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Abstract. Hepatitis E virus (HEV) infection is severe during pregnancy, with a pregnant case fatality rate
around 30%. In Bangladesh, plasma samples from 1,100 women during the first trimester (TM) and third TM of
pregnancy and 3 months postpartum (PP) were tested for anti-HEV IgG. During this time, 40 women developed
antibody responses to HEV. These seroconverters are classified as the cases (incidence = 46 infections per 1,000 person-
years). All except one seroconversion occurred between the third TM and 3 months PP. The cases and 40 matched
non-seroconverters (controls) underwent analysis of a panel of 10 cytokines, 12 vitamins and minerals, and two markers
of inflammation. Throughout pregnancy, seroconverting cases displayed higher concentrations of both pro- and
anti-inflammatory cytokines compared with the non-seroconverting controls, even prior to infection. In the first TM,
seroconverters had lower circulating zinc concentrations (P = 0.03), an increased prevalence of vitamin D deficiency
(25-hydroxy vitamin D [25(OH)2D] < 50 nmol/L, P = 0.08), and anemia (hemoglobin < 110 g/L, P = 0.05) compared
with controls. There were no differences in C-reactive protein or a-l-acid glycoprotein. Antecedent micronutrient
deficiencies may lead to dysregulated cytokine expression and immunologic compromise, increasing the risk of HEV
infection, especially during pregnancy. This exploratory analysis reveals potential novel associations that deserve

further study.

INTRODUCTION

Hepatitis E virus (HEV) is a leading cause of acute viral
hepatitis globally, causing an estimated 20.1 million infections
every year." Large outbreaks, affecting hundreds or thousands
of people, have been documented throughout south Asia and
Africa.>® Although large outbreaks have not been documented
in Europe or the United States, autochthonous cases of HEV
have been increasingly recognized in the past several years.*>

HEV typically causes an acute, self-limiting illness similar
in clinical presentation to hepatitis A, with about a 3% case
fatality rate in the general population.® However, during preg-
nancy, HEV infection can lead to fulminant hepatic failure,
membrane rupture, spontaneous abortions, and stillbirths.”
Pregnant women infected with HEV experience a case fatal-
ity rate of about 30%, a finding confirmed in multiple set-
tings.” In Bangladesh, nearly 10% of maternal deaths have
been attributed to hepatitis, likely an infection with HEV, with
a similarly elevated proportion of neonatal deaths caused by
this virus.*” The exact mechanism of this increased morbidity
and mortality during pregnancy is unknown. It remains unclear
whether immunologic changes in pregnancy result in increased
risk of infection and inadequate control of the infection com-
pared with the general population or whether the T-helper cell
(Th) type 2-biased state of the immune system during late
pregnancy leads to an immunopathologic response to HEV,
fulminant hepatic failure, and death. Furthermore, inconsistent
observations of maternal mortality across populations add
another layer of complexity to our understanding of this phe-
nomenon. In Egypt, for example, very low levels of maternal

* Address correspondence to Alain Labrique, Johns Hopkins School
of Public Health, W5501, 615 N Wolfe Street, Baltimore, MD 21205.
E-mail: alabriqu@gmail.com

203

mortality subsequent to HEV infections have been observed,
despite an identical HEV genotype as seen in south Asia.'?
The range of outcomes of infection, from transient infection to
severe disease, with the same genotype of HEV likely reflects
complex interactions between the host, virus, and environ-
ment. Over the past several decades, our group and others
have conducted large population-based epidemiologic studies,
specifically in cohorts of pregnant women, where this spectrum
of outcomes has also been documented.""* On the basis of
these previous studies, we hypothesize that host physiological
characteristics, such as altered immune responses during HEV
infection, nutritional status, or even exposure to hepatotoxic
agents or coinfections, may help explain some of the differ-
ences in pregnancy-associated morbidity and mortality seen
across geographic locations and even within populations.

The immunologic changes in pregnancy, specifically a pre-
sumed shift in the Thl and Th2 balance toward a Th2 bias,
are hypothesized to be necessary to prevent rejection of the
developing fetal allograft, but also alter maternal defenses
against infection.'* During a “normal” pregnancy, concentra-
tions of pro-inflammatory Th1 cytokines are reduced and pro-
duction of anti-inflammatory Th2 cytokines increases over the
course of pregnancy.'*!'> Changes to the Th1-Th2 axis may
predispose pregnant women to increased susceptibility to viral
infections during the course of pregnancy.”'® Increased sus-
ceptibility during pregnancy to viral infections, such as rubella,
herpes, and human papillomavirus, has been documented."
In addition, infectious diseases such as malaria and influenza
that require Thl responses for resolution increase in severity
during pregnancy.” " Conversely, inflammatory diseases that
are exacerbated by Thl responses, including rheumatoid arthri-
tis and multiple sclerosis, are mitigated during pregnancy.®’ %
A caveat is that most of these studies have been limited to
“Western” populations in developed country settings, which
limits the generalizability of these findings to developing countries



204 KMUSH AND OTHERS

where infectious diseases are more prevalent.'**? There is little
prospective data that document these dramatic shifts in under-
nourished populations under continuous infectious insult.

Micronutrients also play vital roles in maintaining and regu-
lating an effective immune response to pathogens. Deficiencies
in single or multiple micronutrients may result in a suboptimal
or, in some cases, inappropriate immune response.”® The inter-
action between nutritional status and host defenses against
infection has been recognized for decades,”” and more recently,
specific roles for individual micronutrients in immunocompe-
tence have been elucidated.’*?® Infections influence host micro-
nutrient metabolism, modify intake requirements, and affect the
interpretation of many conventional nutritional status indica-
tors.?’ Deficiencies in zinc,* vitamin A,> iron,*? and vitamin D>
during pregnancy are now recognized for their potential to mod-
ulate immune function and host defense against pathogens.

