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ABSTRACT

Effects of socio-ecological variation on female health and immune status and consequences

for sexual dimorphism in immune function

by

Carmen Marie Hové

Among humans, female reproduction requires significant immune modulation. Invasive
placentation results in exposure to fetal antigens and corresponding shifts in female immune
function and disease susceptibility, which vary in magnitude in response to ecological
conditions (e.g., pathogen exposure). By comparison, there have been very few studies on
how time since delivery affects immune recovery or how variation in infant feeding behavior
(e.g., breastfeeding, formula feeding, pumping) might moderate postpartum immune
recovery. Of the few studies that have been conducted on postpartum women, most have
come from post-industrial populations experiencing evolutionarily novel conditions (e.g.,
obesity, low pathogen exposure). Consequently, current understanding of sexual dimorphism
in immune function, a phenomenon commonly observed in humans and other mammalian
species, is skewed by absence of data from postpartum females as well as disproportionate
sampling of populations experiencing environmental cues (e.g., obesity) that may exacerbate
sex hormone production and amplify sex bias in immune function and disease risk.

In this dissertation, I aim to address these gaps in knowledge via three distinct yet
interconnected studies. I utilize pre-existing data from the Tsimane Health and Life History

Project (THLHP) and the National Health and Nutrition Examination Survey (NHANES) to

X



characterize and compare the effects of month since delivery on immune outcomes among
Tsimane and USA women (two ecologically distinct populations) (Study 1) and compare the
effects of sex and female reproductive phase on immune function across the lifespan in both
the Tsimane and the USA (Study 2). Lastly, I investigate the impact of infant feeding
behavior (e.g., at-the-nipple breastfeeding, pumping, other supplementation) on maternal
immune function, health, and wellbeing among postpartum women in Seattle, Washington,
USA using data I collected between October 2020 and July 2021 as part of the Seattle
Postpartum Health Study (Study 3).

My findings indicate that the postpartum period is a unique immunological state, with
month of gestation and month since delivery exerting opposing effects on most immune
markers. Observed differences between Tsimane and USA women point towards the role of
environment in shaping immunological recovery and may specifically reflect differences in
pathogen clearance requirements following pregnancy. My results also show that sex bias in
immune status is comparatively attenuated among the Tsimane, indicating that ecological
conditions in the USA (e.g., increased energetic budget) may exacerbate evolved
mechanisms underlying sexual dimorphism in disease risk. Within each population,
pregnancy was generally associated with increased sexual dimorphism while the postpartum
period was often associated with attenuated sex bias, highlighting the underappreciated role
of female reproductive phase in generating or dampening sex differences in immune
function. Lastly, I provide evidence that both at-the-nipple breastfeeding and pumping confer
benefits on postpartum maternal outcomes (e.g., fewer depressive symptoms, reduced
inflammation) compared to reliance on formula/other forms of supplementation, but that

heavy reliance on pumping is associated with increased symptoms of physical illness.
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1. Introduction

A. Female reproduction, maternal investment, and maternal-offspring conflict

In mammalian species, reproduction requires that mothers successfully gestate, deliver,
and care for offspring for an extended period thereafter, all while simultaneously balancing
concurrent survival needs and investment in future offspring. This high degree of maternal
investment required for offspring survival introduces numerous opportunities for maternal-
offspring conflict, given that the fitness “interests” of the paternal genome often differ from
those of the maternal genome (Trivers, 1974; Hollegaard et al., 2013; Haig, 2014), with
paternal genes favoring aggressive growth and resource extraction from the mother and
maternal genes restricting resource extraction (Haig, 2010). Maternal-offspring conflict
begins during placentation, a process necessary for successful reproduction that can also pose
serious risks to the mother (e.g., hemorrhage) if not regulated properly (Haig, 1993;
Washecka and Behling, 2002). There are three types of placentation found across mammalian
species: epitheliochorial (Ieast invasive), endotheliochorial (intermediate invasiveness), and
haemochorial (most invasive) (Figure 1). Faster life history traits (e.g., shorter lifespan, high
offspring quantity) correspond to heightened maternal-offspring conflict, due to more
competition between siblings for maternal resources, and may therefore have put selection
pressure on females that favored the evolution of less invasive, more restrictive placental
structures (Garratt et al., 2013). Conversely, slower pace of life (e.g., fewer offspring, more
investment in individual offspring) is associated with comparatively reduced maternal-
offspring conflict and more invasive placentation (Garratt et al., 2013). Following this

pattern, humans and other great apes exhibit slow life history and possess haemochorial



placentation (Chuong et al., 2013). Humans also exhibit villous interdigitation, the most
invasive type of placental morphology, which allows for an even greater surface area to
volume ratio for exchange between mother and fetus — a trait which sets us apart even from
other great apes (Moffett and Loke, 2006).

During human placentation, fetal-derived placental cells invade the maternal
endometrium, break down maternal tissue (Carter et al., 2015), and remodel the spiral
arteries (Lyall, 2005; Osol and Mandala, 2009). This process establishes close contact
between maternal and fetal-derived tissue at two levels. Fetal trophoblast cells forming the
outer surface of the placenta interact with cells of the maternal decidua and cells in the
maternal bloodstream interact with fetal cells inside the placenta (Erlebacher, 2013). Once
established, the placenta provides oxygen and nutrients to the fetus, removes carbon dioxide
and other waste products, protects the fetus against harmful agents, and acts as an endocrine
organ by producing high concentrations of progesterone, human chorionic gonadotropin,
estrogens, placental lactogen, placental growth hormone, and other growth factors (Gude et
al., 2004). In this way, the placenta acts as a highly specialized organ that supports fetal
growth and development and primes the maternal body for the transition to lactation after
delivery.

After delivery, the specific demands exerted by placentation are removed but offspring
requirements for maternal investment continue. Throughout most of human evolution,
pathogen exposure and resource restriction posed considerable threats to infant survival,
especially considering that human babies are highly altricial. Such constraints placed strong
selection pressure on sustained lactation following delivery. In humans, breastfeeding is even

more energetically costly than gestation (Butte and King, 2005a) and the combined effects of



reduced energy budget and hormone cycling induced by frequent infant suckling produce
lactational amenorrhea, a period when ovarian function is inhibited (Neville and Neifert,
1983; Valeggia and Eellison, 2009). Lactational amenorrhea effectively extends time
between delivery and time to next pregnancy, creating a potential “battle ground” of

maternal-offspring conflict as time since delivery increases.

B. Immunological demands of pregnancy

A key feature of female reproduction is that it requires a significant degree of immune
modulation (Figure 2). The immune system is an extremely complex system that has evolved
to identify and eliminate foreign threats and remove harmful debris generated by processes
such as cell turnover. In very general terms, the immune system can be broken down into
innate and acquired responses (Figure 3), with the acquired immune response further
separated into cellular and humoral immunity (Figure 4). The innate system does not require
priming and responds to all types of pathogenic challenges using a suite of highly conserved
defense mechanisms (e.g., release of antibacterial lysozymes, fever, inflammation). Upon
exposure to a pathogenic invader, the innate system also primes the acquired immune
response via professional antigen presenting cells (APCs). Upon antigen exposure, B cells
differentiate into plasma and memory B cells, which produce antigen-specific antibodies that
freely circulate in the blood (humoral immunity). Once activated, T cells generate antigen-
specific cellular immunity by phagocytosing and inducing apoptosis of infected cells. In the
case of female reproduction, the immune system must negotiate the tension between
maintaining these core competencies and tolerating foreign paternal and offspring antigens.

Noticeable vacillations in immunological regulation emerge after menarche, with ovarian

cycling organized around the potential for conception and transient tolerance of sperm and



paternal antigens within the female reproductive tract (Schuberth et al., 2008; Lorenz et al.,
2015, 2018; Robertson and Sharkey, 2016). Such oscillations are regulated by shifting
production of female sex hormones, namely estradiol and progesterone (Wira et al., 2015). In
the event of fertilization, gestation is then marked by sustained maternal exposure to semi-
allogeneic fetal-derived antigens (Moffett and Loke, 2006). In humans, a high degree of
placental invasiveness results in extensive maternal exposure to fetal antigens (Petroff,
2011). Such exposure requires sustained localized tolerance at the maternal-placental
interface, largely mediated by highly specialized tissue-specific immune cells (e.g., uterine
NK cells) (Moffett and Loke, 2006; Kane et al., 2009; Erlebacher, 2013), and peripheral
tolerance of fetal cells and cell-free fetal DNA (cffDNA) that escape the placental barrier (Lo
et al., 1997; Erlebacher, 2013; Phillippe, 2015). While localized in vivo mechanisms of fetal
tolerance are difficult to study in humans, peripheral tolerance is easier to characterize. On a
systemic level, the most reliable markers of pregnancy are increased neutrophils, elevated
markers of inflammation (e.g., erythrocyte sedimentation rate, C-reactive protein), and
reduced total lymphocyte count (Belo et al., 2005; Purohit et al., 2015; Elsayed Azab, 2017;
Bakrim et al., 2018). These shifts presumably reflect a reorganization of immune response
patterning that limits immune targeting of the fetus via reduced antigen-specific cellular
cytotoxicity while maintaining basic immune competence via heavier reliance on non-
antigen-specific defense mechanisms and humoral immunity (Monteiro et al., 2021). These
shifts are heavily regulated by hormonal shifts during pregnancy (Schumacher et al., 2014)
and have been associated with increased susceptibility to viral pathogens and temporary
amelioration of cellular-immunity mediated autoimmune disease (e.g., rheumatoid arthritis)

(Thong et al., 1973; Jamieson et al., 2009; Khashan et al., 2011). Although less well-studied,



there is also evidence that pregnancy induces an immunological state similar to that favored
by large, multicellular parasites (e.g., helminths). Data from Sub-Saharan Africa indicate that
Ascaris lumbricoides (roundworm) and Trichuris trichiura (whipworm) infection is
significantly more common among pregnant women compared to cycling women (Adegnika
et al., 2007). Among the Tsimane of Bolivia, infection with roundworm has been associated
with earlier age at first birth and reduced interbirth intervals, suggesting that infection with
certain helminth species before pregnancy may increase the chance of conception by

inducing immunological tolerance (Blackwell et al., 2015).

C. Ecological conditions moderate immune response

Throughout the vast majority of human evolution, females negotiated the immunological
requirements of pregnancy against a backdrop of chronic pathogen burden, stringent
constraints on energetic budget, and the absence of modern interventions (e.g., C-section,
infant formula). Based on data from contemporary hunting-gathering societies, such harsh
ecological conditions can exact high costs including elevated infectious disease mortality,
energetic depletion, and death in childbirth (Gurven et al., 2007a). In contrast, current
understanding of “normal” immune function is predominantly based on post-industrial
populations experiencing reduced pathogen exposure and curbed fertility. Such ecological
conditions are examples of evolutionary mismatch, a phenomenon characterized by rapid
environmental change that outpaces genetic evolution. The effects of environmental
mismatch are not always deleterious. For example, reduction in infectious disease burden
within industrialized populations has resulted in longer lifespans, less energetic stress, and
reduced maternal mortality. On the flip side, there are also costs associated with these

evolutionarily novel conditions. Microbial deprivation (especially of low



virulence/commensal microbes), obesity, and other keystones of industrialization have been
linked to a constellation of immunological disorders (e.g., diabetes, allergy) characterized by
impaired immune calibration and chronic inflammation (Bloomfield et al., 2016; Rook et al.,
2017). In the USA, one of the wealthiest countries in the world, maternal mortality rates have
been steadily rising over the last several decades, with the etiology becoming increasingly
ambiguous and therefore more difficult to treat (Figure 2) (Joseph et al., 2021). Atopy and
autoimmune diseases, disproportionately common among women, have also been on the rise
across wealthy countries (Jacobson et al., 1997; Levas and Husebye, 2002; Takahashi et al.,
2020a). To date, however, few studies have investigated the effects of ecological variability
on female immune function throughout different phases of reproduction.

Findings generated by my master’s research indicate that ecological conditions moderate
the effects of pregnancy on peripheral immune status (Hové et al., 2020). In this initial foray,
I estimated and compared the effects of trimester on immune cell counts and acute
inflammation among Tsimane women, a natural fertility subsistence population in the
Bolivian Amazon, and women in the USA. Results indicated that, despite comparatively
elevated immune non-pregnant baselines due to chronic pathogen exposure (Blackwell et al.,
2016a; Hov¢ et al., 2020), pregnant Tsimane women exhibit comparatively attenuated
increase in neutrophils and acute inflammation but relatively larger reductions in eosinophils
and total lymphocytes compared to pregnant women in the USA. Such findings could reflect
higher energetic constraints and concurrent infection risk among Tsimane women. On the
other hand, these population-level differences could indicate that the Tsimane have
comparatively better calibration to fetal antigens while the inflammatory response among

pregnant USA women may be an underappreciated example of environmental mismatch.



D. What about the postpartum period?

Compared to the immunological effects of placentation and pregnancy, far less is known
regarding female immune function, health, and wellbeing following delivery — even in
otherwise heavily studied populations. From an evolutionary and mechanistic perspective,
the postpartum period should be a time of unique immune modulation distinct from both
regular ovarian cycling and pregnancy. Delivery marks an end to fetal tolerance (Thomas et
al., 1995; Lo et al., 1999) and removal of the placenta precipitates large reductions in
estradiol and progesterone production to below pre-pregnancy baselines (Neville and Neifert,
1983), allowing for the transition to lactogenesis and the potential for long-term
breastfeeding (Figure 2). Potential retention of infant cells trafficked during pregnancy
(Bianchi et al., 1996; Boddy et al., 2015), transfer of both microbial and infant cells during
active breastfeeding (Molés et al., 2018), and secondary infections associated with delivery
may result in a unique pathogen exposure profile during the postpartum period. Furthermore,
there has likely been selection on enhanced pathogen clearance after delivery to compensate
for transiently increased susceptibility to certain pathogens during pregnancy. While
pregnancy is associated with elevated susceptibility to viral and parasitic infections (due to
downregulation of cellular immunity) (Belo et al., 2005; Purohit et al., 2015; Elsayed Azab,
2017; Bakrim et al., 2018), limited evidence indicates that postpartum women exhibit
enhanced viral and parasite clearance and preponderance of bacterial infections (Nobbenhuis
et al., 2002; Boel et al., 2012; Coss et al., 2020). These patterns suggest that, in addition to
alleviating fetal tolerance requirements, delivery prompts compensatory immunological
defense against pathogens that may have been tolerated during pregnancy — a pattern that

may be more robust in populations where relative pathogen exposure and infection risk is



higher across gestation. To date, however, a scarcity of data precludes a firm understanding
of the effects of time-since-delivery of female immune function and, consequently, limits
understanding of how these effects might be mediated by variation in breastfeeding behavior
(a key form of maternal investment that has been primary studied from an infant-centric

perspective).

E. What are the effects of ecological context and female reproductive phase on sexual
dimorphism?

Sex differences in disease morbidity and mortality have been observed among humans,
with dimorphism becoming most apparent after puberty. In general, female immunity has
been characterized as more vigilant and responsive to both foreign and self-antigens,
exemplified by elevated antibody response to infectious agents and vaccines, lower risk of
non-reproductive cancers, and substantially elevated incidence of autoimmunity (Klein and
Huber, 2010; Ortuna et al., 2016; Jaillon et al., 2019; Takahashi et al., 2020b). Sex
chromosomes are thought to be a primary mechanism through which sex differences in
immune function and disease risk are established, via developmental mechanism such as
incomplete X-inactivation in females and determination of sex-specific hormone production
profiles established during puberty (Klein and Flanagan, 2016). The observation that sex
differences tend to emerge after puberty highlights the outsized role of hormones in
mediating sexual dimorphism in immune function and disease risk, with testosterone
generally suppressing various aspects of immune function while estradiol and progesterone
exhibit dose-dependent stimulatory effects (Klein, 2004; Klein and Flanagan, 2016; Kadel

and Kovats, 2018).



To date, however, understanding of sex biases in human immune function is limited by
skewed sampling across multiple dimensions. Sexual dimorphism in overall disease risk has
been primarily documented in industrialized populations, with very little consideration for
the role of female reproductive phase (e.g., cycling, pregnant, postpartum) in moderating the
degree of observed sex bias, while most data used to determine sex biases in immune function
come from rodent models (Klein and Flanagan, 2016). There is strong evidence that growing
up in an industrialized context results in elevated adult testosterone levels in men (Bribiescas,
1996) and higher progesterone production among women (Nuiiez-de la Mora et al., 2007),
indicating that the dimorphic effects of sex hormones on immune function may be
exacerbated under such conditions. Furthermore, female reproductive phase is likely to
impact the degree of sex bias observed within populations due to substantial hormonal

changes that occur across female reproduction (Neville and Neifert, 1983).

