



  5 
 

This dissertation set out to test several specific aspects of this puzzle using data from 

three populations.  

In Chapter 2, I test hypotheses concerning the energetics of non-acute innate immune 

function, working with data from an adolescent population in the Gambia. This population is 

lean, nutritionally constrained, and some girls experience the heightened energetic demand of the 

adolescent growth spurt. Amidst these ecological factors, how sensitive is non-acute immune 

function to energetic resources and demands? I test the association between investment in innate 

immunocompetence and energetic reserves, signals of energy balance, and energetic demands. 

This chapter was previously published (Shattuck-Heidorn et al., 2016). 

In Chapter 3, using longitudinal data collected working with first-generation Ecuadorian 

immigrants living in Connecticut, I test how the early life pathogen environment may relate to 

later life inflammatory immune function. Recent work has demonstrated that some populations 

have very low levels of CRP, exhibit fewer relationships between CRP and aspects of chronic 

disease, and that CRP may not exhibit the expected within-individual stability (McDade et al., 

2012). A hypothesis to explain this proposes that high exposure to pathogens, particularly 

helminths, early in life leads to greater regulation of the innate immune system (Rook, 2009). In 

this chapter I test this hypothesis by examining the within-individual stability of CRP in 

members of a population of first-generation Ecuadorian immigrants currently living in 

Connecticut. 

In Chapter 4, through a collaboration with researchers working on the Shuar Health and 

Life History project, I compare data from this same immigrant sample to data from individuals 

who remained in their natal communities in Ecuador. In this chapter I am interested how immune 

function and chronic disease risk may relate the early life and the current environment. I use 



  6 
 

comparative data to test how CRP and chronic disease indicators compare between the two 

samples. I am also interested in whether CRP predicts aspects of the metabolic syndrome in these 

samples, and how these relationships compare to those expected based on work in more affluent 

populations.  

In the final chapter I consider how the results presented here may influence our 

conception of the innate immune system in particular, and immune function in general. The 

innate immune system has evolved sensitivity to both energetic cues and pathogen-exposure, and 

ecological factors are important to consider when examining variation in immunocompetence 

within and between populations. I also consider the implications for this research to advance our 

understanding of human immune function both from an evolutionary perspective as well as from 

a public/global health perspective.  
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Chapter 2. Energetics and the immune system: Trade-offs associated with non-acute levels 

of CRP in adolescent Gambian girls. 1 

2.1 Introduction  

The immune system is often considered in terms of its responses to pathogens, such as 

leukocyte proliferation, antibody production, or rapid increases in acute-phase proteins. These 

types of immune defenses are known to be energetically costly. Pyrogenic and non-febrile 

immune responses are associated with approximately 10% increases metabolic rate (Dubois, 

1922; Muehlenbein et al., 2010), and acute immune responses are associated with reductions in 

activity, body mass, and reproductive success in a wide range of animals (Lochmiller and 

Deerenberg, 2000). However acute responses do not represent the full metabolic cost of immune 

function. Normal immunocompetence is an active and dynamic process, in which large 

populations of cells and proteins undergo frequent turnover, with unknown associated energetic 

costs. In this paper, we use a life history perspective to investigate how energetic resources and 

demands are associated with variation in non-acute immune function.  

2.2 Background  

Life history theory offers a way to understand the interactions between competing 

energetic demands, such as maintenance (including immune function), growth, and reproduction  

(Gadgil and Bossert, 1970; Stearns, 1992). It is well-known that even slight changes in energy 

availability can influence investment in growth and reproduction (Lochmiller and Deerenberg, 

                                                           
1 Currently in print as Shattuck-Heidorn H, Reiches MW, Prentice AM, Moore SE, and Ellison 

PT. 2016. Energetics and the immune system: Trade-offs associated with non-acute levels of 

CRP in adolescent Gambian girls. Evol Med Public Health. 
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2000; Ellison, 2003). We also know that both acute and chronic immune responses can exhibit 

trade-offs with other life history demands. Acute inflammation is associated with decreased 

investment in linear growth in children (Panter-Brick et al., 2001; McDade et al., 2008), and 

higher levels of inflammatory proteins predict reduced fecundity in women (Clancy et al., 2013; 

Lorenz et al., 2015). Chronic illness is also associated with reduced growth and delayed puberty 

(Pozo and Argente, 2002; Lewis et al., 2016). Building on this body of research, we investigate 

how non-acute immune function relates to energy reserves, balance, and investment in other life 

history demands. 

In many respects, an acute immune response is a magnification of processes that are 

normally present in the body. For example, while CRP is often considered as part of the innate 

acute-phase response, it is also present in healthy individuals (Claus et al., 1976), where it 

circulates through the body and maintains immune surveillance for pathogens or other insults  

(Osmand et al., 1977). Upon recognition of pathogen or damage associated molecules, CRP 

initiates the complement system, promotes opsonization, activates leukocytes, and stimulates the 

release of proinflammatory cytokines (Ballou and Lozanski, 1992; Agrawal et al., 2001). As part 

of the innate acute response, CRP levels rise exponentially within 24 – 48 hours after injury or 

infection. There is also variation in levels of non-acute CRP. Some of this variation is associated 

with obesity and has been linked to chronic disease (Horng and Hotamisligil, 2011). It is also 

possible that a portion of the variation in non-acute CRP is related to energy availability and 

investment in competing life history demands.  

We investigate the relationship between non-acute CRP and energetic factors such as 

growth and adiposity with data from adolescent girls in the Gambia. These pubertal girls are 

undergoing the adolescent transition and the accentuated energy demands of the growth spurt. 
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During this time, individuals are increasing energy allocation to linear growth as well as 

differentially investing in tissue important to reproductive capacity, such as muscle and fat 

(Ellison et al., 2012). The immune system also undergoes changes during adolescence, though 

these are less well-understood. In terms of innate immune function, environmental factors that 

are known to increase inflammation in adults are also related to inflammation in adolescents, 

including social stress, sleep deprivation, and obesity (Weiss et al., 2004; Miller and Wrosch, 

2007; Martinez-Gomez et al., 2011). Additionally, the hormonal changes of adolescence have 

immunological consequences, with growth hormone and gonadal hormones exerting variable, 

and sometimes proinflammatory, effects on innate and adaptive immunity (Berczi, 1997; 

Bouman et al., 2005; Marketon and Glaser, 2008). Despite the complexities of immune function 

in adolescence, this time period offers an intriguing possibility for exploring the energetic cost of 

non-acute immune function. Trade-offs between immune function and other demands may be 

especially evident in adolescents, as they are supporting increased growth rates as they finish 

maturation.  

Working from our primary hypothesis that non-acute immune function is costly, we 

organize a series of analyses that test how CRP is related to energy reserves, energy balance, and 

investment in growth.  We predict that, even at very low levels of adipose tissue, girls who have 

more energy reserves will invest more in innate immune function. We also predict that being in 

positive energy balance, characterized by fat gain and by higher levels of C-peptide of insulin, 

will be associated with higher levels of CRP. Finally, we predict that girls who are investing 

more in growth will have lower levels of non-acute CRP. The ability of individuals to invest in 

growth, immune function, or reproduction is a function of their individual energy status, and 

some girls may be able to support both increased investment in growth and high levels of 
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investment in innate immune function (McDade et al., 2008). Where appropriate, models will 

investigate how such phenotypic correlations may influence results, as well as whether 

individuals in different stages of the adolescent transition differ in investment strategy.  

2.3 Methodology 

Population:  Study participants were 66 post-menarcheal adolescent females between 14 and 19 

years at enrollment, residents of West Kiang, a rural province of The Gambia. This is an 

agricultural society with documented caloric and micronutrient constraints related to a highly 

seasonal environment (Singh et al., 1989). Annually, there is a wet season (June to October), 

which coincides with the period of greatest agricultural labor, lowest food intake, and is 

characterized by population weight loss. There is also a dry season (November to May), in which 

relatively low-burden harvest work occurs, food intake is higher, and weight is gained.  

Participants in the current study were born to mothers who were enrolled in a 1989-1994 protein, 

energy, and micronutrient supplementation trial, and all participants were born during the wet 

season (Ceesay et al., 1997). We contacted 81 adolescent females for participation in the study, 

and 12 refused (a 15% refusal rate). Of the remaining 69 women, three did not have serum 

available for CRP analysis and are not included in this report. At the time of the study, 

participants were not pregnant, had reported at least one menstrual cycle since parturition if 

lactating, and were not using hormonal contraception. Six participants had previously given birth 

and were breastfeeding at some point during the study. In mixed models accounting for repeat 

sampling across individuals, neither having given birth (β = 0.57, SE = 0.44, p = 0.19, R2 = 0.01) 

nor currently nursing (β = 0.55, SE = 0.39, p = 0.16, R2 = 0.01) were associated with log CRP.   

This study uses longitudinal data from three consecutive seasons, the fall 2009 wet 

season [July 30 to October 3], the spring harvest season of 2010 [March 1 to April 1] and the 
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beginning of the fall 2010 wet season [July 14 - August 12, 2010]. The majority of data 

collection in 2009 overlapped with Ramadan [August 21 – September 21]. In this population, 

fasting associated with Ramadan is commonly observed after puberty, and is a daylight-hours 

fast lasting approximately a month. During Ramadan fasting, participants consumed their daily 

calories during their evening meal, after sunset. In this sample, the dates associated with 

Ramadan were associated with higher CRP levels (Figure 2.1), and in a related study of the same 

subjects, both leptin levels and C-peptide of insulin levels were significantly higher during 

Ramadan than in the non-Ramadan wet season (Reiches et al., 2014).  

 

Figure 2.1. Ramadan and CRP in Season 1 

 

 

Figure 2.1. CRP and sample collection date. Vertical lines indicate Ramadan period (Aug. 21 – 

Sept. 21).  
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Within Season 1, samples collected strictly during Ramadan are not significantly 

different than samples collected outside of Ramadan (multilevel regression with individual as a 

random group effect and a Ramadan indicator variable predicting log CRP, β = 0.38, p = 0.20, R2 

= 0.02). However, if the Ramadan sampling period includes the week following Ramadan, there 

is a statistical difference (β = 0.94, p = 0.02, R2 = 0.04). Our data suggest that Ramadan fasting 

may be associated with an increase in circulating CRP in non-obese adolescents with normal to 

high energy outputs, and that this effect may persist for several days following the end of 

Ramadan. However, there is not currently a substantive reason to include these days with our 

Ramadan period, and without them, Season is a superior explanation of the variation seen. 

Therefore, we include Season as a variable in our final models. Previous studies of the effect of 

Ramadan on CRP have variously reported that fasting lowers CRP in normal-weight individuals 

(Aksungar et al., 2007), that it raises CRP in normal-weight individuals but lowers CRP in obese 

persons  (Unalacak et al., 2011), and that Ramadan fasting has no effect on CRP (Nematy et al., 

2012), and it is unclear whether our results are typical of Ramadan fasting in agricultural 

subsistence populations. The effects of fasting on circulating inflammatory proteins in normal-

weight individuals, especially those living in rural and agricultural environments, deserves 

further study.  

 This data set includes longitudinal data across three seasons, with repeat samples for a 

majority of participants (Table 2.1). In total, we have 299 observations of CRP from 66 

individuals. There are three seasons of data for 36 participants, two seasons of data for 16 

participants, and one season for 14 participants. Most participants have two samples of CRP per 

season, although up to three participants in each season only have one sample available.  
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Table 2.1. Participant characteristics 

 Season 1  

N = 56 

Season 2  

N = 52 

Season 3  

N = 45 

Age (years) 17.2  (1.5) 17.4 (1.4) 17.5 (1.3) 

BMI (kg/m2) 20.7 (2.8) 20.4 (2.8) 20.6 (3.1) 

Adiposity (PCA metric) 0.07 (2.34) -0.21 (2.40) 0.15 (2.34) 

Height Velocity (cm/year) 0.70 (0.77) 0.79 (0.77) 0.89 (0.78) 

CRP (mg/L) 0.66 (1.16) 0.33 (1.15) 0.18 (0.36) 

Leptin (ng/mL) 14.74 (5.22) 13.56 (5.50) 11.25 (7.35) 

C-peptide (ng/mg) 28.34 (22.82) 20.21 (15.42) 14.88 (10.34) 

Time Since Menarche (years) 2.1 (1.6) 2.2 (1.3) 2.4 (1.3) 

Weight (kg) 53.3 (8.0) 52.8 (7.9) 53.7 (7.9) 

Height (cm) 160.44 (5.66) 160.87 (5.30) 161.33 (5.50) 

Δ Weight in Season (kg) -0.8 (1.4) 0.2 (1.2) -0.3 (0.7) 

Δ Lean Mass in Season (kg) -0.5 (1.1) 0.3 (1.1) 0.1 (0.9) 

Δ Fat Mass in Season (kg) -0.3 (0.9) 0.0 (0.6) -0.4 (0.6) 

Skin Folds (mm) 14.5 (4.5) 18.2 (5.1) 19.1 (5.3) 

Arm Fat (kg) 1.2 (0.6) 1.1 (0.7) 1.2 (0.7 

Leg Fat (kg) 6.7 (2.5) 6.4 (2.6) 6.8 (2.6) 

Trunk Fat (kg) 5.7 (2.6) 5.4 (2.6) 5.8 (2.5) 

Android Fat (kg) 0.7 (0.4) 0.7 (0.4) 0.7 (0.4) 

Gynoid Fat (kg) 3.2 (1.1) 3.0 (1.0) 3.2 (1.0) 

 

Table 2.1. Participant characteristics of 66 total adolescent Gambian girls across three seasons of 

data collection. All values are mean (standard deviation). 
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Anthropometry and body composition:  Height, weight and triceps skinfold thickness were 

measured in triplicate by the same trained observers. Height was measured for barefoot 

participants to the nearest millimeter with a stadiometer calibrated daily. Weight was measured 

in light clothing in triplicate to the nearest 0.1 kg on a battery-operated scale (Tanita 

Corporation, Japan), calibrated daily. Skinfold measures were taken with calipers, to the nearest 

2 mm. Body composition was measured with the Tanita BC-418MA segmental body 

composition analyzer at the beginning and end of each sampling season. We used a population 

specific equation for the estimation of percent fat-free mass, validated to have a correlation with 

estimates from deuterium of R = 0.84 (95% CI 0.79–0.89) (Prins et al., 2008). A modified 

version of this equation, which includes using triceps skinfold measures, was used to convert 

Tanita impedance readouts in Ohms into estimates of fat and lean mass. The Tanita 

measurements also provide information on the change of weight and body composition within 

season.  

Whole and segmental body composition was measured at intake each season by DXA 

(Lunar DBX, GE Lunar Corporation, Madison WI). Limb regions are defined as the limbs of 

interest. Android and gynoid regions are based on definitions as in Lee et al. 2008 and Novotony 

et al. 2007. Android regions are defined as the region from the top of the pelvis (bottom of the 

fourth lumbar) to a position equivalent of 20% of the distance between the pelvis and the femoral 

neck. Lateral boundaries are the lines that mark the arm regions. The gynoid region is a set 

distance (1.5 times the height of the android region) below the upper pelvis line. The lower 

boundary is twice the height of the android region below the upper boundary. The lateral 

boundaries are the lines that mark the leg regions. 
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Adipose tissue measures were tightly correlated, and we conducted a principal 

components analysis to create a global measure of adiposity. The variables included in this 

metric were BMI, trunk fat, arm fat, leg fat, gynoid fat, and android fat. The eigenvalue of the 

first component was 5.39 times the size of the second, and accounts for 92.72 percent of the 

variance. No other eigenvalue was greater than 0.16. Accordingly, individual scores on the first 

principle component were used in subsequent analyses as measures of global adiposity.  

We calculated an average linear height velocity for each participant by averaging the 

change in height between each season, adjusting for duration of time between measurements. 

Two data points were identified as outliers and removed; one had an associated height velocity 

greater than 6 cm/year, more than twice the velocity of any other participant, the other exerted 

unusually high leverage due to high CRP and a high growth velocity. Nine individuals were 

present in multiple seasons and had a height velocity of 0 cm/year, indicating they were no 

longer growing. They were included the analyses. Previous studies of childhood and adolescent 

growth in the Gambia have demonstrated that, relative to British children, growth rates are lower 

at all ages, including a lower rate of peak growth velocity (averaging 6 cm/year in girls), and that 

both the age of peak height velocity (13.8 years) age of growth cessation are delayed (Billewicz 

and McGregor, 1982). Given this, and the rates of growth observed (Figure 2.2), these data 

suggest some of these girls are still investing heavily in growth, while gradually coming to a 

point of growth cessation.  
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Figure 2.2. Linear height velocity by age  

 

Figure 2.2. Height velocity decreases with increasing age. One outlier with a height velocity over 

6 cm/year was excluded for this image.  