Most of the current knowledge about HEV pathogenesis in
pregnancy comes from studies that recruited pregnant women
at the time of their presentation with an acute illness to a local
health facility or were identified during large outbreak investi-
gations.>**> These studies have led to hypotheses that focus
on the specific immunologic alterations of pregnancy as poten-
tial mechanisms that increase the risk of HEV infection and/or
clinical disease. However, few studies have assessed the poten-
tial effects of antecedent maternal nutritional status and immu-
nocompetence on risk of incident HEV infection, its timing
or duration. The population-based study described here arose
from a unique opportunity to prospectively explore associa-
tions between early and mid-gestation maternal micronutrient
status on immunological health and risk of incident HEV
infection through the early postpartum (PP) period.

MATERIALS AND METHODS

Participant recruitment. Pregnant women were recruited
from the JiVitA Project site in northern Bangladesh, in the
Gaibandha and Rangpur districts. These women were partici-
pating in a cluster-randomized, controlled trial testing the effi-
cacy of multiple micronutrients on a number of pregnancy and
newborn outcomes in ~40,000 pregnant women. Women were
enrolled during early pregnancy and randomized by cluster of
residence to a 15-vitamin and mineral supplement or the con-
ventional standard of care, an iron and folic acid supplement,
with supplementation continued through 3 months PP.*® Enroll-
ment started in January 2008. A 3% subsample of these women
participated in a more intensive study of health and nutri-
tional status. Blood samples were collected early in pregnancy
prior to receipt of micronutrient supplements, in the third tri-
mester (TM), and at 3 months PP. Plasma was collected after
centrifugation of samples in the field laboratory, stored on
liquid nitrogen, and transported to Johns Hopkins University
for subsequent analysis. Women from the biological sub-study
with complete longitudinal data were included for HEV test-
ing, as part of an evaluation of infections potentially causing
severe obstetric complications and mortality.® All participants
signed an informed consent to participate in pregnancy identifi-
cation, the micronutrient trial, and the sub-study. Ethical over-
sight was provided by the Johns Hopkins Bloomberg School
of Public Health Institutional Review Board (IRB 00000570)
and the Bangladesh Medical Research Council (BMRC/ERC/
2007-2010 935), and the trial was registered at Clinical Trials.
gov (NCT00860470).

HEYV detection. All participants in the biological sub-study
who contributed three plasma samples (early pregnancy, late
pregnancy, and 3 months PP) that were available as of October
2010 were tested for HEV using a reverse chronological strat-
egy. A total 1,100 women’s 3-month PP specimens were tested
for anti-HEV IgG, and all positive individual’s early and late
pregnancy specimens were tested to identify whether serocon-
version occurred in the pregnancy under study. Anti-HEV IgG
testing was performed using a National Institutes of Health
(NIH) in-house immunoassay to the open reading frame 2
of HEV."®

Women who had a signal-to-cutoff ratio (S:C) > 0.85 at the
PP visit were considered positive for HEV antibodies. Preva-
lence of HEV antibodies was determined by dividing the num-
ber of women with an S:C > 0.85 by the total number of
women tested at 3 months PP. Of those positive women, the
women with S:C less than 0.85 at early or late pregnancy were
considered to be seroconverters during the study period and
classified as cases. Seroconverters were assumed to have sero-
converted at the midpoint between the visit when the partici-
pant last tested negative and the visit when she tested positive.
The PP samples of the HEV-IgG-positive women were then
tested for HEV IgM using an NIH in-house immunoassay.*’

A matched control group against which to compare sero-
converters was selected from among women who were HEV
negative at the PP visit, thus likely negative at each preceding
time point. This control group was matched by age, parity,
and sector of residence (which determined micronutrient
intervention group) to the HEV seroconverters. Matching was
undertaken to minimize possible confounding from non-host
risk factors that may cause differential exposure to HEV, limit-
ing our ability to resolve host-level risk factors of interest. The
micronutrient intervention groups were evenly balanced across
this case—control study, and the geographic matching ensured
that there would be no differences in micronutrient exposure
between the two groups. None of the women included in this
analysis reported any hepatitis-like symptoms.

Cytokine measurement. Plasma cytokine levels were deter-
mined by the electrochemiluminescence-based Meso Scale
Discovery (MSD) immunoassay in the format of the Human
Th1/Th2 10-Plex Ultra-Sensitive Kit (Meso Scale Discovery,
Gaithersburg, MD) for measurement of interferon gamma
(IFN-v), interleukin 10 (IL-10), IL-12, IL-13, IL-1p, IL-2, IL-4,
IL-5, IL-8, and tumor necrosis factor alpha (TNF-a) according
to protocols provided by the manufacturer. In brief, 25 pL
serum samples or calibrator were added to each well and incu-
bated for 2 hours at room temperature with vigorous shaking
(700 rpm) on a Jitterbug-4 Microplate Thermoshaker (Boekel
Scientific, Feasterville, PA). Plates were washed three times
with phosphate-buffered saline-Tween (PBS-T) and incu-
bated with 25 uL/well antibody solution for 2 hours with vig-
orous shaking as described. After washing three times with
PBS-T, 150 pL of 2x read buffer was added to each well.
Plates were immediately read using the SECTOR Imager
4000 and data were acquired using the Discovery Workbench
3.0 software (Meso Scale Discovery). Cytokines were mea-
sured in samples that had not previously undergone any addi-
tional freeze-thaw cycles.

