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Abstract

Objectives: Despite public health concerns about hookworm infection in pregnancy, little is 

known about immune profiles associated with hookworm (Necator americanus and Ancylostoma 
duodenale) infection during pregnancy. Fetal tolerance requirements may constrain maternal 

immune response to hookworm, thereby increasing susceptibility to new infections or increasing 

hemoglobin loss. To explore this possibility, we study systemic immune response and hemoglobin 

levels in a natural fertility population with endemic helminthic infection.

Methods: We used Bayesian multilevel models to analyze mixed longitudinal data on 

hemoglobin, hookworm infection, reproductive state, eosinophils, and erythrocyte sedimentation 

rate (ESR) to examine the effects of pregnancy and hookworm infection on nonspecific 

inflammation, cellular parasite response, and hemoglobin among 612 Tsimane women aged 15-45 

(1016 observations).

Results: Pregnancy is associated with lower eosinophil counts and lower eosinophil response to 

hookworm, particularly during the second and third trimesters. Both hookworm and pregnancy are 

associated with higher ESR, with evidence for an interaction between the two causing further 

increases in the first trimester. Pregnancy is moderately associated with higher odds of hookworm 

infection (OR: 1.23, 95% CI: 0.83 to 1.83). Pregnancy and hookworm both decrease hemoglobin 
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and may interact to accentuate this effect in the first-trimester of pregnancy (Interaction: β: −0.30 

g/dL; CI: −0.870 to 0.24).

Conclusions: Our findings are consistent with a possible trade-off between hookworm 

immunity and successful pregnancy, and with the suggestion that hookworm and pregnancy may 

have synergistic effects, particularly in the first trimester.

1 | INTRODUCTION

Hookworm (spp. Necator americanus and Ancylostoma duodenale) presents the second 

highest global morbidity burden of any parasite, following malaria (Brooker, Bethony, & 

Hotez, 2004). Hookworm infection is a common cause of anemia, a deficiency in functional 

red blood cells that leads to poor tissue oxygenation and subsequent symptoms such as 

fatigue, particularly among reproductive-aged women (Aphijirawat et al., 2011). Over 40% 

of pregnant women worldwide are anemic and almost 25% of pregnant women are infected 

with hookworm, with prevalence often higher in equatorial regions (McClure et al., 2014; 

WHO, 2008). Yet despite public health concerns about poor birth outcomes from 

hookworm-associated anemia during pregnancy (Bundyl, Chant, & Savioliz, 1995; Dreyfuss 

et al., 2000; Gyorkos & Gilbert, 2011; Ndyomugyenyi, Kabatereine, Olsen, & Magnussen, 

2008), little is known about interactions between pregnancy and hookworm or the 

implications for maternal and fetal health. Hookworm and pregnancy might interact not only 

through exacerbated anemia, but also because both pregnancy and hookworm-infection 

affect systemic immune responses. Most studies of hookworm immunology intentionally 

exclude pregnant women (eg, Gaze, Bethony, & Periago, 2014), while most research on 

pregnancy immunology is conducted in populations with low hookworm prevalence (Kaur, 

Khan, & Nigam, 2014), meaning we know very little about interactions between the two.

In high-fertility populations with endemic parasitism, helminth infections frequently 

coincide with pregnancy, a cooccurrence that may have been the norm rather than the 

exception throughout much of human history. An evolutionary framework leads to a number 

of testable hypotheses about the confluence of pregnancy and helminth infection. Namely, 

we hypothesize that, due to immunological characteristics shared by hookworm and fetus, 

changes in maternal immunity aimed at ensuring immune tolerance of a fetus may dampen 

the immune response to hookworm during pregnancy. As a result, pregnant women may 

experience both higher susceptibility to new hookworm infections and higher morbidity due 

to existing infections, manifesting as greater hookworm-driven blood loss. Here, we 

investigate these predictions using mixed longitudinal data on hemoglobin, hookworm 

infection, reproductive state, eosinophil counts, and erythrocyte sedimentation rate (ESR) 

among Tsimane horticulturalists in Bolivia.

1.1 | Hookworm: old friend, old foe

Hookworm infections are transmitted mainly through skin contact with soil (often near open 

latrines), as the worms release eggs into their hosts’ feces and then hatch and live in larval 

form in soil around the latrine. When contacting skin, larvae burrow directly into the skin of 

their new host. Larvae travel passively through venous circulation to the lungs, and 

ultimately through the alimentary tract to the small intestine where they mature and repeat 
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the cycle (Hotez et al., 2004). Adult hookworms reside in the small intestine and, unlike 

other helminths, are often a direct cause of anemia because mature worms attach to their 

hosts’ intestinal lining, where they feed on epithelial tissue and blood.

Host immune response to hookworm involves both cellular and antibody-mediated 

strategies, with eosinophils targeting the larval stage of the infection and higher levels of 

circulating immunoglobulin E (IgE) across all stages of the infection (McSorley & Loukas, 

2010).

Helminths, like hookworm, are sometimes considered “old friends” because of tradeoffs 

between helminth exposure and allergic responses that highlight an apparent evolved 

dependency on these parasites for calibrating immune function (McSorley & Loukas, 2010). 