F. Dissertation objectives

In Chapter 11, I utilize pre-existing data collected by the Tsimane Health and Life
History Project (THLHP) and the National Health and Nutrition Examination Survey
(NHANES) to investigate how month-since-delivery affects maternal immune status among
the Tsimane, a natural fertility population inhabiting the Amazonian River basin, and women
in the USA. I also leverage variation in breastfeeding behavior within the NHANES dataset
to test the prediction that breastfeeding absence will be associated with blunted immune
recovery and faster return to cycling baselines among postpartum women in the USA.

In Chapter 111, I again utilize THLHP and NHANES data to investigate the how female
and male immune status vary across the lifespan among the Tsimane and the USA. By

drawing these population-level comparisons, I test the prediction that evolutionarily novel
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environmental conditions common in the USA and other post-industrialized societies (e.g.,
reduced parity, increased sedentism) exacerbate evolved sex differences in immune function
by increasing lifetime exposure to sex hormones and, among females, reducing the time
spent either pregnant or lactating (Natri et al., 2019). I also predict that sexual dimorphism
within populations will be greatest between males and pregnant females and least accentuated
between males and postpartum females, due to hormonal changes and shifting
immunological requirements that occur before and after parturition. To test these hypotheses,
I investigate the population-specific effects of female reproductive phase (i.e., cycling,
pregnancy, postpartum period) on sexual dimorphism on immune outcomes. Lastly, I test the
prediction that sexual dimorphism in immune status will be reduced among post-menopausal
women and age-matched men due to changes in female hormone profiles, but that increased
lifetime exposure to sex hormones in the USA will result in comparatively greater magnitude
of enduring sex bias.

In Chapter 1V, I investigate the effects of within-population variation in infant feeding
behavior on maternal immune status, mental health, and reported physical health in a sample
of mothers in the USA. Due to the introduction of myriad breastfeeding alternatives (e.g.,
breast pumps, formula), the range of infant feeding behavior exhibited by mothers in the
USA (and other post-industrial societies) is much wider than existed throughout most of
human history. I predict that replacement or heavy supplementation of at-the-nipple
breastfeeding is linked to dysregulated maternal immune recalibration, increased risk of
sickness behavior (e.g., depression) and more symptoms of physical illness, due to
environmental mismatch. On the other hand, I predict that mothers who sustain exclusive at-

the-nipple breastfeeding for extended periods may experience diminishing returns on
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immune and health benefits due to increasing maternal-offspring conflict. From this
perspective, moderating the degree of skin-to-skin breastfeeding using evolutionarily novel
alternatives may, to some degree and in a time-dependent manner, help mothers optimize
their own immune status and health. The pre-existing NHANES dataset used in Chapter 11
highlighted current limitations in metrics used to assess breastfeeding success (e.g., simple
binary presence/absence of any breastfeeding), therefore I explicitly designed more nuanced
measurements of infant feeding behavior (e.g., proportion of infant feedings conducted via
at-the-nipple breastfeeding) which were used to test these predictions.

Finally, in Chapter V, I summarize key findings from this dissertation and pinpoint areas

for future research.
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Chapter I: Figures

Figure 1. The difference types of placentation, indicating the varying degrees of separation between fetal tissue
(in pink) and maternal tissue (in green/blue). Adapted from Montiel et al, 2013.
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Figure 2. Graphic of the different phases of female reproduction, each requiring dynamic immune modulation.
cffDNA = cell-free fetal DNA.
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Figure 3. Generalized overview of the immune components of the innate versus acquired (i.e., adaptive)
immune system, adopted from Sharpe & Mount, 2015. Granulocytes include neutrophils, eosinophils, and
basophils. Lymphocytes include B cells, T cells, and NK T cells.
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Figure 4. Overview of the humoral versus cellular response, adopted from Barcena & Blanco, 2013.
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Figure 5. Maternal mortality rates in the USA from 1999 to 2014, adapted from Joseph et al, 2021.
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II. The effects of time since delivery on female immune status in two ecologically

distinct populations

This chapter is co-authored with Amy Boddy, Aaron Blackwell, Hillard Kaplan, Ben
Trumble, Jonathan Steiglitz, and Michael Gurven and utilizes data collected by the Tsimane
Health and Life History Project. The author of this dissertation proposed all hypotheses
tested herein. The analyses, writing, and figures contained in this chapter are the work of the
author of this dissertation.

A. Introduction

Few studies have characterized maternal immune function in the postpartum period, with
most research effort focused on infant outcomes. Furthermore, current research on maternal
postpartum infectious disease burden is complicated by predominance of HIV infection in
represented study populations. Following a reliable trend of increased viral susceptibility
during pregnancy, risk of HIV acquisition (and subsequent opportunistic infections) is
highest during pregnancy and therefore postpartum morbidity due to HIV complications may
not reflect immune changes that occur after delivery in the absence of this specific pathogen
(Gray et al., 2005). One consistent finding that holds true for populations with and without
high background prevalence of HIV is that bacterial agents are the most common proximate
cause of postpartum infection (Chaim and Burstein, 2003; Mason and Aronoff, 2012;
Gundersen et al., 2018). For example, endometritis is one of the leading causes of postpartum
maternal infection and is primarily caused by group B streptococcus or staphylococcus
bacteria. Conversely, there is evidence of enhanced postpartum clearance of viral and
parasitic pathogens. Women chronically infected with hepatitis C before pregnancy exhibit
marked postpartum decline in viral load, due to emergence of newly calibrated CD4+ T cell

response (Coss et al., 2020). Women with chronic high-risk HPV also exhibit enhanced viral
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clearance after delivery (Nobbenhuis et al., 2002). In areas where malaria is endemic, rapid
postpartum clearance of malarial parasites instantiated during pregnancy has been reported
(Boel et al., 2012). Taken together, these patterns indicate that the postpartum period is a

unique and dynamic immunological phase — discrete from gestation, labor, and delivery.

To date, however, a paucity of data precludes a clear understanding of how time-since-
delivery impacts maternal immune status. Is delivery followed by rapid and linear return to
pre-pregnancy immune baselines or is recovery non-linear? At what point are cycling
baselines re-established? Do these patterns vary across human populations experiencing
differential pathogen burden? Does breastfeeding behavior impact postpartum immune
status, particularly in populations with access to breastfeeding alternatives? In this study, we
aim to address these questions by utilizing data from the Tsimane Health and Life History
Project (THLHP) and the National Health and Nutritional Exam Survey (NHANES) to
estimate and compare the population-specific effects of month since delivery on total and
differential leukocyte count, neutrophil-lymphocyte ratio (NLR), and C-reactive protein
(CRP) among the Tsimane, a natural-fertility subsistence population inhabiting the
Amazonian River basin, and women in the USA (Figure 1). We also leverage variation in
breastfeeding presence/absence among USA mothers to model the effects of breastfeeding
absence on immune outcomes compared to Tsimane women, who exhibit nearly ubiquitous

rates of on-demand breastfeeding (Veile et al., 2014).

1. Predictions

While pregnancy is associated with elevated susceptibility to viral and parasitic

infections, disease risk patterns among postpartum women indicate enhanced viral and
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parasite clearance. These patterns suggest that delivery not only alleviates the need for fetal
tolerance but also prompts compensatory immunological defense against pathogens (e.g.,
large multicellular parasites, viral invaders) that may have been tolerated alongside the fetus
during pregnancy. From this perspective, the immunological changes reliably induced by
gestation (e.g., increased reliance on non-specific defense mechanisms, downregulation of
cytotoxic lymphocytes) should be reversed in the months following delivery, rather than
simply returning to cycling baselines. It is also well-established that breastfeeding behavior
profoundly impacts maternal physiology during the postpartum period, with regular
breastfeeding slowing the return to ovarian cycling (Neville and Neifert, 1983) and more
thoroughly reversing pregnancy-induced metabolic shifts (Stuebe and Rich-Edwards, 2009),
indicating that breastfeeding may mediate the effects of time since delivery on maternal
immune recovery. Based on this framework, we predict that (1) month since delivery will
exert equal but opposite population-specific effects on leukocyte differential, NLR, and CRP
compared to the effects of month of gestation and (2) breastfeeding absence among USA
women will be associated with reduced magnitude of postpartum effect and potentially

earlier return to population-specific cycling baselines.

2. The Bolivian Amazon and the United States

The Tsimane are a natural fertility subsistence population of roughly 15,000 people
inhabiting the Bolivian Amazonian River basin, an environment rich in pathogen
biodiversity. Despite increasing access to treatments (primarily via annual medical visits by
the Tsimane Health and Life History Project and the establishment of a hospital near the city

of San Borja), infectious disease remains the primary cause of morbidity and mortality
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(Kaplan et al., 2015; Gurven et al., 2019). Conversely, allergies, atopy, autoimmune disease,
and atherosclerosis are rare (Gurven et al., 2007a, 2008). In previous decades, roughly 14%
of infants died in their first year of life (Gurven et al., 2007a), though this rate has dropped to
~4.6% as of 2015 (Kaplan et al., 2015). Despite increased access to treatment, most Tsimane
individuals are chronically infected with at least one species of helminth and over a third are
infected with giardia (Martin et al., 2013). Compared to Western clinical standards, Tsimane
adults exhibit comparatively higher erythrocyte sedimentation rate (a marker of chronic
inflammation), greater total leukocyte, neutrophil, lymphocyte, eosinophil, B cell, and natural
killer cell counts, and higher antibody levels and lower basophil and monocyte counts
(Blackwell et al., 2016b). Even compared to the Shuar, another Amazonian subsistence
population, the Tsimane exhibit elevated IgE, a marker of parasite response (Blackwell et al.,
2011). Conversely, comparatively lower basophil and monocyte counts observed among the
Tsimane are most likely due to recruitment of these cell types into localized tissue during
infection. Such chronic immune activation is linked to reduced investment in growth (Foster
et al., 2005; Blackwell et al., 2017), elevated resting metabolic rate (Gurven et al., 2016), and
relatively dampened hormone production (Trumble et al., 2016). The Tsimane are also a
natural fertility population without regular access to contraception or breastfeeding
alternatives. Consequently, Tsimane women have an average of 9 live births over the
reproductive lifespan (McAllister et al., 2012) and nearly all Tsimane mothers practice on-
demand breastfeeding, with a mean weaning age of 19 months (Veile et al., 2014). There are

costs to such high reproductive output among the Tsimane, considering a large proportion of
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deaths occur in childbirth and Tsimane female mortality exceeds male mortality during the

reproductive years (Gurven et al., 2007b).

On average, ecological conditions in the United States offer a stark contrast to those
experienced by the Tsimane. The US has seen public health measures such as widespread
vaccination, access to clean drinking water, and general sanitation efforts massively reduce
infectious disease mortality rates across all age groups over the past century (Armstrong et
al., 1999; Roush, 2007). In 1900, the top three leading causes of death in the USA were
pneumonia, tuberculosis, and diarrhea/enteritis. By 1997, the top three causes of mortality
had shifted to heart disease, cancer, and stroke. According to 2018 data from the Centers for
Disease Control (CDC), average life expectancy in the USA is now approximately 78.7 years
(representing more than a 60% increase in lifespan since 1900), infant mortality rate is
approximately 5.7 deaths per 1,000 live births, and maternal mortality rate is ~17.4 per
100,000 live births (Joseph et al., 2021). While curbed pathogen exposure results in
comparatively lower baseline immune activation than the Tsimane, conditions such as
adiposity and smoking promote inflammatory activation similar to that observed among
populations with high microbial exposure (Blackwell et al., 2016a). The USA is a mixed
fertility population, with widespread access to birth control and breastfeeding alternatives. In
2020, the average fertility rate was 1.78 births per woman — much lower average parity than
contemporary natural fertility populations such as the Hadza (Jones et al., 1992), Tsimane
(McAllister et al., 2012), and Shuar (Jokisch and McSweeney, 2011). Over the past several
decades, public health efforts have focused on increasing breastfeeding rates to meet current

World Health Organization goals, with largely favorable outcomes. According to data from
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the CDC, breastfeeding initiation and continuation have improved markedly across all

metrics and demographic groups, though there is still widespread variation.

3. Immunological baselines and trimester-based effects vary between Tsimane and USA

women

Previous research has shown that Tsimane and USA women exhibit divergent non-
pregnant immune baselines and response patterns during pregnancy (Hové et al., 2020). Non-
pregnant, non-lactating Tsimane women possess higher baseline neutrophil, eosinophil, total
lymphocyte, and total leukocyte counts than their peers in the USA (Hové et al., 2020). This
pattern of elevated baseline immune measures among Tsimane women holds, even in broader
comparisons. For example, baseline eosinophil count among Tsimane women is higher than
median values reported among non-pregnant regularly cycling women in Portugal (Belo et
al., 2005) and Morocco (Bakrim et al., 2018), as well as general reference values for women
in Rwanda, Uganda, Kenya, Zambia (Karita et al., 2009), and South Africa (Smit et al.,
2019). Reflecting such elevated baselines, Tsimane women possess higher total leukocyte
count than reported in comparable sample populations from Nigeria (Ifeanyi et al., 2014),
China (Shen et al., 2010), Malawi (Mandala et al., 2017), Portugal (Belo et al., 2005), Libya
(Elsayed Azab, 2017), Germany (Kiihnert et al., 1998), Morocco (Bakrim et al., 2018), and
rural India (Purohit et al., 2015). These patterns clearly indicate that marked eosinophilia is
an especially robust driver of high leukocyte count among the Tsimane, highlighting the
outsized role of extracellular parasites in shaping baseline immune status. Among both
Tsimane and USA women, pregnancy is marked by elevated neutrophil count, reduced
lymphocyte count, higher NLR, and increased C-reactive protein concentration — patterns

that have been reported in numerous other populations (Belo et al., 2005; Purohit et al., 2015;
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Elsayed Azab, 2017; Bakrim et al., 2018). In most populations (including the USA), the
increase in neutrophil count during pregnancy is steep enough to substantially drive up total
leukocyte count (Akingbola et al., 2006; Purohit et al., 2015; Genetu et al., 2017; Sanci et al.,
2017; Gebreweld et al., 2018; Mba et al., 2019). Pregnant Tsimane women, on the other
hand, retain comparatively high lymphocyte and eosinophil counts, fewer neutrophils and
monocytes, and therefore possess relatively stable total leukocyte count across all three
trimesters (Hové et al., 2020). Tsimane women also appear to undergo comparatively less
inflammatory activation during pregnancy, reflected by attenuated increase in C-reactive
protein concentration (Hové et al., 2020). Such patterns among the Tsimane may be due to
stronger constraints imposed by infection risk, competing demands on energy distribution,
and/or better immune calibration (via exposure to helminths) attenuating inflammatory

response to fetal antigens during pregnancy.

B. Materials and Methods

Both THLHP and NHANES datasets were limited to regularly cycling, pregnant, and
postpartum females between the ages of 18 and 45 with recorded white blood cell differential
and/or C-reactive protein concentration. Table 1 contains descriptive statistics for all

measures and for both populations.

1. Tsimane Health and Life History Project (THLHP)

THLHP data, which were collected between 2004 and 2014 by the Tsimane Health and

Life History Project (http://tsimane.anth.ucsb.edu/index.html) (Blackwell et al., 2011, 2015,

2016b; Martin et al., 2013; Gurven et al., 2017), were mixed cross-sectional and
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longitudinal. All data used in this study were collected with the approval of the Gran Consejo
Tsimane (the governing body overseeing Tsimane affairs) and by institutional review boards
at the University of California, Santa Barbara (UCSB) and the University of New Mexico
(UNM). Informed consent was obtained first during a community-wide meeting open to all
Tsimane residents and then at the individual level before each medical visit and interview.
When applicable, medical services were provided to participants following initial medical

visit. For a comprehensive overview of the THLHP, see Gurven et al (Gurven et al., 2017).

For this study, inclusion in THLHP cycling group was limited to individuals who had
reported regular menstrual cycles and were not pregnant at time of exam. Additionally,
individuals who had a recorded time since last delivery that fell above the 75% population
quantile (35.33 months) were excluded from the cycling group to avoid selection bias.
Pregnancy status was determined during medical visits based on date of last menses, with
urinary pregnancy tests administered by the physician when pregnancy was suspected.
Pregnancies were cross validated against subsequent annual demographic and census
interviews that ascertained children’s birth dates, permitting detection of pregnancies
occurring between medical visits and pregnancies that went undocumented during previous
physician examinations (Blackwell et al., 2015). Venous blood drawn into heparinized
vacutainers was analyzed immediately after collection. Total leukocyte counts were
determined with a QBC Autoread Plus dry hematology system (QBC Diagnostics), and
relative fractions of neutrophils, eosinophils, lymphocytes, basophils, and monocytes were
determined manually by microscopy with a hemocytometer. Blood drawn into serum
vacutainers was allowed to clot and then centrifuged to separate serum, which was frozen in

liquid nitrogen and then transported on dry ice for analysis at the University of California,
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Santa Barbara (UCSB). Serum samples were then analyzed to determine CRP concentration
at the UCSB Human Biodemography lab via enzyme immunoassay (ELISA) (Brindle et al.,
2010), using a protocol validated against the same University of Washington lab responsible
for NHANES data analyses (Blackwell et al., 2016b).