Micronutrient and inflammatory marker measurement.
Vitamins A (retinol) and E (a- and vy-tocopherol) were mea-
sured simultaneously using reverse-phase liquid chromatography
using Waters 2795 Separation Module (Waters Corporation,
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Milford, MA). Peaks were detected with a photodiode array
detector (Waters 2996; Waters Corporation) at 325 and 295 nm
for retinol and tocopherols, respectively.®® Peak area was calcu-
lated using Empower software (Waters Corporation). Defi-
ciency was defined as circulating retinal less than 0.7 pmol/L
and a-tocopherol less than 12 pumol/L. Assays for plasma
ferritin, folate, vitamin Bj,, and C-reactive protein (CRP)
were performed on the Immulite 1000 (Siemens Diagnostics,
formerly Diagnostic Products Corporation, Los Angeles,
CA) chemiluminescent bench top clinical chemistry analyzer.
Vitamin Bg was assessed as pyridoxal-5-phosphate by high-
performance liquid chromatography with fluorescence detec-
tion (Waters 2475; Waters Corporation), calibrated against
controls provided by the Centers for Disease Control and Pre-
vention. The spectrofluorometer was set at 300 nm for excita-
tion and 400 nm for emission. Iron stores were considered
depleted when ferritin was < 15 pg/L. Folate, vitamin B, and
vitamin By, deficiency were defined as less than 6.7 nmol/L, less
than 20 nmol/L, and less than 150 pmol/L, respectively. CRP
above 5 mg/L indicated the presence of inflammation.

Vitamin D was measured by using an Enzyme Immuno-
assay (EIA) Kit (IDS, Tyne and Wear, United Kingdom)
to detect 25-hydroxy vitamin D (25(OH)2D). Deficiency was
defined as 25(OH)2D less than 50 nmol/L. Transferrin recep-
tor (TfR) was measured using an EIA from Ramco Laborato-
ries (Stafford, TX). Microplates were read with a VersaMax
microplate reader with SoftMax Pro 5.3 Software (Molecular
Devices, Sunnyvale, CA). Tissue iron deficiency was defined
as TfR greater than 8.3 mg/L. a-1-acid glycoprotein (AGP)
was measured using a radial immunodiffusion assay (Kent
Laboratories, Bellingham, WA). An AGP concentration greater
than 1 g/L indicated the presence of inflammation.

An atomic absorption spectrometer (Aanalyst 800; Perkin
Elmer, Waltham, MA) with autosampler (AS800) was used
to analyze plasma zinc, copper, and selenium. Because of the
sensitivity of the instrument, dilutions of plasma up to 1:125
were made in deionized water. Zinc, copper, and selenium
standards in the range of the instrument were made using
inorganic solutions (Perkin Elmer) and lyophilized serum
(Seronorm; Sero AS, Billingstad, Norway), and peak area
per unit concentration was repeatedly checked against the
recommended peak areas as an external quality control mea-
sure. Zinc deficiency was defined as less than 8.6, 7.6, and
9.0 pmol/L at early pregnancy, late pregnancy, and 3 months
PP, respectively. Copper and selenium cutoffs for deficiency
were less than 11.8 umol/L and less than 70 pg/L, respectively.

Statistical analysis. Means and standard deviations of base-
line characteristics were compared between the seroconverters
and controls using Wilcoxon rank-sum tests or proportion
tests, as appropriate. For cytokine concentrations below the
limit of detection, half the limit of detection was imputed for
the analysis. P values for the difference in median cytokine
concentrations between seroconverters and controls were cal-
culated using a Kruskall-Wallis test. Student’s t test and > tests
were used to assess differences in mean concentrations and prev-
alence of micronutrient deficiencies, respectively, by case—control
status. Standard cutoffs for deficiency in adults, or pregnant
women where available, were used.*"** Analysis was completed
using Stata version 11 (StataCorp LP, College Station, TX)*’ and
SAS software version 9.3 (SAS Institute Inc., Cary, NC).

Heat maps and star plots of the cytokines were completed
using Partek Genomics Suite 6.5 (Partek Inc., St. Louis, MO).

The heat map was generated by log-transforming and normal-
izing the cytokine concentrations, with the means equal to
0 and the standard deviations equal to 1. Clustering across
columns is also shown, as calculated by Euclidean analysis,
with hierarchical clustering being agglomerative. For star plots
representing the different stages of pregnancy, data were log-
transformed and normalized for each group, with means to
0 and standard deviations to 1.

RESULTS

Hepatitis E antibody testing. At 3 months PP, 110 (10%)
of all women were positive for anti-HEV IgG (Figure 1).
Of these 110 women, preceding early and late pregnancy
samples were not available for only three, leaving 107 women
to be tested for IgG antibodies during early and late preg-
nancy. Of those 107 women, 39 were negative at late preg-
nancy suggesting seroconversion occurred between late
pregnancy and 3 months PP. Of the remaining 68 women
positive for HEV at both late pregnancy and 3 months PP,
one was negative at early pregnancy indicating that serocon-
version occurred in late pregnancy, whereas the other 67
were seropositive at enrollment, suggesting a historical infec-
tion. The incidence rate of HEV seroconversion was calcu-
lated at 46 per 1,000 person-years (95% confidence interval
(CI): 32-62 per 1,000 person-years). Cytokine panels and

Postpartum
Specimens Tested

(n=1100)
Anti-HEV 1gG Anti-HEV IgG
Negative Positive
(n =990, 90.0%) (n=110, 10.0%)*

< N

Anti-HEV IgG Anti-HEV IgG
Positive (@ Late Negative (@ Late
Pregnancy Pregnancy

(n=068, 61.8%) (n =39, 36.4%)

