256

ORIGINAL

RESEARCH Evolution, Medicine, and Public Health [2016] pp. 256-269
ARTICLE .
doi:10.1093 /emph/eow022

Early developmental
wownon, €XPOSUres shape trade-offs

MEDICINE, &

ocr hetween acquired and
innate immunity in humans

Alexander V. Georgiev,” Christopher W. Kuzawa and Thomas W. McDade

Department of Anthropology, Northwestern University, Evanston, IL 60208, USA

*Correspondence address. Department of Anthropology, Northwestern University, 1810 Hinman Avenue, Evanston, IL
60208, USA. Tel: 8474915402; Fax: 8474871778; E-mail: alexander.georgiev@northwestern.edu

Received 02 March 2016; revised version accepted 22 July 2016

ABSTRACT

Background and objectives: Life history theory predicts resource allocation trade-offs between
competing functions and processes. We test the hypothesis that relative investment towards innate
versus acquired immunity in humans is subject to such trade-offs and that three types of early devel-
opmental exposures are particularly salient in shaping adult immunophenotype: (i) pathogen exposure,
(i) nutritional resources; and (iii) extrinsic mortality cues.

Methodology: We quantified one aspect each of innate and acquired immune function, via C-reactive
protein and Epstein—Barr virus antibodies, respectively, in a sample of 1248 men and women from the
Philippines (ca. 21.5 years old). Early developmental exposures were assessed via long-term data col-
lected prospectively since participants’ birth (1983-4). We calculated a standardized ratio to assess
relative bias towards acquired versus innate immune function and examined its relationship to a suite of
predictors via multiple regression.

Results: In partial support of our predictions, some of the measures of higher pathogen exposure,
greater availability of nutritional resources, and lower extrinsic mortality cues in early life were
associated with a bias toward acquired immunity in both men and women. The immune profile of
women, in particular, appeared to be more sensitive to early life pathogen exposures than those of men.
Finally, contrary to prediction, women exhibited a greater relative investment toward innate, not
acquired, immunity.

Conclusions and implications: Early environments can exert considerable influence on the development
of immunity. They affect trade-offs between innate and acquired immunity, which show adaptive plas-

ticity and may differ in their influence in men and women.

KEYWORDS: ecoimmunology; innate immunity; C-reactive protein; Epstein—Barr virus antibodies;

life history theory
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Trade-offs between acquired and innate immunity in humans

BACKGROUND AND OBJECTIVES

Individual differences in immune function have
received considerable public health and clinical atten-
tion owing to the rising prevalence of chronic inflam-
mation and atopic diseases in affluent industrialized
populations [1-3], but a more complete understand-
ing of this variation should also incorporate an evo-
lutionary life history perspective [4-6]. The key
principle of this perspective is the notion that any
investment in immune defenses is costly [7, 8] and
diverts resources from allocations to other physio-
logical or developmental processes [9, 10]. This leads
to trade-offs in investment between immunity and
other functions, especially when resources are
limited. Additionally, a life history approach views
biology through the lens of the lifecycle and thus also
focuses attention on development and the plasticity
involved in calibrating the phenotype of the individ-
ual, in response to inputs from the environment early
in life [11].

These threads converge within the emerging dis-
cipline of ecological immunology (ecoimmunology),
which places particular emphasis on how ecological
factors affect an individual’s immunophenotype and
thus places an organism’s investment in immune
defenses within the context of local environmental
conditions [12, 13]. Such an ecoevolutionary ap-
proach aims to explain substantial species- and in-
dividual-level variation in immune function and to
provide a mechanistic understanding of the life-his-
tory trade-offs individuals may incur over their life-
time. A recent focus of research in ecoimmunology
has been examining and explaining the trade-offs
within the immune system, specifically between its
innate and acquired branches [12, 14-20]. The ex-
planatory frameworks developed within the litera-
ture on other vertebrates, however, have not been
explicitly tested on humans.

Previous work in human ecoimmunology has
focused primarily on trade-offs between overall in-
vestment toward immune function and other ener-
getically costly processes such as growth and
reproduction [4, 21-25]. Trade-offs can also occur
within the immune system, which comprised two
main branches: innate, or non-specific immunity,
and acquired, or specific, immunity. Innate immun-
ity acts against a broad variety of pathogens and in-
cludes anatomical barriers (skin and mucosal
membranes), antimicrobial soluble proteins (e.g.
complement, lysozyme), natural killer cells, and
phagocytic cells. Inflammation, driven by acute

phase proteins and phagocytic cells, in particular,
is a key mechanism of the innate immune response.
Conversely, acquired defenses, primarily via the ac-
tion of T and B lymphocytes, are highly specific to
particular pathogens and form the core of immuno-
logical memory following an initial exposure to a
pathogen. Some immune defenses (e.g. some of
the antimicrobial peptides), however, have dual
roles, providing both non-specific and specific re-
sponse to pathogens [26], illustrating the close inte-
gration of the two branches of the immune system