 

Lab analyses:  CRP and leptin were measured from serum derived from approximately 100 µl 

of peripheral whole blood collected by finger prick into microtainer capillary tubes. Samples 

were collected between 9:00h and 11:00h and were not fasted. CRP and leptin assays were run 

on site in the Gambia, and laboratory conditions were less stable, including daily temperature 

fluctuations, than in our normal lab at Harvard. Therefore, the inter-assay CVs are somewhat 

high. The assays for C-peptide of insulin were run in our Cambridge-based lab.    

CRP was measured using a high-sensitivity ELISA protocol (Brindle et al., 2010), which 

has a functional sensitivity of 0.00015 mg/L. Samples were run in duplicate, with an average 

intra-assay coefficient of variation of 5.2%. Samples that read as below the detection limit of 

0.0001 mg/L, above 10 mg/L, or with coefficients of variation over 20% were rerun. The average 



  19 
 

intra-assay coefficient of variation for the low control was 2.4% and for the high control was 

3.1%. The average inter-assay coefficient of variation for the low control was 23.7% and for the 

high control was 23.8% (N = 11). We explored the significance of these high CVs for our 

analysis through the inclusion of a dummy variable for plate. Results were unaffected. CRP 

values were not normally distributed, and were logged for analysis.  

C-reactive protein is a part of the acute response, and it is necessary to exclude values 

indicative of acute inflammation. Unlike the chronically elevated CRP levels often seen in 

Western populations, here no individual had consistent CRP above 3 mg/L, though the CRP of 

one individual with a very high BMI for the population (26 to 28 over the seasons) did reliably 

fall around 1 mg/L. Given this, we use a conservative cut-off of 2 mg/L to exclude values 

indicative of acute inflammation, similar to other recent work (McDade et al., 2008; Lorenz et 

al., 2015).  

Leptin was analyzed with a commercially available 96-well plate leptin ELISA kit 

(BioVendor, Candler, NC), used according to kit protocol. The intra-assay coefficient of 

variation was 2.8% for the high control and 7.8% for the low control, and the inter-assay 

coefficient of variation was 16% for the high control and 50% for the low control (N = 10). 

While the CV for the low control was quite high, this represents only 2.3 ng/mL, and so is fairly 

minimal absolute variation. Leptin values were not normally distributed, and were logged for 

analysis.  

C-peptide of insulin, a prohormone produced in a 1:1 ratio with insulin and secreted in 

urine, was measured in fasted first morning void urine samples dried on saturated filter paper by 

validated methods (Emery Thompson and Knott, 2008). C-peptide of insulin was measured by 

radioimmunoassay according to kit protocols (Human C-peptide RIA kit manufactured by 
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Millipore, catalogue number HCP-20K). Creatinine corrections were applied to adjust for urinary 

concentration (Taussky, 1954). The intra-assay coefficient of variation for the high control was 

13.4% and for the low controls 13.8%. Inter-assay coefficients of variation were 10.1% for high 

and 15.7% for low controls (N = 13 assays). The sensitivity of the assay was 0.01 ng/ml. 

Analyses used C-peptide of insulin levels indexed to the individual, meaning normalized in 

reference to the average level for each individual.  

Statistics:  Statistical analysis was performed in Stata 13. All models predict natural-log 

transformed serum CRP. As our longitudinal dataset contains repeat measures from the same 

individuals, the residuals are no longer independent. Models are linear mixed models, with 

individual as a random effect.   

2.4 Results 

Associations between CRP and Energy Status 

Over the study as a whole, participants were an average of 17.35 years old (sd 1.41), and 

2.23 years post-menarcheal (sd 1.44). As continuous variables, in single predictor models, 

neither chronological age (β = -0.03, SE = 0.08, p = 0.75, R2 = 0.01) nor time since menarche (β 

= 0.04, SE = 0.08, p = 0.59, R2 = 0.03) were associated with CRP. While it is not significant, we 

include age as a covariate in our full models below.  

The relationship between adiposity and CRP was present even in very lean individuals. In 

a single predictor, mixed model with individual random-effects, our global measure of adiposity 

positively predicted log CRP (β = 0.16, SE = 0.04, p < 0.001, R2 = 0.17). Including individuals 

with CRP over 2 mg/L did not affect the model (β = 0.19, SE = 0.04, p < 0.001, R2 = 0.17). 

Including age and season as covariates did not influence the significance of adiposity as a 
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predictor of CRP (Model 1, Table 2.2). These results suggest a relatively continuous relationship 

between adiposity and CRP, even at very low levels of both (Figure 2.3).  

Figure 2.3. Log CRP by adiposity PCA score  

 

Figure 2.3. Log CRP versus score on first component of adiposity PCA.  Model is mixed-effects, 

with fixed-effects coefficient for adiposity component specifying the regression line (β = 0.16, p 

< 0.001, R2 = 0.17).  
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Table 2.2. Mixed model regressions predicting log CRP 

Models are mixed model regressions, predicting log CRP, with individual as a random-effect. 
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The adipokine leptin also positively predicted CRP levels. Leptin values were logged for 

analysis, thus the coefficient is interpretable as indicating the percent change in CRP associated 

with a percent change in leptin. In a single predictor model, a 10% change in leptin levels was 

associated with an approximately 12% change in non-acute CRP (β = 1.17, SE = 0.42, p = 0.006, 

R2 = 0.09, Model 2, Table 2.2). This association was strengthened if CRP values above 2 mg/L 

were included in the model (β = 1.69, SE = 0.48, p < 0.001, R2 = 0.10). Our adiposity metric had 

a strong positive correlation with leptin, Pearson’s R = 0.69, p < 0.001. In models including 

adiposity, age, and season as covariates, the association between leptin and CRP lost significance 

(Model 3, Table 2.2).  

Associations between CRP and Energy Balance 

Contrary to our prediction that positive energy balance would be associated with higher 

investment in non-acute immune function, CRP did not differ significantly between individuals 

who were gaining fat within a season and those who were losing fat (β = 0.20, SE = 0.17, p = 

0.24, R2 = 0.01). This finding was not affected by including individuals with CRP above 2 mg/L 

in the model, or by including age, season, and adiposity as covariates. Because prior work from 

this population found that older and younger individuals differ in how they prioritize tissue gain 

and loss, we considered whether pubertal transition stage may be influencing the relationship 

between energy balance and allocation to maintenance, and investigated models that included 

interaction terms between fat gain and age, as well as fat gain and a dichotomous growth velocity 

indicator (above or below 1 cm/year). We did not find any significant interactions between fat 

gain and these covariates of pubertal transition.  

In a single predictor model, there was a positive relationship between CRP and C-peptide 

of insulin, a marker of insulin status and energy balance, though it did not explain much of the 
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variation present (β = 0.44, SE = 0.15, p = 0.003, R2 = 0.02). This relationship may be due to 

higher C-peptide of insulin and higher CRP in season 1, as when we included season as a 

covariate the relationship lost significance (Model 4, Table 2.2).  

Associations between CRP and Investment in Growth 

Adolescent girls who were investing more in growth had lower CRP values than 

individuals who were investing less in growth. The single predictor model indicates that height 

velocity was negatively associated with log CRP (β = -0.58, SE = 0.14, p < 0.001, R2 = 0.13, 

Figure 2.4). Including individuals with CRP results over 2 mg/L increased the strength of this 

association. In models including adiposity, age, and season, height velocity continued to 

negatively predict CRP (Model 4, Table 2.2). These results were not affected by including 

individuals with CRP over 2 mg/L in the model. The association between current investment in 

linear growth and CRP did not extend to height. Neither height (β = -0.01, SE = 0.02, p = 0.75, 

R2 = 0.0001), nor a height-for-age z-score (β = -0.03 SE = 0.16, p = 0.87, R2 = 0.0003) were 

associated with CRP. 

As an alternative metric of investment in growth, while in a single predictor model 

individuals who gained lean mass within a season had significantly lower CRP than those who 

were losing lean mass (β = -0.42, SE = 0.15, p = 0.005, R2 = 0.08), this association lost 

significance (β = -0.25, SE = 0.15, p = 0.09) in models including adiposity, season, and age. 

Individuals who were gaining lean mass were also more likely to have higher growth velocity, 

though the correlation is relatively weak (Pearson’s R = 0.22, p = 0.001).   
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Figure 2.4. Log CRP by height velocity 

 

Figure 2.4. Log CRP versus height velocity (cm/year). Model is mixed-effects, with fixed-effects 

coefficient for height velocity specifying the regression line (β = -0.58, p < 0.001, R2 = 0.13).  

 

Adiposity appears to mediate the investment between immune function and growth 

(Figure 2.5). Independent-group t-tests were conducted to compare mean log CRP levels 

between groups of girls based on investment in growth and adipose reserves, as defined by 

median splits for height velocity and global adiposity. Considering first girls who were investing 

less in growth, individuals with lower adiposity had lower CRP (M = -2.28, SD = 1.09) than 

individuals with higher adiposity (M = -1.87, SD = 1.09, t = 2.02, p = 0.05), though the 

difference becomes non-significant when including CRP values over 2 mg/L. Only eight girls 

were both investing heavily in growth and had high adiposity, however their CRP levels (M = -

1.63, SD = 0.97) did not differ significantly from girls with similar levels of adiposity who were 
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not investing in growth (M = -1.87, SD = 1.09, t = -1.10, p = 0.28). Girls who were investing in 

growth and had low adiposity had the lowest CRP levels of any group (M = -2.74, SD = 1.10), 

significantly lower than girls with low adiposity who were not growing (t = 2.19, p = 0.03) and 

girls who were growing but had higher adipose reserves (t = -5.09, p < 0.001). 

In a full model including all predictors (height velocity, C-peptide of insulin, log leptin, 

adiposity, season, and age), height velocity retains independent power for predicting log CRP 

(Model 5, Table 2.2). 

 

Figure 2.5. Relationships between log CRP, investment in growth, and adiposity 

 

Figure 2.5. Adiposity mediates the relationship between log CRP and growth. Girls who are 

investing heavily in growth and have low adipose reserves have significantly lower log CRP 

levels than the other groups in the figure.  
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2.5 Discussion  

As a lean population going through the pubertal transition under conditions of general 

energetic constraint, Gambian adolescent girls manifest the sorts of trade-offs in energetic 

investment that are predicted by life history theory. That theory stipulates that at each point in an 

organism’s life, energy is allocated between non-overlapping physiological categories in ways 

that optimize fitness (Gadgil and Bossert, 1970; Stearns, 1992). The adolescent transition is a 

particularly useful time to consider energetic dynamics, as during puberty investment in linear 

growth is first increased (the adolescent growth spurt) and then terminated. Meanwhile, 

investment in reproduction, manifested in females as the development of primary and secondary 

sexual characteristics and an increased metabolic priority given to energy storage as fat, 

increases as investment in growth subsides (Ellison et al., 2012). For instance, prior work from 

our group demonstrated that, in this participant sample, younger individuals prioritize lean mass, 

even at the expense of fat, while older individuals prioritize the fat deposits critical for 

reproductive success (Reiches et al., 2013). While the trade-off between growth and reproduction 

during the pubertal transition is readily observed and rationalized, attention is rarely directed at 

investment in maintenance over the same period. Our primary hypothesis here was that 

maintenance of the immune system might represent a substantial, flexible component of overall 

energetic costs, one that could be expected to covary with other energetic demands and resources 

during puberty. 

In support of this hypothesis, we find evidence that increased allocation of energetic 

resources to growth may come at a cost to non-acute immune function, particularly in girls with 

low adipose tissue reserves. In this sample, girls who were growing faster and girls who were 

depositing lean mass had, on average, lower non-acute CRP. We interpret this as evidence that, 
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in this energy-limited environment, these girls were subsidizing the increased costs of growth in 

early adolescence through decreasing investment in non-acute immune function.  

We also find that, regardless of pubertal transition stage, individuals who had more 

available energy stores, as measured by a global adiposity metric and the hormone leptin, 

invested more in non-acute immune function. That adiposity was positively associated with CRP 

may seem unsurprising given the well-known relationships between obesity and inflammation 

(Horng and Hotamisligil, 2011). However, the inflammation induced by obesity is understood to 

result from pathological processes such as the increased recruitment of macrophages into adipose 

tissue in response to stress signals from enlarged adipocytes (Cancello and Clément, 2006). Here 

we find that CRP, in a range well below the chronic levels understood to result from obesity, is 

positively associated with adiposity, even in very lean subjects. We interpret this as evidence of a 

non-pathological relationship between adipose tissue and innate immunocompetence.  

An adaptive relationship between adipose tissue and innate immunocompetence is 

congruent with several other lines of evidence. The fat body of insects regulates energy 

metabolism and storage and is also the site of immune and antibacterial responses (Vilmos and 

Kurucz, 1998; Azeez et al., 2014). And it is well-known that a minimum level of body fat and 

the hormone leptin is necessary to maintain T-mediated immunity (Lord et al., 1998), and that 

leptin can regulate inflammatory immune processes, including stimulating IL-6 production in 

macrophages (Matarese et al., 2005; Tilg and Moschen, 2006). This is congruent with our initial 

evidence that leptin positively predicts CRP, but here the relationship between leptin and CRP 

appears to be entirely mediated by adiposity. We also note the unexpected finding that in the 

final full model leptin negatively predicts CRP. In-vitro, leptin is reliable at stimulating 

inflammatory immune function, but in human populations the relationship to immunity is often 
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more complex. For instance, previous research in this population finds no relationship between 

leptin levels and acquired immune function in moderately undernourished children (Moore et al., 

2002). While the specifics of how adipose tissue influences CRP are complex, our results support 

a strong relationship between adiposity and innate immune function. An acute immune response 

imposes a substantial energetic cost in a relatively short time frame, and adipose reserves are 

critical for subsidizing immune responses in energy-limited environments. The innate immune 

system has been hypothesized to be more energetically costly than acquired immunity (McDade 

et al., 2016), and may be especially sensitive to energetic indicators. The relationships between 

adipose tissue, leptin, and immune function suggest that organisms increase innate immune 

vigilance when adipose tissue reserves are sufficient to fund acute immune responses. 

This framework, of considering the cost of an acute response as underlying the coupling 

of non-acute immune function to energetic reserves, also aids in interpreting why we do not find 

that energy balance, as measured by C-peptide of insulin or fat gain, was related to non-acute 

CRP. Positive energy balance does not necessarily correlate with large energy reserves. An 

organism could be gaining fat, or have a current caloric excess, but still have very low absolute 

levels of adipose tissue. While organisms may use markers of energetic balance to judge whether 

to embark upon long term energetic projects, such as female reproduction (Ellison, 2003), an 

acute immune response will demand a large amount of energy in a short period of time 

(Lochmiller and Deerenberg, 2000). Given this, it may be more reliable for organisms to use 

signals of energetic reserves to calibrate immune function, rather than energy balance.    

Our findings suggest that there is a non-trivial metabolic cost either inherent in CRP 

production, or closely associated with levels of CRP. CRP has a half-life of 18 hours (Vigushin 

et al., 1993), indicating that this population of proteins is undergoing frequent turnover, requiring 
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some relatively constant commitment of energetic resources, though the metabolic cost of this is 

unknown. Our data also imply that there are meaningful differences in low levels of CRP. 

Interestingly, administration of human CRP to mice protects against pneumococcal infections, 

but not if CRP is administered after exposure to the bacteria, suggesting an early prophylactic 

function may be associated with CRP levels (Agrawal et al., 2008). If CRP has a similar function 

in humans, our data would suggest that adolescence, in particular the period of the growth spurt, 

may be accompanied by increased risk of illness. While some pathogen infections are more 

frequent in adolescence (Gryseels et al., 2006), it is difficult to parse behavioral from 

physiological influences without direct measurement of the growth spurt. Alternatively, changes 

in levels of CRP may signify broader shifts in immunocompetence, perhaps particularly in innate 

immunocompetence, and not be specific to the action of CRP in particular. Outside of the 

context of chronic disease and pathology, the functional significance of variation in low-level 

CRP deserves study, as does the relationship between other aspects of immunocompetence, such 

as lymphocyte populations, and energetic demands.  