Many of the same immune responses that respond to helminths, such as eosinophils and IgE, 

are also activated in allergic responses. Helminths also cause systemic shifts toward 

antibody-mediated type 2 helper T cell (TH2) responses (Blackwell, 2016; Geiger et al., 

2002; Jiang et al., 2014; Maizels & Yazdanbakhsh, 2003), which may lead to decreases in 

inflammatory responses and affect susceptibility to other diseases. There is also evidence 

that helminth infections may affect fertility, perhaps as a consequence of these 

immunological changes (Blackwell, Tamayo, Beheim, Trumble, Stieglitz, et al., 2015).

1.2 | Pregnancy and systemic immunity

Like helminth infections, pregnancy is characterized by dynamic immune modulation. The 

role of the immune system is to identify and eliminate any nonself antigens it encounters, 

yet the maternal immune system tolerates a growing fetus for 9 months, despite the fetus’ 

paternally derived DNA. Many known mechanisms of fetal tolerance are highly localized 

(La Rocca, Carbone, Longobardi, & Matarese, 2014; Luppi, 2003; Trowsdale & Betz, 2006), 

but fetal tolerance writ large includes any systemic shifts in maternal immune profiles that 

facilitate the tolerance of a foreign body and navigation of a successful pregnancy.

During pregnancy total blood volume increases in order to adequately nourish the mother, 

growing infant, and placenta. This increase is mainly due to increased plasma production, 

which dilutes biomarkers and cells that measured by volume, and thus alters multiple 

hematological parameters. Thus, hemoglobin concentration decreases during pregnancy, 

despite increased hemoglobin production. Consequently, the clinical hemoglobin threshold 

for diagnosing anemia is lowered from 12 to 11 g/dL to accommodate the hemoglobin nadir 

near the end of the second trimester. Plasma dilution also affects immunological factors and 

may be the cause of declines in some immunological factors during the first trimester.

Measures of systemic immune function vary over the course of pregnancy and between 

populations. In women from high-income countries, the first trimester is marked by 

localized proinflammatory processes that support tissue repair following implantation and 

placentation, while the second trimester is characterized by predominantly anti-

inflammatory processes (Cardenas & Mor, 2011). Labor is preceded by a cascade of 

proinflammatory cytokines (Cardenas & Mor, 2011). ESR is an indicator of systemic 

inflammation. Its half-life is longer than that of C-reactive protein, making it a more suitable 

biomarker of chronic inflammation (Kaori, Litao, & Kamat, 2014). ESR increases across 
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trimesters due to a sharp rise in blood coagulants that mitigate the risk of postpartum 

hemorrhage (Brenner, 2004). In Industrialized populations Overall WBC count also rises, 

due to a marked increase in circulating neutrophils, a major part of the innate inflammatory 

response (Kaur et al., 2014). Conversely, counts of lymphocytes, which belong to the 

adaptive arm of the immune system, diminish over the first two trimesters and begin to rise 

in the third, but do not return to prepregnancy levels until several weeks postpartum 

(Ramsay, 2010). In industrialized populations, eosinophil levels are generally low (<5% of 

total WBC count) and remain unchanged or decrease over pregnancy (Ramsay, 2010). In 

nonindustrialized population eosinophils may be quite high, but still decline during 

pregnancy (Hové et al., in press).

1.3 | Theoretical interactions between pregnancy and hookworm

Though known mechanisms of fetal tolerance are primarily localized, fetal tolerance may 

have effects on systemic immunity, much as local immune mechanisms target hookworm 

infections at the site of attachment but systemic indicators of an immune response to 

hookworm can still be detected in peripheral blood. From an immunological viewpoint, a 

human fetus shares a number of broad similarities with hookworm and other helminths. 

Both are fairly long-term inhabitants of the maternal body, are genetically distinct from the 

host/mother, and rely on the resources of the maternal body for sustenance. In light of this, it 

is plausible that helminths may have evolved to utilize strategies similar to the human fetus 

for avoiding the immune response of the maternal body (Blackwell, 2016). Both helminth 

infections and successful pregnancies are associated with an immune shift toward a greater 

reliance on TH2 responses and suppression of TH1 responses, (Blackwell, 2016; Geiger et 

al., 2002; Jiang et al., 2014; Maizels & Yazdanbakhsh, 2003), which may facilitate 

immunological tolerance. Both pregnancy and helminth infections can be associated with 

reductions in autoimmune and allergic responses, and both show evidence of shifts in 

susceptibility to other infections (Klion & Nutman, 2004; Luppi, 2003). Chronic hookworm 

infection was probably common in prehistory (Araújo, Ferreira, Confalonieri, & Chame, 

1988), as it is today among subsistence populations in the tropics (Hurtado, Frey, Hurtado, 

Kill, & Baker, 2008), yet we know very little about how hookworms interact with pregnancy. 

Such interactions might be detrimental, exacerbating anemia and susceptibility to comorbid 

infections. They might also be positive, facilitating maternal tolerance of the fetus and 

decreasing risk for preeclampsia and miscarriage. Indeed, different helminth species 

influence human fertility in both positive and negative ways, an effect that may be due to 

immunological interactions (Blackwell, Tamayo, Beheim, Trumble, Stieglitz, et al., 2015).