The costs and benefits of subsystems of immune
defense are variable, with the optimal allocation of
resources across different arms of immunity de-
pending on the specifics of the local ecology [14,
27-29]. The branches typically work in coordination
to provide effective defenses against pathogens and
parasites, but the relative balance of investment in
innate versus acquired immunity varies greatly
within and across species [15-17]. Innate immune
defenses are relatively “cheaper” to develop and can
provide short-term fitness benefits but incur higher
costs when utilized (e.g. oxidative stress and tissue
damage) and can thus be generally less cost-effect-
ive than acquired defenses. Conversely, acquired de-
fenses involve significantly higher up-front
developmental costs but are more efficient and less
costly to deploy later in life once developed, with
significant fitness benefits being realized in the long
term [27, 28]. Building on past work in other species
[14,15, 30], we recently proposed that the balance of
investment in innate versus acquired immune de-
fenses in humans will depend upon three axes of
ecological variation experienced early in develop-
ment: infectious exposure, nutritional resources,
and extrinsic mortality cues [31].

First, we predict that individuals growing up in a
high-pathogen environment will prioritize investing
in specific, efficient acquired immune defenses, all
else being equal. The long-term benefits of investing
in development of acquired immunity will increase
with the frequency of encountering pathogens repeat-
edly in one’s environment. Conversely, if early life
pathogen exposure is low, this would reduce the po-
tential long-term payoffs of investing in costly devel-
opment of acquired immunity and favor an immune
profile biased toward non-specific defenses [31].

Second, we predict that resource availability will
also affect the optimal investment to the two arms of
the immune system. Although specific, acquired im-
mune defenses provide clear advantages in a high-
pathogen environment, the organism’s ability to
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invest in specific immune development can be con-
strained if nutritional resources during early devel-
opment are scarce. Thus, we predict that greater
resource abundance in the prenatal and early post-
natal period will allow increased investment in
acquired immunity, given its relatively high develop-
mental costs. Conversely, if early-life nutritional re-
limited, this will
organism'’s ability to invest in the development of
acquired immunity. Later in life, such an individual
will exhibit an immunophenotype that relies to a
greater extent on innate, rather than acquired, de-
fenses, even if nutritional conditions in adulthood
are more favorable than during the developmentally
critical early-life period when we predict that biases
in immune allocation are set [31].

Finally, we predict that as the potential risk of un-
avoidable (extrinsic) mortality increases, the optimal
pattern of immune investment will shift to favor non-
specific immunity. Under such conditions, the high
upfront costs of acquired immunity would receive a

sources are constrain the

lower priority, as shorter lifespan reduces the long-term
benefits of acquired defenses. Conditions that may sig-
nal higher risk of extrinsic mortality (e.g. experiences of
psycho-social adversity such as parental absence or
sibling death) would therefore be associated with a
shift in resource allocation toward immune function
prioritizing the less costly in the short-term option,
i.e. innate immunity. Cues of extrinsic mortality have
been shown to shift developmental priorities of invest-
ment in other domains, e.g. from investment in som-
atic growth to early reproduction [32-35], and we
predict that similar optimization switches may also
occur at the level of immune sub-systems. Extending
this logic, given the lower average life expectancies
among men in nearly all human populations,
compared to women, we also predict that men would
invest relatively less toward acquired than innate im-
mune defenses, in comparison to women [31].

We test these predictions using data from a pro-
spective longitudinal study of humans in the
Philippines. Using two markers of immune function,
C-reactive protein (CRP) and Epstein—Barr virus (EBV)
antibodies, we assess relative investment toward innate
and acquired immune defenses, respectively, in a large
cohort of ca. 21.5-year olds. With data on their early-life
environments (pathogen exposure, nutritional condi-
tion, and psycho-social adversity), we examine whether
their adult immunophenotype exhibits patterns con-
sistent with the hypothesis of early developmental plas-
ticity and trade-offs across branches of immune
function [31]. To place any trade-offs within the immune
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system in a broader context, we also examine whether
any of the early-life exposure factors predicted to affect
relative investment toward acquired and innate immun-
ity also affected overall levels of immunocompetence.