2. National Health and Nutrition Examination Survey (NHANES)

NHANES data (https://www.cdc.gov/nchs/nhanes/index.htm), collected between 2003

and 2016, were exclusively cross-sectional. CRP was measured using nephelometry, while
total and differential leukocyte counts were measured using the Coulter method. Individuals
were included in the NHANES cycling group if they were not currently pregnant and had
reported a regular menstrual cycle either at time of exam or within the preceding two months.
No exclusions were based on medical diagnoses. In the NHANES dataset, pregnancy was
determined by participant report or urine test at the time of exam. Breastfeeding status in the
NHANES sample was based on self-reported presence or absence of any current
breastfeeding. For complete descriptive statistics on the NHANES breastfeeding subsample,
see Table 2.

3. Statistical Analyses

To model the effects of month since delivery and draw direct comparisons to the effects
of month of pregnancy, we created a dummy variable called reproductive month (RM) that
included data from cycling, pregnant, and postpartum individuals, with zero centered on
estimated time of delivery. Regularly cycling women were assigned an RM value of -10,
while ARM values -9 through -1 months corresponded to months 1 through 9 of pregnancy
and ARM values 1-20 corresponded to months 1-20 of the postpartum period. We employed

fully Bayesian multilevel models using the brms package (Biirkner, 2017) to estimate the
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population-specific effects of RM on white blood cell differential (i.e., total leukocyte,
neutrophil, lymphocyte, eosinophil, monocyte, and basophil count), NLR, and C-reactive
protein concentration. Since we predicted non-linear effects for all outcome variables, we
used non-parametric regression models with RM as the smooth term. The brms package
utilizes conservative default spline parameters (e.g., knots) based on those used in the mgcv
package, which penalize for overfitting, and weakly informative priors scaled to the data
(Wood et al., 2016; Biirkner, 2017). We therefore used the default smoothing parameters to
fit all final models.

Since outcome variable distributions differed, each was modeled separately. THLHP and
NHANES total leukocyte, neutrophil, lymphocyte count, NLR, and C-reactive protein
concentration data were all log-transformed and modeled using gaussian distributions. Zero-
inflated models were used to estimate raw THLHP monocyte count and THLHP and
NHANES basophil count. Both raw THLHP and NHANES eosinophil counts were modeled
using a negative binomial distribution. NHANES monocyte count was modeled using non-
log-transformed data and gaussian distribution. While NHANES did not report date of exam,
the THLHP dataset included this information, which was used to check for any effects of
seasonality in this population. None were found and therefore season was not included in any
of the THLHP-specific models. All models accounted for the fixed-effects of BMI, age, and
parity (i.e., number of previous live births), with predicted values standardized by
population-pooled age and BMI and population-specific median parity. Since the THLHP
dataset included repeat samples, all THLHP-specific models also included the group-level
effects of participant ID number. When sampling from the posterior distribution simulated by

each model, we limited our draws to 1-16 months since delivery, since expanding posterior
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sampling to a wider range of values would have likely introduced bias by effectively
eliminating individuals with shorter interbirth intervals (especially in the THLHP dataset).
To assess the effects of breastfeeding presence/absence of postpartum immune recovery
in the USA, we ran separate models for each outcome measure with breastfeeding status
added as an interaction term. To ensure matching anchor points at estimated time of delivery,
we duplicated the entire NHANES sample of cycling and pregnant individuals, giving every
individual in the first duplicated sample a dummy breastfeeding value of “Yes” and all
individuals in the second duplicated sample a dummy value of “No”. Using these merged
duplicated samples, we modeled the full effects of RM by breastfeeding status, anchoring
each spline by the full set of cycling and pregnant individuals, and limited our posterior
sampling to months 1 through 16 since delivery. As stated above, z-scored BMI co-varied
substantially by month of pregnancy and the same standardizing method was used to extract

breastfeeding specific predicted values.

C. Results

1. Cycling baselines differ between Tsimane and USA women

Among non-pregnant regularly cycling females, Tsimane women exhibited higher C-
reactive protein concentration (A 1.48 mg/L; 95% CI = 0.94, 2.28) and median total white
blood cell count (A 2233 cells/uL; 95% CI = 2027,2539), due to greater neutrophil (A 658
cells/uL; 95% CI =470, 830), eosinophil (A 1274 cells/uL; 95% CI = 1189, 1371), and total
lymphocyte count (A 647 cells/uL; 95% CI =571, 731). Conversely, cycling Tsimane

females exhibited lower neutrophil-to-lymphocyte ratio (A -0.22; 95% CI = -0.30,-0.15),
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monocyte (A -471 cells/uL; 95% CI = -480, -460), and basophil (A -40 cells/uL; 95% CI = -

43, -39) count (Table 3, Figure 2).

2. For majority of immune biomarkers, most extreme shifts occur during pregnancy

Pregnancy was marked by population-specific peaks in neutrophil count (and monocyte
count among USA women), nadirs in total lymphocyte count (and eosinophil count among
Tsimane women), and consequent peaks in neutrophil-to-lymphocyte ratio (Table 4, Figure
2). Among women in the USA, expansion of neutrophil and monocyte cell populations
during the first several months of gestation corresponded to robust leukocytosis, with
predicted median total white blood cell count reaching a high of 9510 cells/uL (95% CI =
9162, 9859) among women in month six of pregnancy. Among the Tsimane, however, total
white blood cell count was elevated, regardless of gestation month, with little added effect of
pregnancy. In both populations, NLR was highest among women in month six of pregnancy,
but the peak among USA women was 1.34 (95% CI = 1.06, 1.62) higher than that exhibited
in Tsimane women. Effects of gestational month of CRP also diverged sharply between the
Tsimane and the USA. In the USA, early pregnancy was marked by significant stepwise

increase in CRP concentration, hitting a high of 4.38 mg/L (95% CI = 3.70, 5.37) among

28



women in month 5 of gestation, while estimated median CRP among pregnancy Tsimane

women remained near cycling baseline for all nine months of pregnancy.

3. Largest divergence in total leukocyte count between populations occurs during the

postpartum period

Among Tsimane women, eosinophil and total lymphocyte count peaked after delivery,
reaching highs of 1842 (95% CI = 1621, 2054) and 2951 (95% CI = 2814, 3082) cells/uL at
months 3 and 4, respectively. Consequently, median total leukocyte count also peaked after
delivery, cresting at 9885 cells/uL (95% CI = 9476, 10259) among mothers in the third
month since delivery. Months 4-7 since delivery were negatively associated with estimated
median eosinophil count, after which eosinophil counts remained comparable to cycling
baselines regardless of time since delivery. Conversely, postpartum recovery had a highly
non-linear effect on total lymphocyte count, which fell to below cycling baseline again
among women months 11 and 12 postpartum and then rose again to cycling baselines among
women in months 13-16 postpartum. Months 1-6 since delivery had a slight negative effect
on neutrophil count, which returned to cycling baseline among women 6 months postpartum
and remained stable thereafter. As a result, NLR overlapped with cycling baselines by month
2 post-delivery. Month of delivery had no significant effect on CRP, which remained at
cycling baselines among all postpartum Tsimane women, regardless of time since delivery.
Among postpartum USA women, the first several months following delivery exerted were
associated with reduced neutrophil and monocyte count, resulting in nadirs of 3613 (95% CI
=3362, 3834) and 482 (95% CI =457, 507) cells/uL at months 4 and 6, respectively, while

total lymphocyte count overlapped with cycling baselines by the second month postpartum.
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Consequently, delivery was followed by reduced NLR, which dipped to 1.51 (95% CI=1.19,
1.89) at month 4 postpartum. The overall effect of month since delivery on total leukocyte
count varied substantially between USA and Tsimane women, with estimated median total
leukocyte count diverging by a maximum of 2307 cells/pL (95% CI = 2702, 3669) among
USA and Tsimane women in month 3 postpartum. Among USA women, CRP remained
elevated above baseline for the first three months following delivery but overlapped cycling

baselines by month 4 and remained stable throughout the postpartum period (Table 5).

4. Breastfeeding presence/absence in USA is not a robust indicator of effects of month
since delivery

Predicted values for white blood cell differential and C-reactive protein among
breastfeeding and non-breastfeeding USA mothers are shown in Figure 3 and provided in
Table 6. The effects of reported presence/absence of any breastfeeding on peripheral immune
status were slight, with overlapping confidence intervals for predicted median values at each
month postpartum and for each immune marker. Such within-population variation was far

smaller than the differences between populations described above.

D. Discussion

Our results clearly indicate that the postpartum period (especially the first year) is a
unique immunological period, distinct from both pregnancy and regular cycling. We found
that month since delivery generally exerts opposing (but not always equal) effects on
maternal immune function compared to those induced during gestation. We also report strong

evidence that, in addition to shaping immune baselines and response patterns during
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pregnancy, ecological conditions (e.g., pathogen composition and burden) strongly mediate
the effects of month since delivery on immune status.

We found that the largest divergence in the number of circulating leukocytes between
Tsimane and USA women during any reproductive phase occurred in the first several months
of the postpartum period, wherein total leukocyte counts were elevated among Tsimane
women and reduced among USA women. Increased leukocyte count among the Tsimane was
primarily driven by elevated total lymphocyte and eosinophil counts, whereas decreased
leukocyte count among USA women was due to reduced monocyte and neutrophil count
(reflected in an acute post-delivery dip in NLR). These differences may stem, in part, from
divergent pathogen clearance requirements present after delivery. Among the Tsimane,
particularly high exposure to a particularly wide breadth of viruses and helminth species
potentially privileged by the maternal immune system during pregnancy (Blackwell et al.,
2015) may necessitate a particularly strong uptick of lymphocyte and eosinophil production
after delivery. Future research parsing out postpartum shifts in specific lymphocyte subsets
among Tsimane women may be especially useful in determining host-pathogen interactions
after delivery, considering evidence of highly non-linear recovery pattern in total lymphocyte
count. Conversely, the overall reduction in total leukocyte count among postpartum USA
women due to lowered neutrophil and monocyte counts may provide insight into the
preponderance of bacterial infections reported among postpartum women in previous studies.
It is possible that postpartum drops in neutrophil and monocyte production create increased
susceptibility to bacterial infections in this population. On the other hand, bacterial infections
instantiated around the time of delivery (due to trauma from vaginal delivery or C-section)

could cause increased neutrophil and monocyte recruitment into tissues. Future investigation
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of such causal pathways is key to enhancing understanding of how maternal immune
recovery corresponds to actual disease risk.

As shown in Figure 2 Panel B, inflammatory elevation among pregnant women is far
more robust among USA women. Contrary to expectations, however, month since delivery
did not exert opposing effects on CRP in either population. Rather, our results indicated a
relatively quick and linear return to cycling baselines in both populations. The effects of
month since delivery on NLR were similarly muted, with relatively minor reductions in NLR
among postpartum USA women in the first six months following delivery and almost
immediate return to cycling baselines among Tsimane women. Future studies incorporating a
broader range of immune markers (e.g., antibody levels) are likely to provide further insight
into determinants of acute inflammation among postpartum mothers.

The estimated effects of breastfeeding presence/absence effects on postpartum recovery
among USA women were smaller than expected. These results should not be taken as
incontrovertible evidence that breastfeeding has no effect — rather, our findings suggest that
reported presence/absence of any breastfeeding does not robustly predict variation in
postpartum immune recovery. Future research carefully considering the intricacies of
breastfeeding behavior (e.g., exclusive on-demand skin-to-skin breastfeeding, degree of
supplementation) may unearth effects that we were unable to parse out in this study, a topic
explicitly addressed in Chapter IV of this dissertation. Delivery mode (e.g., vaginal delivery
versus C-section) is another key element we were unable to account for in our analyses.
Given the myriad physiological processes that may be dysregulated preceding and/or
following C-sections (both scheduled and emergency), it is likely that within-population

variation in delivery mode produces diverging postpartum recovery patterns — especially in
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the first several months following parturition. Further investigation of how C-sections affect
immune recovery after delivery is critical, considering that this clinical intervention is
becoming increasingly common across the globe (Kabakian-Khasholian et al., 2007; Long et
al., 2015; Wyatt et al., 2021), negatively affects breastfeeding success (Hobbs et al., 2016),
and substantially elevates postpartum infection risk (Mackeen et al., 2015). Future research
incorporating matching hormone and immune data would be invaluable for determining the
potential role that within and across-population variation in hormonal production may play in
producing different postpartum immune trajectories. Lastly, future studies would greatly
benefit from incorporating immune measures taken at time of labor and delivery and drawing
comparisons to measures taken before and after parturition.

In sum, this study provides evidence that immune modulation required during
reproductive effort does not end with labor and delivery. Rather, the effects of time since
delivery on female immune status are often the opposite of those induced by pregnancy and
many immune markers do not reach cycling baselines for numerous months following birth.
Such data suggest that current definitions of the postpartum period, such as the widely used
42-day window, may obscure the unique immunological shifts that occur in the months
following parturition (Hej, 2003). Lastly, our results provide evidence for the existence of
population-specific reactions shaped by contemporary ecological conditions and those
experienced throughout development (e.g., pathogen exposure). Moving forward, we hope
that this study provides a springboard for continuing research of the postpartum period as an

integrated yet discrete immunological context.
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Chapter II: Figures and Tables

Figure 1. General description of immunological biomarkers used in this study.
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Figure 2. Model-estimated values for leukocyte differential (Panel A) and inflammatory markers CRP and NLR
(Panel B) by population and reproductive month (RM), standardized by pooled median age and BMI and
population-specific median parity. Dots indicate estimated median values, while error bars represent estimated
95% credible intervals. Hollow points correspond to maximum/minimum predicted median values. Color panels
indicate reproductive phase. Solid horizontal lines correspond to model-estimated population-specific cycling
“baselines”.
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Figure 3. Model-estimated values for leukocyte differential (Panel A) and inflammatory markers CRP and NLR
(Panel B) by breastfeeding status and month since delivery in NHANES dataset only, standardized by median
age, BMI, and parity. Dots indicate estimated median values, while error bars represent estimated 95% credible
intervals.
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Table 1. Descriptive statistics by population and reproductive phase (Cycling = CYC, Pregnant = PREG,
Postpartum = POSTPAR). N = total number of observations. RN = number of individuals with multiple
observations. Age/BMI/Parity = median value (min-max). NP = absolute number and percent of nulliparous
(for cycling group) / primiparous (for pregnant and postpartum groups) individuals in each sample.

Measure | Population Phase N | RN Age BMI Parity NP/PP
CYC | 1183 0| 25(18-45) | 25.21(15.68-56.7) 0 (0-7) 133 (11.24%)

NHANES PREG | 295 0| 27 (18-41) | 28.78 (17.4-67.34) 1 (0-7) 141 (47.8%)

WBC DIF POSTPAR | 426 0| 29(20-44) | 26.9 (15.64-73.43) 2 (1-9) 143 (33.57%)
CYC | 508 | 115 | 35(18-45) | 23.71 (16.53-36.53) | 7(0-15) 26 (5.118%)

THLHP PREG | 255| 29| 32(18-45) | 24.06(17.5-37.25) | 6(0-13) 19 (7.451%)

POSTPAR | 550 | 109 | 33 (18-45) 24 (16.53-36.53) | 6 (0-16) 27 (4.909%)

CYC | 1175 0| 25(18-45) | 25.21(15.68-56.7) 0 (0-8) 134 (11.4%)

NHANES PREG | 276 0| 27(18-43) | 28.63(17.41-67.34) 1(0-7) 136 (49.28%)

POSTPAR | 218 0| 28(20-41) | 26.68 (15.64-73.43) 2 (1-6) 69 (31.65%)

CRP CYC 116 7 | 40 (20-45) | 24.03 (16.53-36.53) | 9 (0-14) 1 (0.8621%)
THLHP PREG 29 0| 38(19-44) | 24.44(20.6-32.05) | 8(1-13) 3 (10.34%)

POSTPAR | 105 6 | 39(20-45) | 24.42(16.53-36.53) | 9 (1-16) 1 (0.9524%)
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Table 2. Descriptive statistics for NHANES-specific breastfeeding data by month postpartum, breastfeeding

status, and measure type. N = total number of observations. RN = number of individuals with multiple

median
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Table 3. Point estimates for each outcome variable among non-pregnant regularly cycling Tsimane (THLHP) and

USA (NHANES) women and the estimated population difference (DELTA).