  In this work, we find that increased investment in growth is associated with reduced 

investment in non-acute immune function. Could investment in other energetic demands, such as 

reproduction or physical activity, also evidence trade-offs with non-acute immune function? 

Intriguingly, two recent studies support a hypothesis that there are some trade-offs between 

female reproductive function and higher levels of CRP. Though they do not specifically 

investigate non-acute CRP, these studies found that higher levels of CRP are associated with 

anovulation and lower levels of progesterone and estrogen (Clancy et al., 2013; Lorenz et al., 

2015). Concerning physical activity, vigorous exercise is known to suppress cell-mediated 

immunity and increase the risk of illness, while more moderate exercise generally has an anti-
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inflammatory effect (Nieman and Pedersen, 1999). How other types of physical activity, such as 

that associated with agricultural lifestyles, relates to immune function is an important locus for 

future research.  

The dominant public health discourse concerning CRP is one of pathology and “chronic 

inflammation”, yet for at least a decade human biologists working in non-Western populations 

have found lower CRP than expected, and more complicated relationships between CRP and 

metabolic disease (Sorensen et al., 2006; Howard et al., 2008; Gurven et al., 2009). We note that 

our CRP values are quite low in comparison to adult values from North America and Europe, 

though they are similar to those seen in other non-obese adolescent populations (de Ferranti et 

al., 2006; et al., 2009; Pirkola et al., 2010; Kruger et al., 2013). In our increasingly transnational 

world, understanding the significance of immunological biomarkers such as CRP, in both clinical 

and non-clinical settings, will require integrating knowledge of how different ecological contexts 

influence the manifestation of non-acute immune function. 

While working with a subsistence agricultural population of pubertal girls has important 

benefits for understanding diversity in immune strategies, we should also keep in mind several 

limitations of this study. These include a relatively modest sample size, and unequal 

representations of individuals across the seasons. We also cannot infer causality from these data. 

Our use of longitudinal data and a relatively stringent cut-off for acute CRP attempts to avoid 

biasing our data with individuals who are actively experiencing immune responses. However it is 

possible that we are including some girls who have slightly elevated CRP and low growth 

because they have recently been sick. More broadly, it is unclear whether these relatively slight 

differences in CRP would be measurable in populations with higher rates of inflammation 



  33 
 

associated with obesity, or if these patterns would hold in populations living in environments 

with easy access to quick calories.   

In summary, we contribute to a body of literature that emphasizes the importance of 

considering immune function as a metabolically expensive life history demand that may 

evidence sensitivity to energetic resources, and trade-offs with other demands. The constant 

production of cells and proteins required for immune vigilance is an important part of the 

energetic budget of organisms. The results of this paper support an understanding of investment 

in normal immunocompetence as a non-trivial energetic expense, one which may be drawn upon 

if needed to support other somatic strategies, and that may be tied to energetic reserves within 

the organism. We look forward to future research that aims to better quantify the cost of non-

acute immune function.  
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Chapter 3. Reliability of C-reactive protein in a first-generation Ecuadorian immigrant 

population living in the US.  

3.1 Introduction  

C-reactive protein (CRP) is an acute phase protein that is also present at low 

concentrations in healthy individuals. These basal levels are frequently used as a diagnostic 

measure to provide information on low-level inflammation and predict chronic disease risk 

(Ridker et al., 2003). This use is predicated on the assumption that within-individual CRP levels 

are relatively stable, which is based primarily on several reliability studies in U.S. and European 

populations (Macy et al., 1997; Ockene et al., 2001; Braga and Panteghini, 2012). However, 

evidence is emerging that CRP levels are influenced by early-life environmental factors. A recent 

reliability study in Amazonia Ecuador failed to find the expected within-individual stability of 

CRP, particularly at levels indicative of low-level inflammation (McDade et al., 2012). One 

proposed explanation for these findings is that the early life pathogen environment has regulatory 

effects on later life innate immune function. According to this hypothesis, populations exposed 

in early life to higher levels of pathogens, and perhaps particularly to helminths, have more 

tightly regulated inflammatory systems and lower levels of inflammatory markers in later life. 

Immigrant populations, and in particular individuals who grew up in high pathogen 

environments but are now living in hyper-sanitized, affluent societies can offer insight into how 

early life and current conditions influence CRP levels. However, little work has examined CRP 

from this perspective. The possibility that the early life pathogenic environment has marked 

effects on a major immune biomarker is intriguing, with implications for our assumptions about 

normal immune parameters. We therefore investigated the within-individual stability of CRP in a 

population of first-generation Ecuadorian immigrants living in the United States.  
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3.2 Background  

C-reactive protein is a component of the innate immune response, and rises exponentially 

during acute phase reactions. Upon recognition of pathogen or damage associated molecules, 

CRP initiates the complement system, promotes opsonization, activates leukocytes, and 

stimulates the release of proinflammatory cytokines  (Agrawal et al., 2001). C-reactive protein is 

also present in the blood of healthy individuals, and with the advent of high-sensitivity ELISA 

assays in the late 1990s, researchers began focusing on the lower levels of CRP that occur 

outside of the context of acute reactions (Rifai et al. 1999; Ridker et al. 2000; Ridker, 2001; 

Ridker, 2009). This research concluded that 1) CRP is relatively stable within-individual, with 

some individuals having higher non-acute CRP than others (Rifai and Ridker, 2003); and 2) 

higher levels of non-acute CRP, in particular non-acute CRP levels between 3 mg/L and 10 

mg/L, are predictive of a wide range of chronic diseases, especially heart disease and Type-II 

diabetes (Ridker et al., 2003; Doi et al., 2005). Individuals with CRP in this range are often 

described as having “low-level inflammation”, different from the acute inflammation 

experienced in response to active injury or insult (generally considered as levels above 10 mg/L).  

C-reactive protein likely contributes mechanistically to the development of 

arteriosclerosis, through its ability to bind to vascular walls and recruit other immune cells 

(Galkina et al., 2009). However, the link between CRP and diabetes is related to the association 

between CRP and obesity (though an inflammatory hypothesis of diabetes has been proposed) 

(Dandona et al., 2004). In obesity, macrophage recruitment to enlarged and damaged adipocytes, 

especially in visceral adipose tissue, contributes to a rise in systemic inflammation (Cancello and 

Clément, 2006). Evidence also exists that inflammation is related to depression and social stress 

(Steptoe et al., 2007; Valkanova et al., 2013). The vast majority of these studies have been 
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conducted in relatively affluent, post-epidemiological transition populations – in which 

individuals are well-fed and have relatively low exposure to pathogens. Recent work has 

questioned the generalizability of these findings to other populations.  

Generally, populations in affluent environments have higher CRP levels than other 

populations. In the U.S., median adult CRP is frequently found to be around 2 mg/L (Ford et al., 

2003, 2004). This is much higher than median levels observed in other populations around the 

globe, for instance, 0.6 mg/L in Malawi (Kohler et al., 2013), 0.2 mg/L in the Philippines 

(McDade et al., 2009), and a mean of 0.66 or lower in the Gambia (Shattuck-Heidorn et al. 

2016). The determinants of CRP are complex. Besides being a primary component of the innate 

immune response, CRP is related to adiposity, physical activity (Kasapis and Thompson, 2005; 

Fedewa et al. 2017), nutrition (Ko et al., 2014), stress (Johnson et al., 2013), and environmental 

contaminants (Khan et al., 2009, 2012; Merghani et al., 2012), factors that are partially 

responsible for the between-population differences. For instance, CRP levels are relatively low in 

affluent Japan, likely related to relatively low BMI and dietary habits  (Tamakoshi et al., 2003). 

And several studies have found that Aboriginal Australians (not living traditional lifestyles) have 

extremely high median levels of CRP (median values greater than 4 mg/L), incompletely 

explained by obesity and perhaps related to a high prevalence of chronic skin infections and 

dietary factors (McDonald et al., 2004; Hickling et al., 2008; Wang and Hoy, 2006).  

Along with variation in obesity and other such factors, another hypothesis proposed to 

explain inter and intra-population differences in CRP is that levels are influenced by the early 

life pathogen environment. This “hygiene hypothesis” is based on the observation that allergies 

are lower in populations exposed to higher levels of early life pathogens (Renz et al., 2005; 

Rook, 2007). Similarly, the “disappearing microbiota hypothesis” posits that disrupting the 
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natural formation of commensal microbial communities (for instance, through the reduction of 

exposure to common microbes or even cesarean birth) is associated with higher rates of allergic 

disease and dysregulated inflammation (Rook and Brunet, 2005; Bager and Wohlfahrt, 2008). 

Mechanistically, this hypothesis proposes that part of the evolved response to helminths and 

some microbiota is the increased activation of regulatory T cells (T-reg cells). T-reg cells release 

cytokines like IL-10, which can act to suppress the inflammatory immune response, and may 

have direct effects on the regulation of inflammatory cytokines in adipose tissue (Feuerer et al., 

2009; Littman and Rudensky, 2010). The early-life regulatory hypothesis proposes that the lower 

CRP levels seen in some non-Western populations partially derive from higher exposure to early 

life pathogens, greater activation of T-reg cells, and thus a more tightly regulated inflammatory 

response. Evidence supporting this view includes that in a Philippine sample from Cebu, 

individuals with higher microbial exposure in infancy had lower CRP than those with lower 

exposure (McDade et al., 2010). Similarly, a study in China found that individuals with higher 

early life pathogen exposure had a lower likelihood of having moderate levels of CRP (though a 

higher likelihood of having acutely elevated CRP) (Thompson et al., 2014).   

Further supporting the early-life regulatory hypothesis, a recent study of CRP variability 

in Amazonian Ecuador found that patterns of within-individual stability of CRP in this 

population do not resemble those of the U.S. and other affluent societies (McDade et al., 2012). 

Over the course of four weekly repeated samples, 34.6% of individuals had at least one sample 

above 3 mg/L, but all of these individuals also had very low (<= 1 mg/L) CRP readings during 

the study. No individual consistently had levels at or above 3 mg/L across the four week study. 

This is in contrast to affluent societies, in which some individuals clearly have chronic sub-

clinical, low-level inflammation (defined as 3 mg/L – 10 mg/L). Additionally, the proportion of 
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total variance attributable to differences between individuals was lower than commonly found in 

US populations. These findings demonstrated that the traditional use of single time point CRP as 

a metric of low-level inflammation would be inaccurate in this population.  

Motivated by the importance of further investigating how the early-life environment may 

influence later life immune function, we designed a study that utilized immigration as a natural 

experiment to dissociate early life and current environmental experiences. This study involved 

first-generation immigrants from the Morona-Santiago region of Ecuador, the same region as the 

variability study referenced above (McDade et al. 2012). We used an early life and health history 

survey to verify proxies of pathogen exposure. We then collected longitudinal measures of CRP 

over a period of two months, allowing us to analyze the within and between-individual variance 

in CRP and compare this to previously published results. Starting with the hypothesis that higher 

early life pathogen exposure is related to a more tightly regulated inflammatory response, we 

predict that immigrants will exhibit less evidence of low-level inflammation than seen in similar 

studies in US-born populations.  

3.3 Methodology 

Participants included 31 first generation immigrants from the Morona-Santiago region of 

Ecuador, currently living in the New Haven, CT area. This sample is primarily composed of 

middle-aged (mean 41.9, range 22-63) individuals of Spanish and indigenous heritage, who 

immigrated due to economic pressures during the late 1990s and early 2000s. After explaining 

the project in meetings with community groups, members of a primarily Ecuadorian immigrant 

church, and several gatherings at community households, individuals expressed interest were 

invited to participate. Individuals under 18 years of age, taking medication for diabetes, high 

blood pressure, high cholesterol, or blood thinners, and women who were pregnant or nursing 
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were excluded. This study was approved by the Harvard University Committee on the Use of 

Human Subjects.  

Longitudinal dried blood spot samples were collected from 31 participants. Samples were 

collected every two weeks for 6 weeks (four total samples), unless the participant was not 

available during a given week. Blood spots were collected by finger prick onto Whatman 903 

Protein Saver cards. Samples were allowed to dry at room-temperature for 12 hours, and then 

were frozen at -20 C until shipped frozen to the University of Oregon for analysis. Sample 

collection occurred at participant’s homes, and all samples were collected by Shattuck-Heidorn. 

If an individual did not answer or return the scheduling phone call three times in a row, they 

were considered a passive decline/withdrawal. Some individuals provided a fifth sample at a 

metabolic health fair associated with the project. These are included if the collection fell within 

two to three weeks of one of the other samples. Overall, three individuals contributed two 

samples, nine individuals contributed three samples, fourteen individuals contributed four 

samples, and five individuals contributed five samples, for a total of 113 samples. 

Sample collection occurred between April, 2014 and March, 2015. Sample collection 

required meeting people for approximately an hour in their home, and there were two time 

periods during the year in which participants had difficulty scheduling meetings. In August, 

many Ecuadorians celebrate an important religious holiday, the Festival of the Virgen de Cisne, 

in honor of the patroness of Loja. A 6-foot cedar statue was installed in a shrine in Cisne, Loja 

province, in the mid-1500s. La Virgen de Cisne is credited with saving the town by telling the 

townspeople not to leave during a 1594 drought and pestilence, brining rain to the region to 

answer the peoople’s prayers. Many of the colonos who moved from the highlands into Morona 

Santiago came from Loja and neighboring provinces, so it is not surprising that the immigrants 
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from Morona Santiago continue the tradition. August is a month busy with events related to the 

celebration, and scheduling was difficult during this time. Christmas and New Years are also 

important time periods with many associated activities and commitments. Individuals who were 

enrolled during those time periods have longer lags between sample collections near these 

holidays, as long as six weeks near Christmas (total “lagged” samples = 12). Variability analyses 

are conducted both including and excluding these lagged samples.  

Survey data including demographic data (such as age and sex), health history, and early 

life surveys were collected at one of the longitudinal sampling dates. Early life pathogen 

exposure was assessed through health history and questions about environmental and sanitation 

conditions in early life (defined as “when you were a child…”). A current illness survey was 

administered at every sample collection, which included self-reported sickness, whether a fever 

was present, whether the individual was so sick as to remain in bed, and what the illness 

symptoms were.  

Height and weight were collected by Shattuck-Heidorn or trained assistant. Participants 

were weighed with the Omron HBF-510W full body composition analyzer, with weight 

measured to the nearest 0.1 kilogram. Participants were measured using the Seca 213 portable 

stadiometer, with height measured to the nearest millimeter.  

C-reactive protein levels in dried blood spots (DBS) were assayed following a 

modification of the protocol of McDade et al. (2004) (PMID 14981035). Samples were analyzed 

in January 2016 at the Snodgrass Laboratory, University of Oregon. All samples were run in 

duplicate, and samples with a CV greater than 10% were rerun. Final CRP concentrations are 

reported in mg/L. Intra- and inter-assay CVs were 2.2% and 6.8%, respectively, and the lower 

limit of detection was 0.14 mg/L. C-reactive protein concentrations in dried blood spots are 



  44 
 

lower than in serum samples, but are highly correlated with them (McDade et al. 2004). 

Transforming the DBS data to serum equivalent is necessary to compare CRP between 

populations, and also to compare CRP against serum-based scales such as considering 3 mg/L 

evidence of low-level inflammation. A study-specific conversion equation was created by 

analyzing 30 matched dried blood spot and serum samples (samples from the Snodgrass lab, run 

at the same time). To avoid negative values at the lower end of the distribution after serum 

conversion, we log-transformed the matched serum and DBS samples, and performed a Deming 

regression, with the resulting equation: ln (serum mg/L) = 1.2 ln (DBS mg/L) + 0.3405. All 

results presented are serum-converted CRP values. 