1.4 | Hypotheses and predictions

In the present study, we investigate whether hookworm and pregnancy interact to affect the 

hematological and immunological values of Tsimane women from the Bolivian Amazon, 

since these factors are critical for maternal health and fetal outcomes. Given the dynamic 

changes in maternal immunity that occur across pregnancy, we explore whether immune 

responses to hookworm are consistent across trimesters. We also examine women 

experiencing lactational amenorrhea, to examine the postpartum return to cycling levels of 

systemic immune measures. Additionally, very little is known about the effects of lactation 
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on immunity and infection and we use this as an opportunity to examine immunity in the 

context of lactation.

We propose that pregnancy and hookworm infection may interact through several avenues 

(summarized in Table 1), and test the following hypotheses:

H1) Given some of the immunologically similar characteristics of helminth and fetus, 

pregnancy may downregulate the immune response to hookworm. In particular, pregnancy 

may downregulate eosinophils, since these white blood cells tend to target helminths and 

other macroparasites and may pose a risk to a developing fetus.

P1) Eosinophil association with hookworm will differ between pregnant and nonpregnant 

women, and across trimesters.

H2) Early pregnancy and hookworm infection are both associated with increases in systemic 

inflammation, and may synergize to further increase inflammatory processes, potentially 

with detrimental effects for mother and fetus.

P2) ESR (inflammation) will be more highly correlated with hookworm infection among 

women in their first trimester.

H3) If effectors of hookworm immunity are downregulated during pregnancy, then the 

immune response to hookworm infection may be compromised, resulting in higher 

susceptibility to new infections.

P3) We predict a greater prevalence of hookworm infection in pregnant and lactating women 

compared to cycling women, reflecting higher cumulative odds of infection over the course 

of pregnancy.

H4) Given the higher overall demands for hemoglobin production during pregnancy, 

pregnant women may be less able to compensate for hemoglobin loss than women in other 

reproductive states, resulting in greater hemoglobin loss from hookworm infection compared 

to nonpregnant women.

P4) We predict that among pregnant women the difference in hemoglobin concentration 

between hookworm-infected and uninfected individuals will be greater than for other 

groups.

2 | METHODS

2.1 | Study population

This study focuses on Tsimane women in the Bolivian lowlands. The Tsimane are a 

population of ~16 000 Amerindian forager-horticulturalists who inhabit over 90 villages in 

the Maniqui River basin in the Beni department of Amazonian Bolivia (Gurven et al., 2017). 

They fish, hunt, and engage in subsistence-level horticulture of plantains, rice, sweet 

manioc, and corn (Kraft et al., 2018). The Tsimane health environment differs from 

industrialized contexts by its high pathogen burden, including endemic hookworm, energetic 

limitations, and high fertility (Blackwell, Trumble, Suarez, Stieglitz, et al., 2016; Costa, 
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Trumble, Kaplan, & Gurven, 2018). Most villages have little to no public health 

infrastructure, no running water, and limited access to modern medicine. In past reports, 

57% of Tsimane participants were infected with at least one helminth species, with 

hookworm (species undetermined, but likely Necator americanus) (45.3%) and Ascaris 
lumbricoides, a species of roundworm (19.9%), being the most prevalent (Blackwell et al., 

2011; Vasunilashorn et al., 2010).

Tsimane white blood cell counts are roughly 1.5 times higher than US National Health and 

Nutrition Examination Survey (NHANES) values, and 89% of Tsimane have eosinophil 

counts higher than the NHANES 95th percentile (Blackwell, Trumble, Suarez, Stieglitz, et 

al., 2016). Levels of immunoglobulin-E (IgE), a class of antibody produced in response to 

parasitic worm infections, are 150-200 times higher among Tsimane than in age-matched 

Americans, though most women in our current study sample did not have available IgE 

measures. Roughly a third of Tsimane adults are anemic by WHO standards (Vasunilashorn 

et al., 2010). Considering that dietary iron intake among Tsimane is almost twice the 

recommended daily value (Kraft et al., 2018) and their environment exposes them to chronic 

pathogen risks (though notably for anemia risk, malaria is not endemic to the Tsimane 

territory), the most probable cause of anemia in this population is secondary iron deficiency 

from a combination of chronic infection, gastritis, and hookworm-driven blood loss.

The Tsimane are a natural-fertility population, employing minimal pharmaceutical birth 

control (<5% prevalence) (Blackwell, Tamayo, Beheim, Trumble, Stieglitz, et al., 2015). The 

average Tsimane woman will give birth to nine children over her lifetime (Gurven, Costa, et 

al., 2016; Mcallister, Gurven, Kaplan, & Stieglitz, 2012). Tsimane women breastfeed on 

demand, with a mean weaning age of 19 months (Martin, Garcia, Kaplan, & Gurven, 2016; 

Veile, Martin, McAllister, & Gurven, 2014) and an average length of lactation amenorrhea 

of 13 months (Blackwell, unpublished analysis).

2.2 | Data collection

Mixed cross-sectional and longitudinal data were collected between 2005 and 2014 by the 

on-going Tsimane Health and Life History Project (THLHP) (Gurven et al., 2017). Data 

collection followed the standard THLHP protocol (explained in detail in Blackwell et al., 

2011; Blackwell, Tamayo, Beheim, Trumble, Stieglitz, et al., 2015; Martin, Blackwell, 

Gurven, & Kaplan, 2013; Blackwell, Trumble, Suarez, Beheim, et al., 2016; Gurven, 

Trumble, et al., 2016). The THLHP team made annual or biannual trips to provide medical 

assistance and collect data. Following routine medical examinations, blood was collected by 

venipuncture in a heparin-coated vacutainer and hemoglobin and total blood count were 

measured on-site using a QBC Autoread Plus Dry Hematology System (QBC Diagnostics). 