- WBC NEU LYM |\ R (atioy EOS MON BAS CRP
(cells/uL) (cells/uL) (cells/uL) (cells/ul) | (cells/ul) | (cells/ul) (mg/L)

0222 4630 2728 171 1453 27

THLHP | 5079 0485) | (4544.4803) | (2653.2800) | (1.66,1.77) | (1371,1545) | 22 473D | 203 | 5 19349
6971 4022 2078 1.93 179 522 122

NHANES | 673 7062) | (3944,4099) | (2054,2114) | (1.89,1.97) | (172187 | (514,531) | “> 44 | (1.17,1.29)
DELTA 2233 658 647 | -022(- 1274 | 471 (- | 40 (43- 1.48
20272539) | @70830) | (571731 | 03-0.15) | (1189,1371) | 480,-460) 39) | (0.942.28)
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Table 4. Estimated median values (and 95% credible intervals) for each outcome variable for months 1-9 of

gestation (Month Preg). Tsimane values = THLHP, USA values = NHANES, Tsimane delta from baseline

/L.

is in mg

THLHP delta, USA delta from baseline = NHANES delta. Immune cell counts are in cells/uL, CRP
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Table 5. Estimated median values (and 95% credible intervals) for each outcome variable for months 1-16 since

THLHP

delivery (Month PP). Tsimane values = THLHP, USA values = NHANES, Tsimane delta from baseline

delta, USA delta from baseline = NHANES delta. Immune cell counts are in cells/uL, CRP is in mg/L.
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Table 6. Estimated median values (and 95% credible intervals) for each outcome variable by breastfeeding status

difference between Yes

(Yes/No) in the USA only, months 1-16 of the postpartum period (Month PP). DELTA

and No point estimates. Immune cell counts are in cells/uL, CRP is in mg/L.
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III. Investigating the effects of ecological context and female reproductive phase on

sexual dimorphism in immune status

This chapter is co-authored with Amy Boddy, Aaron Blackwell, Hillard Kaplan, Ben
Trumble, Jonathan Steiglitz, and Michael Gurven and utilizes data collected by the Tsimane
Health and Life History Project. The author of this dissertation proposed all hypotheses
tested herein. The analyses, writing, and figures contained in this chapter are the work of the
author of this dissertation.

A. Introduction

Stronger immune response and lower infectious disease burden have been observed in
females compared to males across numerous taxa (Zuk et al., 2004; McKean and Nunney,
2005; Nunn et al., 2009; Foo et al., 2017), although effect size varies substantially based on
phylogeny (Kelly et al., 2018) and species-specific life history traits (KLEIN and NELSON,
1999; Fuxjager et al., 2011). Among mammals, in particular, there is consistent male bias in
parasite burden (Poulin, 1996; Moore and Wilson, 2002). There is also evidence that males in
mammalian species are more susceptible to a wide breadth of viral infections, although such
findings may be skewed by predominance of data from murine models (Klein and Huber,
2010). In humans, sexual dimorphism in immune function and disease burden emerges after
puberty (Klein and Flanagan, 2016), with reproductive-aged females generally mounting
stronger cellular and antibody responses to many viral and bacterial pathogens (Fish, 2008;
Takahashi et al., 2020b) and vaccination (MITCHELL, 1999; Klein et al., 2010, 2015; Voigt
et al., 2019), and exhibiting greater neutrophil and monocyte counts (Bain, 1996), higher
neutrophil-lymphocyte ratio (Chen et al., 2016), enhanced neutrophil and monocyte
activation during immune challenges (Garcia-Duran et al., 1999; Carlisle et al., 2021), higher
CD4:CD8 (Amadori et al., 1995), and elevated T cell cytotoxicity (Hewagama et al., 2009).

While variation in exposure risk may contribute to divergent disease burden between
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males and females (Zuk and McKean, 1996), differences in baseline immune status indicate
underlying physiological mechanisms of dimorphism. There is strong evidence that sex-
specific hormone production after sexual maturity drives a substantial portion of dimorphism
in baseline immune function, given the dose-dependent stimulatory effects of estradiol and
progesterone on female immune function and the generally suppressive effects of
testosterone on male immunity (Kogar et al., 2001; Gayen et al., 2016; Taneja, 2018). In
industrialized populations, at least, these immunological differences correspond to
dimorphism in disease risk: women benefit from comparatively reduced infectious disease
burden and lower risk of non-reproductive cancers but make up approximately 80% of
autoimmune disease diagnoses (Whitacre, 2001) and suffer disproportionately from allergy
and atopy (Laffont et al., 2017), indicating that there are both benefits and costs to enhanced

immune vigilance.

Evolutionarily novel environmental conditions common throughout post-industrialized
human societies (e.g., reduced parity and breastfeeding, increased sedentism) may exacerbate
evolved sex differences in immunity, given evidence that growing up in an industrialized
context with reduced constraints on energy allocation promotes higher progesterone
production in females (Nufiez-de la Mora et al., 2007) and higher adult testosterone levels in
males (Bribiescas, 1996). To date, however, few studies have investigated sex biases in
immune function between populations experiencing divergent ecological conditions.
Furthermore, even in otherwise well-studied populations, data on sex bias in immune

function is skewed by disproportionate sampling of non-pregnant, non-lactating females —
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despite established knowledge regarding the robust hormonal changes that occur during and

after pregnancy (Neville and Neifert, 1983).

In this study, we utilize data from the Tsimane Health and Life History Project (THLHP)
and the National Health and Nutritional Examination Survey (NHANES) to estimate the
effects of sex on neutrophil-to-lymphocyte ratio (NLR), neutrophil, total lymphocyte,
eosinophil, monocyte, and total leukocyte count among the Tsimane, a natural-fertility
subsistence population inhabiting the Amazonian River basin, and a representative sample
from the United States. We predict that (1) sexual dimorphism will be greatest among
reproductive-aged individuals in both populations, with females exhibiting greater immune
cell counts and higher NLR than their male peers, and (2) the degree of sexual dimorphism
will be relatively attenuated among the Tsimane at all ages. Given sex-specific hormone
production patterns that emerge after puberty, regularly cycling females should exhibit
divergent baseline immune status compared to males. Estradiol and progesterone levels are
acutely elevated above baseline during pregnancy (Neville and Neifert, 1983) and therefore
immune changes during gestation should be a primary driver of sexual dimorphism within
each population. Conversely, given the reversal of pregnancy-induced hormonal patterns,
suppression of ovulation (Neville and Neifert, 1983) and immune shifts (described in Chapter
1) that occur after delivery, postpartum females may exhibit the least amount of divergence
from male counterparts. To test these predictions, we estimate and compare the effects of
female reproductive state (i.e., cycling, pregnancy, postpartum) on degree of sexual
dimorphism among USA and Tsimane individuals. Lastly, we investigate the age-dependent
effects of sex on immune status among post-menopausal females and age-matched males.

Given the drop-off in female hormone production after menopause and limited evidence that
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sex biases are either attenuated or reversed in later ages (Chen et al., 2016), we expect that
sexual dimorphism in immune status will be reduced among post-menopausal women and
age-matched men, but that increased lifetime exposure to sex hormones in the USA will

result in comparatively greater magnitude of enduring sex bias.

1. The Tsimane experience ecological conditions that may temper sex hormone

production in both males and females

Hormone production in both males and females is sensitive to environmental inputs,
reflecting trade-offs between reproductive effort and other energetically costly demands (e.g.,
growth). Energetic stress via infection, physical exertion, nutritional deficiency, or extended
lactation suppresses ovarian function in females, resulting in lower progesterone and
estradiol production (Jasienska and Ellison, 1998; Nufiez-de la Mora et al., 2007; Valeggia
and Ellison, 2009), and dampens testosterone production in males (Muehlenbein, 2006;
Schroeder et al., 2021). Given the role of environmental inputs in shaping energy allocation,
the Tsimane are likely to experience tight constraints on hormone production and
correspondingly reduced risk of escalating downstream differences in immune function and
disease morbidity following the onset of puberty.

As described in Chapter II, the Tsimane are a relatively small subsistence population
inhabiting the Bolivian Amazonian River basin. Among the Tsimane, chronic exposure to
diverse pathogens causes high infectious disease morbidity and mortality across all ages
(Martin et al., 2013; Kaplan et al., 2015; Gurven et al., 2019), while incidence of allergies,
atopy, autoimmune disease, obesity, and atherosclerosis is low (Gurven et al., 2007a, 2008;
Kaplan et al., 2017). As a result of elevated pathogen burden, Tsimane individuals exhibit

high levels of immune activation, including elevated erythrocyte sedimentation rate, greater
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total leukocyte, neutrophil, lymphocyte, eosinophil, B cell, and natural killer cell counts, and
higher antibody levels compared to Western clinical standards (Blackwell et al., 2011,
2016b), while basophil and monocyte counts are regularly lower among the Tsimane (likely
due to increased recruitment into tissues during infection) (Blackwell et al., 2016b). Such
high investment in immune function results in trade-offs with growth during development
(Foster et al., 2005) and high resting metabolic rate during adulthood (Gurven et al., 2016),
reflecting the substantial energetic demands of coping with pathogenic threats. Due to limited
use of contraception and breastfeeding alternatives, Tsimane women have an average 9 live
births over the reproductive lifespan (McAllister et al., 2012) and exhibit nearly ubiquitous
rates of on-demand breastfeeding following parturition, with a mean infant weaning age of
27 months (Martin et al., 2016). Circulating testosterone production among Tsimane men has
already been found to be substantially lower than in the USA, presumably as a result of
sustained pathogen exposure and reduced energy budget (Trumble et al., 2012) as well as
high levels of parental investment, which has been shown to reduce testosterone production
(Gray et al., 2004; Muller et al., 2009; Alvarado et al., 2019). Sex hormone production in
Tsimane women has not yet been as closely evaluated, but there is strong evidence from
other populations that female sex hormone production is reduced when energetic stressors
(e.g., increased physical activity, infection) are present (Jasienska and Ellison, 2004; Nuiiez-
de la Mora et al., 2007).

By comparison, in the United States public health measures have substantially reduced
infectious disease burden (Armstrong et al., 1999; Roush, 2007) while microbial deprivation,
sedentism, altered diet, and other keystones of industrialized life have been linked to

compromised immune calibration and the rise of chronic inflammatory disorders (e.g., atopy,
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autoimmune disease) (Bloomfield et al., 2016). Obesity, which has reached epidemic
proportions in the USA, also contributes to earlier age at menarche and elevated long-term
production of estradiol in females (Emaus et al., 2008; Al-Awadhi et al., 2013) and delays
male puberty (Kaplowitz, 1998), while access to birth control and breastfeeding alternatives
has dramatically altered female reproductive strategies. According to data from the Centers
for Disease Control (CDC), the average fertility rate among US women in 2020 was 1.78
births per woman and, as reported in Chapter II, few mothers in the USA sustain long-term,
on-demand, at-the-nipple breastfeeding. Relatively high energetic balance among women in
post-industrial populations also results in a faster return to cycling, even among mothers who

exclusively breastfeed (Valeggia and Eellison, 2009).

B. Materials and Methods

For this study, both THLHP and NHANES datasets were limited to males and females
with recorded white blood cell differential, age, and body mass index (BMI). No exclusions
were based on medical diagnoses. To create functional age groups based on female
reproductive status, we created a variable called Reproductive Category with three levels:
“pre-pubertal”, “reproductive”, and “post-reproductive”. Female individuals were assigned to
one of these levels, based on reported reproductive status. Age-matched males were then
assigned to each level, using propensity score matching via the matchit package in R (Ho et
al., 2007). Within the “reproductive” group, women were further separated by reproductive
phase (i.e., cycling, pregnant, or postpartum). Based on our findings from Chapter II, we
limited our postpartum sample to women who were within a year of delivery, since our
findings indicated that most immunological measures overlap with cycling baselines by 12

months after parturition. Table 1 contains descriptive statistics for all reproductive categories
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across both datasets. Table 2 provides descriptive statistics by reproductive phase in both

populations.

1. Tsimane Health and Life History Project (THLHP)

THLHP data, which were collected between 2004 and 2014 by the Tsimane Health and

Life History Project (http://tsimane.anth.ucsb.edu/index.html) (Blackwell et al., 2011, 2015,

2016b; Martin et al., 2013; Gurven et al., 2017), were mixed cross-sectional and
longitudinal. Approval by the Gran Consejo Tsimane and by institutional review boards at
the University of California, Santa Barbara (UCSB) and the University of New Mexico
(UNM) was obtained before any data were collected. Informed consent was obtained from
participants during a community-wide meeting open to all Tsimane residents and again at the
individual level before each medical visit and interview. In the case of minors, parental
consent was given before data were collected. Total leukocyte count was obtained via venous
blood draws and determined with a QBC Autoread Plus dry hematology system (QBC
Diagnostics). Relative fractions of neutrophils, eosinophils, lymphocytes, basophils, and
monocytes were then measured manually by microscopy with a hemocytometer. Females
who had not yet reached menarche were assigned to the “pre-pubertal” group, those who
were currently cycling, pregnant, or within the first 12 months of the postpartum period were
assigned to the “reproductive” group, and those who were no longer regularly cycling due to

menopause were placed in the “post-reproductive” group.

2. National Health and Nutrition Examination Survey (NHANES)

NHANES data (https://www.cdc.gov/nchs/nhanes/index.htm), collected between 2003

and 2016, were exclusively cross-sectional. Total and differential leukocyte counts were
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measured using the Coulter method. Females who were under the age of 8 (for which
reproductive data were redacted) or reported absence of menarche were assigned to the “pre-
pubertal” group. Females ages 8 and above who were currently cycling, pregnant, or within
the first 12 months of the postpartum period were assigned to the “reproductive” group, and
females who were no longer regularly cycling due to menopause were placed in the “post-
reproductive” group. Within the “reproductive” group, females who were not currently
pregnant and had reported a regular menstrual cycle either at time of exam or within the
preceding two months were binned as cycling, while those who self-reported being pregnant
or had a positive urine test at the time of exam were categorized as currently pregnant. Those
who were not currently pregnant but had given birth within the past 12 months were

considered postpartum.

3. Statistical Analyses

All primary models were executed in R 4.1.2 (https://cran.r-project.org) using the brms

package (Biirkner, 2017). We employed Bayesian multilevel models to estimate the
population-specific age-dependent effects of sex on neutrophil-to-lymphocyte ratio (NLR),
neutrophil, total lymphocyte, eosinophil, monocyte, and total leukocyte count within each
reproductive category: “pre-pubertal”, “reproductive”, and “post-reproductive”. Within the
“reproductive” subset, we also modeled the population-specific age-dependent effects of
reproductive phase (cycling, pregnant, postpartum). All models accounted for the population-
level effects of body mass index (BMI). Due to repeat sampling, THLHP-specific models
also accounted for the group-level effects of participant identification number. Since outcome
variable distributions differed, each was modeled separately. THLHP and NHANES total

leukocyte, neutrophil, lymphocyte count and NLR were all log-transformed and modeled
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using gaussian distributions. Zero-inflated models were used to estimate raw THLHP
monocyte count. Both raw THLHP and NHANES eosinophil counts were modeled using a
negative binomial distribution. NHANES monocyte count was modeled using non-log-

transformed data and gaussian distribution.

