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A B S T R A C T

Background: Oral rotavirus vaccines (RVV) are poorly immunogenic in low-income countries. Environmental
enteric dysfunction (EED) resulting from poor water, sanitation and hygiene (WASH) may contribute. We therefore
tested associations between EED and RVV immunogenicity, and evaluated the effect of improvedWASH on EED.
Methods: We measured nine biomarkers of EED among Zimbabwean infants born to mothers enrolled in a
cluster-randomised 2 £ 2 factorial trial of improved WASH and improved feeding between November 2012
and March 2015 (NCT01824940). We used multivariable regression to determine associations between EED
biomarkers and RVV seroconversion, seropositivity and geometric mean titer. Log-binomial regression was
used to evaluate the effect of improved WASH on EED.
Findings: Among 303 infants with EED biomarkers and immunogenicity data, plasma intestinal fatty-acid binding
protein and stool myeloperoxidase were positively associated with RVV seroconversion; adjusted RR 1.63 (95%CI
1.04, 2.57) and 1.29 (95%CI 1.01, 1.65), respectively. There were no other associations between RVV immunogenicity
and either individual biomarkers or EED domains (intestinal permeability, intestinal damage, intestinal inflammation
andmicrobial translocation). EED biomarkers did not differ between randomisedWASH and non-WASH groups.
Interpretation: We found no evidence that EED was associated with poor RVV immunogenicity. Contrary to
our hypothesis, there was weak evidence that EED was associated with increased seroconversion. EED bio-
markers were not affected by a package of household-level WASH interventions.
Funding: This work was supported by the Wellcome Trust. The SHINE trial was funded by the Bill & Melinda
Gates Foundation; UK Department for International Development (UK Aid); Swiss Agency for Developmen-
tand Cooperation and US National Institutes of Health.
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1. Introduction

Increased coverage of oral rotavirus vaccines (RVV) has contributed to
global declines in diarrheal disease burden [1]. However, these vaccines
fail to reach their full potential in regions of high child mortality. In sub-
Saharan Africa, one-year efficacy of monovalent RVV against severe rota-
virus gastroenteritis was 61.2% [2] compared to 84.7% efficacy for the
same vaccine in Latin America and Finland [3]. Data on vaccine immuno-
genicity mirror this efficacy gap with mean seroconversion of 53% versus
87% in high and low-mortality countries, respectively [4].

The reasons RVV performs so differently across settings are unclear,
however intestinal factors may contribute [5], including a subclinical
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Research in context

Evidence before this study

Environmental enteric dysfunction (EED) is a near ubiquitous
disorder of small intestinal structure and function in low- and
middle-income countries (LMIC), which has been hypothesised
to contribute to reduced oral vaccine performance. A recent
systematic review evaluating EED and oral vaccine responses
identified eight relevant studies and concluded that existing
evidence is insufficient to determine whether EED contributes
to oral vaccine underperformance. We performed an updated
literature search using Medline to identify articles published up
to 31st December 2020, using the search terms vaccine or
immunisation and enteropathy or enteric dysfunction, but
found no new articles describing vaccine responses in the con-
text of EED.

Added value of this study

This study capitalised on a large and well-characterised birth
cohort of rural Zimbabwean infants and evaluated an extensive
panel of gut biomarkers around the time of oral vaccine admin-
istration. It is the first study to explore relationships between
several novel biomarkers and rotavirus vaccine immunogenic-
ity, providing new insights into the relationship between EED
and oral vaccine performance.

Implications of all the available evidence

Our findings showed no deleterious impact of EED biomarkers
on oral rotavirus vaccine responses. Interventions targeting
EED may therefore not be effective in improving oral RVV per-
formance, and further studies are needed to better understand
the impact of the intestinal milieu on oral vaccine
immunogenicity.
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disorder termed environmental enteric dysfunction (EED). EED com-
prises several aberrations in small intestinal physiology and integrity,
characterised by villous blunting, crypt hyperplasia and lymphocytic
infiltration [6]. These alterations in gut structure and function develop
early in life in impoverished settings [7,8] and may interfere with the
processing of RVV as it transits through the small intestine.