WBC subtypes were counted manually by a certified biochemist using microscopy and a 

hemocytometer. Erythrocyte sedimentation rate (ESR) as a marker of generalized 

inflammation (Erikssen et al., 2000) was calculated using the Westergren (1957) method. 

Fecal samples were collected to analyze parasite prevalence. Each fecal sample was 

analyzed by direct identification on wet mounts or by a modified Percoll method (see 

Blackwell et al., 2011; Blackwell, Martin, Kaplan, & Gurven, 2013) for the presence of 

helminth eggs, larvae, protozoa, and other parasites. Parasite infection was recorded as 
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presence or absence of each species. Following on-site analysis, physicians administered 

vitamins, medications, and anti-helminthics (mebendazole or albendazole) as needed. The 

period between a given observation and follow-up measures on an individual was generally 

long enough that, in the helminth-endemic environment, individuals treated at one time-

point were largely as or slightly less likely to be infected at later follow-up (Blackwell et al., 

2013).

Female reproductive state (FRS), classified as either pregnant, cycling, or experiencing 

lactational amenorrhea, was determined based on reported date of last menstrual cycle in 

combination with date of last birth, and often confirmed by visual evidence of pregnancy. 

Pregnancy tests were administered at the discretion of the physician when pregnancy was 

suspected. To capture pregnancies overlooked during medical visits or occurring between 

medical visits, pregnancy status was cross-validated against later demographic and census 

data on child births (see Blackwell, Tamayo, Beheim, & Trumble, 2015). Women whose 

later births indicated they would have been pregnant at the time of a medical visit were 

classified as pregnant, even if it wasn’t noted by the physician at the time (n = 16 women in 

the first month of pregnancy). Lactational amenorrhea was defined as actively lactating and 

not having resumed cycling after a birth.

2.3 | Sample criteria

Our sample of women comprised individuals aged 15 to 45 years for whom concurrent data 

on hemoglobin, hookworm infection, ESR, and eosinophil count were collected (1099 obs; n 

= 652 women). None of the women in our sample had been treated with anti-helminthics 

within the 6 months prior to data collection. Since fecal analysis was sometimes collected 

for medical reasons, and not completely at random, we compared this sample to women who 

had not had parasite data collected, to assess bias in the sample. For clinic visits with 

associated parasite data, mean levels of hemoglobin, WBC count, and reproductive state did 

not differ from clinic visits without parasite data (n = 2470). However, individuals in our 

sample with parasite data were likely to have a slightly higher eosinophil count (1774, SD = 

1106) than the broader sample (1742, SD = 1432).

As the focus of this study was the interaction between hookworm infection and reproductive 

state, we additionally excluded women who were suspected to have reached menopause (no 

cycle in 6 months and not lactating) (n = 11 obs; 10 women) and those who had not yet 

reached menarche at age 15 (n = 21 obs; 21 women). Because the Tsimane are a natural 

fertility society, we excluded nulliparous women over the age of 25 (n = 14 obs; nine 

women), and women who had last given birth more than 10 years prior to the observation (n 

= 10 obs; seven women) in order to control for possible underlying fecundity issues.

For women who had repeat clinical visits but lacked body mass index (BMI) data for at least 

one visit, we imputed individual average BMI, standardized by trimester/reproductive state. 

Seven women were excluded because they lacked BMI data for all observations. Thus, the 

final dataset for analysis includes 1016 observations of 612 women from 69 villages over 11 

years.
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The mean age of women in the sample was 33.4 years. Of the 596 observations of cycling 

women in our sample, 17.8% had given birth within the previous year and 20.8% had given 

birth between 1 and 2 years prior to sampling. Of the 203 cases of women experiencing 

lactational amenorrhea, 51.2% had given birth within the previous year and 7.0% had given 

birth between 1 and 2 years prior. All three trimesters were represented fairly evenly by the 

217 pregnant women in the sample: 70 women in the first trimester, 78 in the second, and 69 

in the third. Table 2 provides complete sample information for the women included in the 

study.

2.4 | Ethics approval

The Gran Consejo Tsimane, the governing body overseeing Tsimane affairs and research 

projects, and the Institutional Review Boards of the University of California-Santa Barbara 

and the University of New Mexico reviewed and approved the study from which this 

secondary analysis is drawn. Informed consent was obtained at both the community and 

individual participant levels. During a community meeting open to all residents, 

communities determined collectively whether the study would be conducted. To date, all 

communities that have been approached have approved the study. Individuals gave informed 

consent before each medical visit, and biospecimen collection. For minors, both parental 

consent and child assent were obtained.

2.5 | Statistical analyses

Due to the mixed longitudinal aspect of the THLHP data, we employed mixed models with 

random effects for individual. All statistical analyses followed a Bayesian framework using 

the brms package (Burkner, 2017) in (R Core Team, 2018). The importance of results was 

determined by a combined assessment of the biological effect size and the certainty of the 

posterior estimate. Models were run with default, non- or weakly-informative priors. For all 

parameters, we report the mean and 95% credibility interval as a summary of the posterior 

parameter distribution.