C. Results

1. Minimal pre-pubertal sexual dimorphism in immune cell counts, with exception of

monocytes and eosinophils in USA

Within the pre-pubertal group, predicted total leukocyte counts did not vary substantially
by sex in either population (Figure 1A, Table 3). In the USA, total leukocyte count among
pre-pubertal females was only 0.23% (95% CI =-2.02%, 2.86%) lower than males, while
leukocyte count among Tsimane females was 0.33% (95% CI =-4.37%, 1.91%) higher than
age-matched males. As shown in Figure 2A, Figure 3A, and Figure 4A, there were similarly
negligible sex differences in neutrophil count, total lymphocyte count, and NLR within the
pre-pubertal group in both populations. Neutrophil counts among pre-pubertal USA and
Tsimane females were higher than males by an estimated 1.27% (95% CI = -0.98%, 5.86%)
and 3.17% (95% CI =-0.57%, 11.76%), respectively. As shown in Figure 2A, this very slight
female bias in neutrophil count was age-dependent in both populations, with sex bias
increasing across age. In the USA, total lymphocyte count among pre-pubertal females was
78.10 cells/uL (95% CI =1.93, 198.10) and 2.71% (95% CI = 0.05%, 9.23%) higher than
age-matched males. Sex bias in total lymphocyte count among the Tsimane was also small,
but in the opposite direction: total lymphocyte count among pre-pubertal females was 2.39%

(95% CI =-0.81%, 17.29%) lower than age-matched males. In both populations, these sex
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differences were age-dependent, becoming more notable as age increased within the pre-
pubertal group (Figure 3A). Sex differences in NLR within the pre-pubertal group were small
in both the Tsimane and USA. In the USA, age-standardized median NLR among females
was 4.11% (95% CI = -4.51%, 17.23%) higher than males; among the Tsimane, median NLR
was 1.90% (95% CI =-16.28%, 46.21%) higher in females compared to age-matched males.
While there were no substantial sex differences in eosinophils and monocytes among
Tsimane individuals, pre-pubertal females in the USA exhibited 17.72% (95% CI = -0.30%,
38.93%) fewer eosinophils and 5.29% (95% CI = 2.21%, 11.21%) fewer monocytes than

their age-matched male counterparts (Figure 5, Figure 6).

2. In the USA, post-pubertal sexual dimorphism in immune status varies by female

reproductive status

For most immune measures, robust sex differences were observed among reproductive-
age individuals in the USA. Compared to their age-matched male peers, reproductive-age
females in the USA possessed higher neutrophil counts (A 16.49%; 95% CI = 5.74%,
24.48%), elevated NLR (A 18.46%; 95% CI = 5.83%, 25.33%), and greater total leukocyte
counts (A 8.77%; 95% CI = 2.93%, 16.45%), but lower eosinophil (A -23.01%; 95% CI = -
47.12%, -3.07%, and monocyte counts (A -5.58%; 95% CI = -15.46%, -0.07%). Conversely,
age-standardized sex bias in total lymphocyte counts was marginal (A -0.55%; 95% CI = -
8.31%, 3.78%). As shown in Figure 1A and Figure 2A, higher neutrophils and total
leukocyte count among females with age, but lower levels with age among males resulted in
much greater sex bias with age in neutrophil and total lymphocyte count.

When broken down by female reproductive phase, the effects of pregnancy on immune

measures are profound. Neutrophils among cycling females were 6.86% (95% CI = 1.88%,
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15.75%) higher than in males, while neutrophils among pregnant females were elevated
above males by 39.15% (95% CI = 18.19%, 54.08%). Conversely, neutrophils among
postpartum females in the USA were not substantially different from age-matched males (A -
1.68%; 95% CI =-12.78%, 14.88%) (Figure 2B, Table 4). Similarly, total leukocyte count
among cycling females was 3.97% (95% CI = 1.12%, 9.72%) higher than males, while
pregnant females had counts that were 24.08% (95% CI = 9.43%, 37.74%) elevated above
males. Conversely, total leukocyte counts among postpartum females and age-matched males
were nearly identical (A -0.95%; 95% CI = -8.83%, 5.36%). Sex bias in NLR was also
largest between pregnant females and age-matched males (A 43.52%; 95% CI = 24.27%,
54.33%) with no sizeable differences between males and cycling females (A 4.85%; 95% CI
=-7.16%, 14.51%) or postpartum females (A -7.66%; 95% CI = -56.69%, 18.78%). While
neutrophils, lymphocytes, and leukocytes were similar with age among males, cycling
females, and postpartum females, age was positively associated with neutrophil and total
leukocyte count and negatively associated with total lymphocyte count among pregnant
females (Figure 1B, Figure 2B, Figure 3B). When broken down by reproductive phase,
eosinophil counts were 17.88% (95% CI = 2.69%, 36.64%), 39.52% (95% CI = -5.31%,
121.49%,) and 14.17% (95% CI = -32.60%, 74.37%) higher in cycling, pregnant, and
postpartum females compared to age-matched males, respectively (Table 5B, Table 4).
Monocyte counts were 7.05% (95% CI = 0.79%, 20.82%) and 17.92% (95% CI = 2.81%,
52.42%) lower in cycling and postpartum females compared to age-matched males,
respectively, while monocyte counts were 5.38% (95% CI =-1.61%, 17.52%) higher than

males among pregnant females (Figure 6B, Table 4).
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3. Among the Tsimane, comparatively attenuated effects of sex and age across most

immune markers after onset of puberty

In contrast to the USA, total leukocyte counts among reproductive-age Tsimane females
were 3.78% (95% CI =0.31%, 12.92%) lower than age-matched males (Figure 1A, Table 3).
Compared to their age-matched male peers, reproductive-age Tsimane females possessed
marginally lower neutrophil counts (A -1.49%; 95% CI = -11.36%, 2.05%) and lower total
lymphocyte counts (A -4.89%; 95% CI = -18.35%, -0.77%). Overall, NLR was slightly
higher among reproductive-age females (A 7.88%; 95% CI = -19.07%, 29.58%). However,
Figure 4A shows that this sex bias in NLR is highly dependent on age (due to positive
association between age and NLR among males), with greater dimorphism present at
younger ages. A similar pattern was observed for eosinophil and monocyte counts, wherein
overall eosinophil and monocyte counts were slightly lower among females specifically due
to high levels of dimorphism at younger ages while age had opposing effects on eosinophil
and monocyte prevalence in males and females.

When broken down by female reproductive phase, neutrophil count among cycling
females was 6.86% (95% CI = 1.88%, 15.75%) higher than males, while neutrophil count
among pregnant females was elevated above males by 39.15% (95% CI = 18.19%, 54.08%).
Conversely, neutrophil count among postpartum females was not substantially different from
age-matched males (A -1.68%; 95% CI = -12.78%, 14.88%) (Figure 2B, Table 4). Similarly,
total leukocyte count among cycling females was 3.97% (95% CI = 1.12%, 9.72%) higher
than males, while pregnant females had counts that were 24.08% (95% CI = 9.43%, 37.74%)
elevated above males. Conversely, total leukocyte counts among postpartum females and

age-matched males were nearly identical (A -0.95%; 95% CI = -8.83%, 5.36%). Sex bias in
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NLR was also largest between pregnant females and age-matched males (A 43.52%; 95% CI
=24.27%, 54.33%) with no sizeable differences between males and cycling females (A
4.85%; 95% CI =-7.16%, 14.51%) or postpartum females (A -7.66%; 95% CI = -56.69%,
18.78%). While age had little effect on neutrophil, total lymphocyte, or total leukocyte count
among males, cycling females, or postpartum females, age had strong positive effects on
neutrophil and total leukocyte count and strong negative effects on total lymphocyte count
among pregnant females (Figure 1B, Figure 2B, Figure 3B). When broken down by
reproductive phase, eosinophil counts were 17.88% (95% CI = 2.69%, 36.64%), 39.52%
(95% CI =-5.31%, 121.49%,) and 14.17% (95% CI = -32.60%, 74.37%) higher in cycling,
pregnant, and postpartum females compared to age-matched males, respectively (Table 5B,
Table 4). Monocyte counts were 7.05% (95% CI = 0.79%, 20.82%) and 17.92% (95% CI =
2.81%, 52.42%) lower in cycling and postpartum females compared to age-matched males,
respectively, while monocyte counts were 5.38% (95% CI =-1.61%, 17.52%) higher than
males among pregnant females (Figure 6B, Table 4). As shown in Figure 6B, these effects

varied by age.

4. Post-reproductive attenuation/reversal of sex biases observed in both USA and

Tsimane

Within the post-reproductive group, sex biases in total leukocyte count were opposite to
those observed in the reproductive group in the USA (A -2.59%; 95% CI = -6.30%, -0.34%)
and largely absent among the Tsimane (A -0.29%; 95% CI =-9.55%, 5.14%) (Figure 1A,
Table 3), a pattern driven largely by the same population-specific effects of sex on neutrophil
count (Figure 2A, Table 3). Conversely, a post-reproductive reversal of sex bias in total
lymphocyte count was observed in both populations. Within the post-reproductive group,
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total lymphocyte count among post-reproductive females was 6.42% (95% CI = 0.87%,
14.93%) and 5.10% (95% CI = 1.07%, 11.44%) higher than age-matched males among
Tsimane and USA individuals, respectively. Consequently, NLR among post-reproductive
USA and Tsimane females was 16.54% (95% CI = 1.01%, 27.37%) and 16.31% (95% CI = -
19.86%, 88.06%) lower than age-matched males, respectively. Within the USA, eosinophil
and monocyte counts were 19.75% (95% CI = 5.98%, 34.36%) and 11.05% (95% CI =
6.94%, 14.73%) lower among post-reproductive females compared to age-matched males.
Among the Tsimane, there were no differences in eosinophils between males and females in
the post-reproductive group. Among the Tsimane, the estimated difference between
monocyte count among all post-reproductive women compared to monocyte count among all
age-matched males was minimal, with a wide credible interval (A -37.37%; 95% CI = -
896.71%, -79.18%); as shown in Figure 6A, there were substantial of age on sex bias in
monocyte count, with monocyte counts higher in females at younger ages and lower in

females at older ages.

D. Discussion

As predicted, we found that, in both populations and for most immune biomarkers, there
were minimal differences between pre-pubertal males and females who had not yet reached
menarche — highlighting the roles that sexual maturation and differential sex hormone
production play in producing phenotypic variation in immune status. Among reproductive-
age individuals in the USA, we observed very strong female bias in neutrophil count, NLR,
and total leukocyte count, and slight male bias in total lymphocyte count, increasing with
age. In contrast, there was markedly less sexual dimorphism in neutrophil, NLR, and total

leukocyte count among the Tsimane, with reproductive-age females possessing lower
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neutrophil and total leukocyte counts than males at older ages. In the USA, sexual
dimorphism in NLR, neutrophil, lymphocyte, and total leukocyte count was greatest between
males and pregnant females and often insignificant between males and postpartum females.
While the effects of female reproductive phase on sex bias were comparatively attenuated
among the Tsimane, a similar pattern was observed for total lymphocytes (wherein male bias
in total lymphocyte count was greatest when compared to pregnant females). Finally, we
found that the effects of sex observed among reproductive-age individuals were reversed in
the post-reproductive group in both populations, highlighting the cumulative effects of
menopause and immune senescence. There were two unexpected deviations from these
general trends: in the USA, both eosinophil and monocyte counts were higher in males than
in females, regardless of reproductive category or age. Conversely, there was very little
dimorphism in eosinophil count among Tsimane individuals by reproductive category or age,
with a male bias only observed in reproductive-age individuals under the age of 30. Among
the Tsimane, there was no sex bias in monocytes counts before puberty, with periods of both
female and male bias in monocytes counts among reproductive and post-reproductive
individuals due to opposing effects of age. In sum, these patterns suggest that the direction
and timing of sex biases in eosinophil and monocyte count are especially variable across
populations and may be primarily regulated by mechanisms other than hormonal differences.
Taken together, our findings provide strong evidence that the magnitude of sexual
dimorphism in immune status is comparatively elevated in post-industrial populations. We
also show that, within populations, pregnancy exacerbates most sex biases while the
postpartum period is characterized by attenuated or ameliorated sexual dimorphism in

immune profiles. In the USA, the effects of pregnancy were far more extreme than among
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the Tsimane, echoing previous findings that neutrophil expansion, leukocytosis, and elevated
NLR during pregnancy is particularly robust among USA women (Chapter II) (Hové et al.,
2020). These patterns suggest that the comparatively attenuated degree of overall sexual
dimorphism in immune outcomes among the Tsimane relates to (1) different immunological
response to pregnancy and (2) a greater proportion of pregnant and postpartum/lactating
women across the reproductive lifespan, due to higher parity. Further research is needed to
elucidate potential mechanisms driving these observations. Do women in the USA and other
post-industrial environments undergo larger spikes in estradiol and progesterone production
during pregnancy compared to the Tsimane? If so, is this primarily due to fewer energetic
constraints? Or are other mechanisms, such as less calibrated immunological response to
fetal antigens, playing an underappreciated role?

We recommend that future research seeking to elucidate these pathways focus especially
on the role of neutrophils. In addition to driving sexual dimorphism in total leukocyte count
and NLR between pregnant females and age-matched males, neutrophils were the only
immune cell type that we found to be substantially elevated among cycling females compared
to age-matched males — a pattern we observed only in the USA. This suggests that
neutrophils play an outsized role in shaping the enhanced responsivity, greater inflammatory
capacity, and increased risk for autoimmune disease reported for women living in
industrialized societies. Specifically, we recommend that future research focus on potential
sex differences in neutrophil phenotype (e.g., estradiol hormone receptor density, oxidative
bursts, release of extracellular traps) across ecologically diverse populations. As populations
across the world continue to undergo many of the socio-ecological shifts often accompanying

industrialization (e.g., reduced fertility, increased sedentism, reduced energetic constraints) a
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better understanding of the consequences of such changes on immune function will become

increasingly imperative.
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Chapter III: Figures and Tables

Figure 1. Panel A = predicted total leukocyte count by age and sex by reproductive category (Prepubertal,
Reproductive, and Post-reproductive) and population (THLHP, NHANES). B = predicted total leukocyte count
by reproductive phase and population.
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Figure 2. Panel A = predicted neutrophil count by age and sex by reproductive category (Prepubertal,
Reproductive, and Post-reproductive) and population (THLHP, NHANES). B = predicted neutrophil count by
reproductive phase and population.
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Figure 3. Panel A = predicted total lymphocyte count by age and sex by reproductive category (Prepubertal,
Reproductive, and Post-reproductive) and population (THLHP, NHANES). B = predicted total lymphocyte
count by reproductive phase and population.
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Figure 4. Panel A = predicted NLR by age and sex by reproductive category (Prepubertal, Reproductive, and

Post-reproductive) and population (THLHP, NHANES). B = predicted NLR by reproductive phase and
population.
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Figure 5. Panel A = predicted eosinophil count by age and sex by reproductive category (Prepubertal,
Reproductive, and Post-reproductive) and population (THLHP, NHANES). B = predicted eosinophil count by
reproductive phase and population.
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Figure 6. Panel A = predicted monocyte count by age and sex by reproductive category (Prepubertal,

Reproductive, and Post-reproductive) and population (THLHP, NHANES). B = predicted monocyte count by

reproductive phase and population.
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Table 2. Descriptive statistics by population, reproductive category, and sex. N = total sample size; RN =
number of repeat samples; Age and BMI = median and range for participant age and body mass index.

Population Reproductive Sex N RN Age BMI
Category
Female 5430 0 7.00 (2.00,13.00) 16.73 (11.74,46.10)
Pre-pubertal
Male 5430 0 7.00 (2.00,13.00) 16.73 (11.98,54.44)
. Female 2618 0| 25.00(12.00,52.00) 26.19 (14.09,80.60)
NHANES Reproductive
Male 2618 0| 25.00(12.00,52.00) | 25.76 (13.43,130.21)
) Female 6873 0| 64.00(39.00,85.00) 28.86 (13.18,84.40)
Post-reproductive
Male 6873 0| 64.00(39.00,85.00) | 28.00(14.20,130.21)
Female 1310 295 7.00 (0.00,17.00) 16.43 (10.29,28.52)
Pre-pubertal
Male 1310 271 7.00 (0.00,17.00) 16.59 (10.30,24.68)
. Female 1968 877 | 37.00(11.00,54.00) 23.61(16.53,37.25)
THLHP Reproductive
Male 1968 842 36.00 (9.00,54.00) 22.79 (12.88,31.55)
. Female 1154 768 | 59.00 (40.00,91.00) 22.89 (15.28,36.73)
Post-reproductive
Male 1154 731 | 59.00 (40.00,90.00) 23.58 (17.22,31.59)
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Table 2. Descriptive statistics by population and female reproductive phase. N = sample size; RN = number of

repeat samples; Age and BMI = median and range for participant age and body mass index.

Female

Population Reproductive Phase N RN Age BMI
Pre-menarche 5430 0 7.00 (2.00,13.00) 16.73 (11.74,46.10)

Cycling 1492 0 19.00 (12.00,52.00) 24.69 (14.09,76.07)

NHANES Pregnant 665 0 27.00 (15.00,41.00) 28.30 (15.81,80.60)
Postpartum 461 0 28.00 (20.00,42.00) 27.40 (15.64,73.43)

Menopause 6873 0 64.00 (39.00,85.00) 28.86 (13.18,84.40)

Pre-menarche 1310 295 7.00 (0.00,17.00) 16.43 (10.29,28.52)

Cycling 1441 600 39.00 (11.00,50.00) 23.47 (16.53,36.53)

THLHP Pregnant 309 43 32.00 (13.00,54.00) 23.96 (17.50,37.25)
Postpartum 218 11 31.00 (12.00,54.00) 23.80 (16.67,35.89)

Menopause 1154 768 59.00 (40.00,91.00) 22.89 (15.28,36.73)
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Table 3. Estimated differences between all age-matched males and females, standardized by reproductive
category-specific median BMI (pooled across population and sex), separated by population and outcome
variable. Absolute delta = raw difference between predicted values for males and females. % Delta = percent
difference between predicted values for males and females.