40 Anti-HEV 1gG
Negative Controls

Anti-HEV IgG Anti-HEV IgG
Positive @ Early Negative@ Early
Pregnancy Pregnancy
(n=067) (n=1)

v

Anti-HEV IgM+
n=1)

Ficure 1. Flowchart of specimen testing in pregnant women
from rural Bangladesh (2007-2010). The white boxes represent
hepatitis E virus (HEV)-negative women, the light gray boxes are
women who were positive for HEV at baseline and likely infected
before pregnancy. The dark gray boxes represent women who
seroconverted during the time of this study (the cases, N = 40). Forty
age-, parity-, and sector-matched controls were selected from the
original negative women. Of the 110 positive specimens at 3 months
postpartum, three early and late samples were not available for
further testing.
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TaBLE 1

Subject characteristics at early pregnancy assessment among sero-
converters and controls in pregnant women from rural Bangladesh
(2007-2010)

Controls Seroconverters
(N = 40) (N = 40)
Characteristic Mean (SD) Mean (SD) P value*
N 40 40
Age (years)f 22.1 (4.6) 22.1 (4.7) 1.00
Parityt 0.9 (0.9) 0.9 (0.9) 1.00
Gestational age at 11.5 (5.1) 10.1 (3.3) 0.23
enrollment (weeks)
Weight (kg) 43.97 (6.45) 42.96 (8.21) 0.52
Height (cmg 148.67 (4.92) 148.86 (4.78) 0.94
BMI (kg/m~) 19.85 (2.49) 19.34 (3.39) 0.17
MUAC (cm) 24.30 (3.44) 23.38 (3.02) 0.21
(%) (%)
BMI <185 25.0 42.5 0.098
MUAC <22 22.5 35.0 0.22
Seasoni
Summer 27.5 25.0 0.80
Rainy 475 55.0 0.50
Winter 25.0 20.0 0.59

BMI = body mass index; MUAC = mid-upper arm circumference; SD = standard deviation.

*Wilcoxon rank-sum test for continuous variables, proportion test for categorical and
binary variables.

fParticipants were matched on age, parity, and sector (nutritional intervention).

+Summer consists of January—May, rainy of June—August, and Winter of September-December.

micronutrient testing was performed on the plasma of the
40 women who seroconverted during pregnancy and the
PP period (one seroconversion between early and late preg-
nancy and 39 between late pregnancy and 3 months PP)
along with 40 age-, parity-, and sector-matched controls.
It is extremely salient to keep in mind that most women
seroconverted between late pregnancy and 3 months PP
when examining the next few sections, as significant nutri-
tional and immunologic differences were noted in early preg-
nancy, well before 98% of HEV infections occurred—and that
HEYV infection (seroconversion) was the only characteristic
used to select “cases.”

Baseline characteristics. There were no significant dif-
ferences in overall demographic and socioeconomic charac-
teristics discernable between seroconverters and controls
(P > 0.05) (Table 1). A larger percentage of the women who
seroconverted during pregnancy and the PP period (42.5%)
had a body mass index (BMI) less than 18.5 kg/m® than
controls (25%) (P = 0.098). A larger percentage of sero-
converters (35%) compared with controls (22.5%) had a
mid-upper arm circumference (MUAC) less than 22 cm
(a commonly used cutoff to indicate malnutrition in adults),*
but this did not reach statistical significance (P = 0.22). Dis-
tributions of the season in which pregnancies were enrolled
were similar between seroconverters and controls.

Cytokine analysis. In general, the concentrations of both
pro- and anti-inflammatory cytokines were higher, across all
time points, in the seroconverters compared with the matched
seronegative controls (Table 2). During the first TM, before
the majority of documented infections occurred, median
IL-12, IL-8, IL-10, and IL-4 concentrations were signifi-
cantly elevated among those who subsequently serocon-
verted (P = 0.08, 0.008, 0.002, and 0.08, respectively). During
the third TM, median IL-12 concentrations were significantly
greater among seroconverters than controls (P = 0.02). At
3 months PP, IL-2 and IL-10 concentrations were elevated in
the seroconverters compared with controls (P = 0.03 and

TABLE 2

Cytokine concentrations (pg/mL) in pregnant women from rural Bangladesh (2007-2010) at first TM, third TM, and 3 months PP by case—control status (N

40 seroconverters and 40 controls)

Anti-inflammatory cytokines (Th2)

Pro-inflammatory cytokines (Th1)

Median (IQR)

Median (IQR)

IL-5

IL-4

1L-13

IL-10

TNF-a

IL-8

IL-2

IL-1p

IL-12

IFN-y

First TM

243 (1.4,42) 031 (03,0.5) 169 (0.8,2.6) 685 (4.6,83) 9.54(7.9,11)  2.04(1.6,33) 196 (0.7,33) 039 (0.4,0.9) 2.14 (1.3, 2.9)

1.94 (1.3, 3.4)

Controls

2.18 (1.4, 3.9)

0.42

0.79 (0.4, 1.2)

0.08

235 (0.7, 3.9)

0.52

311 (2.3,5.2)

0.002

10.0 (8.2, 12)

0.33

10.0 (6.4, 34)

0.008

1.75 (1.2, 2.6)

0.57

031 (0.3, 0.7)

0.26

457 (1.9, 8.9)

0.08

2.58 (1.6, 3.7)

0.30

Seroconverters

P value*
Third TM

255(1.4,35) 071(03,1.00 1.75(1.0,2.6) 9.62 (5.6, 18) 9.05(7.8,11) 2.41(1.8,3.6) 2.14(15/3.6) 0.89(04,1.3) 1.38(1.0,2.5)