Statistical analysis was performed in Stata 13. Because there is variation in the number of 

samples each individual provided, variance was estimated using random-effects mixed 

regression models with individual as the random effect. With repeat measures from the same 

individual, total variance is composed of three components: σ2
I, variance within-individual; σ2

B, 

variance between-individuals; and σ2
A, variance attributable to analytical method (measured 

through repeat analysis of the same sample). In practice, the analytical variance is often included 

with the individual-level variance. The intra-class correlation (ICC) is the proportion of total 

variance that can be accounted for by between-individual variance (
𝛿𝐵

𝛿𝐵+𝛿𝐼+𝛿𝐴
). Higher ICCs can 

be interpreted as providing evidence that an analytic component can have predictive utility, as it 

would indicate relatively small amounts of individual variation, yet enough total variation that 

there are substantial differences between individuals.   
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3.4 Results 

On average, participants were middle-aged (41.9), and had immigrated nearly 20 years 

before (Table 3.1). Of 31 participants, 14 were women. As expected, across individuals, CRP 

values were non-normally distributed (Shapiro-Wilk test W = 0.57, p < 0.001, Figure 3.1). After 

natural log transformation the data approximated a normal distribution (Shapiro-Wilk test W = 

0.99, p = 0.77, Figure 3.2). Women trended towards having higher CRP than men (Wilcoxon 

Mann-Whitney test z = -1.887, p = 0.059), but in a mixed model regression accounting for the 

random effect of individual, sex was not significantly associated with log-CRP (β = 0.50, SE = 

0.39, p = 0.20). Most individuals immigrated as young adults, only three individuals had 

immigrated as children (defined as younger than 13). Log CRP was not associated with current 

age, age of immigration, time in country, or immigrating as a child. In a mixed model regression, 

log CRP was positively associated with BMI (β = 0.10, SE = 0.05, p = 0.03). 

Nearly two-thirds (63%) of individuals reported not drinking filtered or potable water as 

children. For sanitation facilities, 74% of participants reported having an outdoor latrine, or no 

dedicated sanitation facilities. In retrospective questionnaires about early life illness, 18 

individuals had contracted measles as a child, and 9 had contracted either malaria, dengue, 

tuberculosis, or typhoid. Only 3 individuals reported not having helminth infections as children, 

one who immigrated as a young child and two who had indoor bathrooms as children. Only one 

participant reported not growing up with farm animals nearby. Commonly reported animals were 

hens, cuy (guinea pig), ducks, pigs, dogs, and larger animals like cows and horses.  
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Table 3.1. Participant characteristics  

 N = 31 individuals 

113 samples 

Female 46% 

Age  41.9 (10.1) 

Age at immigration 23.4 (9.3) 

Years since immigration 18.6 (7.1) 

BMI kg/m2 27.4 (3.9) 

CRP mg/l 2.10 (3.48) 

CRP mg/l median (IQR) 0.87 (0.36-2.16) 

 

Table 3.1. Participant characteristics of those participants in the longitudinal CRP reliability 

study, data are reported as mean (standard deviation) unless stated.  

Figure 3.1. Distribution of CRP  

 

Figure 3.1. Frequency histogram of 113 CRP samples, all values are reported as serum-

equivalent. 
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Figure 3.2. Distribution of logged-CRP 

 

Figure 3.2. Distribution of 113 CRP samples in logged values. Values were converted to serum-

equivalent before logging.  

 

During the study, participants answered yes to the question “are you currently sick” at 

20% of sample collections, and over the course of the study, nearly half of individuals (15) 

reported illness at some point. In eliciting symptoms, reports of being sick included ailments 

such as allergies, colds, sprained ankles, hernias, and upset stomachs. Using a more precise 

definition of illness (having a fever, staying in bed due to illness, or having a runny nose/cough 

as symptoms), individuals reported being sick at 8% of sample collection times. Individuals who 

reported illness more broadly (not including those with fevers and cold symptoms) did not have 

significantly higher CRP than those who did not report illness (1.58 mg/L for not ill vs. 2.59 

mg/L for ill, Wilcoxon Mann-Whitney z = -0.67, p = 0.50). However, when using the stricter 

definition of illness, individuals who were symptomatic did have significantly higher CRP than 
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those who were not (5.96 mg/L vs. 1.72 mg/L, Wilcoxon Mann-Whitney z = -3.24, p = 0.001). 

While 16 individuals did not describe being ill during the sample collection period, two of these 

individuals had a CRP reading over 10 mg/L during this time, while their other samples were 

below 3 mg/L. The following analyses exclude samples that either come from individuals 

reporting the more precise definitions of illness at that sample collection, or have CRP levels 

over 10 mg/L (a total of 13 samples are excluded by this definition).   

Using pair-wise correlations, successive samples were positively correlated (R ranges 

from 0.47 – 0.93, Table 3.2). 

Table 3.2. Correlation of successive samples  

 Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 

Sample 1 1  n = 29     

Sample 2 0.47 (0.02)  

n = 25 

1  n = 26     

Sample 3 0.42 (0.05) 

n = 23 

0.59 (0.01) 

n = 21 

1  n = 24    

Sample 4 0.25 (0.35) 

n = 16 

0.76 (< 0.01) 

n = 16 

0.79 (< 0.01) 

n = 15 

1  n = 17  

Sample 5 0.99 (0.01) 

n = 4 

0.96 (0.01) 

n = 5 

0.99 (< 0.01)  

n = 4  

0.93 (0.02)  

n = 5 

1  n = 5 

Table 3.2. Pair-wise correlation matrix reporting correlation and p-values, excluding samples 

indicative of acute response 

 

In a repeated-measures mixed model with individuals as the grouping factor, predicting 

untransformed CRP, excluding illness but including lagged samples, the within-individual 

variance was 1.238, and the between-group variance was 1.149 (ICC = 0.481). Excluding lagged 

samples provided similar results (within-individual variance = 1.384, between-individual 

variance = 1.091, ICC = 0.447). In analysis using logged CRP, including lagged samples results 

in within-individual variance of 0.575, and between-individual variance of 1.026 (ICC = 0.64). 
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Again, analysis using lnCRP but excluding lagged samples provided similar results, (within-

individual variance = 0.512, between-individual variance = 0.934, ICC = 0.645). This indicates 

that, depending on which samples are included and whether CRP is log-transformed, 44% - 65% 

of the variance in CRP is attributable to differences between individuals (Figure 3.3).  

 

Figure 3.3. Variability in CRP  

 

Figure 3.3. Variability in CRP across participants, including individuals with evidence of acute 

response. Y-line at 3 mg/L for reference. As supported by the modeling of within and between-

individual variance, repeat samples from individuals tend to cluster.  
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3.5 Discussion 

This study was motivated by the hypothesis that populations with high levels of early-life 

pathogen exposure may experience consequential life-long regulatory effects on their innate 

immune system. As evidenced by participant reports, the study sample grew up in an 

environment with high exposure to pathogens and microbes. Also, at the time of their childhood 

this region of Ecuador was very rural, at least 8 hours from the nearest paved road, with high 

rates of infection. Helminth infection remains chronic in the area. Despite growing up in a more 

pathogenic environment, CRP is relatively stable within-individual, and exhibits comparable 

reliability to U.S. populations. However, in comparing the median level of CRP in this sample to 

other published results, it also appears that despite some members experiencing low-level 

inflammation, CRP levels are low. These results suggest that a refining of the early life pathogen 

exposure hypothesis is in order.  

In this study, some individuals clearly have low-level inflammation (i.e., repeat CRP 

measurements clustered around 3 mg/l) and successive samples are tightly correlated within 

individuals. Within and between-individual variance in CRP levels are also comparable to other 

U.S.-based reliability studies, showing that approximately 50-65% of the variance is attributable 

to differences between-individuals (Table 3.3). From this evidence, we conclude that i) 

individuals in this sample have homeostatic set-points of CRP,  indicative of low-level 

inflammation, and ii) individual variation around these set-points is low relative to the total 

distribution of values in the sample. This suggests that CRP, even single measures, is an accurate 

characterization of baseline inflammation.  
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Table 3.3 Reliability of CRP across studies 

Comparison of variance and intra-class correlations across CRP reliability studies. Values 

marked with an astrix (*) were calculated from reported mean and CV. Clark et al. and Macy et 

al. separated analytical variation from individual variation, and in these the individual variation 

is reported alone, and the ICC includes analytical variation. Statistics listed as CRP(inc) indicate 

that outliers or samples indicative of acute infection do not seem to be excluded from these 

analyses. 
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It is interesting to note that, while the BMI and age distribution of this sample are 

comparable to that seen in the other variability studies, the median value of CRP (0.87 mg/L) is 

low compared to values commonly reported U.S. studies. Future work will statistically compare 

the CRP levels seen here to CRP levels in individuals residing in Ecuador to better understand 

how immigration may relate to changes in CRP. Despite this sample having relatively high BMI 

(M: 27.4 kg/m2) and having lived in the U.S. for nearly two decades on average, the median level 

of CRP in this study resembles the lower CRP values frequently seen in populations living in 

more nutritionally constrained environments with higher exposure to pathogens. Similar to the 

findings of McDade et al. in the Philippines (McDade et al., 2009), where even individuals with 

a high waist circumference had lower CRP than comparable US population, our data suggest 

tighter regulation of the innate inflammatory response.   

 Working with immigrants that have moved between diverse environments offers an 

opportunity to understand how early life and current environments relate to health and disease. 

Hispanic immigrants are known to have lower risks of depression and chronic disease than 

individuals of similar ethnic background born in the US (Ko et al., 1989; Singh and Miller, 

2004). This is often interpreted as evidence of the stress of acculturation and the adoption of 

lifestyle changes in diet, smoking, other behaviors, and activity, though discrimination and stress 

from non-acceptance due to racism may also have biological effects (Williams and Berry, 1991; 

Arcia et al., 2001; Singh and Siahpush, 2002; Batis et al., 2011; Acevedo-Garci et al., 2012.). 

However, it is possible that, along with changes in lifestyle and social stress, the changing 

pathogen environment is accompanied by a rise in systemic inflammation and accompanying 

disease risks (Rook et al., 2012).  
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Previous studies working with immigrants have demonstrated that the age an individual 

immigrates matters for later life physiology and health. Bangladeshi women who immigrate as 

children having higher levels of progesterone than those who immigrate as adults  (Núñez-De La 

Mora et al., 2008). Depression risk also seems to correlate with age of migration, with 

individuals who immigrate to the U.S. before the age of thirteen having a risk of depression 

resembling that of those born in the US (Breslau et al., 2009). This increased risk was largely 

confined to immigrants from underdeveloped regions such as Africa and Mexico, while 

immigrants from Western Europe and Puerto Rico did not experience increased risk. The 

Ecuadorian immigrants who participated in this study are primarily people who immigrated as 

adults. While our data indicates that that adult immigrants from high pathogen environments can 

develop systemic inflammation, our finding of generally low CRP levels among individuals who 

migrated as adults does not exclude the possibility of sensitive periods for the regulation of 

immune function. 

 In our society of porous borders and frequent transnational migrations, the possibility that 

early life conditions may exert life-long effects on the immune system has important, even 

troubling, clinical implications. For instance, is it appropriate to use CRP as an indicator of 

chronic disease risk in all populations, and should we use static definitions of low-level 

inflammation across populations? Future work should further characterize variation in CRP 

among immigrants, particularly those who immigrate as children versus those who come as 

adults. It is also important to understand how other aspects of immune function are related to 

immigration, such as immunoglobulin E (Ig-E), an important indicator of allergy that is also 

related to helminth infection. Finally, while this work demonstrates that CRP is an accurate 

measure of baseline inflammation in a study sample that had high early life pathogen exposure, 
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but that despite having high reliability, CRP is lower than we would expect. This raises 

important questions concerning whether these low levels of CRP will still display relationships 

with factors such as chronic disease risk or psychosocial stress.  
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Chapter 4. Immigration, inflammation, and the metabolic syndrome.  

4.1 Introduction 

It is well-known that there are strong links between inflammation and chronic disease. 

Diseases such as diabetes, arteriosclerosis, and even Alzheimer’s are increasingly considered to 

have roots in the inflammatory immune system. Yet this relationship may depend on ecological 

factors, as several studies have found unexpectedly low CRP levels and inconsistent or no 

associations between CRP and chronic disease (Sorensen et al., 2006; Howard et al., 2008; 

Gurven et al., 2009; McDade et al., 2009; Shattuck-Heidorn et al., 2016). One hypothesis is that 

early-life exposure to some types of microbes and pathogens exerts a regulatory effect on the 

innate immune system (Crimmins and Finch, 2006; Rook, 2007; McDade, 2012). In this 

hypothesis, societies with lower pathogen and commensal microbe exposure have higher levels 

of systemic inflammation. This hypothesis holds clear implications for understanding 

contemporary variation in immune function, as well as accurately predicting disease risk in an 

age of global migration.  

Currently, studies investigating this question have been carried out in populations where 

individuals have relatively high early life pathogen exposure and live in the same environment 

throughout their lives. This makes it difficult to dissociate the effects early-life environments 

from current environments, or answer questions about the sensitivity or plasticity of this system. 

Individuals who grew up in a high pathogen environment and who then moved to a lower 

pathogen environment may offer particular insight into immune regulation. In this study, we 

investigate how CRP levels and relationships with chronic disease risk vary among individuals 

who grew up in a relatively high pathogen environment. We have two samples; one which grew 

up in rural Ecuador and later moved to the U.S. (immigrants), and one which remained in their 
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home villages in Ecuador (non-immigrant). Based on the hypothesis that the early-life 

environment affects later-life immune function, we predict that CRP will be lower in both groups 

compared to levels common among natal U.S. residents. We also test the prediction that CRP 

will be associated with fewer indicators of chronic disease.   

4.2 Background 

The hypothesis that the early life pathogen/microbial environment exerts effects on later 

life immune function was first proposed to explain the lower rates of allergies in children with 

older siblings. It was quickly expanded to explain not just atopy but also autoimmune diseases 

and some inflammatory conditions (Strachan, 1989; Holt, 2000; Martinez, 2001; Bach, 2002; 

Cooke, 2009; Okada et al., 2010). While it has gone through several permutations, currently this 

hypothesis proposes that exposure to commensal microbes and previously common pathogens 

such as helminths and some viruses causes an increase in regulatory T-cell numbers. T-

regulatory cells then influence further T-cell subset development and dampen inflammatory 

responses (Guarner et al., 2006; Rook, 2007). The lack of this exposure to pathogens and many 

microbes in modern hyper-sanitized, vaccinated, and relatively parasite-free societies leads to a 

dysregulation of T-cell subsets, with downstream effects on allergic disorders, autoimmune 

disease, and innate inflammatory responses. In this paper we investigate the possible effects of 

the early life pathogenic environment on inflammation, and the association between 

inflammation and chronic diseases.  

In affluent, post-epidemiologic transition societies there are strong relationships between 

the acute-phase protein CRP and chronic disease risk. While CRP, an innate, hepatic pentraxin, 

is heavily produced during acute phase immune reactions, it is also present in lower 

concentrations in the blood of healthy individuals (Claus et al., 1976; Siboo and Kulisek, 1978). 
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These low levels of CRP are stable within-individual (Macy et al., 1997; Ockene et al., 2001), 

and are related to current and future risk of chronic diseases. Levels of CRP between 3-10 mg/L, 

which are considered heightened but non-acute, are strongly associated with chronic disease risk. 

C-reactive protein at these levels is associated with the metabolic syndrome, cardiovascular 

disease, and independent markers of chronic disease including central obesity, 

hypertriglyceridemia, low HDL cholesterol, high blood pressure, and elevated fasting glucose 

(Festa et al., 2000; Ridker et al., 2003; Albert and Ridker, 2004; Bassuk et al., 2004; Dandona et 

al., 2004; Doi et al., 2005; Shankar and Li, 2008). Indeed, because of these consistent 

associations and an emerging understanding of mechanistic pathways, both the CDC and the 

American Heart Association have issued statements on the utility of CRP measurements for 

clinical and research purposes (Pearson et al., 2003; Yeh and Willerson, 2003). 

Importantly, recent work in diverse populations around the globe has questioned the 

universal relevance of the concept of systemic inflammation as a source of chronic disease. 

There are clear differences in non-acute CRP levels between populations. Generally, populations 

living in affluent environments have higher levels of CRP than other populations. For example, 

median adult CRP in the US is frequently found to be around 2 mg/L (Ford et al., 2003, 2004), 

while in other populations median CRP can be much lower, for instance, 0.6 mg/L in Malawi 

(Kohler et al., 2013), 0.2 mg/L in the Philippines (McDade et al., 2009), and a mean of 0.66 or 

lower in the Gambia (Shattuck-Heidorn et al. 2016), though low CRP is also common in affluent 

Japan, likely related to relatively low BMI and dietary habits (Tamakoshi et al., 2003). C-

reactive protein is related to adiposity, physical activity (Kasapis and Thompson, 2005; Fedewa 

et al. 2017); nutrition (Ko et al., 2014), psychosocial stress (Johnson et al., 2013), environmental 
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contaminants (Khan et al., 2009, 2012; Merghani et al., 2012), and genetics (Kluft and de Maat, 

2003), but these factors seem to incompletely explain these population differences. 