METHODS

Participants and data collection

The Cebu Longitudinal Health and Nutrition Survey
(CLHNS) began in 1983—4 with the recruitment of
3327 pregnant women from randomly selected urban
and rural neighborhoods in Metropolitan Cebu City,
Philippines [36]. The study of their offspring included
detailed bimonthly surveys for 2 years after birth to
assess infectious morbidity, growth, and other char-
acteristics, as well as several subsequent follow-up
surveys across childhood, adolescence, and into
adulthood. The analyses presented here focus on
1479 offspring for whom complete anthropometric,
interview, and biomarker data were available from the
2005 survey [37]. Women who were pregnant during
the survey were excluded from the analyses, as CRP
has been shown to be elevated during gestation in
this population [38], resulting in a sample of
N=1453. Because one of our outcomes (CRP) is
elevated acutely during infections, participants re-
porting infectious symptoms during the interview
were also excluded (N=205). Median CRP was
0.7mg/L for the participants reporting infectious
symptoms, compared with 0.2 mg/| for the rest of
the sample. Although menstrual phase is also known
to affect CRP levels in women [25], preliminary ana-
lysis of self-report interview data of last menstrual
period did not reveal significant differences in CRP
across phases of the cycle. Specifically, for a subset
of currently menstruating women for which we could
ascertain their position in the menstrual cycle at the
time of blood sampling from self-report data
(N=414), we did not find significant differences in
CRP levels between women in the early follicular, late
follicular, or luteal phase of the cycle (Kruskal-Wallis
test, x°=0.321, df=2, P=0.852). A total of 1248
healthy, non-pregnant individuals (men and women)
contributed data to these analyses. All data were col-
lected under conditions of written informed consent
using protocols approved by the Institutional Review
Board of the University of North Carolina, Chapel Hill.
Data from the CLHNS are publically available from
the Dataverse Network (a digital repository) of the
Odum Institute at the University of North Carolina,
Chapel Hill: http://arc.irss.unc.edu/dvn/dv/cebu.
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Quantifying adult immunophenotype

To assess the balance of investment toward innate
versus acquired immunity, we measured two bio-
markers of immune function: CRP (innate) and
EBV antibodies (acquired immunity). CRP is an
acute phase protein and biomarker of inflammation
and an important component of innate immunity.
Produced primarily by hepatocytes in response to
cytokine signals, CRP activates complement, pro-
motes activity of phagocytic cells, and opsonizes
bacteria, fungi, and parasites [39]. Concentrations
of CRP increase rapidly in response to a wide range
of infectious agents, further underscoring its role in
non-specific anti-pathogen defenses. However, in-
flammatory processes contribute to the pathophysi-
ology of atherosclerosis and chronically elevated
concentrations of CRP have been associated with
elevated risk for cardiovascular disease, type 2 dia-
betes, late-life disability, and all-cause mortality in
industrialized populations [40]. CRP, therefore, can
be interpreted as a marker of investment in innate
immune defenses that protect against infectious
disease, but with the potential for long-term costs
associated with increased risk for diseases of aging.
CRP concentrations were determined in plasma, as
described previously [37].

The EBV is a ubiquitous herpesvirus that infects
nearly 90% of adults in industrialized nations, while
infection rates approach 100% during the first 5
years of life in lower income nations [41, 42]. Once
infected, individuals permanently harbor EBV, and
adequate cell-mediated immune function is critical
for maintaining the virus in a latent state: immuno-
suppression allows EBV to reactivate and release
viral antigens into circulation, to which a humoral
antibody response may emerge [43]. Increases in
antibodies specific to EBV are associated with con-
current reductions in memory T-cell proliferation
and cytotoxic T-cell killing of infected cells [44, 45].
Antibodies against EBV can therefore be interpreted
as an indirect measure of investment in specific, cell-
mediated immune defenses. EBV antibodies were
quantified in dried blood spot samples [46, 47].

Across all individuals, CRP levels were not signifi-
cantly correlated with EBV antibody titers (r=0.03,
N=1248, P=0.28). To evaluate the relative invest-
ment toward innate versus acquired immunity, we
constructed a ratio between the two variables.
Because 36.1% of samples (N =450) had CRP levels
below assay sensitivity, we re-coded all zero values
as 0.1. We then log-10

transformed and

standardized (mean=10, SD=1) the values of CRP
and EBV to allow a direct comparison. Because
higher levels of EBV antibodies indicate reduced
cell-mediated immune function, we multiplied log-
EBV antibody titers by —1 (i.e. reverse-scoring) so
that higher values would indicate higher levels of
cell-mediated immunity. We then calculated the
ratio of standardized acquired (cell-mediated) im-
munity (based on EBV values) to standardized in-
nate immunity (based on CRP values) as the
CMI:CRP ratio. A value of 1.0 represents equal in-
vestments in both aspects of immunity, relative to
the sample distributions. Higher values represent
bias toward acquired immunity, while lower values
represent a bias toward innate immunity.