Given the challenges of obtaining small intestinal biopsies in
infants, most studies of EED rely on non-invasive intestinal bio-
markers. Approaches range from using a single biomarker as the pri-
mary outcome for EED (such as percentage urinary lactulose
excretion following oral ingestion [9]) to EED scores, which combine
multiple biomarkers [10,11]. Among studies exploring associations
between EED and oral vaccine immunogenicity, results have been
heterogeneous [12]. In addition, a lack of consensus on the etiology,
definition and measurement of EED further complicates our under-
standing of how EED might reduce oral vaccine performance.

We recently reported findings from a cluster-randomised trial of
improved water, sanitation and hygiene (WASH) in rural Zimbabwe.
Infants randomised to WASH, compared to non-WASH, had 50%
greater RVV seroconversion (from approximately 20% to 30%) [13].
We hypothesised that the WASH intervention reduced EED, thereby
increasing RVV immunogenicity. To explore this, we measured a
range of stool and plasma biomarkers to determine (1) the associa-
tion between EED biomarkers and RVV immunogenicity (defined as
RVV seroconversion, seropositivity and IgA titre); and (2) the effect of
improved WASH on EED biomarkers around the time of rotavirus
vaccination.
2. Methods

The infants selected for the current study comprised a subgroup of
infants recruited into the Sanitation Hygiene Infant Nutrition Efficacy
(SHINE) trial, which was a 2 £ 2 factorial cluster-randomised trial in
two rural districts in Zimbabwe assessing the independent and com-
bined effects of improved WASH and improved infant and young
child feeding (IYCF) on stunting and anemia (NCT01824940; registra-
tion 05/04/2013) [14]. The full trial protocol is available online at
https://osf.io/w93hy. Women becoming pregnant between Novem-
ber 2012 and March 2015 were eligible if they lived in clusters rando-
mised to: Standard-of-care (SOC), IYCF, WASH, or combined IYCF plus
WASH. The trial found a modest effect of IYCF on linear growth and
hemoglobin at 18 months of age, but no effect of WASH on either out-
come [15]. Neither intervention reduced diarrhea.

2.1. Rotavirus vaccination

In May 2014, oral monovalent rotavirus vaccine (RotarixTM) was
introduced in Zimbabwe and given with oral polio vaccine at 6 and
10 weeks of age. Vaccination was undertaken at local clinics and not
overseen by the trial; however, national rotavirus vaccination cover-
age in 2015�2016 was 87�91% [16]. Trial staff recorded vaccination
dates by reviewing child health cards. Each child’s Rotarix vaccination
status was categorised as complete (two doses), incomplete (one
dose) or unvaccinated.

2.2. Substudy population

From June 2014, infants enrolled into this substudy had blood and
stool collected at 1, 3, 6, 12 and 18 months of age [17]. Substudy
infants were eligible for the current analysis if they were HIV-unex-
posed, had a post-rotavirus vaccination IgA titre, and an available
plasma or stool sample collected before six months of age. Infants
with missing rotavirus vaccination data, or without documented
receipt of at least one dose of RVV, were excluded. For the RVV EED
analysis, we also excluded EEDmeasurements post-vaccination, since
vaccine administration itself may induce intestinal changes [18].

2.3. Anti-rotavirus IgA assay

Plasma anti-rotavirus IgA, the most widely-used marker of oral
rotavirus vaccination [19], was measured by Enzyme Linked Immu-
nosorbent Assay (ELISA), as previously described [20]. Seroconver-
sion was defined as a post-vaccine plasma concentration of anti-
rotavirus IgA �20 U/mL in infants who were seronegative (<20 U/
mL) pre-vaccination [21]. Seropositivity was defined as a post-vac-
cine titer �20 U/mL, regardless of pre-vaccine titer.