Studies examining the relationships between CRP and the metabolic syndrome or chronic 

disease have found inconsistent results when expanding beyond affluent populations with low 

pathogen exposure. A large study of indigenous Alaskans found no relationship between CRP 

and insulin resistance or the metabolic syndrome after controlling for covariates (Howard et al. 

2009). Interestingly, the authors also describe the population as bearing a high subclinical 

pathogen burden (diagnosed with antibody assays). Among the Tsimane, CRP was found to be 

unrelated to arterial disease risk and blood pressure, and unexpectedly evinced a significant 

negative relationship with systolic blood pressure in models restricted to CRP levels less than 10 

mg/L (Gurven et al. 2009). CRP was quite high in this population, with nearly fifty percent of 

adults over 40 years old having CRP above 3 mg/L, and a quarter having CRP above 10 mg/L. 

Despite these high levels of CRP, the Tsimane have the lowest risk of cardiovascular disease 

known in the world (Kaplan et al. 2017). The Tsimane are subject to a very high incidence of 

acute infection, and it is likely that some of the samples between 3 and 10 mg/L are indicative of 

acute responses. In Siberia, members of the Yakut have relatively low CRP (median 0.85 mg/L). 

In Yakut women, CRP was positively associated with waist circumference, triglyceride levels, 

and the presence of the metabolic syndrome. In men, while CRP was associated with systolic 

blood pressure it did not predict other indicators of the metabolic syndrome, including waist 

circumference (Sorensen et al. 2006). One possible explanation for these inconsistent results is 

that aspects of the early-life environment are related to later-life inflammation levels and the 

relationships observed between CRP and chronic disease.  



  63 
 

To date, research investigating how inflammatory immune function varies with early life 

pathogen environment has focused on adults who are still living in their natal environments. 

Factors associated with higher pathogen loads in infancy are negatively associated with later life 

inflammatory response in adults in the Philippines (McDade et al., 2010), and in the Shuar in 

Ecuador, C-reactive protein fails to display expected levels of within-individual stability. While 

at any given point in time over 30% of Shuar adults had CRP above 3 mg/L, longitudinal 

measurements demonstrated that no individuals had CRP levels that were consistently in this 

range. Instead measurements were usually below 1 mg/L, with the measurements above 2 or 3 

mg/L possibly representing episodes of brief, subclinical inflammation (McDade et al., 2012). 

These data could support a hypothesis that early exposure to pathogens increases the ability of 

the body to regulate the inflammatory response, resulting in generally lower levels of CRP and 

possibly fewer relationships between acute-phase proteins and chronic disease indicators. 

However, these data do not directly test the early-life hypothesis, nor preclude a hypothesis that 

it is instead aspects of the current environment that are influencing innate immune function. In 

this study, we work with an immigrant population to test whether the early-life environment 

exerts life-long effects on inflammation and the relationships between inflammation and chronic 

disease.  

 We investigate the distribution of CRP and its relationships with metabolic syndrome 

indicators in two sample groups. Both groups are from the same natal region of Ecuador. The 

immigrant group moved to the U.S. and are now residing in Connecticut, while the non-

immigrants remain in their villages in Ecuador. The pathogen environment in this population is 

generally high relative to that commonly experienced in the United States, with nearly universal 

exposure to helminths and high percentages of individuals with outdoor latrines or no latrine. 
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Regionally, geohelminth infection is chronic (Cooper et al., 2003; Hotez et al., 2008; Cepon-

Robins et al., 2014) and in local communities both children and adults have IgE levels (a critical 

part of the antibody response to helminths) an order of magnitude higher than commonly seen in 

the US (Blackwell et al., 2010). Both indigenous and non-indigenous community members in 

this region experience high degrees of stunting, potentially related to the higher pathogen burden 

(Blackwell et al., 2009). To test the hypothesis that early-life pathogen environments regulate 

inflammation in later life, we predict that CRP levels will be low in both populations relative to 

levels commonly seen in the United States. If the early-life environment does not exert lifelong 

effects, then the CRP distribution of immigrants may shift to higher levels as their immune 

system would shift to reflect current ecological conditions.  We also predict that CRP will 

display inconsistent relationships with the component factors of the metabolic syndrome used to 

characterize chronic disease risk, particularly at the currently used cut-off values of 3 – 10 mg/L.   

4.3 Methodology 

Participants in this project were 78 first-generation Ecuadorian immigrants currently 

living in the New Haven, CT area and 303 non-immigrant Ecuadorians living in a small town 

near Sucua, Morona-Santiago, Ecuador. C-reactive protein was collected from 54 immigrants 

and 84 non-immigrants. Metabolic syndrome components (lipids, glucose, blood pressure, waist 

circumference) were taken from the broader sample (of 78 immigrants and 303 non-immigrants) 

and we compare immigrants and non-immigrants on indicators of the metabolic syndrome using 

this sample. Effective sample sizes are provided for all analyses. Immigrants were primarily 

from Sucua and surrounding towns in Morona-Santiago (41 individuals) and the eastern part of 

the neighboring Azuay province (10 individuals). However, 13 individuals came from Guayaquil 

or Quito, and 14 individuals did not provide their town of origin. Two-sample t-tests comparing 
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the immigrants strictly from Morona-Santiago to those from other areas suggest that they did not 

differ in CRP levels (t(53) = -0.03, p = 0.98). Chi-square analyses suggest that these two groups 

of immigrants also did not differ in the diagnostic criteria defining the metabolic syndrome (high 

glucose: χ2 (61) = 3.03, p = 0.08; high blood pressure: χ2 (63) = 0.11, p = 0.74; high triglycerides: 

χ2 (58) = 2.57, p = 0.11; low HDL: χ2 (62) = 0.54, p = 0.46; high waist circumference: χ2 (64) = 

1.90, p = 0.17; global metabolic syndrome: χ2 (62) = 1.84, p = 0.18). Therefore, all immigrants 

are combined for the purposes of the analysis.  

The immigrant sample is composed of middle-aged (M = 39.5 years old, SD =12.2) 

individuals of both Spanish and indigenous heritage, who immigrated primarily due to economic 

pressures during the late 1990s and early 2000s (M = 13.6 years since immigration, SD =8.7). 

This is a non-random sample, with data collected in 2014 and 2015. After explaining the project 

to community groups, a Ecuadorian immigrant church congregation, and several household 

gatherings, individuals who were interested were invited to participate. Informed consent was 

collected from all participants, and this study was approved by the Harvard University 

Committee on the Use of Human Subjects. Individuals under 18 years of age and women who 

were pregnant or nursing were excluded. The corresponding sample from Ecuador is also 

composed of middle-aged (M = 46.89, SD =18.00) individuals of both Spanish and indigenous 

heritage. Individuals were recruited from January-March 2010, from a health clinic in a small 

town near Sucua, Morona Santiago. Recruitment was non-random, via word-of-mouth and by 

radio announcements by Ecuadorian colleagues. Individuals who were on medication for high 

blood pressure, high lipids, or diabetes were allowed to participate, and were recorded as having 

the relative risk factor regardless of actual biomarker level. The Ecuadorian study was approved 

by the University of Oregon’s Committee for the Protection of Human Subjects.  
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Metabolic data for both immigrants and non-immigrants was measured from capillary 

blood collection using the CardioChek PA (Polymer Technology Systems 2700). Measurements 

included glucose levels, total cholesterol, LDL cholesterol, HDL cholesterol, and triglycerides. 

Control strips were analyzed at the start of each collection day. The metabolic syndrome is a 

constellation of traits that together predict development of diabetes and heart disease. Diagnosis 

of the metabolic syndrome is defined as presence of three of the following five traits: abdominal 

obesity (for Central and South Americans, waist circumference over 90 cm for males, 80 cm for 

females), hyperglycemia (greater than 100 mg/dL fasting glucose levels), increased blood 

pressure (either systolic blood pressure greater than 130 mmHg or diastolic blood pressure 

greater than 85 mmHg), increased serum triglycerides (greater than 150 mg/dL fasting 

triglycerides), or low levels of high density lipoproteins (fewer than 40 mg/dL in men, 50 mg/dL 

in women) (Alberti, 2005).  

Height and weight were collected by trained investigators. Immigrants were weighed 

with the Omron HBF-510W full body composition analyzer, with weight measured to the nearest 

0.1 kilogram. Height was measured using the Seca 213 portable stadiometer, with height 

measured to the nearest millimeter. Participants in the non-immigrant sample were weighed with 

a Tanita bioelectrical impedance scale, with height measured with the portable Seca stadiometer. 

Waist circumference was measured to the nearest millimeter, just above the iliac crest (NIH 

2000).  

Immigrant and non-immigrant blood pressure was measured with Omron blood pressure 

monitors. Participants were seated upright with their arm supported for several minutes before 

the blood pressure reading was conducted.  
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C-reactive protein was collected via finger-prick blood spot sampling. In the immigrant 

sample illness symptoms were solicited at every sample collection, including self-reported 

sickness, self-report of fever, and other symptoms. Longitudinal samples were collected for 31 

participants who participated in a variability study (up to 5 samples each). For these individuals 

an average CRP value was calculated after excluding samples in which subjects had reported 

fever, infectious illness, or CRP levels that were over 10 mg/L serum equivalent. All other CRP 

samples (remaining immigrant and all non-immigrant) represent single-point samples, again with 

exclusion of samples indicative of acute inflammation via self-report or values above 10 mg/L 

serum equivalent. Sample collection occurred at participant’s homes or at health fairs. In 

Ecuador, CRP was also collected via finger-prick sampling. Measurements are single samples, 

and samples above 10 mg/L serum equivalent are excluded. Overall, including the longitudinal 

measurements, 7% of immigrant samples and 4% of non-immigrant samples were excluded 

because they had indications of active acute response. 

C-reactive protein levels in dried blood spots (DBS) were assayed following a 

modification of the protocol of McDade et al. (2004). Blood spots were collected by finger prick 

onto Whatman 903 Protein Saver cards. Samples were allowed to dry at room-temperature for 12 

hours (4 hours in Ecuador), and then frozen at -20 C and shipped to the University of Oregon for 

analysis. Immigrant samples were analyzed in January 2016 at the Snodgrass Laboratory, 

University of Oregon. Non-immigrant samples were analyzed in 2010 and 2012 in the same 

laboratory. Immigrant samples were run in duplicate, and samples with a coefficient of variation 

(CV) greater than 10% were rerun. Intra- and inter-assay CVs of immigrant CRP samples were 

2.2% and 6.8%, respectively. Samples from Ecuador were also run in duplicate, and inter-assay 

CV was 15.5%.  
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CRP concentrations in dried blood spots are lower than in serum samples, but are highly 

correlated (McDade et al. 2004). Transforming the DBS data to serum equivalent is necessary to 

compare CRP between populations in which serum was used, and also to compare CRP against 

serum-based scales (i.e. 3-10 mg/L). For the immigrant samples, a study-specific conversion 

equation was created by analyzing 30 matched dried blood spot and serum samples. To avoid 

negative values at the lower end of the distribution after serum conversion, we natural log-

transformed the matched serum and DBS samples and performed a Deming regression, with the 

resulting equation: ln (serum mg/L) = 1.2 ln (DBS mg/L) + 0.3405. The non-immigrant samples 

were also analyzed in the Snodgrass Laboratory, but did not have run-specific matched serum 

and DBS samples. We converted these samples using the equation from the immigrant matched 

DBS-serum runs. Because of conflicting results in using CRP levels as a predictor of chronic 

disease risk across populations, and suggestions that CRP values may be low in these 

populations, we analyze both linear (natural log) CRP as a predictor of chronic disease risk, as 

well as CRP in the traditional categories of CRP < 1 mg/L, 1 mg/L – 3 mg/L, and 3 mg/L – 10 

mg/L. For non-immigrants, 54.9% of individuals are in category 1, 30.5% of individuals are in 

category 2, and 14.6% of individuals are in category 3. For non-immigrants, 57.4% of 

individuals are in category 1, 33.3% of individuals are in category 2, and 9.3% of individuals are 

in category 3. Chi-squared analysis indicates that the representation across CRP categories does 

not differ between immigrants and non-immigrants (χ2 (136) = 0.87, p = 0.65). 

Statistical analysis was conducted in Stata 13. Independent sample T-tests were 

conducted to compare means between immigrants and non-immigrants, chi-squared tests 

compared categorical outcomes. Models with continuous predictors of interest and outcomes 

were evaluated with multivariate linear regression analyses. One-way Anovas were used for 
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models with a categorical predictor, and logistic regression analyses were used for dichotomous 

outcomes. Regression assumptions were checked for all models, and any excluded data points 

are discussed in the text.  

4.4 Results 

Comparisons between immigrants and non-immigrants:  

 Immigrants were, on average, younger (t (367) = 3.24, p = 0.001) and while immigrants 

were evenly split between men and women, a higher proportion of immigrants than non-

immigrants were males due to female-skew in the non-immigrant sample (χ2 (379) = 5.55, p = 

0.02, Table 4.1). Despite not differing significantly in BMI (t (370) = -1.03, p = 0.30), 

immigrants had significantly higher waist circumference (t (349) = -2.41, p = 0.02).  

Waist circumference and BMI:  

Shapiro-Wilks testing indicated BMI and waist circumference were normally distributed. 

Linear regressions including age and sex as covariates did not change the non-significant 

association between BMI and immigrant status (Model 1, Table 4.2), or the positive association 

between immigrant status and waist circumference (Model 2, Table 4.2). Despite the apparent 

tendency of immigrants to have higher waist circumferences in linear models, there was not a 

significantly greater proportion of immigrants above the threshold for high waist circumference 

(χ2 (347) = 3.35, p = 0.07), or that met the threshold for obesity of BMI greater than 30 kg/m2 (χ2 

(372) = 1.66, p = 0.20).  
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Table 4.1. Participant characteristics  

 Immigrants  Non-Immigrants  

Women  50%  65% *** 

Age  39.5 (12.2)   46.9 (17.9) *** 

BMI kg/m2 28.3 (4.7)  27.6 (5.0)  

BMI > 30  33% 25% 

Waist circumference (cm)  94.5 (13.9)  90.4  (11.4) ** 

High waist circumference  83% 71% 

Fasted triglycerides (mg/dL) 125.83 

(101.80)  

165.65 (211.23)  

High triglycerides (>150) 17%  40% ** 

HDL cholesterol (mg/dL) 49.94 

(12.06)  

49.21 (13.93)   

Low HDL  46%   37%  

Diastolic blood pressure 

(mmHg) 

79.30 

(10.40)  

82.17 (10.69) * 

Systolic blood pressure (mmHg) 126.98 

(18.86) 

122.77 (21.45)  

High blood pressure 47%  49%  

Fasted glucose (mg/dL) 94.33 

(21.87) 

66.23 (24.43) *** 

High glucose (>100) 20%   4% *** 

Metabolic syndrome  36%   33%  

CRP mg/L (serum equivalent) 1.29 (1.27)   1.59 (2.11)  

CRP 3 -10 mg/L (serum 

equivalent) 

9%   15%   

* p < 0.05  ** p < 0.01  *** p < 0.001  

Table 4.1. Participant characteristics of 78 immigrants and 303 non-immigrants. Actual sample 

size varied across measures, from 44 – 300. Values reported are mean (standard deviation).  

 

Triglycerides and HDL cholesterol: 

Overall, immigrants did not significantly differ from non-immigrants in fasting 

triglyceride levels (t (284) = 1.26, p = 0.21) or levels of HDL cholesterol (t (330) = -0.38, p = 

0.70) (Model 3, Model 4, Table 4.2). Immigrants did not differ from non-immigrants in the 

proportion of the sample with low levels of HDL cholesterol (χ2 (333) = 1.98, p = 0.16). We note 

that non-immigrants had a higher proportion of individuals who met the diagnostic criteria for 

elevated triglyceride levels (χ2 (308) = 8.93, p = 0.003). 
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Blood pressure: 

Immigrants and non-immigrants did not differ in the proportion of individuals that met 

diagnostic criteria for elevated blood pressure (χ2 (349) = 0.08, p = 0.78). However, immigrants 

had slightly lower diastolic blood pressure (t (346) = 1.94, p = 0.05), which remained significant 

in a model including covariates (Model 5, Table 4.2). While immigrants did not differ 

significantly from non-immigrants in mean systolic blood pressure (t (346) = -1.44, p = 0.15), 

when age, sex, and waist circumference were included as covariates in a regression model, 

immigrants had significantly higher systolic blood pressure (Model 6, Table 4.2).  