All models included main effects for presence/absence of hookworm infection, age, and 

BMI, with separate random effects for individual, community, and year. To eliminate 

covariance between BMI and pregnancy, we ran a linear model to estimate the effect of 

reproductive state (trimester, cycling, lactational amenorrhea) and subtracted the resulting 

coefficients for each state from individual BMIs. All models utilized these trimester-

corrected BMI scores.

For assessing differences across reproductive states in immune response to hookworm 

infection (H2, H3) we ran regressions with log-normal distributions for eosinophil count 

(model 1, model 2) and ESR (model 3, model 4) as a function of hookworm infection status 

and reproductive state. Binomial logistic regressions assessed whether pregnancy was 

associated with increased susceptibility to hookworm infection (H1). Models 5 and 6 tested 

hookworm infection’s association with different reproductive states. To test whether the 

effect of hookworm on hemoglobin is greater among pregnant women (H4) we ran 

regressions with an interaction effect between hookworm infection and reproductive state 

(models 7 and 8). Models 1, 3, 5, and 7 treated pregnancy as a single reproductive state, 
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while models 3, 4, 6, and 8 assessed trimesters separately. Models 3 and 4 included only the 

1008 observations for which ESR values were available. All other models included the full 

sample of 1016 observations.

We also ran analyses of women with longitudinal observations (n = 235 women, Table S1) to 

help improve causal inference. Since the results of the longitudinal analysis generally 

corroborated the findings of the larger mixed sample, we report these results in Table S2. 

Finally, we also ran models controlling for roundworm (Ascaris lumbricoides) (co-) 

infection (Table S4). The effects of hookworm reported here were not substantially altered 

by controlling for roundworm so we report these models in Table S5.

3 | RESULTS

Hemoglobin varied by reproductive state, with the highest mean hemoglobin in cycling 

women (12.8 g/dL) and the lowest in second-trimester women (11.8 g/dL). About 52.5% of 

the women in the sample tested positive for hookworm infection. Following the World 

Health Organization age- and sex-specific hemoglobin thresholds of 12 g/dL for non-

pregnant women, and <11 g/dL for pregnant women (Chan, 2011), 19.8% of women in the 

sample were anemic. Median eosinophil count for all women was 1584 cells/μL, but across 

reproductive states the median eosinophil count ranged from 979 cells/μL for women in their 

third trimester to 1921 cells/μL for women in lactational amenorrhea. ESR increased with 

successive trimesters, and was 35, 46.3, and 53 mm/h for first, second, and third trimesters, 

respectively.

3.1 | Hookworm infection was associated with higher eosinophil counts across 
reproductive states, but this effect was blunted in the second and third trimesters, and in 
lactating women

Among the hookworm-negative women in our sample, eosinophil counts varied across 

reproductive states (Table 3). Overall, hookworm-positive women had higher predicted 

eosinophil counts than their hookworm-negative counterparts, and pregnant women had 

lower eosinophil counts than women who were cycling or in lactational amenorrhea (Figure 

1). Among cycling women, hookworm infection was associated with an eosinophil count 

20% (95% CI: 8%, 32%) higher. Eosinophil counts varied less among pregnant women with 

and without hookworm (Figure 1). Compared to an uninfected woman in the same trimester, 

a hookworm-positive first-, second-, and third-trimester woman had mean predicted 

eosinophil counts 12%, 1%, and 15% higher, respectively (Table 3). Among women in 

lactational amenorrhea, who had the highest eosinophil counts, hookworm infection was not 

associated with eosinophil count.

To verify results, we used a subset of observations allowing for longitudinal analysis of the 

same women across medical visits to examine changes in eosinophils associated with 

changes in reproductive status (Table S1), though the smaller sample size precluded 

trimester-level analysis. These models produced similar results, with new hookworm 

infections leading to an increase in eosinophils, new pregnancies in a decrease, and the 

transition from pregnant to lactating being associated with an overall increase in eosinophils.
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As a further check on the results from the eosinophil models, we ran identical models for 

neutrophils and lymphocytes, cell types which play a less prominent role in the response to 

hookworm infection (Table S6). Counts for these leukocyte subtypes showed no association 

with hookworm infection, though both were higher among pregnant women.

3.2 | Hookworm infection was associated with higher inflammation among first-trimester 
women

Among hookworm-negative women, pregnant individuals had higher inflammation than 

cycling women: predicted ESR for a pregnant woman was 42.75 mm/h, compared to 29.88 

mm/h for a cycling woman (Table 4). The higher mean value for pregnancy was driven by 

values in the second and third trimesters (model 4). Additionally, hookworm infection was 

positively associated with ESR for all women combined (β: 1.10; 95% CI: 1.00, 1.22). This 

association was further strengthened by pregnancy (Interaction β: 1.12; 95% CI: 0.95, 1.34), 

but this interaction was largely due to first-trimester women (Interaction: β: 1.26; CI: 0.94, 

1.66); the overall predicted mean ESR for first-trimester women with hookworm was 39% 

(CI: 11%, 72%) higher than for a first-trimester woman without hookworm, compared to 

10% (CI: −4%, 27%) higher for cycling women with vs without hookworm (Figure 2).

