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Abstract

Background

Rotavirus gastroenteritis remains a leading cause of morbidity and mortality despite the

introduction of vaccines. Research shows there are several factors contributing to the

reduced efficacy of rotavirus vaccines in low- and middle-income settings. Proposed factors

include environmental enteric dysfunction (EED), malnutrition, and immune dysfunction.

This study aimed to assess the effect of these factors on vaccine responses using a

machine learning lasso approach.

Methods

Serum samples from two rotavirus clinical trials (CVIA 066 n = 99 and CVIA 061 n = 124)

were assessed for 11 analytes using the novel Micronutrient and EED Assessment Tool

(MEEDAT) multiplex ELISA. Immune responses to oral rotavirus vaccines (Rotarix, Rota-

vac, and Rotavac 5D) as well as a parenteral rotavirus vaccine (trivalent P2-VP8) were also

measured and machine learning using the lasso approach was then applied to investigate

any associations between immune responses and environmental enteric dysfunction, sys-

temic inflammation, and growth hormone resistance biomarkers.

Results

Both oral and parenteral rotavirus vaccine responses were negatively associated with retinol

binding protein 4 (RBP4), albeit only weakly for oral vaccines. The parenteral vaccine
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responses were positively associated with thyroglobulin (Tg) and histidine-rich protein 2

(HRP2) for all three serotypes (P8, P6 and P4), whilst intestinal fatty acid binding protein (I-

FABP) was negatively associated with P6 and P4, but not P8, and soluble transferrin recep-

tor (sTfR) was positively associated with P6 only.

Conclusion

MEEDAT successfully measured biomarkers of growth, systemic inflammation, and EED in

infants undergoing vaccination, with RBP4 being the only analyte associated with both oral

and parenteral rotavirus vaccine responses. Tg and HRP2 were associated with responses

to all three serotypes in the parenteral vaccine, while I-FABP and sTfR results indicated pos-

sible strain specific immune responses to parenteral immunization.

Introduction

Rotavirus remains a public health concern due to the high morbidity and mortality associated

with rotavirus diarrhea [1]. Rotavirus vaccines have been successfully implemented globally,

albeit with reduced efficacy in developing countries [2]. This was shown in a review conducted

by Kazimbaya and colleagues, where the rotavirus vaccine demonstrated lower efficacy in low-

and middle-income countries (LMICs) as compared to developed countries [3]. The review

analyzed multiple efficacy trials for RotaTeq1 and Rotarix1, conducted in high-income

countries (HICs) such as the United States, Australia, Spain, Japan, Finland, and Canada and

in these countries, the efficacy against hospitalization or emergency in-patient care of these

vaccines was greater than 80% [4–9]. However, for reasons not well understood, these vaccines

do not perform optimally in resource-poor country populations (LMICs), where the efficacy is

between 40–60% [10–17]. Two other vaccines, ROTAVAC1 and Rotasil1, have shown mod-

est efficacy in their Phase 3 studies in India and Zambia [18–20]. The efficacy of ROTAVAC1

against severe rotavirus diarrhea was 56.4% (95% CI 36.6–70.1) in India, while the efficacy esti-

mates of Rotasil1 was 39.5% (95% CI 26.7–50). The Zambian trial reported seroconversion

rates of 33.1% whilst India reported seroconversion rates of 40.6% for ROTAVAC1. The sim-

ilarity in seroconversion rated between Zambia and Indiacould indicate comparable efficacy

rates for ROTAVAC1 in Zambia [18, 20, 21].

Many reasons have been proposed to explain the observed differences in efficacy between

LMICs and HICs, and these include interference by other viruses or bacteria colonizing the

intestine, which impede the establishment of a protective immune response; neutralization of

the vaccine virus by maternally derived antibody (from breast-milk or trans-placentally

acquired antibody), immaturity of the local immune system; environmental enteric dysfunc-

tion (EED); interference from oral poliovirus vaccines; malnutrition and potential interference

due to the concomitant presence of other pathogens [22–29].