Glucose levels: 

Immigrants had significantly higher levels of fasting glucose (t (303) = -7.49, p < 0.001). 

In examining the distribution of glucose, a kernel density plot (using the Epanechnikov kernel 

function) demonstrated that the immigrant and non-immigrant distributions of glucose levels 

seem to approximate normal, though both had long upper tails, and the distributions were nearly 

non-overlapping (Figure 4.1).  

 

 

 

 

 

 



  72 
 

 

 

 

 

 

Table 4.2. Multivariate linear regressions comparing immigrants and non-immigrants in 

metabolic risk factors and log CRP. 

In multivariate regressions, immigrant status is associated with higher waist circumference, 

slight differences in blood pressure, and a large increase in fasting glucose. Lipid levels, log 

CRP, and BMI do not differ between immigrants and non-immigrants. 
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Figure 4.1. Distribution of fasting glucose  

 

Figure 4.1. The distribution of glucose in immigrants appears to be shifted higher than the 

distribution of glucose in non-immigrants.  

 

Despite the visual cues to normality, Shapiro-Wilks testing indicated that we could reject 

the assumption of normality for both fasting glucose (Immigrant: W = 0.44, z = 6.92, p < 0.001; 

Non-immigrant: W = 0.46, z = 10.73, p < 0.001) and the log of fasting glucose (Immigrant: W = 

0.64, z = 6.00, p < 0.001; Non-immigrant: W = 0.70, z = 9.38, p < 0.001). Therefore, we used 

logistic regression and the dichotomous outcome variable of having high glucose levels (>100 

mg/dL) to explore whether age, sex, or waist circumference mediated the higher glucose levels in 

immigrants. We find that immigrant status remained significant in positively predicting glucose 

even in models including covariates (Table 4.3). Normal linear regression analysis provided 

similar results, though age became a significant predictor (Model 7, Table 4.2).  
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Table 4.3. Logistic regression predicting high glucose  

 Coefficients, standard error, sig.  

Immigrant 2.00 (0.64) ** 

Age (years) 0.02 (0.02)   

Female  -0.35 (0.57)  

Waist circum. (cm) 0.08 (0.02) ** 

Constant  -12.15 (2.70) *** 

  

Obs.  290  

χ2 29.47*** 

Pseudo R2 0.22 

 

Table 4.3. Immigrants have significantly higher prevalence of elevated glucose levels (above 100 

mg/dL) in a model including covariates.  

 

C-reactive protein levels: 

 

Immigrants and non-immigrants did not differ in levels of CRP (t (134) = 0.21, p = 0.84, 

Figure 4.3). C-reactive protein was not normally distributed, and immigrants also did not differ 

in levels of log-CRP (t (134) = -0.26, p = 0.80). Excluding samples indicative of acute 

inflammation, the median CRP level in immigrants was 0.91 mg/L, with 9% of individuals 

having levels above 3 mg/L. In non-immigrants, median CRP was 0.87 mg/L, with 15% of 

individuals having levels above 3 mg/L. The proportion of individuals with CRP above 3 mg/L 

did not differ between immigrants and non-immigrants (χ2 (136) = 0.86, p = 0.35). In a 

multivariate model including age, sex, immigrant status, and waist circumference, only waist 

circumference was a significant predictor of log CRP levels (Model 8, Table 4.2). 
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Figure 4.3. Distribution of CRP 

 

Figure 4.3. Distribution of CRP mg/L, serum equivalent, in immigrants and non-immigrants. 

 

The majority of immigrants came to the United States as adults, and in single predictor 

models age-at-immigration did not predict log CRP (β = 0.03 (0.02), p = 0.07, R2=0.07). The 

near significance of this model is related to the model’s sensitivity to the inclusion of an 

individual who immigrated at a relatively old age (61 years) and had relatively high CRP (5.78 

mg/L). In a model excluding this individual, age at immigration remained non-significant and 

explained very little overall variation in log CRP (β = 0.02 (0.02), p = 0.27, R2=0.03). Levels of 

log CRP were also not associated with the amount of time spent in the United States (β = 0.01 

(0.02), p = 0.59, R2=0.01). 
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Relationships between CRP and metabolic syndrome diagnostic criteria  

Waist circumference and BMI:  

C-reactive protein positively predicted both BMI and waist circumference in linear 

models, but categorical relationships between traditional CRP cut-off points for low level 

inflammation and indicators of adiposity are less clear. In single predictor models, log CRP was 

positively associated with both BMI (β = 1.51 (0.28), p < 0.001, R2=0.18, Figure 4.4) and waist 

circumference (β = 3.22 (0.80), p < 0.001, R2=0.12, Figure 4.5).  

These relationships between adiposity and log CRP remained significant in multivariate 

regression models including immigrant status, age, and sex (Model 1, Model 2, Table 4.4). To 

examine how categories of CRP relate to BMI, one-way ANOVA with Bonferroni correction for 

repeated tests indicated that while overall the categories of CRP were related to BMI (F(2, 131) 

= 8.00, p = 0.001), individuals with CRP levels between 1-3 mg/L and those with CRP between 

3-10 mg/L did not differ from each other in BMI (Figure 4.4). Due to the average sex difference 

in waist circumference, we tested the associations between CRP categories and waist 

circumference by sex. One-way ANOVA indicated that in men waist circumference did not 

differ between the CRP categories (F(2,41)= 1.13, p = 0.33, Figure 4.5). In women, CRP 

category was a positive predictor of waist circumference (F(2,73)= 4.85, p = 0.01, Figure 4.5), 

though again women in the upper two CRP categories did not differ significantly from each 

other.  
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Figure 4.4. CRP and BMI 

  

Figure 4.4. Log CRP positively predicts BMI (regression line based on single predictor model, 

immigrant and non-immigrant samples combined), and individuals in the lowest CRP category 

have lower BMI than individuals in the upper two categories. There is not a statistically 

signficant difference in BMI between the upper two categories of CRP.  
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Figure 4.5. CRP and waist circumference  

 

 

Log CRP positively predicts waist circumference (regression line based on single predictor 

model, immigrant and non-immigrant samples combined). Among men, categorical CRP is not 

associated with waist circumference. Among women, individuals in the lowest CRP category 

have lower waist circumference than individuals in the upper two categories, but there is not a 

statistically significant difference in waist circumference between the upper two categories.  
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Table 4.4. Multivariate linear regressions predicting indicators of metabolic syndrome.  
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Blood pressure: 

In single predictor models, log CRP positively predicted systolic blood pressure (β = 3.70 

(1.50), p = 0.02, R2=0.05, Figure 4.6) and diastolic blood pressure (β = 2.21 (0.85), p = 0.01, 

R2=0.05, Figure 4.7). However, in multivariate models only the association between log CRP 

and diastolic blood pressure was significant (Model 3, Model 4, Table 4.4). Two individuals with 

unusually high and unusually low systolic blood pressure had large standardized residuals, but 

sensitivity analysis indicated these points did not affect the results. We also note that the F-

statistic associated with the full model predicting diastolic blood pressure was not significant. 

Two individuals with very low diastolic blood pressure and relatively high CRP values were 

identified as having high residuals (>3) and relatively high leverage. In sensitivity analyses, 

excluding these individuals strengthened the statistical significance of log CRP as a positive 

predictor of diastolic blood pressure (β = 2.75 (0.80), p = 0.001), caused the F-statistic to become 

significant, and nearly doubled the amount of variation that the model accounted for (F = 3.98, p 

= 0.005, R2 = 0.13).  

Systolic blood pressure did not differ across the categories of CRP levels (F(2,116) = 

1.80, p = 0.17, Figure 4.6.) However, in an analysis excluding the two data points earlier 

identified as possibly exerting strong effects on systolic blood pressure, the first CRP category 

was associated with significantly lower systolic blood pressure than the other two categories (F = 

3.11, p = 0.04). Categorical CRP was also related to diastolic blood pressure, with individuals in 

the lowest CRP category having significantly lower blood pressure than individuals in the other 

two groups (F(2,116)= 2.98, p = 0.05, Figure 4.7). In comparing CRP categories to both systolic 

and diastolic blood pressure, we note that the upper two categories were not significantly 

different from each other. Excluding possible outliers discussed above did not affect this finding. 
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Figure 4.6. CRP and systolic blood pressure  

 

 

Figure 4.6. Log CRP positively predicts systolic blood pressure (regression line based on single 

predictor model, immigrant and non-immigrant samples combined), after accounting for 

covariates. Excluding two possible outliers, there is a significant difference in systolic blood 

pressure between individuals in the lowest CRP category and those in the upper two categories, 

but there is not a statistically significant difference in systolic blood pressure between those in 

the upper two categories.  
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Figure 4.7. CRP and diastolic blood pressure  

 

Figure 4.7. Log CRP positively predicts diastolic blood pressure (regression line based on single 

predictor model, immigrant and non-immigrant samples combined), and this remains significant 

in multivariate models including age and sex. Individuals in the lowest CRP category have 

significantly lower blood pressure than those in the upper two categories, which again do not 

differ from each other.  
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Lipids:  

There was no relationship between log CRP and fasting triglyceride levels in single 

predictor model (β = -7.07 (5.97), p = 0.24, R2=0.01, Figure 4.8), or in a model including 

covariates (Model 5, Table 4.4). Excluding two individuals with extremely high triglyceride 

levels (standardized residuals of 3.66 and over 4) did not affect these results. Individuals in 

different CRP categories also did not differ in triglyceride levels (F(2,107) = 1.64, p = 0.20, 

Figure 4.8). Sensitivity analysis indicated this was not due to the effects of the two unusually 

high observations of triglycerides. There was an inverse relationship between log CRP and HDL 

cholesterol (β = -1.85 (0.88), p = 0.04, R2=0.04, Figure 4.9), and individuals with higher log 

CRP levels had lower levels of HDL cholesterol after controlling for covariates (Model 6, Table 

4.4). Due to the sex difference in HDL cholesterol levels, we again analyze categorical CRP by 

sex (Figure 4.9). Despite the finding of the linear relationship, CRP categories were not 

associated with differences in HDL levels for either men (F(2,43) = 0.02, p = 0.98) or women 

(F(2,74) = 1.18, p = 0.34).  
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Figure 4.8. CRP and triglycerides  

 

Figure 4.8. Log CRP does not predict triglyceride levels (regression line based on single 

predictor model, immigrant and non-immigrant samples combined, not significant). Categorical 

CRP also has no relationship with triglyceride levels.  
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Figure 4.9. CRP and HDL cholesterol  

 

Figure 4.9. Log CRP has an inverse relationship with HDL cholesterol levels (regression line 

based on single predictor model, immigrant and non-immigrant samples combined), which 

remains significant in models including covariates. Categorical CRP also has a relationship with 

HDL cholesterol, in which individuals in the lowest CRP category have high HDL cholesterol 

than individuals in the upper two categories. The upper two categories do not differ from each 

other.  

 

2
0

4
0

6
0

8
0

H
D

L
 c

h
o
le

s
te

ro
l,
 m

g
/d

L

-4 -2 0 2
Log CRP, serum equivalent

Non-immigrants Immigrants

2
0

4
0

6
0

8
0

H
D

L
 c

h
o
le

s
te

ro
l,
 m

g
/d

L

Men Women

CRP < 1 mg/L 1-3 mg/L 3-10 mg/L CRP < 1 mg/L 1-3 mg/L 3-10 mg/L



  88 
 

Glucose: 

Log CRP levels were also unrelated to glucose in both a single predictor model (β = 1.38 

(2.17), p = 0.53, R2 < .01, Figure 4.10) and a multivariate model (Model 7, Table 4.4). Two data 

points that possibly had disproportionate influentce on the regression, with residuals greater than 

5. Exclusion of these data points did not affect the relationship between log CRP and glucose 

levels, though we do note that age became a significant positive predictor of glucose levels in a 

model excluding these data points. Categorical CRP did not relate to glucose levels (F(2,114) = 

0.34 , p = 0.71 , Figure 4.10), and excluding the previously identified data points had no effect on 

this finding.  
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Figure 4.10. CRP and glucose 

 

Figure 4.10. Log CRP has no relationship with glucose levels (regression line based on single 

predictor model, immigrant and non-immigrant samples combined), or with CRP categories. 

These results are not sensitive to exclusion of the data points identified as having high residuals.  
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The metabolic syndrome: 

In logistic regression analyses including age, sex, and immigrant status as covariates, 

linear log CRP was positively associated with high blood pressure, and negatively associated 

with HDL cholesterol levels (Table 4.5).  Chi-squared analyses indicated that none of the CRP 

categories were associated with a greater proportion of any of the metabolic syndrome indicator 

variables. We note that neither log-linear CRP nor categorical CRP predicted the presence of the 

metabolic syndrome.  
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Table 5. Logistic regressions with log CRP predicting indicators of metabolic syndrome 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  92 
 

 



  93 
 

4.5 Discussion 

 The findings for this study can be summarized as follows: In this study, CRP levels were 

similar between an immigrant Ecuadorian population and those individuals remaining in their 

natal villages. Both immigrants and non-immigrants have relatively low CRP in comparison to 

values commonly reported in the United States (median value of 0.91 and 0.87 mg/L, 

respectively). In our sample, while some individuals had recently immigrated, most people had 

resided in the United States for over a decade. Despite this, CRP levels were not related to time 

since immigration. This suggests that CRP levels are unaffected by moving to the United States. 

We also find that CRP, either as a log-linear predictor or as a categorical risk factor, is not 

consistently associated with the diagnostic components of the metabolic syndrome, or with the 

metabolic syndrome itself. These findings support the hypothesis that aspects of the innate 

immune system are sensitive to early-life conditions, particularly pathogen and helminth 

exposure. Practically, these results have implications for clinical and public health interpretations 

of CRP levels.  

Relationships between CRP and chronic disease indicators 

 We find that CRP is primarily associated with adiposity (both waist circumference and 

BMI), although there is no association between CRP categories and linear waist circumference in 

men, and we note that women in the highest CRP category do not have different waist 

circumferences than those with CRP between 1-3 mg/L. An association between CRP and 

markers of adiposity such as BMI and waist circumference is expected, as CRP production is 

cued in the liver in response to signaling from IL-6, which is partly derived from adipose tissue.. 

In obesity, macrophage infiltration into adipose tissue and phenotype switching among resident 

macrophages creates a rise in systemic inflammatory proteins (Cancello and Clément, 2006), but 
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outside of this pathological context there are strong connections between immune function and 

adipose tissue. For instance, the invertebrate fat-body intertwines immunity and energetics 

(Vilmos and Kurucz, 1998) and the lymph nodes of most mammals are encased in fat deposits 

(Pond, 2005). Hormones produced in adipose tissue, such as leptin and adiponectin, have 

immunomodulatory effects (Matarese, 2007). This type of evidence suggests that there is an 

adaptive association between the immune system and energy reserves, also supported by 

evidence presented in Chapter 2 of this dissertation (Shattuck-Heidorn et al. 2016).  

C-reactive protein levels positively predict higher blood pressure in this sample. 

However, we note that individuals with CRP above 3 mg/L do not differ in blood pressure from 

those with CRP between 1-3 mg/L. C-reactive protein is proposed to contribute mechanistically 

to the development of arteriosclerosis and high blood pressure, through inducing endothelial cell 

dysfunction and recruiting other immune cells to the arterial walls (Galkina et al., 2009). Given 

the mechanistic links between CRP and blood pressure, it is interesting that our data do not 

indicate that individuals above 3 mg/L have higher blood pressure than those with CRP between 

1-3 mg/L. As previously suggested by McDade et al. in their 2012 variability study, we propose 

that in populations with more tightly regulated innate immune responses some individuals with 

CRP between 3 and 10 mg/L are evidencing acute but subclinical inflammation. It is possible 

that some of the samples in the current study that are between 3-10 mg/L are actually indicative 

of a subclinical acute response, and therefore are not representative of normal basal CRP in that 

individual, and would not be expected to be associated with blood pressure.  