In longitudinal analyses (Table S2), becoming pregnant was associated with an increase in 

ESR. Interestingly, new hookworm infections were not associated with an increase in ESR 

except during pregnancy, during which ESR increased even more than from pregnancy 

alone.

3.3 | Pregnant women had relatively higher hookworm prevalence than cycling women, 
but the absolute difference was small

Pregnant women were more likely to be infected with hookworm than cycling women (OR: 

1.23; 95% CI: 0.83, 1.82; Table 5: model 5). Women with lactational amenorrhea also had 

higher odds of infection compared to cycling women (OR: 1.40; 95% CI: 0.92-2.13; Table 

5). However, there was some uncertainty in the direction of these posterior predictions as 

indicated by the credibility intervals, and on an absolute scale, reproductive state had a 

relatively modest effect on the predicted probability of hookworm infection: predicted 

probability of hookworm infection: cycling 49%, pregnant 53%, amenorrhea 57%.

3.4 | The negative association between hookworm and hemoglobin was greater for 
women in their first trimester

Pregnant women of all trimesters had lower hemoglobin than cycling women (see Table 6, 

model 7). First-trimester women had 0.16 g/dL lower (95% CI: 0.25, −0.56) predicted 

hemoglobin than cycling women, while second-trimester women had predicted hemoglobin 

values 0.91 g/dL lower (95% CI: −1.29, −0.54) than cycling women, and third-trimester 

women had hemoglobin 0.73 g/dL lower (95% CI: −1.12, −0.34). Lactating women have 

0.39 g/dL lower (−0.67, −0.12) hemoglobin than cycling women. Hookworm infection was 

associated with 0.23 g/dL lower hemoglobin (95% CI: −0.42, −0.04, model 7, Table 6; 

Figure 3).
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The association between hookworm and hemoglobin varied slightly across trimesters and 

reproductive states (Figure 3). Compared to cycling women, the extent to which hemoglobin 

was lower among hookworm-infected women was somewhat moderated for women in 

lactational amenorrhea, though with wide uncertainty on this moderation (Interaction: β: 

0.20 g/dL; 95% CI: −0.17, 0.57). Overall, there was only weak evidence for a modified 

negative effect of hookworm on hemoglobin in all pregnant women combined (model 7; 

Interaction: β: −0.14 g/dL, 95% CI: −0.48, 0.21). However, the interaction between 

hookworm and pregnancy was somewhat stronger, though still fairly uncertain for first-

trimester women (interaction: β: −0.30 g/dL; 95% CI: −0.87, 0.24) and third-trimester 

women (interaction: β: −0.22 g/dL, 95% CI: −0.79, 0.34). Second-trimester women showed 

little evidence for an interaction (Trimester 2 interaction: β: 0.04 g/dL, 95% CI: −0.48, 

0.56).

In longitudinal analyses (Table S2), hemoglobin declined during pregnancy. Interestingly, 

new hookworm infections are not associated with a reduction in hemoglobin, except in 

pregnant women.

4 | DISCUSSION

In this study, we sought to examine whether hookworm infection interacts with women’s 

reproductive state to produce alterations in hemoglobin levels or changes in immune 

responses, and whether prevalence of hookworm itself varies by reproductive state. We 

found that both hookworm and pregnancy exert independent and additive effects on the 

biological markers hypothesized to be affected by both factors: hemoglobin, eosinophil 

counts, and ESR. Both hookworm and pregnancy lower hemoglobin counts and elevate ESR, 

while hookworm and pregnancy had inverse effects on eosinophils. We also find some 

evidence for interactions: pregnancy was associated not only with lower eosinophil counts, 

but lower hookworm-associated elevation of eosinophils, particularly in the second trimester. 

Interestingly, lactating women had overall elevated eosinophils, but little dependence on 

hookworm for these elevations. Additionally, women in their first trimester showed the 

greatest evidence for an interaction between pregnancy and hookworm infection, for whom 

hookworm was associated with further reduced hemoglobin and further elevated ESR, 

beyond the additive effects of hookworm and pregnancy.

The clinical implications of these effects are unknown. Overall effects on hemoglobin levels 

were relatively small, with little effect on clinical anemia diagnoses (Figure S1, Table S3). 

However, first trimester effects may be important because of the possibility of early fetal 

loss, which is consistent with previously reported effects of hookworm on reduced fertility 

in Tsimane women (Blackwell, Tamayo, Beheim, & Trumble, 2015). Second, lowered 

eosinophil response to infection was most apparent in the second trimester, where infected 

women had marginally lower eosinophil counts than uninfected women, though with a wide 

credible interval.

4.1 | Infection risk and the eosinophil response

We found that women experiencing pregnancy or lactational amenorrhea had higher odds of 

being infected with hookworm, which suggests that susceptibility to new hookworm 
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infections may be higher during pregnancy. These results are in agreement with previous 

analyses of hookworm infection in the Tsimane, which found that odds of infection are 

higher during pregnancy than prepregnancy, and that prevalence of infection increased over 

the course of pregnancy (Blackwell, Tamayo, Beheim, & Trumble, 2015). If increases in 

hookworm-positive fecal smears are observed among pregnant women, these increases are 

likely due to new infection events during pregnancy, since time from initial infection to onset 

of egg production is 5 to 9 weeks (Cline et al., 1984). Animal studies of experimental 

helminth infection have found that helminth egg production increases late in host pregnancy, 

which likewise suggests an increased susceptibility to infections during pregnancy 

(Mpairwe, Tweyongyere, & Elliott, 2014). However, studies of human infection risk during 

pregnancy report mixed results, with some finding higher egg counts among pregnant 

women (Herter et al., 2007) and some finding similar egg counts (Adegnika et al., 2010).