2.4. EED biomarkers

A range of biomarkers were selected to characterise four domains
of EED [12]. Briefly, we measured markers of (1) intestinal inflamma-
tion (stool neopterin and myeloperoxidase), (2) small intestinal dam-
age and repair (plasma intestinal fatty acid binding protein (I-FABP),
plasma citrulline, stool regenerating gene 1b (REG-1B)), (3) intestinal
permeability (stool alpha-1 antitrypsin (A1AT)), and (4) microbial
translocation and systemic inflammation (plasma soluble CD14,
kynurenine:tryptophan ratio (KTR), and C-reactive protein (CRP)).
Plasma samples were tested by ELISA according to manufacturers’
instructions for CRP (limit of detection (LOD) 0.01 ng/mL), soluble
CD14 (LOD 125pg/mL) (both R&D Systems, Minneapolis, MN, USA);
and I-FABP (LOD 47pg/mL) (Hycult Biotechnology, Uden, The Nether-
lands). Plasma citrulline (LOD 100 ng/mL), kynurenine (LOD 40 ng/
mL), and tryptophan (200 ng/mL) were assayed by ultrahigh-perfor-
mance liquid chromatography tandem mass spectrometry with
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electrospray ionisation (Waters, Wilmslow, U.K.) at Imperial College,
London.

Stool samples were tested by ELISA according to manufacturers’
instructions for neopterin (LOD 0.7 nmol/L; GenWay Biotech Inc, San
Diego, USA), myeloperoxidase (LOD 1.6 ng/mL; Immundianostik,
Bensheim, Germany), A1AT (LOD 1.5 ng/mL; BioVendor, Brno, Czech
Republic), and REG�1b (LOD 0.625 ng/mL; TECHLAB Inc, Blacksburg,
USA).

2.5. EED definition

Given the absence of an established case definition, we used sev-
eral different definitions of EED. Firstly, biomarkers were examined
individually. Secondly, biomarkers were grouped according to the
four domains detailed above [12]. For each domain, composite scores
were created using tertile categories from biomarkers in that domain,
with categories defined as 0 (<25th centile), 1 (25th�75th percen-
tile), or 2 (>75th percentile). Table S1 details the range of scores pos-
sible for each domain. For each infant, valid data were required for all
biomarkers to generate a domain score. Thirdly, we carried out a
principal components analysis to identify the most informative com-
binations of biomarkers. Among infants with data on all 9 bio-
markers, a scree plot was generated to select the appropriate number
of principal components. Components with an Eigen value greater
than one were considered meaningful [22]. To guide interpretation
and identify relevant biological domains, the loading of biomarkers
was evaluated, using a cut-off of �0.4 in absolute value to identify
the biomarkers contributing most to each principal component.
Finally, we generated two composite EED scores. The first replicated
the score developed by Kosek and colleagues using three stool bio-
markers (AAT, MPO and NEO) [10]. The second score (SHINE EED
score) was calculated from the sum of tertile scores (described above)
for all nine available biomarkers, with the sum ranging from 0 to 18.

2.6. Statistical analyses

For all analyses, the primary outcome was rotavirus vaccine sero-
conversion among infants at the individual level; secondary out-
comes were rotavirus vaccine seropositivity and the anti-rotavirus
IgA geometric mean titre (GMT). All biomarkers were natural-log
converted to reduce skewness. To handle outliers, resulting from
intercurrent illness for example, biomarker variables were trans-
formed through 90% winsorisation (i.e. truncation at the 5th and
95th centiles) [23].

First, we tested individual biomarkers as continuous explanatory
variables. Multivariable generalised estimating equations (GEE) were
used with a log-binomial link to estimate a risk ratio (RR) of serocon-
version/seropositivity, or an identity link to estimate the ratio of GMT
per log increase in each biomarker. In adjusted analyses, we included
intervention arm (WASH versus non-WASH), season of birth, breast-
feeding status and weight-for-age Z-score around the time of vacci-
nation, based on biological plausibility. To handle zero-inflated semi-
continuous GMT data, we used a log-normal censored regression
model (Tobit), with left censoring at 7.5 U/mL (the lower limit of
anti-RV IgA detection). Multiple comparisons were accounted for
using the Benjamini-Hochberg procedure [24]. Secondly, we tested
associations between grouped measures of EED and RVV immunoge-
nicity. Domains were expressed either in dichotomous form (pres-
ence/absence of one or more biomarkers in the top quartile for a
given domain) or categorical (cumulative score of quartiles in a given
domain). Principal components were expressed as continuous scores.
Thirdly, we performed a sensitivity analysis including infants with
EED measured post-RVV receipt.