Unlike the direct mechanisms discussed above, the link between CRP, glucose levels, and 

Type II diabetes is mediated by the association between systemic inflammation and obesity 

(Dandona et al., 2004). The current inflammatory theory of insulin-resistance proposes that pro-
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inflammatory molecules such as TNF-α and IL-1β can affect pathways that lead to serine 

phosphorylation of the insulin receptor substrate 1, which then inhibits the action of insulin upon 

the receptor (Gregor and Hotamisligil, 2011). Proteins related to obesity have systemic effects on 

the cellular endoplasmic reticulum, which leads to alterations in pathways that relate to cellular 

metabolism and insulin receptors (Ozcan et al., 2004; Horng and Hotamisligil, 2011). The 

association of CRP with insulin resistance is via this state of general inflammation and metabolic 

disruption seen in obesity, rather than a direct link. If the higher levels of blood glucose observed 

in the immigrant sample are reflective of insulin resistance, our data suggest that some aspect of 

this association is suppressed or altered within these populations.  

The relationships between CRP and lipids are complex. Across diverse species, 

hypertriglyceridemia and changes in cholesterol synthesis are associated with an acute phase 

response, and there is evidence that elevated levels of lipoproteins can act to protect against some 

pathogens, moderating the acute response, and even acting as part of the innate immune response 

(Khovidhunkit et al., 2004). While CRP does not directly regulate lipids, pro-inflammatory 

cytokines directly and indirectly associated with CRP production, such as IL-6, TNF, and IL-1, 

act to decrease lipase activity and simultaneously increase free fatty acid levels through inducing 

lipolysis in adipocytes, which encourages the liver to produce more triglycerides and retards the 

breaking down and clearing of triglycerides from the bloodstream, promoting a state of 

hypertriglyceridemia (Khovidhunkit et al. 2004). The actions of pro-inflammatory cytokines on 

HDL cholesterol levels are complex, involving gene regulation and actions in the liver that affect 

the balance and structure of cholesterol molecules, with end results often promoting a pro-

inflammatory state in the acute response (though HDL can also moderate inflammatory 

responses, especially outside of the acute response) (Feingold and Grunfeld, 2011, 2012, 2016). 
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In light of generally strong relationships between lipids and inflammation, it is surprising that we 

only find an association with HDL cholesterol here, and the relationship is not evident with 

categorical CRP.    

Early-life environment and CRP  

One possible mechanism through which the early life pathogen environment might 

influence later life immune function is through the composition of T-cell subsets within the 

body. In indirect support of this, patients with asthma, chronic inflammatory diseases such as 

inflammatory bowel syndrome, multiple sclerosis, or autoimmune diseases have demonstrated 

defective regulatory capacity (Powrie and Maloy, 2003; Akdis et al., 2004; Kraus et al., 2004; 

Kriegel et al., 2004). More directly, experimental animal research has demonstrated that reduced 

early exposure to microbes leads to increased numbers of inflammatory cells, and poorer 

regulation of the inflammation response in specific systems, such as the gut or airways (Adams 

et al., 2004; Yasuda et al., 2010; et al., 2012; Garn et al., 2013). Regulatory T-cells, along with 

exerting immunosuppressive and regulatory effects on both T-helper 1 and T-helper 2 subsets, 

secrete cytokines like IL-10 that can act to suppress innate inflammatory immune function 

(Sakaguchi, 2008; Ouyang et al., 2011). Interestingly, some pathogens seem to have evolved 

means of interacting with these same immunoregulatory systems, suppressing the host 

inflammatory response through induction of IL-10 and T-reg cell mechanisms (McGuirk et al., 

2002). Interleukin-10 has direct effects on monocytes and macrophages, reducing the production 

of inflammatory cytokines including IL-6, and therefore relating to CRP production and other 

downstream effects (Moore et al., 2001; Couper et al., 2008). Healthy adipose tissue has resident 

macrophages, which increase in number and become markedly pro-inflammatory in obesity. 

Populations of T-regs also reside in adipose tissue, and there is evidence that these resident T-
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regs are absent or reduced in obesity (Feuerer et al., 2009). This suggests that there are multiple, 

possibly compounding ways through which populations in affluent, low-pathogen environments 

acquire dysregulated immune function.  

This study raises questions as to whether there are sensitive periods for the regulation of 

this type of immune function, as seen in similar work studying how reproductive hormones shift 

after immigration (Núñez-De La Mora et al., 2008). Our sample, and likely this population as a 

whole, does not include enough individuals who immigrated as children to test whether there are 

sensitive periods for this type of immune regulation. Future work with populations who migrate 

at all ages, such as refugees, should investigate this. This study is relatively small, and partly due 

to the nature of working with a potentially vulnerable immigrant population, a non-random 

sample. Therefore, some caution should be exerted in drawing broader conclusions. A decided 

strength of this study is the comparison between immigrants largely from a rural area and those 

remaining in their natal communities. This comparison is relatively rare in immigrant studies, 

and minimizes some of the biases towards more urban populations that would be present in other 

comparisons, such as to national-level data from Ecuador. Future work aimed at understanding 

how the early-life environment exerts effects on later life immune function should focus on 

expanding such samples, and expanding immune measures. For instance, future work from this 

group will investigate how IgE, an important component of the immune response to helminths 

(which are endemic in the region), relates to immigration.   

Implications and future directions  

Our findings have implications for understanding public and global health, especially 

immigrant health in the U.S. For social and political reasons, immigrants from lower 

socioeconomic classes in Central and South America are understudied within the United States 
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in terms of public health, and comparatively less is known about the health of these immigrants 

than about people who arrive through established political channels, such as refugees (Garg et 

al., 2005). Economic factors, language barriers, legal status, and the political climate within the 

United States all create obstacles to Latin American immigrants finding and receiving adequate 

health care in the United States (Bechtel et al., 2000; Abreu and Hynes, 2009). Looking beyond 

affluent societies, rapid levels of market integration mean that in the developing world many 

populations are acquiring the dual burden of risk factors for both infectious and chronic diseases 

(Liebert et al., 2013; Urlacher et al., 2016). Little is known about the long-term interactions 

between high pathogen loads and factors that encourage chronic disease, and this will be an 

important focus of future work in both affluent societies and societies that are rapidly integrating 

into the global economy.  

 In consideration of how the early-life environment influences innate and acquired 

immune function, it is important to recognize that the early-life pathogen environment is often 

tightly associated with the early-life nutritional environment. In many affluent societies, low 

exposure to pathogens is concomitant with the presence of a calorically super-rich environment, 

creating a scenario in which dysregulation of the immune system may be effected by causal 

agents on multiple levels. Conversely, people living with high pathogen exposure also tend to 

have more restricted energy availability. The immune system is adaptively tied to metabolic 

reserves and regulation (Shattuck-Heidorn et al. 2016; Hotamisligil, 2017). Sensing high energy 

reserves, the immune system may turn up calorically-expensive innate immune surveillance, 

heightening systemic levels of innate immune proteins and cytokines. As positive energy balance 

becomes stored in adipose tissue, the pathological processes of obesity set in, with ruptured 

adipocytes recruiting pro-inflammatory macrophages and other immune cells and further 
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contributing to a rise in systemic inflammation. That these processes often occur in an 

environment lacking significant pathogen and microbial exposure, with the attendant effects on 

T-regulatory cells, may further compound these inflammatory processes, as they occur with 

fewer of the evolved checks on innate and inflammatory immune function, possibly exaggerating 

evolved functional relationships between innate immune function and lipids, and innate immune 

function and insulin resistance. Environments of nutritional excess and pathogen scarcity may 

then create a sort of vicious cycle, leading to severe immune dysregulation and chronic 

inflammation, with an accompanying host of pathogenic and deleterious effects. Untangling how 

these processes interact and compound each other promises to grant insight into contemporary 

health and normal variation in human biology.  

This study suggests that the early-life environment may exert effects on later-life 

inflammation, with attendant shifts in how immune proteins such as CRP relate to chronic 

disease risk. The data presented here suggests that some populations may acquire higher risk 

factors for chronic disease, such as the higher glucose levels documented in immigrants, without 

corresponding changes in markers such as CRP levels. Nuanced interpretation of biological 

components sensitive to ecological factors, such as CRP, will be critical in understanding disease 

risk in diverse populations. 
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Chapter 5. The influence of early-life environments on later life immune function 

5.1 Summary of results 

In this thesis, I find that C-reactive protein (CRP), an innate immune protein, is sensitive 

to energetic resources and demands, and that the early-life environment appears to exert life-long 

effects on innate immune function. A tighter regulation of innate immune function may in turn 

lead to reduced relationships between innate immune function and chronic disease. Here, I 

synthesize and interpret these findings within the theoretical frameworks of life history theory 

and ecological immunology, considering especially the implications for the influence of the 

early-life environment on variation in immune function. I also consider how this perspective may 

inform our understandings of human evolution and human health.  

In the second chapter, I establish that non-acute levels of CRP in very lean Gambian girls 

are positively related to adipose tissue reserves, negatively related to investment in linear growth, 

and unrelated to energy balance. This suggests that non-acute innate immune function, similar to 

other biological traits such as ovarian hormones or growth rates, is sensitive to signals of energy 

reserves, and that the body may reduce investment in non-acute innate immune function when 

faced with competing energetic demands. The lack of relationships with energy balance is 

interesting to consider in light of contrasting findings regarding female fecundity, and the 

expected timeframe of the energetic cost imposed by immune defenses and reproduction.  

In the third and fourth chapter, I examine how innate immune function has lifelong 

effects related to the early-life environment, particularly inferred levels of pathogen and 

microbial exposure, effects that are present even decades after immigrating to an affluent and 

low-pathogen environment. In the third chapter I investigate the within-individual stability of 
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CRP, demonstrating that while levels are relatively low, they are stable within-individual in this 

sample. In the fourth chapter I find that levels of CRP in Ecuadorian immigrants are statistically 

indistinguishable from CRP levels of individuals who did not immigrate and remain in their natal 

villages in Ecuador, and that CRP fails to display many of the expected relationships with the 

risk factors of the metabolic syndrome, or the diagnosis of the metabolic syndrome itself. These 

chapters support a hypothesis that the early-life environment, in this case the pathogen 

environment, has lifelong effects on immune regulation.  

5.2 Theoretical Contribution  

 Life history theory and ecological immunology are intersecting conceptual frameworks. 

Indeed, life history theory provides a framework within which to understand diversity in immune 

function. Much of the early work within ecological immunology focused on trade-offs between 

immune defense and life history demands such as growth, maintenance, and reproduction 

(Sheldon and Verhulst, 1996; Norris and Evans, 2000; Sadd and Schmid-Hempel, 2009). 

However, other aspects of ecological immunology, such as the importance of host/pathogen 

interactions and co-evolution, are outside of the traditional interests of researchers working from 

a life history perspective, as is much of the literature on the hygiene hypothesis and early life 

pathogen exposure. Thus, acknowledging that there are significant areas of theoretical overlap 

between life history theory and ecological immunology, I treat them separately here.  

5.2.1 Contribution to life history theory  

In examining variation and trade-offs within and between human populations, life history 

theory has been utilized to predict that growth and reproduction are quite sensitive to energetic 

indicators, investment in other life history demands, and conditions experienced in early life. For 
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instance, ovarian hormones in women in urban Boston, rural Poland, and agricultural Nepal, are 

affected by both relatively mild energetic changes including dieting, moderate exercise, or 

weight loss, and more substantial energetic changes such as seasonal shifts in energy balance in 

nutritionally constrained agricultural populations (Pirke et al., 1985; Ellison and Lager, 1986; 

Lager and Ellison, 1990; Schweiger, 1991; Panter-Brick and Ellison, 1994; Bentley et al., 1998; 

Souza et al., 1998). There is also evidence that when energy expenditure in activity is reduced 

via technological changes like mechanization, there are corresponding increases in fertility 

(Kramer and McMillan, 2006). Taken together, this research shows tight regulation of 

reproduction based on energy balance. Life history theory is also utilized to explore how humans 

evolved. For instance, the unusual human reproductive tactic of cooperative breeding and group 

assistance, which decreases the energy required from mothers for supporting children, is likely 

related to the drastically increased rates of lifetime fertility seen in many human populations 

compared to other apes (Kramer et al., 2009; Kramer and Ellison, 2010). Childhood growth is 

also clearly related to energetic factors (Bogin, 1999), and investment in childhood growth is 

subject to pressure from ecological and life history traits, resulting in variability in when humans 

cease growing and embark on reproduction (Kramer and Greaves, 2010).   

Turning to how investment in immune function has been conceptualized within life 

history theory, we find a significant amount of work focused on how an immune response may 

cause trade-offs with growth and reproduction. As reviewed in Chapter 1, an immune response, 

even a non-febrile one, can impose a high caloric cost. Presumably due to this cost, evidence 

indicates that humans reduce investment in reproduction or growth during or directly following 

an immune response. In women, higher levels of innate inflammatory proteins predict lower 

levels of progesterone and anovulatory cycles (Clancy et al., 2013; Lorenz et al., 2015). And, 
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while sperm production is relatively unaffected by mild and moderate energy fluctuations, 

immune responses are associated with lower levels of testosterone in men, though perhaps 

elevated testosterone leads to suppressed immune responses (Bribiescas, 2006; Muhelenbein, 

2006; Shattuck and Muehlenbein, 2015). Immune activation predicts reduced growth, 

particularly among children with limited energy reserves, and indications of more frequent 

immune responses are associated with reduced stature (Chandra, 1999; Panter‐Brick et al., 2004; 

McDade et al., 2008; Blackwell et al., 2010). In these types of studies, the immune system is 

viewed primarily in terms of immune activation, rather than immunocompetence. In this thesis, I 

demonstrate that, complementary to our knowledge of reproductive effort and growth, non-acute 

immune function is also acutely sensitive to energetic reserves, and exhibits trade-offs with 

growth in a nutritionally constrained environment.  

We have known for some time that immunocompetence is sensitive to nutrition and 

energetics. Malnutrition, exhibited as low weight, protein deficiency, or deficiencies of key 

micronutrients such as zinc, iron, or vitamins, is associated with immune-suppression and a 

failure of the immune response to common pathogens, and hence increased morbidity and 

mortality (Chandra, 1999; Schaible and Kaufmann, 2007). Anorexia is associated with impaired 

immune function (Cason et al., 1986; Polack et al., 1993). Low levels of BMI are associated with 

increased susceptibility to infection in the elderly (Dorner et al., 2010), and possibly with 

increased mortality-risk in large population based studies (Zhou, 2002). Conversely, while a high 

BMI has attendant chronic disease risks, it is also associated with increased survival in dialysis 

patients and in the elderly (Kalantar-Zadeh, 2005; Chazot et al., 2009; Wang et al., 2017). 

The immune system has complex interactions with adipose tissue, although this is most 

frequently considered in terms of the pathological outcomes seen in obesity. While 
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approximately 10-15% of healthy white adipose tissue (WAT) is composed of macrophages, the 

percentage of macrophages radically increases in obesity (Weisberg et al., 2003; Xu et al., 2003; 

Curat et al., 2004). Under stress from the increased energy storage seen in obesity, adipocytes 

rupture and release triglycerides into the surrounding tissue, leading to increased macrophage 

migration. Through this process, the percentage of WAT that is composed of macrophages can 

increase to as high as 30% (Cancello et al., 2005). These macrophages behave differently than 

macrophages in lean tissue; they surround distressed adipocytes and form a characteristic 

“crown” structure, engulfing damaged adipocytes and free fatty acids (Weisberg et al., 2003). 

The inflammation observed in obesity is therefore a response to pathology associated with cell 

damage from excess triglyceride storage, and is associated with well-known local and systemic 

increases in proinflammatory cytokines and proteins including TNFα, IL-1β, and IL-6, and CRP. 

As discussed previously, the inflammation associated with obesity is a major contributor to 

insulin-resistance and Type 2 diabetes, and is mechanistically involved in atherosclerosis and 

cardiovascular disease. Research into obesity and inflammation has justifiably focused on these 

disease pathways and a pathology framework.  