Based on our results, we posit a mechanism for this potentially increased hookworm 

susceptibility in pregnant women. Eosinophils attack hookworm larvae as they invade host 

tissues, preventing them from successfully attaching to the host’s intestinal wall, where they 

mature into egg-laying adults (McSorley & Loukas, 2010). We found that while eosinophil 

counts were higher among infected women compared to uninfected women across 

reproductive states, the difference in eosinophils was smaller among pregnant women. 

Moreover, absolute values for eosinophils were lower overall in the second and third 

trimesters of pregnancy, regardless of infection status. Suppression of the eosinophil 

response during pregnancy may lower the odds that migrating larvae are cleared by pregnant 

hosts. However, since mature (egg-producing) hookworms are not the target of eosinophils, 

we should not necessarily expect eosinophil counts and fecal egg counts to be correlated.

Among women in lactational amenorrhea, we found that predicted eosinophil counts for 

both hookworm-infected and uninfected individuals were similar to those observed among 

infected cycling women. High eosinophil levels are a normal part of postpartum physiology 

(Dawson, 1951), and it could be that there is no benefit to increasing an already high 

eosinophil count in the face of mild-to-moderate hookworm infection.

4.2 | Fetal tolerance and the maternal immune response to hookworm

Changes in eosinophil count, or reactivity, to helminth infection during pregnancy could 

present a mechanism of fetal tolerance with measurable systemic changes. It follows that 

systemic immunological changes during pregnancy may render pregnant women more 

susceptible to new hookworm infections or to greater morbidity from existing infections.

Eosinophils may be dampened during pregnancy because the cost of lowering protection 

against hookworm infection is outweighed by the danger of harming the fetus with “friendly 

fire” from the maternal immune system. Eosinophilia (eosinophil counts greater than 500 

cells/uL) is not a feature of healthy pregnancy and appears to be associated with a higher 

risk of miscarriage and preterm birth (Lorraine, 1996; Ogasawara et al., 1995; Romero et al., 

2010). Despite their high eosinophil counts relative to industrialized populations, Tsimane 

women experience rates of second- or third-term miscarriage similar to other documented 

populations (Gurven, 2012) and high total fertility, indicating that Tsimane women 
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successfully navigate the immune trade-offs of a parasite-endemic environment during 

pregnancy.

There are likely to be compensatory mechanisms of helminth immunity during pregnancy, 

since pregnant women in their second and third trimesters showed similar levels of 

hookworm-related hemoglobin loss. Since pregnancy induces a shift toward antibody-

mediated immunity, the down-regulation of eosinophils may be partly countered by 

increased Immunoglobulin G (IgG) and Immunoglobulin E (IgE) production in the intestinal 

mucosae. This is something to be explored in future studies. However, based on our findings 

with the Tsimane, we suspect that hookworm infection may result in greater morbidity for 

first-trimester women, among whom hookworm had the greatest effect on both ESR and 

hemoglobin.

4.3 | Anemia and reproductive state

It appears that the relationship between hookworm infection and hemoglobin also varies 

across pregnancy, with the strongest effects observed during the first trimester. Measuring 

first-trimester women against thresholds designed with later stages of pregnancy in mind 

could result in underestimating the cost of hookworm in early pregnancy; our analysis 

estimates that for first-trimester women hookworm infection is associated with an additional 

hemoglobin reduction of 0.30 g/dL (CI = −0.87, 0.24) more than the 0.23 g/dL (CI = −0.42, 

−0.04) cost of hookworm for cycling women. This additional cost to maternal resources in 

the first trimester may have long-term developmental costs for offspring, as well as 

immediate costs to maternal well-being. Individual costs will of course vary based on 

infection intensity; hookworm-mediated hemoglobin loss is negatively correlated with worm 

burden (Hotez et al., 2004) and an infection with a low worm count may not have a 

biologically meaningful effect on host hemoglobin.

The postpartum period, like pregnancy, is characterized by dynamic physiological shifts, 

including decreasing plasma levels and concomitant increase in hemoglobin concentration. 

We found that among women with lactational amenorrhea, hookworm infection bore no 

association with hemoglobin levels. This may be due to compensatory effects of decreasing 

blood plasma levels in more recently postpartum individuals, and possibly also the 

hemoglobin-buffering effect of amenorrhea compared to menstruation (although see Clancy, 

Nenko, & Jasienska, 2006 for the case against this pathway).

Barring severe infections, hookworm is rarely the sole cause of anemia in a healthy human 

(Brooker et al., 2004). In a context of chronic pathogen infection, inflammation likely plays 

a role in lowering hemoglobin levels. Tsimane ESR is roughly four times that of US 

references, average eosinophil count for a Tsimane individual is three times higher than the 

clinical US threshold for eosinophilia, and other inflammatory biomarkers are also high 

relative to US references (Blackwell, Trumble, Suarez, Beheim, et al., 2016). Among the 

Tsimane, many cases of anemia are probably combined cases of iron-deficiency anemia due 

to blood loss and anemia of inflammation due to long-term iron sequestration induced by a 

state of chronic inflammation.
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4.4 | Old friends?