Previous studies have observed both positive and non-significant relationships between the

immune response to orally administered vaccinations with EED [22, 30, 31]. However, only

one study tested the independent association of biomarkers of EED with other factors such as

systemic inflammation and growth hormone resistance with seroconversion to oral rotavirus

vaccination [30]. We used the 11-plex Micronutrient and EED Assessment Tool (MEEDAT)

to measure biomarkers of EED, inflammation and growth resistance to ascertain the multiple

factors that could be associated with vaccine seroconversion [30]. MEEDAT is intended to
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offer a rapid and effective tool for efficiently screening children for EED, systemic inflamma-

tion and growth failure prior to enrollment into clinical trials of candidate EED interventions.

MEEDAT aims to streamline the evaluation of efficacy in trials for which the biomarkers are

clinical endpoints. The performance of MEEDAT has been validated with well-qualified clini-

cal specimens collected from children and adults in low-resource settings, a population at high

risk for EED and stunting [30, 32, 33].

In this study, we aimed to investigate the association of biomarkers of EED, systemic

inflammation, and growth hormone resistance at baseline with seroconversion to oral and par-

enteral rotavirus vaccination and linear growth using the machine learning (ML) lasso

approach [34]. Parenteral vaccines have been predicted to have stronger immune responses

and could show significant differences in immune profiles compared to oral vaccines and thus

samples from both oral and parenteral vaccines were used in this study.

Materials and methods

Study design and participants

Plasma samples were obtained on 14 December 2021 from 99 infants from the CVIA 066 trial

(NCT03602053) and 124 infants from the CVIA 061 (NCT04010448). The CVIA 066 trial

design and results were reported by Chilengi and colleagues [20] and the samples selected are

shown in Fig 1. All samples obtained were deidentified with only participant IDs and no par-

ticipant details were available to authors at any point during or after data collection.

Fig 1. Sample selection from CVIA 066 trial.

https://doi.org/10.1371/journal.pone.0293101.g001
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The CVIA 061 trial is an ongoing Phase 3 double-blind, randomized, active comparator-

controlled, group-sequential, multinational trial to assess the safety, immunogenicity, and effi-

cacy of a trivalent (TV) rotavirus P2-VP8 subunit vaccine. A cohort of 371 healthy infants aged

6–8 weeks was randomized to one of two groups in a ratio of 1:1 to receive either 90 μg of TV

rotavirus P2-VP8 subunit vaccine by intramuscular (IM) injection plus oral placebo, or

Rotarix1 PO plus IM placebo. Participants received three doses of TV P2-VP8/placebo IM

and two doses of Rotarix1/placebo PO at monthly intervals starting at 6–8 weeks of age. To

maintain the blind, infants allocated to the TV P2-VP8 vaccine arm received both TV P2-VP8

IM as well as oral placebo vaccine, and infants allocated to receive Rotarix1 received both

Rotarix1 PO and placebo IM. The samples selected for this study are shown in Fig 2. All sam-

ples selected were from participants that consented to future testing of samples in CVIA 066

and CVIA 061.

Study procedures

Specimen collection and preparation. Two serum samples were collected from infants,

the first sample was collected at baseline just prior to vaccination and the second sample was

collected 28 days post final vaccination. Blood samples of between 3–5 ml were collected from

infants in serum separator tubes (SST) and were allowed to sit for 30 minutes prior to centrifu-

gation at 1000g, aliquoted and transported to CIDRZ Central lab at 2–8˚C for storage at -80˚C

until testing.

Fig 2. Sample selection from CVIA 061 trial.

https://doi.org/10.1371/journal.pone.0293101.g002
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Quantitative measurement of EED biomarkers and biomarker testing. Duplicate sam-

ples were tested to determine serum levels of intestinal fatty acid binding protein (I-FABP),

soluble CD14 (sCD14), insulin-like growth factor 1 (IGF-1), fibroblast growth factor 21

(FGF21), alpha-1 acid glycoprotein (AGP), C-reactive protein (CRP), ferritin, soluble transfer-

rin receptor (sTfR), retinol binding protein 4 (RBP4), thyroglobulin (Tg) and histidine-rich

protein 2 (HRP2) as measured by the MEEDAT 11-plex ELISA (Q-Plex™ Human Environ-

mental Enteric Dysfunction 11-plex, Quansys Biosciences, USA) as described by Arndt and

colleagues [30]. All samples and calibrator dilutions were diluted using the reconstituted com-

petitor as per the manufacturer’s instructions. All curve fitting was automatically completed

using Quansys’ Q-View™ software, application version 3.11. Each analyte within the assay was

validated with the MEEDAT array to meet the intra- and inter-assay specifications of<10%

and<15% coefficient of variation (CV) respectively.