1.84 (1.2, 3.6)

Controls

176 (1.1, 3.1)

0.15

0.82 (0.4, 1.4)

0.89

2.03 (0.7, 3.9)

0.50

3.00 (1.9, 4.4)

0.21

8.62 (7.6, 11)

0.35

113 (8.2, 17)

0.50

1.78 (0.9, 3.3)

0.96

031 (0.3, 0.8)

0.17

4.18 (22,7.1)

0.02

1.65 (1.2, 2.3)

0.25

Seroconverters

P value*
3 months PP

213 (1.6,3.5)  220(0.7,34) 039 (04,09) 323 (2.1,4.1)

10.6 (9.0, 13)
11.3 (10, 13)

031(0.3,08) 1.94(1.5,27) 14.1 (8.1,23)
0.14

2.90 (2.0, 5.4)

173 (13,32)

Controls

2.73 (2.0, 4.2)

0.67

0.84 (0.4, 1.2)

0.13

1.96 (0.7, 4.3)

0.90

347 (22, 63)

0.005

15.4 (8.5, 30)

0.52

271 (1.7, 4.0)

0.03
T-helper cell; TM = trimester; TNF-a = tumor necrosis factor alpha.

0.67 (0.3, 1.1)

0.18
postpartum; Th

3.89 (2.1, 6.5)

0.34
interquartile range; PP

2.06 (1.6, 3.4)

0.13
interleukin; IQR

Seroconverters

P value*

IFN = interferon; IL

*Kruskall-Wallis test comparing seroconverters to controls.
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FIGUurRe 2. Heat map generated using Partek Genomics Suite 6.5
to illustrate the mean concentrations of cytokines in pregnant
women from rural Bangladesh (2007-2010) at first trimester (TM),
third TM, and 3 months postpartum by case—control status (N = 40
seroconverters and 40 controls). Hierarchical clustering of mean
relative levels of plasma cytokine in hepatitis E virus seroconverting
women and gestationally matched controls during the first TM, third
TM, and at 3 months postpartum. The mean of each group was nor-
malized to 0 and standard deviation to 1. Blue shading denotes rela-
tively lower concentrations of a cytokine and red shading denotes
relatively higher concentrations of a cytokine. The similarities of the
relative changes were correlated to one another by using the Euclidean
minimum distance clustering algorithm, with the results being dem-
onstrated in the column dendrograms. All seroconversions occurred
between the third TM and the 3-month postpartum visit. Here, darker
red cells reflect higher concentrations, darker blue reflects relatively
lower concentrations, and gray denotes no change.

i3
ifng
ib
i4
in2
ino
iI15
i12
i18

tnfa

0.005, respectively). The concentrations of the remaining pro-
inflammatory cytokines (i.e., IFN-y, IL-12, IL-1p, IL-8, and
TNF-a) were qualitatively higher among seroconverters than
controls at 3 months PP, although not statistically significant.

As the biological relevance of statistically significantly dif-
ferent concentrations of individual cytokines in a population-
based study is challenging to interpret, unbiased heat maps
of the normalized cytokine concentrations can be used to
evaluate whether data cluster, in this study, for serocon-
verters and controls (Figure 2). The numbers of cases were
also too low for more sophisticated statistical analyses to bear
value. However, this also makes the differences between
groups more apparent. Cytokine concentrations did not clus-
ter along a traditional Th1/Th2 dichotomy. As suggested by

1st trimester
ifng

3rd trimester

the quantitative analysis, the heat map reiterated group-level
upregulation of both pro- and anti-inflammatory cytokines
even in early pregnancy for women who seroconverted
between the third TM and 3 months PP. After the majority of
seroconversions had occurred, at 3 months PP, seroconverters
showed broad upregulation of nearly all cytokines measured,
which was markedly different from those who remained sero-
negative. In addition, control women exhibited persistently
lower levels of anti-inflammatory cytokines, with only a modest
upregulation by 3 months PP.

To evaluate the relationships between cytokines in women
who seroconverted and matched controls at each time point
during pregnancy and PP (Figure 3), relative plasma cyto-
kine concentrations were analyzed using star plots. The
women who eventually seroconverted tended to have higher
concentrations of all cytokines, whereas the controls showed
lower concentrations of cytokines at all three time points. At
each of the gestational times, including during the first TM
(i.e., prior to HEV infection), seroconverters had higher con-
centrations of both pro-inflammatory cytokines (i.e., IL-12,
IL-1p, IL-2, IL-8, and TNF-a) (right hemisphere) and anti-
inflammatory cytokines (i.e., IL-10, IL-13, IL-4, and IL-5)
(left hemisphere) when compared with controls (Figure 3).
Figure 3 also suggests that the hypothesized downregula-
tion in pro-inflammatory cytokines and upregulation in anti-
inflammatory cytokines during pregnancy was not observed in
this population.