Finally, we estimated the effects of improved WASH on EED
around the time of RVV receipt by including all infants with available
biomarker data measured before and after RVV receipt. Infants with
biomarkers measured after RVV receipt were included (a) to increase
sample size and (b) because the host immune response to RVV is
dynamic and intestinal changes in the period after vaccine receipt
may still be important. These analyses were intention-to-treat at the
child level. We collapsed trial arms into WASH (WASH and WASH
+IYCF) versus non-WASH (SOC and IYCF) since the IYCF intervention
started at 6 months of age (beyond the window for rotavirus vaccina-
tion and stool collection). Except for citrulline, the effect of WASH
was evaluated by fitting a separate tobit regression model, to account
for biomarker values below the LOD, with each biomarker as the
dependent variable. Sandwich standard error estimation was used to
account for cluster membership. For citrulline, no infants were below
the LOD, so linear regression models were fitted by GEE, with an
exchangeable correlation to account for cluster membership. Regres-
sion coefficients were reported as the ratio of biomarker concentra-
tions between intervention and control arms.

Tobit regression models for the effect of WASH on EED biomarkers
were fitted using the package AER [25] and sandwich standard errors
were estimated with the sandwich package [26]; while the geepack
package was used to fit models for the effect of WASH on Citrulline
by GEE [27], all in R version 3.5.3. All other statistical analyses were
performed using STATA version 14 (College Station, TX: StataCorp LP)
and Prism v7 (GraphPad Software Inc., CA, USA).

2.7. Ethical approval

The original SHINE trial and the rotavirus immunogenicity sub-
study were approved by the Medical Research Council of Zimbabwe
and Johns Hopkins Bloomberg School of Public Health Committee on
Human Research. Written informed consent was obtained from all
mothers prior to enrolment in the main trial and the EED substudy.
All experimental protocols were conducted in accordance with the
World Medical Association Declaration of Helsinki and reporting of
this sub-study adheres strictly to STROBE guidelines.

2.8. Role of funding sources

This work was supported by the Wellcome Trust [203,905/Z/16/
Z to JAC and 093,768/Z/10/Z and 108,065/Z/15/Z to AJP]. The SHINE
trial was funded by the Bill & Melinda Gates Foundation
[OPP1021542 and OPP113707]; UK Department for International
Development (UK Aid); Swiss Agency for Development and Coop-
eration and US National Institutes of Health [2R01HD060338-06].
The study funders approved the trial design, but were not involved
in data collection, analysis, interpretation, or manuscript prepara-
tion.

3. Results

3.1. Baseline characteristics

Among 882 infants with anti-rotavirus IgA titres (371 WASH and
511 non-WASH infants), 505 (57%) had both RVV immunogenicity
data and a valid EED biomarker measured in the first six months after
birth. Of these, 303 (34%) had biomarkers measured before the first
dose of Rotarix and were included in the main analysis (98 WASH
and 205 non-WASH infants) (Fig. 1). Table S2 outlines the character-
istics of these infants, together with baseline maternal and household
variables, compared to the overall trial population. Among the sub-
group of 303 infants with EED measured pre-RVV, 37% were born in
the rotavirus season. Low birthweight (<2.5 kg) affected 6% of
infants; 95% of infants were being exclusively breastfed at three
months of age. Plasma biomarkers were available for 300 (99%)
infants and stool biomarkers for 264 (87%) infants. The median timing
of pre-vaccine titre measurement was 10 days (IQR 6, 14) prior to the
first dose of rotavirus vaccine, and for post-vaccine titre



Fig. 1. CONSORT diagram showing selection of infants for rotavirus sub-study and subsequent EED biomarker analysis.
WASH = Water, sanitation & hygiene; EED = environmental enteric dysfunction, IYCF = infant & young child feeding; SOC = standard of care; RVV = rotavirus vaccine;

GMT = geometric mean titre.
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measurement was 27 days (IQR 18, 41) after the last dose of rotavirus
vaccine. Among all 303 infants in the main analysis, seroconversion
and seropositivity rates were 24.4% and 26.1%, respectively, and there
were no meaningful differences in infant characteristics between
RVV seroconverters and non-seroconverters (Table S3a). The median
infant age at EED specimen collection was 35 days (IQR 32, 38), corre-
sponding to a median of 10 days (IQR 6, 14) before the first RVV dose.