Measurement of immune response to vaccine antigens. All serum samples collected

under the CVIA 066 study were tested for anti-rotavirus immunoglobulin A (IgA) antibodies

by a validated ELISA using WC3 virus as the antigen at the Wellcome Trust Research Labora-

tory, Christian Medical College (CMC), Vellore, India. The assays had acceptable accuracy,

precision, and linearity, with a standard curve modelled using a 4-parameter logistic fit regres-

sion function. During validation of the assay, the lower limit of quantification was set at 7.0 U/

mL at CMC [20]. The ELISAs used to test the CVIA 061 study TV P2-VP8 samples used the

WC3 lysate to assess anti P2_VP8 IgG antibodies and thus serum samples were shipped to

Cincinnati Children’s Hospital Medical Center (CCHMC), Cincinnati, USA for analysis [35].

Both laboratories used assays developed in conformance with the WHO Manual of Rotavirus
Detection and Characterization Methods [36]

Data management

Results from the MEEDAT analysis were exported using Quansys’ Q-View software, applica-

tion version 3.11. All results were optimized for best fit curves for individual biomarkers con-

trols prior to exportation as CSV files.

Ethics

A waiver of consent was obtained for the samples used in this study from the University of

Zambia Bioethics Research Committee (UNZABREC ref 1977–2021) as all participants

included had consented to future testing of samples. Additionally, waivers were obtained from

Zambia Medicines Regulatory Authority (ZAMRA) and National Health Research Authority

(NHRA). All study procedures were conducted in accordance with Good Clinical Practice.

Statistical analysis

The primary outcome was vaccine response and was measured as seroconversion in the entire

CVIA 066 cohort and CVIA 061 infants that received Rotarix. Seroconversion was defined as a

four-fold increase in serum anti-rotavirus IgA antibody concentrations at day 28 post final

dose. For the CVIA 061 cohort, IgG concentration levels for antigens P8, P6 and P4 titres in

TV P2-VP8 samples were measured at day 28 post final dose.

We summarized baseline characteristics of participants using frequency and proportion for

categorical variables, and median and interquartile range for continuous variables. To keep a

variable with high variability from dominating the analysis, we standardized the biomarkers,

P8, P6, P4 and serum anti-rotavirus IgA antibody concentrations to a mean of 0, a standard

deviation of 1. We used heat plots to visualise the uniformity of biomarkers of enteric dysfunc-

tion, systemic inflammation, and growth hormone resistance at baseline and serum anti-
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rotavirus IgA antibody concentrations at day 28 post final dose. We used a cross-fit partial-

ling-out logit model to estimate the effect of biomarkers on seroconversion controlling for

social demographic characteristics and to determine the effect of biomarkers on P8, P6 and P4.

Cross-fit partialling-out estimation methods overcome overfitting by orthogonalizing the rele-

vant estimators [37]. The lasso for inference was chosen over the classical logistic regression

because of the high dimensionality of the data. Therefore, constraining/regularising the objec-

tive or optimisation function in the lasso for inference helped to ensure stability of the esti-

mates. All analyses were carried out using Stata 18 (StataCorp, College Station, TX, USA).

Results

Baseline characteristics of infants

A total of 99 infants were included for the CVIA 066 study and 57 infants in the oral arm

(Rotarix) of the CVIA 061 study. Sixty-seven (~43%) were females and 21(13.5%) stunted

defined as HAZ >-2 (Table 1).

Table 2 indicates the baseline characteristics for 67 participants that were included in the

CVIA 061 TV P2-VP8 arm of the study. Approximately 51% were male and 6% were stunted

in the cohort.

We observed the day 28 responses differed by participants. Likewise, biomarker concentra-

tion strength differs by participants and biomarker, and notably some participants exhibited

relatively higher levels across multiple biomarkers. We also observed the relationships between

Table 1. Baseline characteristics of infants in the CVIA 066 and CVIA 061 studies who received oral rotavirus vaccine.