To evaluate the intra-individual consistency/
tracking (within the population) of our measures of
innate and acquired immunity, we compared im-
mune responses in a sub-sample of study partici-
pants, measured at two time points. Concentrations
of CRP were measured during adolescence (14-15
years of age) and young adulthood (21-22 years of
age) in a subsample of study participants (N =341).
These CRP values were positively and significantly
correlated (r=0.24, P < 0.001). Even though the cor-
relation was not particularly strong, these data never-
theless suggest that over time inter-individual
differences in CRP remained somewhat consistent.
At the age 14-15 years, a subset of participants
received a typhoid vaccine, and 47.9% of the sample
responded to vaccination with a >4-fold increase in
anti-typhoid antibody titer [48]. Robust antibody re-
sponse to vaccination reflects increased levels of
acquired immune defenses. At age 21-22 years,
EBV antibody titers were higher in the group of non-
SD=0.26, N=36),
indicating reduced cell-mediated immunity. Vaccine

responders  (mean=1.91,
responders had lower levels of EBV antibodies
(mean=1.81, SD=0.24, N=37), indicating higher
cell-mediated immunity. The difference in EBV
antibodies across the groups approaches signifi-
cance (t=1.75, N=73, P=0.08) and is consistent
with the interpretation that individual differences in
overall investments in acquired immune defenses are
relatively stable in this sample.

Modeling variation in immunophenotype

To model inter-individual variation in CMI:CRP
ratios, we considered three main groups of factors:
pathogen exposure, nutrition, and early life psycho-
social adversity. We used three variables to
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characterize childhood pathogen exposure [49].
First, we calculated the total number of bi-monthly
surveys conducted in the first 2 years of life, during
which infants displayed symptoms of diarrhea or re-
spiratory infection in the week preceding the inter-
view, as reported by their mothers. Second, we
summed the number of bi-monthly surveys, during
the first year of life, when the infant was observed
crawling on the floor and animals were present in the
home, as a proxy measure of the likelihood of expos-
ure to animal feces [49]. Third, we classified infants
depending on the month of their birth as dry and wet
season born. Being born during the dry season in
this population is a predictor of higher pathogen
exposure as these infants spend a greater proportion
of their first year of life in the wet season, which is a
period of higher microbial exposure [49]. We used
infant birth weight and the rate of weight gain be-
tween birth and 2 years of age as markers of pre-natal
and early post-natal nutritional sufficiency, respect-
ively [50]. To assess early life adversity, we con-
sidered three measures of psychosocial risk in
childhood that are commonly assumed to signal in-
stability in caregiving relationships and increased
mortality risk [51, 52]. As described previously [53],
we constructed three dichotomous variables to indi-
cate (i) maternal absence (if subjects lived in a sep-
arate household than their mother at 8.5 or 11.5
years of age); (ii) paternal instability up to ca. 11.5
years old (father deceased or absent, mother unmar-
ried in first year of child’s life or beyond, or mother
and  (iii) participants
experienced the death of a sibling during the same
period.

remarried); whether

Statistical analysis

We carried out linear regression analysis in R 3.0.3
[54] with the CMI:CRP standardized ratio as the de-
pendent variable and ten independent variables.
Eight of those were measures of early life develop-
mental exposures (1. birthweight, 2. weight gain in
the first 2 years, 3. incidence of infectious morbidity,
4.likelihood of exposure to animal feces, 5. season of
birth (dry/wet), 6. maternal absence, 7. paternal in-
stability, 8. sibling death) and two of them were con-
trol factors (9. total immune investment score and
10. waist circumference). We included the two “con-
trol factors” in the model to adjust for individual
differences in traits that could confound associ-
ations with early developmental factors. We
included total immune investment (the sum of
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standardized innate and acquired immune scores)
in the model as we expected that if overall invest-
ment toward immune function were greater, the bal-
ance between investment toward acquired and
innate immunity would shift toward the more devel-
opmentally costly arm (acquired). Adult waist cir-
cumference (measured during the in-home
interview in 2005 using standard procedures) was
included because adiposity is an important and po-
tentially independent influence on CRP levels [37].

Given known sex-specific patterns in immune de-
velopment [55] and previous evidence of sex differ-
ences in the physiology of our study cohort [56-58],
we also tested for sex differences in the role of early
life factors on shaping adultimmune function. To do
so, we first constructed a maximal model, which
included the interactions of sex with all other pre-
dictors of interest (excluding the control variables).
To interpret the effects of factors that were not
involved in a significant interaction with sex, we then
excluded all non-significant interactions to obtain a
more parsimonious model containing all predictors
and only significant interactions. Significant inter-
actions were interpreted via post hoc Tukey con-
trasts using the function glht in the R package
multcomp [59].

Initially, we also explored the role of three meas-
ures of socioeconomic status (SES), assessed both
at birth (for the mother) and at the age of sample
collectioninyoung adulthood (level of maternal edu-
cation, a score of household assets and adjusted
household income), as described previously [60].
Because none of the SES measures predicted the
CMI:CRP ratio (all P>0.4) and including them
reduced overall model fit, we did not consider them
further in analyses.