Measure Population Reproductive Absolute Delta (Female — Male) % Delta (Female — Male)
Category
NHANES preube _16.83 (-182.64,143.18) 20.23% (-2.86%,2.20%)
THLHP puberty 42.18 (-242.11,580.05) 0.33% (-1.91%,4.37%)
NHANES . 675.50 (218.22,1340.09) 8.77% (2.93%,16.45%)
WBC THLHP Reproductive -377.54 (-1089.96,-35.03) 3.78% (-12.92%,-0.31%)
NHANES . -178.71 (-435.54,-23.57) -2.59% (-6.30%,-0.34%)
Post-Reproductive
THLHP 25.83 (-821.91,455.03) 20.29% (-9.55%,5.14%)
NHANES Preube 4321 (-32.46,202.34) 1.27% (-0.98%,5.86%)
THLHP puberty 181.55 (-29.12,759.32) 3.17% (0.57%,11.76%)
NHANES . 787.18 (254.39,1466.06) 16.49% (5.74%,28.48%)
NEU THLHP Reproductive 79.61 (-497.36,93.88) -1.49% (-11.36%,2.05%)
NHANES |~ ~208.76 (-392.91,-59.00) 25.23% (-9.63%,-1.52%)
THLHP | o cProcuetve ~191.78 (-600.00,164.00) 4.09% (-13.88%,3.35%)
NHANES Preoube 78.10 (1.93,198.10) 2.71% (0.05%,9.23%)
THLHP puberty ~117.00 (-618.27,34.00) -2.39% (-17.29%,0.81%)
- - - 0, - 0, 0,
LM NHANES Reproductive 11.96 (-159.87,80.01) 0.55% (-8.31%,3.78%)
THLHP -142.14 (-385.71,-28.10) 4.89% (-18.35%,-0.77%)
NHANES | 109.17 (23.89,238.63) 5.10% (1.07%,11.44%)
THLHP | o cProcuetve 167.45 (23.93,354.63) 6.42% (0.87%,14.93%)
NHANES pro-oube 43.23 (-76.60,0.80) “17.72% (-33.62%,0.30%)
THLHP puberty -26.06 (-1092.85,538.46) -1.20% (-38.93%,19.66%)
NHANES . 4206 (-75.17,-5.86) | -23.01% (-47.12%,-3.07%)
EOS J J
THLHP Reproductive -133.67 (-729.91,438.22) _8.46% (-55.59%,23.08%)
NHANES [ 3724 (-6580,-11.13) | -19.75% (-34.36%,-5.98%)
THLHP P 3411 (-337.15,378.06) -2.29% (-27.74%,23.68%)
NHANES 29.73 (-51.42,-12.81) 5.20% (-11.21%,-2.21%)
Pre-puberty
THLHP 0.41 (-8.4824.91) 0.73% (-26.76%,21.18%)
NHANES . 29.83 (-73.33,-0.44) 5.58% (-15.46%,-0.07%)
MON J J
THLHP Reproductive 631 (-42.70,22.53) | -14.98% (-124.20%,41.79%)
NHANES [ 57.50 (-86.28,31.93) | -11.05% (-14.73%,-6.94%)
THLHP | 0 cproduetive “18.99 (-182.70,110.70) | -37.37% (-896.71%,79.18%)
NHANES Pre-puberty -0.05 (-0.16,0.07) 4.11% (-17.23%,4.51%)
THLHP P -0.03 (-0.22,0.26) 1.90% (-46.21%,16.28%)
NHANES . 0.44 (0.14,0.66) 18.46% (5.83%,25.33%)
NLR
THLHP Reproductive 0.16 (-0.34,0.63) 7.88% (-19.07%,29.58%)
NHANES | o oo 034 (-057,-002) | -16.54% (-27.37%,-1.01%)
THLHP P 031(-126,039) | -16.31% (-88.06%,19.86%)
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Table 4. Estimated differences between all age-matched males and females, standardized by reproductive
category-specific median BMI (pooled across population and sex), separated by population and outcome

variable. Absolute delta = raw difference between predicted values for males and females. % Delta = percent

difference between predicted values for males and females.
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IV. The relationship between infant feeding behavior and maternal inflammation

status, physical health, and mental wellbeing

This chapter is co-authored with Aaron Blackwell, Melanie Martin, and Amy Boddy. The
author of this dissertation proposed all hypotheses tested herein and collected all the data
(with the help of Madison Hubble). The analyses, writing, and figures contained in this
chapter are the work of the author of this dissertation.

A. Introduction

Among humans, the transition from pregnancy to the postpartum period is a time of
substantial maternal recalibration, wherein the immunological requirements of fetal tolerance
give way to a new suite of demands (e.g., heightened pathogen clearance, uterine involution)
and extended immunological recovery. Throughout human evolution, selective pressures on
postpartum maternal recovery and recalibration (and investment in future reproduction) have
been balanced against concurrent infant needs, as human babies are highly dependent on
maternal investment for survival. Breastfeeding, a highly conserved form of maternal
investment, is a bi-directional exchange between mother and offspring, during which infants
directly influence maternal hormone production (Matthiesen et al., 2001), metabolism (Butte
and King, 2005b; Stuebe and Rich-Edwards, 2009), and sleep-waking patterns (Hunter et al.,
2009) and mediate infant-to-mother cell trafficking (Dawe et al., 2007) and microbial
exposure (Hassiotou et al., 2013; Breakey et al., 2015). This degree of access provides
infants with passive immunity (Field, 2005), microbiome priming (Lénnerdal, 2003; Hurley
and Theil, 2011; Al-Shehri et al., 2015), and tailored nutrition (Ballard and Morrow, 2013),
thus enhancing offspring survival and boosting maternal fitness (Chen and Rogan, 2004).
The well-documented benefits of breastfeeding for infant health outcomes, including reduced
short-term morbidity and mortality and enhanced lifelong wellbeing (Chen and Rogan, 2004;

Ip et al., 2007) provide the basis for current public health guidance on breastfeeding. While
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the effects of lactation on maternal metabolic health and reproductive investment are well-
documented, the potential benefits and costs of breastfeeding behavior on maternal immune
recovery and perceived health have been relatively understudied.

From an evolutionary perspective, immunological recalibration needed after successful
delivery evolved within the context of lactation and at-the-nipple breastfeeding. From this
vantage point, at-the-nipple breastfeeding should confer substantial benefits on maternal
immune recalibration and health while total absence or early cessation (in the absence of
infant death) should be linked to deleterious outcomes due to evolutionary mismatch, just as
it is for infants. There is some evidence that breastfeeding is associated with slower return to
cycling immune baselines and reduced systemic inflammation (Groer et al., 2005; Kuzawa et
al., 2013), but inconsistent sampling intervals and vague measures of breastfeeding behavior
preclude a clear understanding of how breastfeeding and its intensity impact maternal
immune and health status (as highlighted in Chapter II). Similarly, a history of breastfeeding
has been linked to more long-term immunological benefits, such as reduced risk of breast
cancer (Beral et al., 2002; Pavard and Metcalf, 2007), but potential immunological
mechanisms underlying these relationships have not been fully elucidated.

Beyond benefits to maternal health, escalating energetic costs of sustained lactation may
also result in maternal-offspring conflict, as interests over maternal resource allocation
diverge over time (Trivers, 1974). From this perspective, mothers who sustain exclusive at-
the-nipple breastfeeding for extended periods may experience diminishing returns on
immune and health benefits due to depleted energetic reserves and increased fatigue.
Moderating or supplementing at-the-nipple breastfeeding using other infant feeding methods

may, to some degree and in a time-dependent manner, help mothers optimize their own
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immune status and health. To date, however, a skewed focus on infant outcomes has impeded
a firm understanding of how time since delivery may mediate any benefits of breastfeeding
on maternal immune status and wellbeing — especially in populations where access to
evolutionarily novel infant feeding strategies collide with infant-centered breastfeeding
guidelines and mounting pressure to provide infants with exclusive access to breastmilk for
six months.

To address these gaps in knowledge, this study uses a heterogenous sample of postpartum
women in the USA to test the following hypotheses: (H1) at-the-nipple breastfeeding tempers
morning peak in inflammatory salivary cytokines, reduces risk of physical illness, and curbs
sickness behavior (i.e., depression); and (H2) these effects are strongest in the early
postpartum period (i.e., first 70 days following delivery). Furthermore, we compare the
effects of at-the-nipple breastfeeding to the effects of breastmilk expression/pumping to
clearly parse out if, how, and when these infant feeding methods might differ in their impact

on maternal outcomes.

1. Potential benefits and costs of breastfeeding

The initial phase of lactogenesis begins during pregnancy, but it is not until after delivery
that progesterone levels fall precipitously and prolactin production ramps up, allowing for
initial milk let-down. Sustained lactogenesis is then perpetuated by a positive feedback loop
wherein infant suckling stimulates release of oxytocin and prolactin, hormones that control
milk production and ejection and promote maternal-infant bonding (Neville and Neifert,
1983). Studies suggest that these hormones may also bolster immune competence while
suppressing hyperinflammation (Hannah et al., 1996, 1997; Matthiesen et al., 2001; Neville,

2001; Yu-Lee, 2002; Iseri et al., 2005; Clodi et al., 2008; Deing et al., 2013; Costanza et al.,
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2015), though their integrated role in postpartum immune function is not particularly well
understood. Cortisol, the primary hormone of the hypothalamic-pituitary-adrenal (HPA) axis
which coordinates the body’s response to stress and regulates inflammation, also falls after
delivery (ALLOLIO et al., 1990), with some evidence that initiation and continuation of
breastfeeding further dampens cortisol production (at least immediately following
breastfeeding bouts) (Mizuhata et al., 2020). In addition to inducing a potentially anti-
inflammatory hormonal milieu, lactation also exerts strong effects on maternal metabolism.
While pregnancy promotes transient maternal fat accumulation, elevated insulin resistance,
and increased lipid and triglyceride levels, sustained lactation reverses these pregnancy-
induced metabolic changes, curbing risk of developing type-2 diabetes (Stuebe, 2005) and
limiting postpartum weight gain (Baker et al., 2008). Greater energetic throughput and tighter
regulation of metabolic “resetting” induced by regular breastfeeding is likely to exert potent
anti-inflammatory effects, given the immunological benefits associated with exercise
(Nieman and Wentz, 2019), regulated caloric restriction (Almeneessier et al., 2019) and
reduced adiposity (Bianchi, 2018).

Conversely, there are costs to prolonged, exclusive at-the-nipple breastfeeding. The
relative energetic costs and hormonal effects of sustained, frequent breastfeeding also
suppress ovarian function, resulting in sub-cycling levels of estradiol and progesterone and
delayed resumption of regular cycling — a phenomenon called lactational amenorrhea
(McNEILLY et al., 1994; Valeggia and Eellison, 2009). While lactational amenorrhea allows
mothers to invest more in current offspring by delaying future reproduction, the accumulated
energetic costs of long-term lactation can culminate in drained reserves and maternal

depletion of key nutrients (Miller, 2010; Goetz and Valeggia, 2017), potentially decreasing
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immune competence and enhancing susceptibility to infection. Furthermore, breastfeeding
itself can be an appreciable source of direct exposure to foreign antigens. Infectious microbes
(most commonly staphylococcus bacteria) can be transferred to mothers during nursing
(Angelopoulou et al., 2018), where pathogens can infiltrate mammary tissue or reach the
bloodstream (Geddes et al., 2012). The observation that actively nursing infants who are
currently infected can elicit a rapid increase in the number of maternal immune cells
transferred in breastmilk, even when the mother herself is asymptomatic, provides further
evidence of infant-derived microbial transfer during breastfeeding bouts (Hassiotou et al.,
2013). Rising costs of long-term on-demand breastfeeding, in tandem with infant growth and
continued direct antigen exposure during nursing bouts, may result in dampened maternal
immune competence, reduced inflammatory regulation, and sickness behavior, potentially
favoring the adoption of supplementation or replacement behaviors to reoptimize maternal
health and future reproductive effort. Evidence of such moderating behavior has been noted
in many natural fertility populations (Sellen, 2001). Among the Tsimane, for example, nearly
all mothers engage in sustained on-demand breastfeeding but a majority also report
introduction of complimentary liquids and foods within the first five months, frequently
citing a mix of perceived infant needs (e.g., increased hunger) and low breastmilk supply as

the primary reasons for supplementation (Martin et al., 2016).

2. What counts as “exclusive breastfeeding” in the USA?

In contrast to natural fertility populations, mothers in the USA (and other
industrializing/industrialized societies) are provided with unprecedented access to
evolutionarily novel alternatives to at-the-nipple breastfeeding (e.g., electric breast pumps)

while simultaneously encouraged to provide breastmilk, and only breastmilk, to infants six
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months of age and younger. Current World Health Organization (WHO) guidelines
recommend “exclusive breastfeeding for the [infant’s] first 6 months of life” — without
supplementation of any kind. Similarly, the Centers for Disease Control (CDC) recommend a
minimum of six months exclusive breastfeeding, defined as a situation in which an infant is
fed “only breast milk — no solids, water, or other liquids.” In the USA, widescale
implementation of these guidelines has shifted maternal behavior. In 2007, 74.8% of mothers
reported having ever breastfed their infant. By 2018, this number had increased to 83.2%. In
2007, 41.5% of mothers reported “exclusive breastfeeding”, compared to 57.6% in 2018.
According to these metrics, breastfeeding initiation and continuation have improved
markedly across all metrics and demographic groups. Reduced reliance on infant formula as
a replacement for breastfeeding is likely to confer substantial benefits for mothers, especially
in the early postpartum period, but rigid observance of these guidelines may also disrupt (or
at least substantially reorganize) maternal optimizing strategies in the long-term (e.g.,
maintaining “exclusive breastfeeding” for longer than is optimal on an individual level in
order to meet broader societal expectations).

Another key feature of current breastfeeding guidelines is that mothers who provide
breastmilk via pumping, potentially without ever engaging in at-the-nipple breastfeeding, are
binned as “exclusively breastfeeding” (hereafter referred to as “exclusive infant access to
breastmilk™). A clear understanding of the potential consequences of this latter scenario is
especially critical, considering a large majority of mothers in the USA already report using
pumping as a replacement behavior for at-the-nipple breastfeeding, often beginning very
early in the postpartum period (Rasmussen and Geraghty, 2011; Loewenberg Weisband et

al., 2017). Pumping and at-the-nipple breastfeeding are likely to produce overlapping but
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ultimately distinct effects on maternal outcomes. Pumping, especially using modern pumps
with customizable settings, effectively mimics the mechanical aspects of infant suckling
(Gardner et al., 2015), thus encouraging a similar positive feedback loop sustaining milk
production while removing direct nipple contact between mother and infant. Reduced at the
nipple contact might alleviate risk of direct microbial transfer from infant to mother, but
breast pumps themselves can easily become contaminated, presenting an alternative source of
pathogen exposure (Leiter et al., 2022). Pumping may be particularly useful in maintaining
milk supply if the infant is born premature and/or has problems latching and more time is
needed to successfully establish breastfeeding (Slusher et al., 2007; Meier et al., 2012), but
early reliance on pumping may attenuate the predicted benefits of lactation on maternal
physiology by disrupting the rhythmicity of milk production and ejection elicited by on-
demand breastfeeding, increasing risk of milk stasis (a primary cause of breast inflammation)
(Fetherston, 1998), and removing important signaling pathways between mother and infant
(e.g., hormonal regulation, attachment, bonding). From this perspective, regular at-the-nipple
breastfeeding is likely to confer enhanced benefits on mothers compared to pumping in the
early postpartum period. On the other hand, pumping may provide mothers with an
evolutionarily novel way to negotiate increasing parent-offspring conflict across the
postpartum period. To date, however, such complexities in infant feeding behavior and their

possible effects on maternal immune function, health, and wellbeing have been understudied.