3.2. Overall burden of EED

Mean individual biomarker concentrations were high compared
with normal ranges derived from healthy cohorts in high-income
countries [28�31]. When biomarkers were divided into quartiles,
221 (73%) infants had at least one biomarker in the top quartile.
Among 146 infants with measurements across all nine biomarkers,
53 (36%) infants had 3 or more biomarkers in the top quartile, and 47
(32%) infants scored in the top quartile for two or more biomarker
domains (Fig. S1). Baseline characteristics among the 146 infants
with full biomarker data were comparable to the 157 infants with
incomplete biomarker data (Table S3b)

3.3. Associations between EED and RRV immunogenicity

Overall, there were few meaningful associations between individ-
ual EED biomarkers and RVV immunogenicity. In unadjusted analy-
ses, I-FABP was positively associated with rotavirus seroconversion
(RR 1.70 (95%CI 1.06, 2.73) per log-rise I-FABP) (Table 1). In adjusted
analyses, elevated I-FABP remained positively associated with RVV
seroconversion (RR 1.63 (95%CI 1.04, 2.57), but the association was
weaker after correction for multiple testing. Furthermore, there was
no evidence of association between I-FABP and rotavirus vaccine
seropositivity or GMT (Tables S4 & S5). In adjusted analyses, log-rise
in myeloperoxidase was positively associated with RVV seroconver-
sion (RR 1.29 (95%CI 1.01, 1.65) (Table 1) and with both secondary
outcomes (Tables S4 & S5). Again, these associations were weaker
after P value adjustment. There were no other associations between
individual EED biomarkers and rotavirus immunogenicity (Fig. 2)
(Tables 1, S4 and S5).

3.4. Domains and scores of EED

There were no meaningful associations between EED domains
(intestinal permeability, intestinal damage, intestinal inflammation
and systemic inflammation) and any measure of RVV immunogenic-
ity (Fig. 2) (Tables S6, S7 & S8). Among 146 infants with all 9 bio-
markers, four principal components explained 65% of the variance in
the biomarker data (Fig. S2). The first component clearly grouped
markers of intestinal inflammation (PC1). The loadings for PC2 to PC4
fell less clearly within our pre-specified domains but broadly com-
bined markers of systemic inflammation (PC2), markers of intestinal
epithelial health (PC3), and markers of gut damage, translocation and
systemic inflammation (PC4). There were no associations between
each principal component and any measure of RVV immunogenicity
(Fig. 2) (Tables S6 & S8). Similarly, there were no associations
between either of the EED scores and RVV immunogenicity. Mean
(SD) cumulative tertile scores of all 9 biomarkers (SHINE score) were
8.5 among non-seroconverters versus 9.1 among seroconverters (aRR
1.07, 95% CI 0.96, 1.20) (Fig. 2) (Tables S6 & S8). Internal consistency
of these composite scores, measured using McDonald’s omega, was
marginally better for the nine biomarker SHINE score than for the
three biomarker Kosek score, 0.63 (95%CI 0.50, 0.69) versus 0.41
(95%CI 0.13, 0.52).



Table 1
Associations between individual EED biomarkers and RVV seroconversion (primary outcome) among infants with specimens collected before RVV receipt.