We conducted model validation by checking for
multicollinearity among predictor variables (vari-
ance inflation factors; package “car”: [61]) and by
visually diagnostic  plots.
Variance inflation factors for individual predictors

inspecting  model

ranged between 1.01 and 1.80, suggesting that
multicollineariy was not an issue. Model diagnostic
plots did not indicate severe heteroskedasticity.

RESULTS

We first considered whether infectious, nutritional,
and extrinsic mortality risk variables predicted the
total level of immune investment (sum of the CMI
and CRP standardized scores). Males had signifi-
(b=0.26,

cantly higher values than females


Deleted Text: a
Deleted Text: );, 
Deleted Text: b
Deleted Text: b
Deleted Text: Birthweight
Deleted Text: Weight 
Deleted Text: Incidence 
Deleted Text: Likelihood 
Deleted Text: Season 
Deleted Text: Maternal 
Deleted Text: Total 
Deleted Text: , 
Deleted Text: Waist 
Deleted Text: `
Deleted Text: '
Deleted Text: s
Deleted Text: s
Deleted Text: s
Deleted Text: ), 
Deleted Text: so 
Deleted Text: sex 
Deleted Text: -
Deleted Text: Initially 
Deleted Text: `
Deleted Text: '
Deleted Text: 80 
Deleted Text: R

Trade-offs between acquired and innate immunity in humans Georgievetal. | 261
” Table 1. Sample characteristics (N=1248 individuals)
Variable Women (N = 539) Men (N = 709)
Mean (SD)/%  Range Mean (SD)/%  Range t-statistic/ P value
z-statistic®

Immune measures

EBV antibodies (ELISA units) 98.68 (58.68)  13.95-300.34 77.64 (48.82)  16.60-286.18 —6.74 <0.0001

CRP (mg/L) 1.42 (4.84) 0.10-79.00  1.16 (3.71) 0.10-49.3  —1.04 0.297

CMI:CRP (standardized ratio) 0.99 (0.14) 0.61-1.36 1.03 (0.13) 0.63-1.34 4.95 <0.0001

Total (CMI + CRP) 19.80 (1.39) 16.98-24.72  20.15(1.37) 16.97-24.47  4.43 <0.0001
immune investment

Independent variables

Age in 2005 (years) 21.47 (0.33) 20.76-22.44  21.47 (0.30) 20.8-22.09  0.13 0.900

Birth weight (kg) 2.99 (0.41) 1.7-4.1 3.02 (0.43) 0.91-4.20 1.04 0.300

Weight gain, 0-2 years (kg) 6.48 (1.03) 2.77-9.1 7.10 (1.10) 2.8-11.04 10.30 <0.0001

Infectious morbidity, 0-2 years 9.00 (2.10) 2-12 9.22 (2.09) 1-12 1.89 0.059
(no. of episodes)

Likelihood of exposure to animal 1.18 (1.24) 0-4 1.32 (1.31) 0-4 1.88 0.061
feces, 612 months
(no. of intervals)

Waist circumference, 68.19 (7.37) 53.9-104 72.10 (7.54) 56.5-112 9.14 <0.0001
2005 (cm)

Born in the dry 20.96 20.45 —0.22 0.824
season (%)

Experienced maternal 8.35 9.73 0.84 0.401
absence (%)

Experienced sibling 13.17 12.83 —0.1758 0.861
death (%)

Experienced paternal instability (%)  8.35 8.46 0.07 0.943

*T-test-unequal variances with Welch’s correction; z-statistic for two-sample test of proportions.

SE=0.08, P=0.002), but early developmental expos-
ures were not associated with total immune invest-
ment (all P> 0.19; results not shown).

There was considerable inter-individual variation in
CMI:CRP scores, with values ranging from 0.61
(indicating 39% higher CRP relative to CMI) to 1.36
(indicating 36% higher CMI relative to CRP; Table 1).
CMI and CRP were weakly negatively associated
subjects (r=—0.08, N=539,
P=0.067), but no such relationship was present
among males (r=0.0007, N=709, P=0.986).
Females also had significantly lower CMI:CRP ratio
than males (Table 1) suggesting, contrary to one of

among female

our predictions, an overall female investment bias
toward innate immunity.