3. Study objectives and predictions

In this study, we measured breastfeeding as the proportion of infant feeding bouts
completed using at-the-nipple breastfeeding during a 24-hour collection period (% ATN
breastfeeding) and pumping as the proportion of infant feeding bouts completed using non-
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donated fresh or frozen expressed/pumped breastmilk (% pumping). We then estimated and
compared the effects of % ATN breastfeeding and % pumping on postpartum depressive
symptoms, perceived physical health, and evening-to-morning change in secretion rate of
“pro-inflammatory” salivary cytokines IL-18, IL-6, IL-8, and TNF-o and C-reactive protein
(CRP) (Table 1). We also separated our sample into two groups (early versus late postpartum
period) and compared the time-dependent effects of % ATN breastfeeding and % pumping
on each outcome measure.

We predicted that % ATN breastfeeding would be associated with fewer reported
symptoms of physical illness and fewer symptoms of depression. Most salivary cytokines
peak at time of waking (Izawa et al., 2013; Reinhardt et al., 2016; Sarkar et al., 2021;
Wettero et al., 2021), with adverse conditions (e.g., sleep deprivation, PTSD, sleep apnea,
obesity, arthritis) commonly associated with an elevated morning peak in inflammatory
cytokine levels (Irwin, 2006; Pervanidou et al., 2007; Hernandez and Taylor, 2017). Based
on this knowledge, we hypothesized that % ATN breastfeeding would have a negative effect
on waking cytokine levels and therefore a negative effect on evening-to-morning change in
IL-18, IL-6, IL-8, TNF-a, and C-reactive protein secretion rate. We also predicted that these
effects of % ATN breastfeeding would be relatively attenuated among individuals in the later
postpartum period, due to decreasing overlap between offspring and maternal optimums and
accumulating costs of lactation. Lastly, we predicted that the effects of % ATN breastfeeding
on maternal outcomes would be stronger than the effects of % pumping in the early
postpartum period, but that the difference in these effects would be comparatively diminished

in the later postpartum group.
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B. Methods and Materials

1. Sample selection

Our sample was limited to postpartum women between the ages of 25 and 42 who lived
in King County, WA, USA, had given birth within the last six months, and who indicated
absence of previous cancer diagnosis, periodontal disease, and regular tobacco use/vaping.
All participants (n=97) completed a single 24-hour collection period, beginning at 12 PM on
day one and ending at 12 PM on day two. Because data for this study were collected during
the height of the COVID-19 pandemic (September 29, 2020 — July 28", 2021), research
protocols were specifically designed to reduce in-person contact. Collection kits were mailed
to each participant before the start of the 24-hour collection period and all data were

collected from home. Table 2 provides complete descriptive statistics.

2. Saliva samples

Each participant was asked to collect two passive drool saliva samples during the 24-hour
period collection period. Participants were instructed to collect the first sample before going
to bed on day one (S1) and the second at time of waking the following morning (S2). For
each participant, 12:00:00 PM on day one of the collection period was assigned as the
objective “start” time. The times at which the first and second samples (S1 and S2) were
collected were calculated as the number of hours that had elapsed since the start time of
12:00:00 PM. For example, an individual who recorded a time of 9 PM for S1 and 6 AM for
S2 would have sample times of 9 and 18 hours, respectively. To ensure sample integrity,
participants were instructed to place saliva samples in a home freezer immediately after

collection. At the end of the 24-hour collection period, saliva samples were then picked up by
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research personnel (Carmen Hové or Madison Hubble) and transported on ice to the
University of Washington CSDE laboratory, where samples were stored in a -80°C freezer
until final processing. Three participants were unable to successfully complete this part of the
study, resulting in 188 saliva samples from 94 participants. After data collection was
complete, saliva samples were shipped over night on dry ice (in a single shipment) to
Salimetrics, LLC (Carlsbad, CA) for batch analysis on August 17", 2021. Samples were
analyzed for IL-6, IL-8, TNF-a, and IL-18 (“pro-inflammatory” cytokine panel) and C-
reactive protein (CRP), with testing prioritized in this order. All tubes were weighed before
analysis and all 5 assays were run in duplicate for each sample, with the mean for each used
in all final analyses (CRP CV =2.61%, IL6 CV = 5.00%, IL-1B CV =2.51%, IL-8 CV =

3.80%, TNF-a CV = 6.46%).

3. 24-hour infant feeding record

Over the course of the 24-hour collection period participants were asked to keep a simple
infant feeding record noting the method(s) used during each infant feeding bout and the total
number of feedings completed during the 24-hour timeframe. Possible infant feeding
methods included use of (1) non-breastmilk liquids, (2) semi-solid/solid foods, (3)
pumped/expressed breastmilk given to infant without storing, (4) participant’s own
previously refrigerated/frozen pumped/expressed breastmilk given to infant, (5) donated
breastmilk, and (6) breastfeeding at the nipple. If participants also pumped/expressed
breastmilk during the 24-hour collection period for later use, this was included as an
additional feeding bout. When applicable, participants were able to indicate multiple methods

used in a single feeding bout.
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4. Questionnaire

At the end of the 24-hour collection period, participants completed an online Qualtrics
questionnaire. To obtain matching longer-term data on infant feeding behavior, participants
were asked to approximate the frequency with which they employed each infant feeding
method listed above over the preceding two weeks, as well as how long after delivery each of
the relevant methods were introduced. Perceived health and wellbeing was assessed using an
expanded set of questions based on the Physical Health Questionnaire (Schat et al., 2005),
designed to assess four distinct dimensions of somatic health (i.e., gastrointestinal problems,
headaches, sleep disturbances, and respiratory illness) and symptom severity of preexisting
conditions (e.g., arthritis, systemic lupus erythematosus), with added questions specific to
common postpartum health problems (e.g., mastitis). Mental health status was assessed using
the Edinburgh Postnatal Depression scale (Cox et al., 1987). In addition to these measures,
relevant sociodemographic information (e.g., education attainment, income level, ethnicity),
maternal and infant health history (e.g., delivery mode, pregnancy complications, parity,
infant illness, presence/absence of menstruation resumption), non-breastfeeding mother-
infant contact (e.g., co-sleeping practices), and self-reported impacts of the COVID-19

pandemic were collected.

5. Statistical Analyses

Explanatory variables. Breastfeeding proportion was calculated as the percentage of total
infant feedings occurring via at-the-nipple breastfeeding during the 24-hour collection period
(% ATN breastfeeding) while pumping proportion was calculated as the percentage of total
infant feedings occurring via use of fresh or frozen expressed/pumped breastmilk from the

mother over the 24-hour collection period (% pumping). Since individuals were able to
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indicate multiple infant feeding methods for each feeding bout, these measures were not
zero-sum indicators of either infant feeding method. To investigate potential time-dependent
differences in the effects of infant feeding behavior on maternal health, we calculated the
50% quantile for days since delivery (70.0 days) and used this as a benchmark to split our
sample into two groups: “early postpartum” and “late postpartum”. As defined here, the
“early postpartum” period encompasses numerous key changes in maternal and fetal
physiology, including uterine involution, transition from colostrum to mature breastmilk
production, and infant latching (or lack thereof), fastest infant growth (Hui et al., 2010), and
spans the period of time during which both maternal and infant mortality and morbidity risk
is highest (Ronsmans and Graham, 2006; Gill et al., 2022).

Outcome variables. Composite physical health and mental wellbeing scores assessing
current health status were calculated for each participant based on answers given to the
modified perceived health questionnaire (PHQ score) (possible range = 0-16) and the
Edinburgh postnatal depression scale (EPDS score) (possible range = 0-30), with higher
values corresponding to more severe symptoms. Both EPDS and PHQ scores follow negative
binomial distributions and were modeled as such. To account for the effects of salivary flow
rate, absolute concentrations of all salivary biomarkers (IL-18, IL-6, IL-8, TNF-a, and CRP)
were transformed into secretion rates before analysis. For each saliva sample, there was a
recorded duration (in seconds) that it took for the participant to collect the sample as well as
a corresponding weight (in grams) of the final sample. Since saliva is approximately 99%
water, it is standard practice to use a 1:1 conversion rate for grams to milliliters (de Almeida
et al., 2008). We therefore converted each sample weight to milliliters and the duration into

minutes and calculated the flow rate (mL/min) for each sample. The final secretion rate of
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each analyte for each sample was then calculated as the raw concentration (unit/mL)
multiplied by the flow rate (mL/min). Finally, we used morning and evening salivary
cytokine secretion rates to calculate the evening-to-morning change in secretion rate for each
participant.

Exploratory/descriptive models. Using generalized linear models, we estimated the
association between recorded infant feeding behavior during the 24-hour collection period
and corresponding frequencies reported for the prior two weeks (collapsing all uses of
pumped/expressed milk into a single category of “pumping”), thereby determining how
strongly infant feeding behavior during the 24-hour collection period corresponded to longer-
term behavior (Figure 1). We also used generalized linear models to estimate the effect of
infant feeding method (% ATN breastfeeding, % pumping) and sample collection time
(evening, morning) on salivary flow rate to check for potential confounds (e.g., altered
hydration by time of day/infant feeding method) (Figure 2).

Primary models. All primary models were executed in R 4.1.2 (https://cran.r-project.org)

using the brms package (Biirkner, 2017). Bayesian models were used to estimate the effects
of % ATN breastfeeding on EPDS and PHQ score, accounting for maternal age, pre-
pregnancy BMI, income, educational attainment, % pumping, delivery mode, and
presence/absence of reported pregnancy complications, co-sleeping, night feeding, and
alcohol consumption during the 24-hour collection period. To evaluate the effects of infant
feeding behavior on evening-to-morning change in inflammatory cytokine secretion rates, we
employed fully Bayesian models to estimate the effects of % ATN breastfeeding on evening-
to-morning change in IL-18, IL-6, IL-8, TNF-a, and CRP secretion rate, accounting for the

fixed effects of time between collections, maternal age, pre-pregnancy BMI, income,
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educational attainment, % pumping, delivery mode, and presence/absence of reported
pregnancy complications, co-sleeping, night feeding, and alcohol consumption during the 24-
hour collection period. To investigate how time since delivery moderated the effects of
breastfeeding proportion and category on maternal immune status and health outcomes, we
employed the same model formulas as outlined above, this time adding categorical time since
delivery (“early” versus “later “postpartum period) as an interaction term for both % ATN
breastfeeding and % pumping. Predicted values by % ATN breastfeeding were standardized
by mean values for all co-variates except % pumping, which was set to a zero value.
Conversely, predicted values by % pumping were standardized by mean values for all co-

variates except % ATN breastfeeding, which was set to zero.

C. Results

1. Most mothers employed a mixture of infant feeding methods

During the 24-hour collection period, only 11.5% (n=11) of participants in our sample
reported a complete absence of breastfeeding, while 46.9% (n=45) indicated using a mix of
breastfeeding and other infant feeding methods and 42.7% (n=41) individuals indicated
exclusive at-the-nipple breastfeeding. When combined with reported long-term history of
infant feeding behavior, only two participants in our sample had never breastfed their infant.
Both these individuals reported reliance on pumped breastmilk, therefore no participants in
our sample exhibited exclusive reliance on infant formula. Conversely, only 9.4% (n=9) of
participants reported a history of using exclusive at-the-nipple breastfeeding with no
supplementation or replacement at all. In sum, 83.3% of participants (n=80) reported either

current or past use of expressed / pumped breastmilk, 32.3% (n=31) reported using non-
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breastmilk liquids at some point, and 14.6% (n=14) indicated use of solid foods, while only 1
individual reported past use of donated breastmilk. In accordance with high rates of pumping
and breastfeeding, 89.6% (n=86) of mothers reported current lactational amenorrhea. During
the 24-hour hour collection period, nighttime feeding was reported by 85.4% of women
(n=82) while only 23.7% (n=23) of mothers reported co-sleeping. As shown in Figure 1,
infant feeding behavior reported during the 24-hour collection period was strongly associated
with recalled behavior from the prior two weeks, indicating that data collected during the 24-
hour sampling interval corresponded to broader temporal patterns of behavior. Complete

descriptive statistics are provided in Table 2.

2. At-the-nipple breastfeeding associated with fewer symptoms of depression, while

relationship between pumping and depression is mediated by time since delivery

Among all mothers in our sample, % ATN breastfeeding was negatively associated with
EPDS score (negative logit B =-0.0067; 95% CI=-0.0117, -0.0018) while there was only a
very slight negative relationship between % pumping and EPDS score (negative logit 8 = -
0.0013, 95% CI=-0.0078, 0.0052) (Figure 3A, Table 3). In the early postpartum group,
however, both % ATN breastfeeding (negative logit § = -0.0088; 95% CI = -0.0168, -9¢-04)
and pumping (negative logit § = -0.0078; 95% CI =-0.00172, 0.0020) were negatively
correlated with EPDS score. While % ATN breastfeeding remained negatively associated
with EPDS score among mothers in the late postpartum group (negative logit B = -0.0050;
95% CI=-0.00116, 0.0015), pumping was positively correlated to EPDS score in this subset

(negative logit B = 0.0055; 95% CI =-0.0039, 0.0148).
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3. Pumping associated with more symptoms of physical illness, regardless of time since

delivery

As shown in Figure 2B and Table 3, % ATN breastfeeding was not strongly associated
with PHQ score among all, early, or late postpartum women. Conversely, pumping was
positively associated with PHQ score among all (negative logit B = 0.0066; 95% CI =
0.0000,0.0130), albeit only slightly among mothers in the early (3 = 0.0078; 95% CI = -
0.0018, 0.0176) and late (3 = 0.0058; 95% CI =-0.0033, 0.0148) postpartum period.

4. Both at-the-nipple breastfeeding and pumping correspond to reduced evening-to-
morning rise in CRP

As shown in Figure 3 and Table 4, both % ATN breastfeeding (3 =-10.16 pg/mL/min/%;
95% CI =-14.88, -5.45) and % pumping (B =-9.10 pg/mL/min/%; 95% CI = -14.85, -3.10)
were negatively associated with evening-to-morning change in CRP secretion rate among all
mothers in our sample. When broken down by time delivery, however, the relative strength
of this relationship varied by infant feeding method. In the early postpartum group, % ATN
breastfeeding had a comparatively stronger negative relationship with evening-to-morning
change in CRP secretion rate (3 =-11.23 pg/mL/min/%; 95% CI = -19.06, -3.53) versus %
pumping (B =-5.23 pg/mL/min/%; 95% CI = -14.42, 3.58). In the late postpartum group, this
pattern was reversed with % pumping having a more robust negative association with
morning-to-evening change in CRP secretion rate (3 = -13.86 pg/mL/min/%; 95% CI = -
22.10, -5.72) compared to % ATN breastfeeding (B =-9.35 pg/mL/min/%; 95% CI = -15.49,

3.21).
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5. Both at-the-nipple breastfeeding and pumping negatively associated with evening-to-
morning change in IL-8

As shown in Figure 4A-C and Table 4, associations between % ATN breastfeeding and
morning-to-evening change in IL-18, IL-6, and TNF-a secretion rate were minimal,
regardless of time since delivery. Similarly, the associations between % pumping and
morning-to-evening change IL-18 and IL-6 secretion rate were relatively small and did not
vary significantly by time since delivery. As shown in Figure 4D, both % ATN breastfeeding
and pumping were negatively correlated with morning-to-evening change in IL-8 secretion
rate, although this relationship was stronger for % pumping versus % ATN breastfeeding

among all, early, and late postpartum mothers (Table 4).

D. Discussion

By investigating infant feeding behavior from the maternal perspective, our results
illuminate trends more easily overlooked by infant-centered measures of breastfeeding
success. In our sample of 97 mothers in the Seattle metro area, most mothers within the first
six months of the postpartum period utilized at-the-nipple breastfeeding and other infant
feeding methods, with pumping as the most common alternative method. Exclusive formula
feeding was nonexistent while long-term exclusive breastfeeding (with no history of
supplementation) was reported by less than 10% of participants. By quantifying these
nuances in infant feeding behavior, we were able to more closely investigate the time-
dependent relationships between reliance on at-the-nipple breastfeeding versus pumping and
maternal health outcomes.

Our results indicate that more feeding bouts involving at-the-nipple breastfeeding

corresponded to fewer symptoms of depression, especially among mothers in the early
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postpartum period. While the association between pumping and depression was nearly
identical to that of at-the-nipple breastfeeding among mothers in the early postpartum period,
the effects of pumping showed a reverse relationship among mothers in the late postpartum
period, with higher reliance on pumping associated with increased number of depressive
symptoms. This pattern was the opposite of what we predicted, indicating that the protective
effect of at-the-nipple breastfeeding might remain stable (at least within the first six months
after delivery) while the benefits of pumping may be limited to the first several months after
delivery. Contrary to expectations, we found minimal association between at-the-nipple
breastfeeding and reported symptoms of physical illness but observed a positive relationship
between pumping and physical symptoms, especially among mothers in the late postpartum
period.