N(% of total) Rotarix Rotavac Rotavac 5D Chi2 p value

Sex

Female 67(42.9) 38(57) 17(25) 12(18)

Male 89(57.1) 55(62) 10(11) 24(27) 0.063

Age group (Weeks)

<7 138(88.5) 84(61) 23(17) 31(22)

7+ 18(11.5) 9(50) 4(22) 5(28) 0.933

Stunted

No 135(86.5) 84(62) 21(16) 30(22) 0.547

Seroconversion

Yes 100(64.1) 56(56) 20(20) 24(24) 0.228

https://doi.org/10.1371/journal.pone.0293101.t001

Table 2. Baseline characteristics for participants enrolled in CVIA 061 study that received parenteral rotavirus vaccine.

P8 Titres P6 Titres P4 Titres

N(% of total), N = 67 median (IQR) *p-value median (IQR) *p-value median (IQR) *p-value

Age

<7 weeks 61 (91%) 92.3 (45.6, 256.1) 181.1 (62.4, 689.2) 4522.6 (2604.1, 6895.9)

7+ weeks 6 (9%) 106.25 (32.7, 159.5) 0.52 119.85 (23.5, 183.6) 0.47 3516.2 (2636.75, 10492.4) 0.87

Sex

Male 34 (51%) 120.2 (40.8, 236.2) 0.65 206.2 (59.4, 596.2) 0.9 4097.4 (2146.5, 7585) 0.89

Female 33 (49%) 62.8 (46.8, 256.1) 113.4 (62.4, 943.7) 4684.75 (2674.65, 5994.2)

Stunting

No 63 (94%) 92.3 (41.5, 256.1) 0.56 177.7 (52.4, 630) 0.33 4097.4 (2604.1, 6895.9) 0.53

Yes 4 (6%) 84.4 (41.4, 135.8) 560.65 (126.55, 1054.45) 5682.4 (4522.6, 6842.2)

*Wilcoxon rank sum test

https://doi.org/10.1371/journal.pone.0293101.t002
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the baseline biomarker levels and immune response by subject, e.g., a group of subjects in the

oral rotavirus arm with strong responses appear to have high baseline levels of biomarkers

compared to those in the parenteral arm (S1 and S2 Figs compared to S3 Fig). To better

extract, assess, and utilize such observations, machine learning techniques were applied to pro-

vide models of the relationship between biomarkers of environmental enteric dysfunction, sys-

temic inflammation, and growth hormone resistance at baseline and rotavirus-specific

antibodies induced by vaccination (Table 3).

Association of biomarkers at baseline with seroconversion to oral rotavirus

vaccine

Cross-fit partialing-out logit model, a lasso for inference machine learning algorithm, showed

that only RBP4 (p = 0.08) was weakly associated with seroconversion (Table 3).

Association of biomarkers at baseline with vaccine response to parenteral

rotavirus vaccine

Cross-fit partialing-out linear model for the CVIA 061 participants that received TV P2-VP8, a

lasso for inference machine learning algorithm, showed that HRP2 (p = 0.06) was weakly asso-

ciated with increased P8 antigen titres post vaccination and Tg (p = 0.008) had a stronger asso-

ciation for P8 antigen titres post vaccination, whilst RBP4 (p = 0.013) had a stronger negative

association of post vaccination titre with the P8 antigen (Table 4) whilst only Tg (0.041) and

RBP4 (-0.048) showed an association for change of titre with the P8 antigen (Table 5).

For the P6 the biomarkers Tg (p = 0.036), sTfR (p = 0.003), HRP2 (p = 0.038) showed a pos-

itive association whilst I-FABP (p = 0.015) and RBP4 (p = 0.037) showed negative associations

with post vaccination titre (Table 6) whilst sTfR (p<0.001) showed strong association with

change in titre and HRP2 (p = 0.062), I-FABP (p = 0.02), Tg (p = 0.012) and RBP4 (p = 0.068)

showed weaker associations with changing titre of P6 antigen (Table 7).

For P4 antigen the Tg (p = 0.005) HRP2 (p = 0.009) I-FABP (p = 0.061) and RBP4

(p = 0.007) showed an association for post vaccination titre (Table 8) whilst Tg (p = 0.026)

HRP2 (p = 0.037) I-FABP (p = 0.014) and RBP4 (p = 0.047) also showed an association with

the change in titre of P4 antigen (Table 9).