In our model of CMI:CRP ratio variation, of all early-
life exposures, only one (season of birth) was involved
in a significant interaction with sex (maximal model:

Fio1228=5.49, Adj. R°=0.064, P <0.0001). After
excluding all non-significant interactions, we ob-
tained a more parsimonious model (Fy27235=7.95,
Adj. R*=0.063, P < 0001, Table 2). In line with predic-
tions, higher birth weight (Fig. 1) and greater likeli-
hood of exposure to animal feces in the first year of life
(Fig. 2) were associated with higher a CMI:CRP ratio
in later life, whereas maternal absence (Fig. 3) was
associated with lower CMI:CRP ratio (Table 2). Sex
and season of birth were involved in a significant
interaction such that females (post-hoc Tukey con-
trasts: b=—0.06, SE 0.01, P <0.001) but not males
(b=0.01, SE=0.01, P=0.917) had higher CMI:CRP
ratio if they were born during the dry season
compared to the wet (Fig. 4).

Weight gain during the first 2 years of life, the in-
cidence of infectious morbidity, paternal instability,
and sibling death were not significantly associated
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” Table 2. Results from the multiple regression model of variation in CMI:CRP
ratio in young adults from Cebu (N=1248; Fi51235=7.95, Adj. R*=0.063, P <0007)

Variable

Estimate SE P value

Intercept

Birth weight (kg)

Weight gain, 0-2 years (kg)

Infectious morbidity, 0-2 years (no. of episodes)

1.041 0.073 <0.0001
0.020 0.009 0.029
0.005 0.004 0.198
0.001 0.002 0.779

Likelihood of exposure to animal feces, 6-12 months (no. of intervals)  0.007 0.003  0.023

Maternal absence (0, 1)
Sibling death (0, 1)
Paternal instability (0, 1)

—0.027 0.013  0.048
0.005 0.012 0.672
—0.011 0.014 0.432

Sex (female) —0.060 0.009
Born in the dry season (0,1) —0.008 0.013 -
Interaction: born in the dry season (0, 1) x sex (female) 0.065 0.019  0.001

Waist circumference, 2005 (cm)
Total immune investment (CRP + CMI)

—0.003 0.00T <0.0001
0.006 0.003  0.030

CMI:CRP ratio

o
o ©

T T I
1.0 1.5 2.0

25 3.0 3.5 4.0

Birthweight (kg)

Figure 1. Relationship between birthweight and CMI:CRP ratio in our dataset (N =1248). Regression line based on a simple

linear model, for illustrative purposes only (statistical details are shown in Table 2)

with adult CMI:CRP ratio (Table 2). Finally, individ-
uals with greater waist circumference at the time of
immune function assessment had a lower CMI:CRP
ratio, while those with a greater overall immune
score (CMI+CRP) had a higher CMI:CRP ratio
(Table 2).

CONCLUSIONS AND IMPLICATIONS

In a sample of adults from Cebu, the Philippines,
we showed that aspects of the prenatal and early
post-natal environment were associated with vari-
ation in relative levels of investment in acquired ver-
sus innate immunity, as indicated by EBV antibody
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(N =1248). Regression line based on a simple linear model, for illustrative purposes only (statistical details are shown in Table 2)
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Figure 3. Difference in CMI:CRP ratio between individuals who experienced maternal absence and those who did not. Boxplots

show the median (thick line), the inter-quartile range (box), range (whiskers), excluding outliers (open circles, over 1.5 times the

interquartile range from the box) (statistical details are shown in Table 2)

and CRP concentrations, respectively. Of the two
variables measuring early nutritional condition
(birthweight and weight gain during the first 2 years
of life), only birthweight was significantly associated
with adultimmune phenotype. As predicted, individ-
uals with higher birthweight had higher adult
CMI:CRP ratio, suggesting greater investment to-
ward acquired immune defenses. Of the three meas-
ures of early-life pathogen exposure (incidence of
infectious morbidity, likelihood of exposure to

animal feces, and being born in the dry season),
two contributed to explaining the variance in adult
CMI:CRP ratios, both in line with our predictions.
First, individuals who experienced greater likelihood
of exposure to animal feces in the first year of life
showed higher CMI:CRP ratios. Second, among
women but not among men, individuals born during
the dry season (who spent a greater part of their first
year during the wet season, a period of greater patho-
gen prevalence) exhibited higher CMI:CRP ratios.
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interquartile range from the box) (statistical details are shown in Table 2)

Finally, of the three measures of early-life psycho-
social stress (maternal absence, paternal instability,
and the death of a sibling), which can be seen as cues
of extrinsic mortality, only one was significantly
associated  with  adult
Individuals who experienced maternal absence in
childhood showed lower adult CMI:CRP ratio, as pre-
dicted. In sum, these results provide partial support
for the existence of trade-offs between the two arms
of the immune system and indicate these trade-offs
are affected by some early-life developmental fac-

immunophenotype.

tors, as predicted in our recent synthesis on this
topic [31]. Although methodologically, the markers
we employed to characterize the innate and acquired
arms of the immune system (CRP and EBV antibody
levels) have some important limitations as indica-
tors of overall immunocompetence, our findings
should be instructive for future attempts to examine
how early life exposures may or may not affect adult
immune function in humans.