Micronutrient analysis. Circulating concentrations of micro-
nutrient status indicators and the prevalence of deficiencies
among seroconverters and controls are shown in Tables 3
and 4, respectively. Vitamin D deficiency was noted in 95.0%
of seroconverters and 82.5% of controls in early pregnancy
(P = 0.08) but did not differ at late pregnancy or PP. Serum
retinol, an indicator of vitamin A status, was not significantly
different between seroconverters and controls at early or late
pregnancy, although it was lower among seroconverters. The
prevalence of vitamin A deficiency, however, doubled among
seroconverters between early pregnancy and the PP time
point, while remaining unchanged among the controls. Vitamin E
(a-tocopherol) deficiency did not differ between the serocon-
verters and controls. Circulating vitamin B¢ during pregnancy
was consistently lower among controls than seroconverters,

Postpartum
ifng

= Controls
= Seroconverters = Controls

= Seroconverters

= Controls
= Seroconverters

FiGure 3. Star plots of normalized cytokine concentrations from pregnant women from rural Bangladesh (2007-2010) at first trimester (TM),
third TM, and 3 months postpartum by case—control status (N = 40 seroconverters and 40 controls). Data are grouped by anti-inflammatory (left)
and pro-inflammatory (right) cytokines. Controls are plotted in blue and seroconverters in red. Overall, hepatitis E virus (HEV) seroconversion
is associated with greater cytokine concentrations during the first TM, third TM, and postpartum period.
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TABLE 3

Plasma micronutrient status indicators in pregnant women from rural
Bangladesh (2007-2010) at first TM, third TM, and 3 months PP

by case—control status

KMUSH AND OTHERS

TABLE 4

Prevalence of micronutrient deficiencies over time in pregnant
women from rural Bangladesh (2007-2010) at first TM, third TM,
and 3 months PP by case—control status

Controls Seroconverters Controls  Seroconverters
(N = 40) = 40) (N = 40) (N = 40)

Micronutrient Mean (SD) Mean (SD) P value* Micronutrient Cutoff (%) (%) P value*
Vitamin D (nmol/L) Vitamin D (nmol/L)

First TM 41.0 (11.3) 39.8 (5.97) 0.57 First TM <50 nmol/L 825 95.0 0.08

Third TM 40.2 (11.1) 40.6 (13.8) 0.90 Third TM 77.5 77.5 1.00

3 months PP 41.7 (12.7) 39.9 (9.45) 0.48 3 months PP 82.5 80.0 0.78
Retinolf (pmol/L) Retinolf (umol/L)

First TM 1.07 (0.45) 1.04 (0.31) 0.74 First TM < 0.7 pmol/L 125 16.2 0.64

Third TM 1.20 (0.35) 1.06 (0.33) 0.19 Third TM 7.69 10.5 0.74

3 months PP 1.36 (0.52) 0.94 (0.36) 0.02 3 months PP 10.5 333 0.12
a-Tocopherolf (umol/L) a-tocopherolf (umol/L)

First TM 11.5 (4.0) 12.2 (5.0) 0.50 First TM <12 pmol/L 625 50.0 0.26

Third TM 19.2 (5.1) 19.3 (7.0) 0.95 Third TM 25 25 1.0

3 months PP 13.3 (4.2) 9.66 (3.8) 0.02 3 months PP 22.5 25.0 0.79
Vitamin Bgi (nmol/L) Vitamin Bgf (nmol/L)

First TM 18.3 (10.7) 24.7 (19.7) 0.08 First TM <20 nmol/L. 575 25.5 0.65

Third TM 8.3 (6.3) 12.5 (11.7) 0.05 Third TM 95.0 82.5 0.08

3 months PP 35.5 (19.8) 32.2 (16.0) 0.42 3 months PP 12.5 20.0 0.36
Vitamin By, (pmol/L) Vitamin By, (pmol/L)

First TM 205.2 (100.7) 234.1 (120) 0.15 First TM < 150 pmol/L.  40.0 32.5 0.49

Third TM 147.2 (78.5) 176.3 (98.2) 0.13 Third TM 70.0 57.5 0.25

3 months PP 198.4 (128) 239.0 (131) 0.17 3 months PP 52.5 27.5 0.02
Folate§ (nmol/L) Folate§ (nmol/L)

First TM 20.9 (9.9) 21.7 (8.6) 0.68 First TM < 6.7 nmol/L 0.0 0.0 -

Third TM 27.3 (15.1) 34.4 (21.7) 0.10 Third TM 25 25 1.0

3 months PP 38.7 (21.9) 39.1 (29.5) 0.95 3 months PP 0.0 0.0 -
Zinc (pmol/L) Zinc (pmol/L)

First TM 12.5 (2.3) 11.5 (2.0) 0.04 First TM < 8.6 pmol/L 2.50 5.00 0.56

Third TM 9.72 (1.7) 9.7 (1.8) 0.96 Third TM < 7.6 pmol/L 5.00 10.0 0.40

3 months PP 12.2 (3.1) 11.0 (2.1) 0.04 3 months PP < 9.0 pmol/L 2.50 17.5 0.03
Copper (umol/L) Copper (umol/L)

First TM 22.5 (6.0) 22.9 (6.0) 0.80 First TM < 11.8 pmol/L  0.00 2.50 0.31

Third TM 30.8 (7.2) 30.9 (6.0) 0.97 Third TM 0.00 0.00 -

3 months PP 211 (7.2) 20.9 (5.5) 0.90 3 months PP 2.50 2.50 1.0
Selenium (pg/L) Selenium (pg/L)

First TM 67.9 (16.1) 67.1 (16.8) 0.81 First TM < 70 ng/L 60.0 67.5 0.49

Third TM 66.0 (15.6) 63.2 (14.6) 0.42 Third TM 62.5 67.5 0.64

3 months PP 73.6 (16.4) 67.4 (17.1) 0.099 3 months PP 40.0 65.0 0.03
Hemoglobin (g/L) Hemoglobin (g/L)

First TM 121.2 (8.8) 117.7 (11.8) 0.13 First TM <110 g/L 10.0 27.5 0.045

Third TM 111.9 (7.6) 110.7 (11.4) 0.59 Third TM 325 45.0 0.25

3 months PP 122.6 (6.6) 120.3 (9.8) 0.22 3 months PP 2.5 12.5 0.09
Ferritin (ng/L) Ferritin (nug/L)