Table 3. Association of biomarkers of environmental enteric dysfunction, systemic inflammation, and growth hormone resistance at baseline with seroconversion

to oral rotavirus vaccination (Rotarix, Rotavac and Rotavac 5D) among infants aged 6–10 weeks at vaccination for CVIA 066 and CVIA 061 participants.

Biomarkers *Adjusted OR 95%CI p-value

Ferritin 0.94 [0.62, 1.44] 0.79

Tg 1.06 [0.71, 1.6] 0.76

sTfR 0.79 [0.51, 1.21] 0.28

HRP2 1.12 [0.75, 1.67] 0.59

IGF-1 1.2 [0.86, 1.68] 0.28

FGF21 0.88 [0.61, 1.27] 0.49

I-FABP 1.28 [0.66, 2.48] 0.46

CRP 1.37 [0.9, 2.08] 0.14

sCD14 1.31 [0.68, 2.53] 0.42

AGP 0.99 [0.57, 1.71] 0.96

RBP4 0.53 [0.26, 1.08] 0.08

*Cross-fit partialing-out logit model adjusted for age in weeks (binary), sex (binary), low birth weight (binary), stunted (binary). Biomarker concentrations were

standardised to mean of 0 and standard deviation of 1. The adjusted odds ratio (aOR) corresponds with a 1 standard deviation increase in biomarker.

https://doi.org/10.1371/journal.pone.0293101.t003
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To compare the parenteral and oral vaccine responses post vaccination, a similar analysis

was carried out with oral vaccine response from CVIA 066 and CVIA 061 in which an adjusted

coefficient was assessed instead of using seroconversion (odds ratio). The results in Table 10

indicated CRP and RBP4 were significant for oral vaccines (P<0.001 and P = 0.043).

A comparison was also made of the analyte ranges amongst the participants of the Zambian

trials compared to the Tanzanian [33] and Malian cohorts [30] that also used MEEDAT to

assess the nutritional, growth and EED status of infants (Table 11). Most of the analytes were

similar amongst the infants with the Zambian infants generally having lower biomarker con-

centrations. The exceptions noted were ferritin, IGF-1, sTfR and Tg for the Malian infants and

only FGF21 for the Tanzanian infants.

Discussion

We report associations between two rotavirus vaccines and biomarkers of growth hormone

resistance, environmental enteric dysfunction and systemic inflammation. For the oral vaccine

Table 4. Association of biomarkers of environmental enteric dysfunction, systemic inflammation, and growth hormone resistance to post vaccination titres of P8.

P8 Antigen Titre Post vaccination

Biomarkers *Adjusted Coefficient 95%CI p-value

Ferritin -0.07 [-0.3, 0.16] 0.541

Tg 0.25 [0.06, 0.43] 0.008

sTfR 0.18 [-0.13, 0.49] 0.255

HRP2 0.33 [-0.01, 0.67] 0.06

IGF-1 0 [-0.22, 0.22] 0.993

FGF21 -0.02 [-0.2, 0.16] 0.828

I-FABP -0.1 [-0.3, 0.09] 0.286

CRP 0.37 [-0.05, 0.8] 0.086

sCD14 0.39 [-0.05, 0.84] 0.081

AGP -0.22 [-0.61, 0.18] 0.283

RBP4 -0.57 [-1.01, -0.12] 0.013

*Cross-fit partialing-out logit model adjusted for age in weeks (binary), sex (binary), low birth weight (binary), stunted (binary). Biomarker concentrations were

standardised to mean of 0 and standard deviation of 1

https://doi.org/10.1371/journal.pone.0293101.t004

Table 5. Association of biomarkers of environmental enteric dysfunction, systemic inflammation, and growth hormone resistance to change in antigen titre of P8.

P8 Change in Antigen Titre

Biomarkers *Adjusted Coefficient 95%CI p-value

Ferritin -0.11 [-0.36, 0.13] 0.377

Tg 0.2 [0.01, 0.39] 0.041

sTfR 0.25 [-0.02, 0.53] 0.073

HRP2 0.29 [-0.07, 0.64] 0.11

IGF-1 0 [-0.22, 0.21] 0.975

FGF21 0.01 [-0.16, 0.17] 0.933

I-FABP -0.17 [-0.37, 0.02] 0.084

CRP 0.36 [-0.03, 0.75] 0.074

sCD14 0.24 [-0.21, 0.68] 0.294

AGP -0.19 [-0.57, 0.19] 0.323

RBP4 -0.48 [-0.96, 0] 0.048

https://doi.org/10.1371/journal.pone.0293101.t005
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recipients (Rotarix, Rotavac and Rotavac 5D), RBP4 (p = 0.08) showed a weak negative associ-