The majority of ecoimmunology research on
within-system trade-offs in immune development
has thus far centered on relatively small-bodied and,
by comparison to humans, shorter-lived species.
Trade-offs between the arms of the immune system
in such organisms are more likely to be pronounced,
and indeed detected, as smaller animals do not have
sufficient energy reserves to rely on as buffers/capital,
in the way that larger-bodied animals do [62].

Nevertheless, by analyzing the factors affecting the
ratio between our two measures of immune function,
we showed that even relatively long-lived and large-
bodied mammals such as humans are not exempt
from such trade-offs. The prospective, longitudinal
nature of our dataset allowed examining the effects
of early environment on adult immune function on
the extended time-frame of human maturation and
development and thus highlights the benefits of
adopting a long-term view when examining trade-offs
within the immune system.

The importance of early-life pathogen exposure in
potentially affecting levels of inflammation in young
adulthood in this sample is already known: higher
levels of pathogen exposure in infancy predicted
reduced CRP in young Filipino adults [49], a finding
that is consistent with a broader body of research
linking more sanitary environments in infancy and
early childhood with increased risk for immune-
related diseases [63, 64]. Similarly, negative associ-
ations between birth weight and CRP have been
documented in a range of populations, including
in the present sample [49, 65, 66]. These associ-
ations have been interpreted primarily in mechanis-
tic terms, with undernutrition acting as a constraint
on immune development, and infectious exposures
promoting the development of regulatory pathways
that control inflammation. Recent studies have also
associations  between

documented  positive
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inflammation and maltreatment, harsh family envir-
onments, and socioeconomic adversity in childhood
[67-72].

Existing data on inter-individual variation in meas-
ures of acquired immunity are also consistent with
the logic of our framework [31]. Childhood adversity
has been shown to predict elevated EBV antibodies in
adulthood, indicative of reduced acquired immunity
[73]. Undernutrition and lower levels of infectious ex-
posure have also been associated with reductions in
multiple aspects of acquired immunity [48,74-76].
The physiological and behavioral pathways linking
early environments and adult human health are
coming into focus [77], but an understanding of
why these associations exist remains elusive. An evo-
lutionary life history perspective points toward spe-
cific aspects of the developmental ecology as likely
drivers of the immunophenotype, providing a frame-
work for testing novel hypotheses regarding the
causes and consequences of variation in multiple di-
mensions of human immunity.

Previous research in human ecological immun-
ology has not explicitly tested the existence of
trade-offs between the two branches of the immune
system but some results are suggestive. Data from
Cebu have shown the possible existence of such
trade-offs between acquired and innate defenses:
in a small subsample of subjects (N =74), individ-
uals that did not respond with antibodies to typhoid
vaccination showed much higher CRP levels in adult-
hood [78]. Our current study, however, is the first to
integrate measures of both arms of the immune sys-
tem within a detailed developmental context across
amuch larger number of individuals (N =1248). Our
framework [31] thus extends previous findings by
considering variation in one type ofimmune defense
in the context of overall immune protection and sug-
gesting that shifting priorities in resource allocation
within the immune system might have adaptive sig-
nificance. Incorporating a suite of predictors,
relating to early life nutritional sufficiency, exposure
to pathogens, and potential cues of mortality risk
from the environment into a single analytical frame-
work is a powerful approach to evaluate the relative
contribution of each factor to the development of the
immune system. Our results, indeed, suggest that
both early ecological conditions (nutrition, patho-
gens) and factors that might affect the individual’s
reproductive schedules (i.e. cues of extrinsic mortal-
ity) may have a long-term effect on the ratio of
acquired to immune defenses.

The finding that season of birth affected the
CMI:CRP ratios only in women could be either due
to differences in exposure or to differences in sensi-
tivity to exposure between the sexes. Although in
some populations, male infants are raised under
lower hygiene standards than female infants [79],
whether this is also the case at Cebu is at present
unclear. There are only marginal differences between
male and female infants in their likelihood of expos-
ure to animal feces (greater in boys: P=0.06) and
overall morbidity in the first 2 years of life (slightly
greater in boys: P=0.059, Table 1). Ongoing ana-
lyses suggest that boys may have significantly higher
incidence of diarrhea in their first 2 years of life than
girls (Kimberly McCabe, personal communication),
but further immunological and ethnographic
studies would be required to evaluate the possibility
of gender-differentiated pathogen exposure.