It is possible that a shared mechanism underlies the relationship between pumping and
increased risk of depression and physical illness observed among mothers in the later
postpartum period and/or these effects amplify each other (i.e., more physical symptoms
increase risk of depression, depression increases feelings of physical illness). While it is
tempting to interpret these results as evidence of fundamental differences between at-the-
nipple breastfeeding and pumping (e.g., altered amplitude and frequency of oxytocin surges),
we cannot rule out the possibility that individuals who are less prone to depression (via
increased social support, etc.) may also have an easier time sustaining at-the-nipple
breastfeeding through the first six months of the postpartum period. Given the well-
documented effects of social support on both general depression risk (Werner-Seidler et al.,
2017) and breastfeeding “success” (Raj and Plichta, 1998), it is likely that there are multiple

pathways underpinning the association between breastfeeding, pumping, and depressive
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symptoms. Future longitudinal research focused on the specific impacts of pumping versus
at-the-nipple breastfeeding on maternal physiology (e.g., altered frequency of milk let-down,
hormonal cycling) is warranted, especially given the increasing ubiquity of this infant
feeding method (Rasmussen and Geraghty, 2011).

It is also worth noting that the overall variance in reported physical symptoms in our
sample was much lower than expected and these results may be highly specific to our
sample. Due to the COVID-19 pandemic, mothers in our study were subject to a stay-at-
home order that was in effect throughout the entire study. The incidence of reported
maternal, infant, and household member illnesses was very low, presumably because of
drastic reductions in exposure to a variety of pathogens. Results generated within such an
unusual context may underestimate the effects of infant feeding behavior on physical
symptoms in populations experiencing regular exposure to a wider breadth of common
infectious agents. Future research seeking to replicate these findings will provide greater
confidence in the broad applicability of our findings.

Our results indicate that, even in the relative absence of pathogen exposure (due to the
COVID-19 stay-at-home order in place throughout data collection), differences in infant
feeding behavior correspond to variation in inflammatory status. Both at-the-nipple
breastfeeding and pumping were associated with attenuated evening-to-morning rise in
secretion rate of salivary C-reactive protein and IL-8. Taken together, these patterns provide
evidence that both at-the-nipple breastfeeding and pumping may downregulate certain
inflammatory processes, especially in the early postpartum period. Future studies
investigating the effects of breastfeeding behavior on immunological responses to specific

disease challenges during the postpartum period would be particularly useful in establishing a
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broader understanding of these observed benefits. Continuing research on a broader array of
immunological measures with different sampling methodology is also warranted. In
particular, the time-dependent effects we report here would be best replicated using a
longitudinal sampling method wherein direct comparisons could be made between
individuals who maintain high degree of supplementation and/or replacement behavior across
the entire first six months versus individuals who exhibit gradual attenuation in breastfeeding
intensity over time. Due to methodological constraints, we were limited to the use of non-
invasive sampling protocols and therefore future research including full blood draws and
corresponding plasma and serum immunological phenotyping would be especially useful in
elucidating the systemic effects of infant feeding behavior on maternal immune competence.
Given robust prior knowledge that pregnancy induces changes in neutrophil prevalence
(Hové et al., 2020) and our study’s reported effects of breastfeeding on IL-8, a
chemoattractant with high specificity for neutrophils, we recommend particular focus on this
cell type in future research on postpartum maternal health.

In sum, these findings enhance understanding of breastfeeding as a dyadic rather than
one-dimensional relationship, wherein the benefits, constraints and effects on maternal
physiology are considered in addition to infant outcomes. This study provides evidence that
current public health definitions of “exclusive breastfeeding” may, in some contexts,
facilitate adoption of infant feeding behavior (e.g., exclusive reliance on pumping) that differ
in effects on maternal postpartum biology and mental health relative to at-the-nipple
breastfeeding. A clear understanding of how variation in infant feeding behavior impacts

maternal outcomes is key, given that access to breastfeeding alternatives is rapidly spreading
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across the globe. We hope that this study provides a useful initial foray into this critical area

of research.
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Chapter IV: Figures and Tables

Figure 6. Linear regression lines with corresponding raw data indicating the relationship between reported
proportion of infant feed bouts (% IFB) occurring via breastfeeding, pumping, non-breastmilk liquids, and solid
food during the 24-hour collection period (% IFB 24 hours) and over the preceding two weeks (% IFB 2
weeks).
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Figure 7. Linear regression lines plotted over raw values indicating the relationship between % ATN
breastfeeding (Panel A) and % pumping (Panel B) on log salivary flow rate by sample collection time (1 =
evening, 2 = morning).
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Figure 8. Predicted effects of % ATN breastfeeding and % pumping on EPDS score (Panel A) and PHQ score
(Panel B) by time since delivery. [FM = infant feeding method. <70 DSD = less than 70 days since delivery.
70+ DSD = more than 70 days since delivery.
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Figure 9. Predicted effects of % ATN breastfeeding and % pumping on evening-to-morning change in C-
reactive protein secretion rate by time since delivery. <70 DSD = less than 70 days since delivery. 70+ DSD =
more than 70 days since delivery. Horizonal black line = no difference between evening and morning secretion
rate.
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Figure 10. Predicted effects of % ATN breastfeeding and % pumping on evening-to-morning change in IL-18

(Panel A), IL-6 (Panel B), TNF-a (Panel C), and IL-8 (Panel D) secretion rate by time since delivery. <70 DSD
= less than 70 days since delivery. 70+ DSD = more than 70 days since delivery. Horizonal black line = no
difference between evening and morning secretion rate.
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Table 3. Functional descriptions for each salivary immunological biomarker used in this study.

Measure

Function

CRP

Acute phase protein synthesized by the liver in response to cytokine
stimulation during an inflammatory event.

Cytokine
panel

IL1B

Pyrogenic cytokine secreted by monocytes and macrophages.
Activated by exposure to essentially all microbial products via TLR
ligands. Mediates inflammatory response and immune cell activity.

IL6

Secreted by macrophages, osteoclasts, and smooth muscle cells.

Inhibits effects of TNF-a. Mediator of acute phaser response. Stimulates
acute phase protein synthesis, production of neutrophils, and B cell
growth. Inhibits regulatory T cells.

IL8

Chemokine produced by macrophages and epithelial cells. Exerts
strong specificity for neutrophils, weak effects on other leukocytes.
Stimulates phagocytosis by recruited immune cells.

TNFa

Both a pyrogenic cytokine and an adipokine. Promotes insulin
resistance. Produced by macrophages. Escalates inflammatory response.
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Table 2. Descriptive statistics for study sample, separated out by health outcomes (EPDS and PHQ score) and

sample size, Age =

salivary immune markers (CRP and cytokine panel). TSD = time since delivery, N

% of total sample

reporting resumption of regular cycling; C-section = % of total sample reporting Cesarean section, Parity

body mass index, Cycling

days since delivery (infant age), BMI

maternal age, DSD

number of live births, Comps = % of total sample reporting presence of at least one complication during most

recent pregnancy.
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Table 3. Predicted point estimates at 0% (Y-intercept) and 100% ATN breastfeeding and pumping by measure
(EPDS score, PHQ score) and time since delivery, as well as negative logit BB coefficients (since EPDS and PHQ
were modeled using negative binomial distributions). [IFM = infant feeding method. <70 DSD = less than 70
days since delivery. 70+ DSD = 70+ days since delivery.

Measure Parameter IFM All <70 DSD 70+ DSD
Y-Intercept
(0% Point Bst) - 8.58 (5.19,13.40) 9.94 (4.03,19.84) 7.00 (3.67,11.75)
. ATN BF 4.33 (3.00,5.97) 3.79 (2.56, 5.36) 4.04 (2.70, 5.83)
EPDS 100% Point Est A
Pumping 7.61 (4.57,11.92) 4.60 (1.96, 8.90) 12.14 (5.95,21.53)
negative logit 3 | ATN BF | -0.0067 (-0.0117,-0.0018) | -0.0088 (-0.0168,-9¢-04) | -0.0050 (-0.0116,0.0015)
coefficient Pumping | -0.0013 (-0.0078,0.0052) | -0.0078 (-0.0172,0.0020) [ 0.0055 (-0.0039,0.0148)
Y-Intercept
(0% Point Est) - 1.51 (0.89, 2.34) 1.27 (0.42, 2.76) 1.73 (0.87, 2.87)
. ATN BF 1.36 (0.92, 1.88) 1.52 (0.96, 2.21) 1.15 (0.69, 1.75)
PHQ 100% Point Est -
Pumping 2.93(1.78,4.31) 2.61 (1.15,4.88) 3.06 (1.57, 5.06)
negative logit B | ATN BF -9¢-04 (-0.0062,0.0047) | 0.0031 (-0.0061,0.0130) | -0.0037 (-0.0107,0.0035)
coefficient | pumping 0.0066 (0.0000,0.0130) [ 0.0078 (-0.0018,0.0176) | 0.0058 (-0.0033,0.0148)
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Table 4. Predicted point estimates at 0% (Y-intercept) and 100% ATN breastfeeding and pumping by measure
and time since delivery. IFM = infant feeding method. <70 DSD = less than 70 days since delivery. 70+ DSD

70+ days since delivery.
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V. Conclusion and future directions

In humans and other mammalian species, female reproduction is organized around
successful gestation, an immunologically complex phenomenon that necessitates a fine
balance between immune competence and fetal tolerance (Moffett and Loke, 2006; Kane et
al., 2009; Erlebacher, 2013). The shifts in disease risk (e.g., increased susceptibility to viral
pathogens, ameliorated symptoms of autoimmune disease) observed among pregnant women
in well-studied populations have generated strong interest in elucidating the immunological
mechanisms underpinning these changes. Data from an increasingly broad range of
populations show that pregnancy is reliably marked by downregulated cellular immunity and
parasite response (e.g., reduced lymphocyte and eosinophil counts) and increased reliance on
humoral immunity and “non-specific” defense (e.g., neutrophil expansion, acute
inflammation) (Belo et al., 2005; Purohit et al., 2015; Elsayed Azab, 2017; Bakrim et al.,
2018), but that the magnitude of such shifts varies as a function of environment (Hové et al.,
2020). To date, however, data on postpartum immunological recovery are comparatively
scarce, especially outside of heavily industrialized countries, and even fewer studies have
investigated the effects of breastfeeding/infant feeding behavior on postpartum immune
trajectories. Consequently, much of the current knowledge of “normal” female immune
function (and how it differs from male immune function across the lifespan) is limited to

cycling and pregnant females within populations experiencing evolutionarily novel

108



conditions (e.g., energetic excess, reduced parity, microbial deprivation). This dissertation

aims to address the gaps in knowledge.

In Chapter II, I utilize pre-existing data collected by the Tsimane Health and Life History
Project (THLHP) and the National Health and Nutritional Survey (NHANES) to investigate
how time since delivery impacts maternal immune status among the Tsimane, a natural
fertility population inhabiting the Amazonian River basin, and women in the USA. I find that
month since delivery exerts opposite effects on immune cell counts compared to gestation,
producing a unique period of immune modulation. I also report that these postpartum effects
vary between populations, with the greatest divergence in total immune cell count between
Tsimane and USA women occurring at month three following parturition. Such differences
in postpartum immune status appear to stem, in part, from different response patterns during
pregnancy (Hové et al., 2020) and potentially divergent pathogen clearance requirements
following delivery (Blackwell et al., 2015), illuminating the need for consideration of

environmental inputs when determining “normal” patterns of postpartum recovery.

In Chapter III, I test the prediction that evolutionarily novel environmental conditions
often characterizing post-industrial societies like the USA (e.g., lower fertility rates,
sedentism) intensify evolved sex differences in immune function by increasing lifetime
exposure to sex hormones in both sexes (Natri et al., 2019). Drawing on cross-population
comparisons between the Tsimane and the USA, I provide strong evidence that the
magnitude of sexual dimorphism in immune status is comparatively elevated in the USA. I
also show that, within both populations, pregnancy produces and/or exacerbates most sex

biases while sexual dimorphism is reduced or absent when females are in the postpartum
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period. Taken together, these patterns suggest that the comparatively attenuated degree of
overall sexual dimorphism in immune outcomes among the Tsimane relates to different
immunological response to pregnancy and more time spent in the postpartum period across
the reproductive lifespan (due to higher parity). Lastly, elevated neutrophil count among
regularly cycling, non-pregnant, non-postpartum women in the USA compared to male
counterparts indicates that this immune cell type may drive a large portion of the overarching
sex biases in disease risk (e.g., female bias in autoimmune incidence, greater responsivity to

myriad immune challenges) observed with the USA and other post-industrial countries.

In Chapter IV, I evaluate the impact of within-population variation in infant feeding
behavior on maternal immune status, mental health, and reported physical health in a smaller
but more targeted sample of mothers in the USA. I predicted that replacement or heavy
supplementation of at-the-nipple breastfeeding would correspond to markers of heightened
inflammation, more sickness behavior (e.g., depressive symptoms) and more symptoms of
physical illness because of environmental mismatch. I also predicted that, due to increasing
cost of lactation and risk of maternal-offspring conflict, exclusive at-the-nipple breastfeeding
among mothers in the later postpartum period would be associated with diminishing returns
on immune and health benefits. My results indicate that most mothers utilize both at-the-
nipple breastfeeding and other infant feeding methods, especially pumping, highlighting the
shifting landscape in infant feeding behavior (Rasmussen and Geraghty, 2011). I find that
increased frequency of both at-the-nipple breastfeeding and pumping correspond to fewer
indicators of postpartum depression in the early postpartum period, but that the relationship
between pumping and depression is reversed among mothers in the late postpartum period.

Furthermore, my findings show that heavy reliance on pumping is associated with increased
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symptoms of physical illness, regardless of time since delivery, suggesting that pumping may
be more physically taxing than at-the-nipple breastfeeding. Even in the relative absence of
pathogen exposure, frequency of at-the-nipple breastfeeding and pumping both correspond to
a more tempered evening-to-morning change in secretion rates of IL-8 and C-reactive protein
(a maker of acute systemic inflammation), indicating similar anti-inflammatory effects of

both infant feeding methods compared to other forms of supplementation.

Based on these findings, this dissertation provides a springboard for future research on
immunological function across female reproduction and its consequences for health and
wellbeing. Here, I highlight two primary avenues for future exploration: (A) broader sampling
of the postpartum period across and within populations, and (B) broader and more specific
measures of immune function, with specific focus on neutrophils as a potential driver of
deleterious outcomes in females during and after pregnancy and overarching sex biases in
disease risk often observed in post-industrial societies.

While drawing comparisons between the Tsimane and the USA provides a good starting
point for contextualizing ‘“normal” immune function during different phases of female
reproduction (and the ensuing degree of dimorphism between males and females across the
life course), future research on a wider breadth of populations is critical. Even the Tsimane and
the Shuar, another non-industrialized Amazonian population, exhibit substantial differences in
immune status (Blackwell et al., 2011), highlighting the fact that subsistence populations
cannot be used interchangeably to provide context for data generated within post-industrial
populations. As market integration, increasing urban population density, water sanitation,
hospital access, shifts reproductive strategies, and other aspects of industrialization become

increasingly shared norms across the globe (often in patchwork pattern), diverse combinations
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of socioecological factors will extend the gradient of immunological variation — further
moderated by underlying variability in endemic pathogen composition. This increasingly
diverse array of socioecological conditions provides fertile ground for future research
investigating the effects of local pathogen composition, reproductive strategies, hormone
production, mode of delivery, and breastfeeding behavior on the immunology of female
reproduction and concordant impacts on maternal health and wellbeing.

Furthermore, detailed investigation of immunological phenotypes and their relationship to
specific disease outcomes is crucial. While beneficial for establishing broad patterns, use of
basic immune cell counts, salivary cytokine profiles, and general markers of inflammatory
status limited my ability to make any robust claims regarding immunological responsivity to
different challenges (e.g., fetal antigens during pregnancy, breastfeeding bouts). Considering
that results for all three chapters of this dissertation specifically pointed to neutrophils as a key
immune component driving variation between and within populations, we strongly recommend
that future studies focus on this immune cell type. Aside from increase prevalence, what role
to neutrophils play in shaping the maternal immune response to fetal antigens during
pregnancy? Much focus has been given to the role of eosinophils in parasitic infection and
allergic response, but what effect does chronic helminth exposure (or lack thereof) have on
neutrophil function? Continuing research into the wide-ranging functions of neutrophils has
illuminated many unexpected roles that these cells play in generated responses to numerous
immune challenges (Anthony et al., 2007; Hosoki et al., 2016; Gardinassi et al., 2017; Won et
al., 2018), laying the groundwork for continuing research into how neutrophil phenotype is
influenced by ecological conditions during development and consequent divergence in

response patterns during each phase of female reproduction.
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