However, many of the cytokines and immune cells observed in obesity are also present to 

a lesser extent in normal adipose tissue, and the evidence is substantial for a non-pathological 

interlinking of adipose tissue and immunity. For instance, preadipocytes have some of the 

markers and abilities of macrophages (Cousin et al., 1999). Toll-like receptor 4 (TLR-4), which 

responds to bacterial and stress-associated ligands to induce the innate inflammatory immune 

response, is abundantly expressed in mature adipocytes, though it is increased in the fat tissue of 

obese mice (Song et al., 2006). Resident WAT macrophages also produce TNF-α and contribute 

to about 30% of circulating IL-6 (Weisberg et al., 2003; Fain et al., 2004; Fain, 2010). Adipose 
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tissue, even in normal weight subjects, produces monocyte chemoattractant protein 1 (MCP-1), 

which is involved in insulin regulation as well as recruitment of other immune cells (Gerhardt et 

al., 2001; Christiansen et al., 2004). Macrophages in adipose tissue produce resistin, also 

involved in inducing insulin resistance (Steppan et al., 2001; Rea and Donnelly, 2004). Many of 

these components of immune function, adipose tissue, and the regulation of energy availability 

through insulin resistance are inter-related. For instance, stimulating macrophages in vitro with 

endotoxins or proinflammatory cytokines leads to increase in resistin, and conversely resistin 

upregulates major adhesion molecules that recruit immune cells, such as MCP-1 (Kawanami et 

al., 2004).   

It is also well-known that adipokines such as leptin and adiponectin have immune 

regulation effects (Fantuzzi and Faggioni, 2000; Fantuzzi, 2006, 2014). Leptin is necessary for 

normal T-cell function, and encourages naive T cells to differentiate towards a Th1 phenotype  

(Lord et al., 1998), and promotes accumulation of macrophages in adipose tissue (Curat et al. 

2004). Adiponectin may downregulate production of pro-inflammatory cytokines such as TNF-α 

and IL-6 (Robinson et al., 2011). The immunomodulatory effects of hormones derived from 

adipocytes, together with the complex relationships between adipose tissue and immune cells 

and proteins, provide significant support for adipose tissue as a site of immune function, 

immunoregulation, and the moderation of the relationships between inflammatory immune 

responses and glucose metabolism. Far from the old ideas that adipose tissue is simply an energy 

storage depot, adipose tissue is increasingly recognized as an endocrine organ and key regulator 

of immune function (Ahima and Flier, 2000; Kershaw and Flier, 2004).  

The relationship between the immune system, energy storage, and metabolism seems to 

be evolutionarily ancient. As discussed in Chapter 2, the invertebrate fat body is a site of both 
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energy storage and immune regulation. This structure, functionally analogous to a combination 

of the vertebrate adipose tissue, hematopoiesis, the liver, and innate immunity, is comparable to 

adipose tissue in that it inter-regulates energy reserves, metabolism, and innate immunity (Azzez 

et al., 2014). The evolution of adipose tissue is unclear, and while the analogous functions of the 

fat body suggest the possibility of homology, it is not currently known whether the fat body is 

ancestral in some way to the interlocking of vertebrate adipose tissue and innate immune 

function (Ottiviani et al. 2011; Wells 2007). Whether the joining of energy reserves with immune 

regulation has been conserved or independently arose, it suggests that this association is of high 

priority for diverse organisms.  

The evidence from the Gambia supports the hypothesis that there is a relatively 

continuous, adaptive relationship between immune function and adipose reserves. The 

relationship between immune function and adipose tissue should be seen as adaptive. In obesity, 

the relationship between adiposity and inflammation becomes pathological. There may be 

several components of inflammation seen in obesity. The first is the well-detailed inflammation 

response to damage within adipocytes. Another may be a pathological manifestation of a more 

general relationship between adiposity and increased innate immune function. The latter would 

be a relationship due to the evolutionarily novel recent conditions within modern environments 

of caloric excess.  

5.2.2 Contribution to ecological immunology 

 Cost of defense has long been an important insight into ecological immunology, with the 

basic concept of life history trade-offs and limited energy implying that increased investment in 

immune defense comes at a cost to other energy allocation options (Sheldon and Verhulst, 1996; 

Norris and Evans, 2000; Sadd and Schmid-Hempel, 2009; Veile et al. 2012). Theoretically, 
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organisms should have evolved to optimally regulate immune defense, allocating the right 

amount of energy towards survival given the particular life history strategy and ecological 

context, weighted against the energy necessarily to adequately secure fitness. Another important 

consideration is the possibly deleterious effects of an immune response, particularly of the non-

specific innate immune system, on the host itself. In situations in which the cost of tolerating a 

pathogen is preferable to the cost of either clearing the pathogen, or the damage inflected by the 

innate immune system upon self, it is predicted that host tolerance would evolve.  

 Innate immunocompetence intersects with the above framework in several ways, and has 

likely been under strong selective pressures. First, as previously discussed, the innate immune 

system is energetically expensive and likely exhibits trade-offs with other aspects of immunity 

and other life history traits (McDade et al., 2016). Second, the non-specificity of innate immune 

responses can have severe and deleterious effects on the host. An extreme example of this risk is 

sepsis, a disease in which the immune system inflicts systemic and potentially fatal damage on 

host tissue, and which is responsible for millions of deaths annually (Stehr and Reinhart, 2013). 

Such consequences of inflammation explain why it would be beneficial to a host to downregulate 

the inflammatory immune response when faced with long-lived, large, macrocellular parasites 

such as helminths (Rook, 2009).  

In the third and fourth chapter of this thesis, we see that immigrants from a high pathogen 

environment have relatively low levels of CRP and fewer/weaker relationships between CRP and 

chronic disease indicators, even decades after immigrating. In fact, levels of CRP and the 

relationships between CRP and chronic disease indicators are statistically indistinguishable 

between immigrants and those who remained in their natal villages, even as risk factors for 

chronic disease such as glucose levels differ between the two populations. This suggests that the 
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early life is exerting life-long effects on the regulation of innate immune function, with possible 

downstream effects on the relationships between inflammation and other systems that are 

expected based on work in affluent societies. When considering the influence of the early-life 

environment on the innate immune system, differences in pathogen environment likely work 

together with differences in nutritional ecology to influence how immune phenotypes, both 

adaptive and mal-adaptive, are displayed.  

 5.2.3 Immune function and the early-life environment  

Many researchers have explored how immune function is related to the prenatal 

environment and early life, with some evidence even suggesting transgenerational effects of the 

environment on immune function (Moore et al., 1999; McDade et al., 2001; Graham et al., 2006; 

Merlot et al., 2008). It is not novel to suggest that considering life history dynamics and early-

life environments may provide insight into immune function. Instead, I support a relatively novel 

combination of perspectives, which is supported by the data in this dissertation as well as other 

work within clinical and research fields. The immune system is sensitive to energetics, with 

investment in innate immune function tightly coupled to signals of energy reserves and energetic 

resources, and the early-life environment is a particularly sensitive time for immune regulation. 

Given this, some portion of the variation seen in immune function between populations is due to 

not only the differences in regulation of the innate immune system related to pathogen 

environment, or differences related to pathologies associated with obesity, but also due to greater 

investment in immune function in populations with extreme levels of excess energy.  

Little work has focused on the interactions between nutritional and pathogen 

environments in predicting variation in human immune function. But I note that McDade, 

Georgiev, and Kuzawa recently proposed a theoretical framework that integrated nutritional 
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ecology, pathogen ecology, and extrinsic mortality to predict variation in investment in innate 

and acquired immune function (McDade et al., 2016). Hypothesizing that innate immune 

function is less expensive to develop but more expensive to deploy than acquired immune 

function, they predict that variation in nutritional and pathogen ecology, viewed in light of 

extrinsic mortality, will relate to differential investment in these broad categories of immune 

defense. Our perspectives largely complement each other in that both focus on understanding the 

interaction of the nutritional and pathogen ecologies in predicting human immune function, 

though we differ somewhat in predictions and interpretation of evidence. In particular, McDade 

et al. propose that in environments of high nutritional availability and low pathogen exposure 

investment would bias towards acquired immunity, while I propose that evidence indicates that 

such environments would favor generally high investment in both innate and acquired immune 

function.   

The tendency for increased investment in innate immunocompetence with increased 

energy reserves may stem from evolutionarily ancient, adaptive relationships between immune 

function and energetics, but it is now manifesting in a maladaptive sense due to environmental 

mismatches. Most organisms have never been faced with nutritional excesses experienced to the 

degree by some populations of modern humans. Relatedly, diseases of chronic immune 

activation have swept these populations. As discussed, systemic inflammation mechanistically 

contributes to cardiovascular disease, arteriosclerosis, and diabetes. But populations living in 

environments with chronically high energy budgets also experience increases in autoimmune 

disease, allergies, and Alzheimer’s (which recent evidence indicates is related to heightened 

levels of immunological proteins). Within the perspective I propose in this dissertation, these 

diseases of heightened immune activation are not only due to the pathogen/microbial 
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environment and associated dysregulation of immunity, but are also a result of a generally 

greater investment in immune function in populations that live in environments of excess.  

5.3 Implications and future directions  

 This dissertation has several implications. First, the data from the second chapter suggest 

that there is either a significant direct cost associated with circulating CRP levels, or that levels 

of CRP are tightly associated with costly processes. Second, the data from the third and fourth 

chapter imply that there may be sensitive periods for the influence of ecological factors on the 

regulation of immune function. Finally, the perspective offered in this thesis has implications for 

understanding both human immune function in the evolutionary past, and for interpreting 

research involving diverse, contemporary populations.  

 It does not seem likely that the metabolic costs directly associated with maintaining 

immunocompetence are significant. The human body is estimated to synthesize roughly 300-400 

grams of protein a day (Waterlow, 1984). C-reactive protein has a half-life of about 18 hours. 

Even assuming a full replacement of CRP every day, given that the average human body has 

approximately five liters of blood, the difference between maintaining circulating CRP levels of 

1 mg/L and 3 mg/L is a difference of about 10 milligrams total. This is a tiny fraction of daily 

protein turnover (far less than a tenth of a percent for the hypothetical 70 kg human). Given this, 

it seems reasonable that rather than being costly themselves, circulating levels of CRP are 

closely related to other costs. Future work should investigate how levels of CRP relate to other 

immune costs, and whether higher levels of innate immune proteins are associated with a greater 

likelihood of incurring the known cost of an innate immune response.  
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 It is unclear whether variation in CRP is associated with the likelihood of launching an 

acute response or even whether non-acute variation in CRP has a protective effect against 

pathogens. There is a prophylactic effect of administering human CRP to mice that are then 

infected with pneumococcal bacteria (Mold et al. 1981; Suresh et al. 2007; Thomas-Rudolph et 

al., 2007; Gang et al., 2012). Because mice only produce CRP only as a trace protein, these 

experiments have been able to utilize mutant CRP to elegantly demonstrate the various 

mechanisms through which CRP effects an immune response (fortunately, while mice do not 

utilize CRP as part of the acute response, it appears to interact with aspects such as complement 

in much the same way as in humans). These experiments have demonstrated that CRP acts in 

diverse ways during an immune response, and that these actions are dose-dependent, generally 

larger concentrations of CRP have a stronger effect. Through binding to pathogens, initiating 

complement, and increasing uptake of pathogens by lymphocytes, CRP offers protection against 

infection.  

Little research in humans is directly comparable to the mice work referenced above. In 

humans, higher levels of CRP are generally associated with negative outcomes, although this 

relationship has generally only been examined in individuals that are already very sick. For 

example, CRP is associated with increased risk of mortality in dialysis patients and predicts poor 

outcomes in cancer patients (Yeun et al., 2000; McMillan et al., 2003), and high levels of CRP 

predict mortality in pneumonia patients that have already entered the hospital (Menendez et al., 

2009). The CRP levels in these studies are often categorically high (as in, CRP above 10 mg/L is 

predictive of an outcome), or are absolutely extremely high, indicating that an active acute 

response is already in progress (levels above 100 mg/L, for instance). These results are 
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intriguing, but do not provide information on how innate immunocompetence, and CRP in 

particular, predicts immune responses in healthy individuals.  

 It is also critical to understand whether sensitive periods exist for the regulation of innate 

immunity. The data I present here indicate that CRP and the relationships between CRP and 

chronic disease indicators are similar between immigrants and those who remain in their natal 

environments. But few of the participants in this study migrated as children, and I was unable to 

test hypotheses regarding sensitive periods of development. As discussed earlier, other 

immigrant studies have found evidence for sensitive periods in regulation of physiological 

systems. In an immigrant study examining reproductive hormones in Bangladeshi women, it was 

found that women who immigrated before menarche (average age 13 years) had progesterone 

levels that resembled London women, while women who immigrated after had hormone levels 

that resembled Bangladeshi women (Núñez-De La Mora et al., 2008). Interestingly, depression 

risk seems to exhibit similar sensitive periods, with individuals who immigrate to the United 

States before the age of thirteen having a risk of depression resembling that of those born in the 

US, while those who immigrate after having a lower risk (Breslau et al., 2009). Considering that 

inflammation is associated with increased rates of depression, it is reasonable to investigate 

whether this increase in depression could be related to changes in investment in immune function 

and increased rates of systemic inflammation. Future work should investigate the existence of 

sensitive periods for immune regulation, and how this relates to health and well-being in 

different populations, particularly immigrants and refugees.  

 The data presented here indicate that modern populations inhabiting environments of 

caloric excess are likely providing poor proxies for human immune function in the evolutionary 

past. In particular, the strong relationships between systemic inflammatory proteins and chronic 
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disease may be a result of high investment in innate immune function, low levels of regulation 

due to reduced microbial and pathogen signals, and the pathological inflammation seen in 

obesity. This is counter to prior hypotheses about how inflammation may have interacted with 

chronic disease risk outside affluent modern environments, which predicted that the higher 

incidence of acute response would create a high lifetime burden of inflammatory proteins and 

associated risk of arteriosclerosis (Finch and Crimmins, 2004). While incidences of infection and 

acute responses may have been more frequent, the implications of this data and other recent work 

(eg, McDade et al. 2012) are that the innate immune system would have been more tightly 

regulated outside of the acute response, with low circulating concentrations of proteins like CRP. 

Additionally, if investment in circulating innate immune proteins is tied to energetic signals in 

early life, then ‘systemic inflammation’ was likely much lower than levels seen in modern 

affluent populations. The hypothesis that high levels of acute responses can be associated with 

very low levels of non-acute CRP and therefore low risk of chronic disease helps to explain 

recent findings of high levels of inflammation in combination with low risk of chronic disease. 

For instance, despite having high levels of CRP (over 50% of individuals had single-point CRP 

measurement above 3 mg/L), the Tsimane have the lowest risk of coronary arteriosclerosis 

known in the world (Kaplan et al. 2017).  

In this age of global mass migration understanding diversity in human immune function 

will be critical in assessing public health and interpreting research results. The data presented 

here suggest that immigrants may accumulate increased risks for chronic disease, such as high 

glucose levels, without seeing concurrent changes in systemic inflammation. These data also 

suggest that relationships between CRP and chronic disease risk may be inconsistent between 

populations. While CRP is not frequently used in a clinical setting to assess cardiovascular risk at 
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this point, it is extremely common in public health research, and a variety of recent work has 

examined how CRP relates to both chronic disease risk and social factors (such as stress and 

discrimination) in immigrants and refugees (eg. Sondergaard et al. 2004; Rodriguez et al., 2012). 

Depending on the ecological background of these populations, innate immune proteins may not 

have the same relationship with chronic disease risk, or possibly with psychosocial stress, as that 

expected based on work in affluent populations. Future work should aim to better understand 

how the early life influences the stability of CRP, and the relationships between CRP, social 

factors, and chronic disease.  

In conclusion, the early-life environment may influence immune function, particularly 

innate immune function, in several related ways. First, exposure to pathogens and microbes is 

likely related to the regulation of innate immunity (via regulatory T cells), and associated with 

low levels of systemic inflammation outside of the acute response, and a more tightly regulated 

acute response. Second, the energetic environment also matters for later life immune function. 

High levels of energy availability and energy reserves likely increase investment in 

energetically-expensive innate immune function, which is visible as increased levels of 

circulating innate immune proteins. These factors may interact in modern environments of 

caloric excess and altered exposure to pathogens and microbes, creating a situation in which 

increased investment in innate immune function is accompanied by a relaxing of the regulation 

of innate immunity, leading to high systemic levels of inflammatory proteins and associated 

pathologies. In some instances, this is then compounded by obesity. Future work should aim at 

understanding how ecological factors influence investment in human immunocompetence, how 

variation in immunocompetence is associated with the response to immune challenges, and the 

relevance of such variation for human health and well-being in a rapidly changing world.  
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