Biomarker Non-seroconverter Seroconverter Unadjusted analysis Adjusted analysis

N Mean 95% CI N Mean 95% CI Unadj RR* 95% CI P value Adj RR* 95% CI P value

AAT
mg/mL

135 0.50 0.41, 0.63 46 0.59 0.39, 0.90 1.07 0.87, 1.30 0.540 1.07 0.87, 1.31 0.525

CRP
mg/L

225 0.20 0.15, 0.25 73 0.16 0.11, 0.23 0.95 0.84, 1.07 0.374 0.95 0.84, 1.06 0.355

CIT
ng/mL

218 2936 2813, 3064 73 2809 2635, 2995 0.76 0.44, 1.34 0.344 0.68 0.39, 1.21 0.189

I-FABP
pg/mL

225 1338 1262, 1418 73 1517 1367, 1683 1.70 1.06, 2.73 0.027 1.63 1.04, 2.57 0.034

KT
Ratio £ 1000

189 52.7 50.7, 54.9 65 55.2 51.5, 59.2 1.40 0.70, 2.80 0.348 1.32 0.65, 2.70 0.442

MPO
ng/mL

137 5160 4316, 6170 46 6559 4868, 8838 1.17 0.93, 1.47 0.174 1.29 1.01, 1.65 0.039

NEO
nmol/L

137 818 742, 902 45 751 623, 907 0.80 0.52, 1.23 0.309 0.87 0.58, 1.34 0.538

REG1B
ug/mL

133 16.1 13.3, 19.4 43 14.7 10.4, 20.8 0.96 0.77, 1.20 0.736 1.06 0.86, 1.32 0.578

sCD14
pg/mL

225 6.5 £ 10^5 6.0 £ 10^5, 7.0 £ 10^5 73 6.5 £ 10^5 5.7 £ 10^5, 7.5
x10^5

1.04 0.74, 1.46 0.825 1.12 0.79, 1.57 0.529

Geometric means are shown for biomarker values. Models were adjusted for WASH arm, season of birth, breastfeeding status and weight-for-age Z-score around the time of vacci-
nation. P values highlighted in bold remained significant after adjusting for multiple testing using the Benjamini-Hochberg procedure.
* Risk ratio corresponding to an increase of one natural log of the biomarker.

Fig. 2. Associations between (A) individual EED biomarkers and (B) EED biomarkers
domains and scores, and oral rotavirus vaccine immunogenicity. Risk ratios for sero-
conversion/seropositivity correspond to a 1 natural log increase. Risk ratios and 95%
confidence intervals shown are for the adjusted analysis.

Blue = seroconversion, Red = seropositivity. AAT = alpha-1 antitrypsin, CRP = C-
reactive protein, CIT = citrulline, IFABP = intestinal fatty acid binding protein,
KTR = kynurenine tryptophan ratio, MPO = myeloperoxidase, NEO = neopterin,
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3.5. Sensitivity analysis

When associations between individual biomarkers and RVV
immunogenicity were tested among a larger group of infants, with
biomarkers measured before or after RVV receipt, inferences
remained similar (Table S9).

3.6. WASH effects on EED measured around the time of RVV receipt

The effects of WASH on EED biomarkers was estimated in 505
infants with both RVV immunogenicity data and a valid EED bio-
marker measured in the first six months of life (199 WASH versus
306 non-WASH infants). Baseline characteristics were similar
between WASH and non-WASH groups (Table S10). Overall, there
was no meaningful impact of the randomised WASH intervention on
any individual EED biomarker (Table 2).

4. Discussion

In this study, we measured multiple biomarkers of EED among
rural Zimbabwean infants but we did not find associations between
elevated EED biomarkers and impaired rotavirus vaccine immunoge-
nicity. If anything, infants with elevated I-FABP or myeloperoxidase
were more likely to respond to vaccination, although these associa-
tions were weakened after adjustment for multiple comparisons. Our
SHINE EED score, based on nine biomarkers, showed better internal
consistency than a three biomarker score previously defined by
Kosek and colleagues [10]. Nevertheless, this score and others group-
ing together multiple EED biomarkers were also not associated with
RVV immunogenicity. Collectively, we interpret these results as
showing no evidence � using currently available biomarkers � of an
inhibitory effect of EED on oral rotavirus vaccine immunogenicity.

Two previous studies similarly found a positive association
between I-FABP concentration and oral vaccine responses. The first,
in 40 Bangladeshi children aged 3�14 years, found an association
between I-FABP and cholera toxin-specific effector memory T-cell
responses [32]. The second study measured anti-rotavirus IgA among
142 Zambian infants [33]; elevated I-FABP was associated with a
REG1B = regenerating enzyme 1B, sCD14 = soluble CD14, PC = principal component.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article).