First TM 76.3 (55.2) 88.9 (46.8) 0.27 First TM <15 ng/L 5.0 25 0.56

Third TM 38.4 (48.2) 48.2 (39.4) 0.28 Third TM 22.5 12.5 0.24

3 months PP 56.8 (39.4) 68.2 (45.1) 0.23 3 months PP 5.0 0.0 0.15
TER]| (ug/L) TER|| (ug/L)

First TM 5.06 (1.53) 4.15 (1.57) 0.08 First TM > 8.3 pg/L 0 0 -

Third TM 5.08 (2.04) 5.24 (2.10) 0.82 Third TM 4.35 6.67 0.75

3 months PP - - - 3 months PP - - -
CRP (mg/L) CRP (mg/L)

First TM 1.71 (2.79) 1.58 (2.35) 0.82 First TM > 5 mg/L 10.0 10.0 1.0

Third TM 2.42 (6.52) 2.79 (4.49) 0.77 Third TM 7.5 12.5 0.46

3 months PP 0.88 (1.14) 1.95 (3.55) 0.08 3 months PP 2.5 10.0 0.17
AGP{ (g/L) AGP{ (g/L)

First TM 0.741 (0.26) 0.741 (0.22) 1.0 First TM >1¢g/L 15.0 10.0 0.46

Third TM 0.596 (0.32) 0.540 (0.21) 0.36 Third TM 10.0 5.0 0.40

3 months PP 0.935 (0.28) 0.981 (0.29) 0.48 3 months PP 37.5 40.0 0.82

AGP = «-1-acid glycoprotein; CRP = C-reactive protein; PP = postpartum; TfR = trans-

ferrin receptor; TM = trimester; SD = standard deviation.

*Student’s t test comparing seroconverters versus controls.
TN = 37 seroconverters at first TM; N = 26 controls and 19 seroconverters at third TM;

N =19 controls and 12 seroconverters at 3 months PP.

£ N = 39 seroconverters and 39 controls at first TM and 3 months PP.
§ N = 39 seroconverters at 3 months PP.
||N = 23 controls and 15 seroconverters.

4N = 39 controls at third TM.

AGP = a-1-acid glycoprotein; CRP = C-reactive protein; PP = postpartum; TfR = trans-

ferrin receptor; TM = trimester.

*Chi-squared test comparing seroconverters versus controls.
TN = 37 seroconverters at first TM; N = 26 controls and 19 seroconverters at third TM;

N =19 controls and 12 seroconverters at 3 months PP.

N = 39 seroconverters and 39 controls at first TM and 3 months PP.
§ N = 39 seroconverters at 3 months PP.
||N = 23 controls and 15 seroconverters.

N = 39 controls at third TM.
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although the prevalence of deficiency did not differ statistically.
Circulating vitamin By, and folate did not differ between the
seroconverters and the controls.

Although zinc deficiency was uncommon in early preg-
nancy, seroconverters had significantly lower circulating zinc
at the onset of their pregnancies (12.5 + 2.3 versus 11.5 +
2.0 umol/L, P = 0.04) with somewhat higher prevalence of
deficiency among the seroconverters when examined by
cutoff (5.0% versus 2.5%, P = 0.56). This difference was sub-
stantially exacerbated by 3 months PP, with a greater percent-
age of seroconverters considered zinc deficient (17.5% versus
2.5%, P =0.03). Copper deficiency was uncommon throughout
pregnancy in this population. Conversely, selenium deficiency
was very common, in which 60% of the controls and 67.5% of
the seroconverters had low circulating selenium. The preva-
lence of selenium deficiency was similar between serocon-
verters and controls until 3 months PP when the prevalence of
selenium deficiency in the seroconverters remained high at
65% but decreased to 40% in the controls (P = 0.03). Anemia,
as measured by low circulating hemoglobin, occurred in nearly
three times the number of seroconverters as compared with
controls in early pregnancy (27.5% versus 10.0%, P = 0.045).
Iron status, which is considered the most common cause of
anemia during pregnancy, was rarely compromised and did not
differ between the groups when assessed by plasma ferritin
concentration across pregnancy (prevalence of low stores
2.5% in seroconverters versus 5.0% in controls during the first
TM, P = 0.56).

Inflammation, as assessed by elevated CRP (Tables 3 and 4),
occurred among approximately 10% of the women during
early pregnancy and was reduced only among controls PP, with
a higher prevalence of inflammation among the seroconverters,
although not statistically significant. Inflammation, assessed by
AGP, was not different between the seroconverters and the
controls throughout pregnancy.

DISCUSSION

In the current cohort, assessed from 2008 to 2010, starting
HEV seroprevalence was 10% with an incidence rate of 46
infections per 1,000 person-years. Previously, a study of HEV
seroprevalence among pregnant women from the same geo-
graphic population in northwest Bangladesh, assessed from
2001 to 2006, found a prevalence of 13.7% and an incidence
rate of 56 infections per 1,000 person-years.** The decreased
incidence and prevalence could be due to improvements in
hygiene and sanitation in the area, accompanying overall
socioeconomic growth.'® This study, however, is the first longi-
tudinal cohort study of HEV in pregnant women in which bio-
specimen were available at multiple time points prior to a
documented infection. This unique opportunity allowed us to
explore whether predisposing host characteristics might exist,
which might differentiate pregnant women who become
infected during their pregnancy and early PP period from
those who remain uninfected—especially considering the simi-
larities in risk of exposure to the virus.