Our final prediction that women would exhibit a
relatively greater bias toward acquired defenses,
given their longer life expectancy was not supported;
in fact, females had significantly lower CMI:CRP
ratios than men, suggesting a bias toward innate
immune defenses. The finding that men also had
greater levels of total immune investment (the
sum of the standardized CRP and CMI values) than
women is similarly unexpected as extensive existing
data point toward women having a consistent im-
munological advantage over men [80-83]. Whether
these patterns are due to the choice of markers, we
used or whether they point to an overall greater in-
vestment toward acquired immune defense among
men in this population is at present unclear. In par-
ticular, previous work has identified salient associ-
ations between inflammation (measured by CRP)
and female reproductive function—with CRP differ-
ing by phase of the menstrual cycle, in relation to
ovarian hormones, by whether the cycle was ovula-
tory or anovulatory, and in relation to women'’s sex-
ual activity [25, 84-90]. Although our examination of
the effect of cycle phase (based on recall surveys) on
women’s CRP value did not reveal significant effects
within a subset of participants who exhibited regular
recent cycling (unpublished data), female repro-
ductive functioning may nevertheless explain the
higher CRP levels among women, compared to
men in our sample. Our reliance on CRP as the sole
index of innate immunity may therefore be a meth-
odological weakness that should be considered in
the design of future studies.

Our analyses have focused on trade-offs between
investments in innate and acquired immunity, but it
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is important to note that both systems are necessary
for survival, and that in practice they work together to
provide a relatively seamless network of defense. As
such, one might expect small differences in relative
levels of investment in relation to developmental en-
vironments. Indeed, the differences we find here are
small and predictors in statistical models explain a
tiny fraction of the variance CMI:CRP ratios (Table 2).
This could partly be due to the fact that the most
disadvantaged infants might have been lost from
the sample due to early-life mortality and thus those
who remained have only experienced relatively mod-
erate adverse early exposures, thus reducing the ex-
planatory power of predictors in the models. Previous
research on this population, for example, has shown
that infants with very low and high birthweight
were more likely to die in the first week of life [91] so
mortality-related attrition in this sample probably
reduced the likelihood of finding significant relation-
ships between early life conditions and adult
immunophenotypes. The implications for morbidity,
mortality, and other life history outcomes of the ef-
fects that we did identify in our analyses, however, are
not clear. A large body of research suggests that
increased inflammation contributes to cardiovascu-
lar disease, metabolic syndrome, dementia, and
other diseases of aging [92-95], while deficiencies in
acquired immunity are well-established determinants
ofinfectious disease risk [96]. With subsequent follow
up of the cohort, we will be able to evaluate the clinical
significance of variable immunophenotypes.

Itis also notable that when we examined the effects
of early life exposures on total immune investment
(CMI + CRP), none ofthe variables we considered had
any explanatory power. This may be because early life
exposures in this cohort were relatively benign and
they did not reach a threshold beyond which they
would have had an adverse effect on overall invest-
ment toward immune defenses. The weak trade-offs
within the immune system we documented, however,
suggest that some adjustment in allocation to re-
sources within the immune system may occur even
when overall ability to invest toward immune de-
fenses is robust. This interpretation is consistent with
the observed positive association between CMI:CRP
ratio and total immune investment (CMI + CRP): in-
dividuals with greater overall investment in immune
defenses prioritize acquired immunity over innate.
Even small variation in resource availability may
therefore be associated with shifts in the optimal
trade-off level between acquired and innate defenses.

Evolution, Medicine, and Public Health

It is important to note that neither CRP nor EBV,
measured on their own are sufficiently representative
of innate and acquired immune function to provide us
with definitive conclusions regarding trade-offs within
the immune system. Both arms of the immune system
comprised multiple pathways that interact in complex
fashion. In addition to potentially being affected by fe-
male reproductive function, CRP levels may have also
been related to subclinical inflammation processes
that would not have been recognized from self-re-
ported measures of morbidity. EBV, on the other hand,
has been shown to be affected by current psycho-social
stress [43], another factor we were not able to account
for in our analysis. Our two markers are also limited in
their longitudinal coverage, as they were both
measured at a single time-point. However, our valid-
ation within a smaller subset of individuals from this
sample (see Methods) showed that both measures
used in this study exhibited some intra-individual sta-
bility over time and thus likely reflect some salient in-
dividual characteristics. Future work should consider a
more comprehensive assessment of immunity,
including functional measures of multiple dimensions
of innate and acquired defenses evaluated under chal-
lenge or stimulation. In addition, our characterization
of the nutritional, infectious, and psychosocial envir-
onment in infancy/early childhood is constrained by
available variables. Despite these multiple sources of
“noise” in the data that were available for this analysis,
the prospective study design, with data collection be-
ginning in utero, the wide range of available variables,
and the large sample size, are significant strengths of
this study. Our findings should nevertheless be re-
garded as preliminary, and generative of future tests
and refinements of the proposed framework for within-
immune-system trade-offs [31] based on research in
diverse populations, across a range of ecological
settings, and crucially, by using more sophisticated,
multiple measures of immune function.
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