This paper has focused on the cost of hookworm infection. However, hookworm tolerance 

may be the least costly option in an environment where parasitism is practically inevitable. 

For example, in a recent study hookworm infection was protective against malaria 

(Plasmodium vivax) (Budischak et al. 2018). Though malaria is not endemic in the Tsimane 

territory, previous work with the Tsimane found evidence that individuals infected with 

hookworm are less likely to become infected with Giardia lamblia (Blackwell et al., 2013). 

Hookworm infection among the Tsimane is associated with longer interbirth intervals 

(Blackwell, Tamayo, Beheim, & Trumble, 2015). However, since the symptoms of G. 
lamblia infection can be more acute than the symptoms of hookworm infection, hookworm-

positive pregnant women may have some advantages over uninfected women in an 

environment where G. lamblia is endemic. Moreover, if eosinophilia can also result in fetal 

rejection, then the costs of hookworm infection may be lower than the potential costs of 

mounting or maintaining a full immune response against hookworm. Future studies will be 

needed to parse these complex interactions more fully.

4.5 | Limitations of current study

The use of secondary data for these analyses creates several limitations. On-demand 

breastfeeding is ubiquitous among the Tsimane, with a mean weaning age of 19 months, and 

women often begin weaning their current infant when they discover that they are pregnant 

again (Martin et al., 2016). However, explicit data on lactation were not collected in this 

study. As a result, many of the women in our cycling sample were likely still lactating, 

though not experiencing amenorrhea. A complete study of the effects of lactation on 

infection would need more nuanced measures of lactation and energy throughput.

Parasite load is a major determinant of morbidity in infected individuals. Though inexact, 

parasite load is often indirectly assessed through fecal egg counts, which were not reliably 

available for this study; we instead relied on a binary presence/absence of eggs or larvae. 

Additionally, as we were limited to only a single fecal sample per clinic visit from study 

participants, our analysis likely includes some false negative diagnoses. The possibility of 

false negatives and the likelihood of other concurrent or recent infections affecting the 

measured immune markers renders this study a more conservative analysis of the effects of 

hookworm infection. Finally, we measured eosinophil prevalence in peripheral blood, but 

cell reactivity can also be modulated. Considering that fetal cells in the placenta are known 

to produce major basic protein (MBP), the main cytotoxic product of eosinophils (Wagner et 

al., 1993), there may be changes in reactivity of circulating eosinophils that could be further 

related to fetal tolerance. The possible trade-off between MBP from placental cells and MBP 

from eosinophils in a context of helminth infection is an intriguing area for future study.

5 | CONCLUSIONS

Our findings suggest that women may be slightly more susceptible to the morbidity effects 

of hookworm infection in the first trimester of pregnancy, and that the higher eosinophil 

counts typically associated with hookworm infection are less marked during pregnancy, 

though they rebound to even higher levels during postpartum amenorrhea. From an 
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evolutionary perspective, these immunological changes may be due to a trade-off between 

hookworm immunity and successful pregnancy; mounting an eosinophil response to 

hookworm may not be worth the risk of subjecting the fetus to friendly fire. Other 

mechanisms, such as Major basic protein, Immunoglobulin G, and Immunoglobulin E, likely 

compensate for down-regulation of eosinophil reactivity or prevalence, but may not be as 

effective as eosinophils in responding to the larval stage of new infections, resulting in 

higher susceptibility to hookworm infection during pregnancy. However, existing chronic 

infections do not appear to have greater physiological costs beyond the first trimester, 

though the long-term developmental implications of lower maternal hemoglobin in the first 

trimester are unknown. Overall, it appears that while hookworm may incur different costs 

and immune responses for women in different reproductive states, the magnitude of these 

differences across reproductive states is not large. Overall, our results merit further 

investigation, particularly to explore whether IgE levels might be a compensatory 

mechanism of immune response to hookworm that offsets lower eosinophil counts during 

pregnancy. Further study of the dynamics of immune response during pregnancy may 

increase our understanding of fetal tolerance and the evolutionary relationship between 

humans and helminths and inform our ability to alleviate the risks of pregnancy in different 

ecological contexts.
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FIGURE 1. 
Hookworm-eosinophil association by reproductive state (model 2). Scatter values show 

individual eosinophil values controlling for age and BMI, (corrected for effect of trimester) 

while overlaid forest plot gives predicted means and 95% credibility intervals. The dashed 

line shows the minimum clinical threshold for diagnosing eosinophilia
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FIGURE 2. 
Association between hookworm infection and ESR by reproductive state (model 4). Points 

show individual ESR controlling for age and trimester-corrected BMI, with predicted means 

and credibility intervals
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FIGURE 3. 
Hemoglobin levels (g/dL) by hookworm infection and reproductive state (model 8). Points 

show individual hemoglobin values controlling for age and trimester-corrected BMI, with 

overlaid model-predicted means and 95% credibility intervals. Women in their first trimester 

show the largest difference in hemoglobin level by hookworm infection status, while women 

in lactational amenorrhea show minimal differences in hemoglobin by hookworm infection 

status
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