Table 2
Concentrations of EED biomarkers among infants in the WASH and non-WASH groups.

Biomarker Study Arm N GM (95% CI) GM Ratio (95% CI) P value

AAT (mg/mL) Non-WASH 203 0.44 (0.35, 0.56) ref Ref
AAT (mg/mL) WASH 120 0.41 (0.29, 0.60) 0.93 (0.61, 1.42) 0.773
CRP (mg/L) Non-WASH 306 0.39 (0.30, 0.49) ref ref
CRP (mg/L) WASH 199 0.45 (0.33, 0.62) 1.13 (0.74, 1.72) 0.533
Citrulline (ng/mL) Non-WASH 298 2837 (2711, 2969) ref ref
Citrulline (ng/mL) WASH 191 2752 (2625, 2886) 0.97 (0.91, 1.04) 0.352
IFABP (pg/mL) Non-WASH 306 1264 (1192, 1340) ref ref
IFABP (pg/mL) WASH 199 1176 (1091, 1267) 0.93 (0.85, 1.02) 0.136
KTR (ratio x 1000) Non-WASH 266 52.9 (50.9, 55.0) ref ref
KTR (ratio x 1000) WASH 168 51.2 (48.7, 53.8) 0.97 (0.91, 1.03) 0.370
MPO (ng/mL) Non-WASH 205 2895 (1499, 5592) ref ref
MPO (ng/mL) WASH 123 1324 (414, 4233) 0.44 (0.12, 1.58) 0.322
NEO (nmol/L) Non-WASH 202 803 (701, 919) ref ref
NEO (nmol/L) WASH 122 867 (705, 1067) 1.08 (0.85, 1.37) 0.571
REG1B (ug/mL) Non-WASH 189 17.0 (14.3, 20.3) ref ref
REG1B (ug/mL) WASH 112 16.6 (13.5, 20.5) 1.04 (0.66, 1.65) 0.848
sCD14 (ng/mL) Non-WASH 306 705,605 (651,270, 764,474) ref ref
sCD14 (ng/mL) WASH 199 721,223 (654,106, 795,227) 1.02 (0.9, 1.16) 0.744

AAT = alpha-1 antitrypsin, CRP = C-reactive protein, CIT = citrulline, GM = geometric mean, IFABP = intestinal
fatty acid binding protein, KTR = kynurenine tryptophan ratio, MPO = myeloperoxidase, NEO = neopterin,
REG1B = regenerating enzyme 1B, sCD14 = soluble CD14.
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small increase in RVV seroconversion (adjusted RR 1.07 (95% CI 1.02,
1.13)). However, neither study used false-discovery rate adjustment.
I-FABP is found in mature enterocytes, particularly at the small intes-
tinal villous tips, and is released into the circulation when the cell
membrane is compromised [34]. It is a dynamic measure of acute
enterocyte damage, but may be less informative of chronic injury
[35], particularly in low-income countries [36,37]. It is plausible that
intestinal epithelial injury actually enhances immune responses to
oral vaccines, by influencing entry into enterocytes or virus replica-
tion. Investigators have suggested that enteric pathogens, which are
associated with intestinal injury, can behave as immune stimulators
[38]. Elevated I-FABP, resulting from pathogen-associated damage,
may partly reflect this process.