The results of the cytokine analysis reveal two striking obser-
vations. First, as early as the first TM, the eventual HEV sero-
converters (referred to as “cases” in this analysis) exhibited
higher levels of pro- and anti-inflammatory cytokine expressions,
suggesting possible a priori immunologic differences between
them and women who remained seronegative. The pattern of

cytokine production in early pregnancy among cases may reflect
broad underlying immunologic dysfunction, predisposing these
women to an increased risk of HEV infection and possibly other
infections. It may also be possible that these women were
infected by another pathogen, although this was not supported
by their overall inflammation status. Second, robust shifts in Th1
to Th2 cytokine profiles were not observed among women in
this small sample. During a “typical” pregnancy, Thl cytokine
expression tends to be downregulated, creating a Th2 bias that is
commonly thought necessary for host tolerance of the growing
fetus." Very little research has been done to characterize the
“normal” immunologic trajectories during pregnancy, let alone
in response to pathogens, in low-resource, high disease burden
settings. More research is clearly needed to characterize this
important physiologic transition, including an improved under-
standing of the determinants and the impacts of inadequate
immunologic transition in pregnancy on the maternal-fetal dyad.

Micronutrient deficiencies may play a significant role in the
observed immune dysregulation, particularly among eventual
HEV seroconverters. Seroconverters had a higher proportion
of women with BMI and MUAC below healthy cutoff than
the controls, suggesting poorer overall nutritional status well
before HEV infection. Deficiencies in immunomodulating
micronutrients may predispose hosts to infection, but may
also be further exacerbated by the presence of infection. In
general, adequate vitamin A and D levels are required to
maintain a robust anti-inflammatory Th2-biased state, while
adequacy of zinc, iron, vitamin E, copper, and selenium are
necessary to maintain high Thl cytokine levels.® Vitamin D
deficiency was common in this group of women regardless of
eventual seroconversion status, but seroconverters were more
likely to be deficient. Insufficient vitamin D may play a role
in the increased pro-inflammatory cytokines seen in the
seroconverters.* In addition, since these women have low
vitamin D, macrophage function may be impaired, resulting in
an increased risk of HEV infection.* Zinc’s role in promoting
mucosal immunity has been well characterized.?** Lower zinc
concentrations may increase susceptibility to HEV infection
through the gut. Zinc deficiency also seems to compromise the
Th1 response through reduced production of pro-inflammatory
cytokines and compromising the concentration of circulating
T cells.?® However, the low prevalence of zinc deficiency in this
cohort may explain why we did not see lower pro-inflammatory
cytokine concentrations among seroconverters. Although iron
is required for the proliferation of T cells, and in particular the
Th1l subset, the host sequesters iron during infections, con-
founding the interpretation of iron status indicators such as
hemoglobin, which declines, and ferritin, which increases in the
circulation when iron is sequestered.” Although circulating
hemoglobin decreased at early pregnancy in the eventual
seroconverters, neither markers of iron status nor inflammation
differed between the two groups. As seen with the cytokines,
differences in circulating micronutrients were most notable in
early pregnancy, well before seroconversions occurred. In early
pregnancy, differences in case—control status in zinc, vitamin D,
and hemoglobin likely reflected real differences in nutritional
status at the outset of pregnancy, discerning those who would
eventually be infected with HEV from those who remained
uninfected. Despite known roles for other micronutrients in
immune function, we did not detect differences in status in
this context, possibly pointing to the importance of zinc and
vitamin D in the HEV infection process.
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With the exception of vitamin B, no differences were seen
between the seroconverters and controls during the third
TM. This could be due to the effect of plasma volume expan-
sion and the changing metabolic demands throughout preg-
nancy that lead to nutrient redistribution to support proper
growth of the fetus and placenta,*’ compromising the validity
of conventional indicators to accurately reflect micronutrient
status in late pregnancy. However, these results suggest that
interventions during early pregnancy to improve micronutri-
ent levels may possibly mediate the risk of HEV seroconver-
sion later in pregnancy or the PP period, possibly through an
immunomodulatory pathway.

This study had several limitations, notably the small sample
size. The small sample size is likely to have limited our ability
to detect some associations of interest. Despite the importance
of the interaction between the immune system and micronutri-
ent status, this sample was too small to examine these associa-
tions. In addition, all seroconverters in this analysis experienced
a subclinical infection as none of the women reported symp-
toms. A future study also including clinical HEV infections
is needed. Women in this biochemical sub-study were only
included if they had sera at each of the three time points, possi-
bly resulting in the exclusion of subjects who were extremely
sick—this is unlikely to have substantially impacted the study as
the blood draws were not scheduled based on clinical illness,
but a time window in the pregnancy continuum.

This cohort provided a unique opportunity to study host
factors prior to infection. Micronutrient deficiencies, from
inadequate diet, and a high infectious disease burden may
lead to immunologic compromise, including impaired mucosal
immunity and dysregulated cytokine expression. This dys-
regulation in turn may lead to dysfunction of the immune
system, increasing the risk of HEV infection (and perhaps the
risk of other infections as well). More research is needed to
replicate and explain this observed immune dysregulation.
Future studies that focus on the relationship between the
immune response and the clinical course of hepatitis E are
needed. This study is among the first to study HEV infections
in a longitudinal pregnancy cohort in a genotype 1 endemic
area and may shed some light onto host-level determinants of
the risk and, possibly, severity of HEV infection and hepatitis E
illness. A complex series of interactions spanning host nutri-
tional status, consequent immunocompetence, and other envi-
ronmental determinants that affect nutrition and immunity
are likely to be at play. For decades, we have been trying to
decrypt the mystery of hepatitis E’s tragic consequences to
pregnant women—these data may provide a first glimpse into
both preventive nutritional interventions as well as possible
biomarkers of increased risk for severe disease.
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