A similar explanation may underlie the positive association
between myeloperoxidase and RVV immunogenicity. Stool myelo-
peroxidase is a marker of neutrophil recruitment to intestinal tissues.
Neutrophil proteases, which are involved in bacterial killing, may in
fact facilitate uptake of a viral vaccine. For membrane penetration,
the outer capsid VP4 spike protein on the rotavirus surface must be
proteolytically cleaved into two fragments by trypsin-like proteases
[39]. However, much remains unknown about the cell surface mole-
cules that serve as functional receptors for rotaviruses [40], or the
implications of cell surface damage. Moreover, the evidence support-
ing an enhancing effect of intestinal inflammation on vaccine
response is extremely heterogeneous. Among 590 Bangladeshi
infants aged 3 months in the PROVIDE study, increased stool calpro-
tectin (another marker of neutrophil activity) was associated with
successful oral polio vaccine type 3 (OPV3) seroconversion [34], while
there were no significant associations between myeloperoxidase and
either OPV or RVV responses [34]. In an Indian trial of azithromycin
versus placebo for 3 days prior to receiving serotype-3 monovalent
OPV, there were no associations between myeloperoxidase and OPV3
response among 6�11 month old children [41]. In contrast, in a study
of Nicaraguan infants, elevated myeloperoxidase was associated with
failure to seroconvert to RotateqTM [11].

KT ratio measures the activity of IDO1, an immune checkpoint
molecule expressed in immune and epithelial cells, and is therefore a
composite marker of mucosal health and systemic inflammation [42].
IDO1 is the rate-limiting enzyme in the conversion of tryptophan to
kynurenine; therefore low tryptophan, high kynurenine and high
KTR indicate increased IDO1 activity. KTR has recently been used as
an EED biomarker in other studies [43,44] but there are no published
data to our knowledge exploring its relationship with RVV
immunogenicity. Among Peruvian infants, elevated KTR was associ-
ated with increased odds of OPV1 failure (OR 1.89 (95% CI 1.21,
2.97)), driven by a relative increase in kynurenine [43]. By contrast,
in our analysis, KTR was not associated with RVV seroconversion.
Prior studies suggest that systemic inflammation does not interfere
with rotavirus vaccine responses in Africa. Among HIV-infected
infants with heightened pro-inflammatory cytokines and monocyte
activation, IgA responses to RotateqTM were equivalent to responses
in HIV-uninfected infants with no inflammation [45,46].

We previously reported that household improvements in WASH
led to increased rotavirus immunogenicity [13]. However, we found
no evidence of WASH effects on biomarkers of EED around the time
of vaccination, so these measures of EED are unlikely to explain our
previous results. This is consistent with the findings from a larger
study using the same population of infants, which explored the evo-
lution of EED biomarkers from birth to 18 months and the effects of
the SHINE trial interventions on EED at several time points [47].

This study had several strengths. We evaluated an extensive panel
of gut biomarkers in infants, which may be more sensitive to early
changes in intestinal health than direct visualisation of the small
intestine [7]. Furthermore, this is the first study to explore relation-
ships between citrulline, KT ratio, and rotavirus vaccine immunoge-
nicity. Nevertheless, there are some important limitations to this
analysis. Firstly, low rates of seroconversion, coupled with a relatively
small number of infants with pre-vaccine samples, reduced our
power to detect meaningful associations. Secondly, urinary lactulose-
mannitol ratios were not measured at the 1-month visit (due to con-
cerns about interrupting exclusive breastfeeding with oral dosing of
lactulose and mannitol), so assessment of intestinal permeability was
reliant on a single biomarker (AAT). This limits our ability to draw
comparisons with other studies, although we note that this dual
sugar absorption test is prone to significant variability between stud-
ies in dosing, methods of analysis and interpretation [48]. Finally, the
definition of EED remains problematic. It remains unclear what path-
ological processes each biomarker captures, how biomarkers relate
to one another, and what reference ranges should be used in low-
income countries. Results from the RoVI (Rotavirus Vaccine Immuno-
genicity) study, which measured EED biomarkers in the UK, India and
Malawi and is exploring associations with RVV immunogenicity, will
hopefully shed more light on this [49].

Overall, our findings indicate elevated EED biomarkers in Zimbab-
wean infants soon after birth, but no deleterious impact on oral rota-
virus vaccine responses. We found modest associations between
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both elevated I-FABP and myeloperoxidase and increased rotavirus
vaccine immunogenicity; however, these results require further
mechanistic exploration and should be interpreted with caution
given the heterogeneous findings in other studies. Interventions tar-
geting EED may not be effective in improving oral RVV performance,
and further studies are needed to understand the impact of the intes-
tinal milieu on oral vaccine immunogenicity.
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