ation with seroconversion and in comparison, RBP4 (p = 0.043) and CRP (p<0.001) showed a

negative and positive association respectively with parenteral vaccine immune response. CRP

has been associated with immune activation and acute or chronic inflammation and RBP4 is

also associated with immune activation and micronutrient deficiency. RBP4 has been pro-

posed as an indirect measure of nutrition and vitamin A deficiency and vitamin A has been

found to contribute to disease severity in its absence. Thus, a downward change in RBP4 could

indicate reduced immune activation, improved nutrition and thus possibly facilitate towards

seroconversion. CRP showed a positive association with seroconversion and therefore increase

in CRP could also assist in seroconversion of infants. It was noted that none of the environ-

mental enteric dysfunction markers were associated with seroconversion, though this may be

explained by the sample size being insufficiently powered to detect a significant change.

For the parenteral vaccine TV P2-VP8, RBP4, Tg and HRP2 were the biomarkers com-

monly associated with both post vaccination titres as well as change in titres for all antigens.

Tg can indirectly measure the nutritional status of infants as higher levels indicate that the thy-

roid may be overcompensating for low levels of iodine and could indicate iodine deficiency.

Normal function of thyroid is necessary for brain development and has also been found to

Table 6. Association of biomarkers of environmental enteric dysfunction, systemic inflammation, and growth hormone resistance to post vaccination titres of P6.

P6 Antigen Titre Post vaccination

Biomarkers *Adjusted Coefficient 95%CI p-value

Ferritin 0.08 [-0.14, 0.29] 0.472

Tg 0.16 [0.01, 0.31] 0.036

sTfR 0.59 [0.2, 0.98] 0.003

HRP2 0.3 [0.02, 0.57] 0.038

IGF-1 0.13 [-0.06, 0.33] 0.183

FGF21 0.09 [-0.15, 0.33] 0.442

I-FABP -0.32 [-0.58, -0.06] 0.015

CRP 0.07 [-0.13, 0.27] 0.512

sCD14 0.23 [-0.32, 0.78] 0.417

AGP -0.13 [-0.49, 0.22] 0.459

RBP4 -0.46 [-0.9, -0.03] 0.037

https://doi.org/10.1371/journal.pone.0293101.t006

Table 7. Association of biomarkers of environmental enteric dysfunction, systemic inflammation, and growth hormone resistance to change in antigen titre of P6.

P6 Change in Antigen Titre

Biomarkers *Adjusted Coefficient 95%CI p-value

Ferritin 0.13 [-0.1, 0.35] 0.277

Tg 0.21 [0.05, 0.38] 0.012

sTfR 0.59 [0.26, 0.92] <0.001

HRP2 0.24 [-0.01, 0.49] 0.062

IGF-1 0.16 [-0.04, 0.36] 0.116

FGF21 0.17 [-0.06, 0.39] 0.155

I-FABP -0.3 [-0.56, -0.05] 0.02

CRP 0.15 [-0.02, 0.32] 0.091

sCD14 0.08 [-0.41, 0.58] 0.745

AGP -0.23 [-0.57, 0.11] 0.178

RBP4 -0.38 [-0.78, 0.03] 0.068

https://doi.org/10.1371/journal.pone.0293101.t007
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impact T-cell function [38]. Therefore, increased levels could potentially impact the ability of

an infant to successfully respond to a parenteral vaccine and may account for its marked asso-

ciation with vaccination titres post vaccination and changes in titres post vaccination.

For the parenteral vaccines there was a difference seen amongst the antigens with I-FABP

and sTfR being associated with P6 antigens and I-FABP being associated with titres against the

P4 antigens respectively in addition to RBP4, Tg and HRP2. Soluble transferrin receptor has

been identified as another micronutrient status indicator as it measures iron deficiency. Low

iron deficiency has been linked to poor growth outcomes for infants globally and would have a

long-term impact on immune status. It was observed that for P6 and P4 antigens only one of

the environmental enteric dysfunction markers (I-FABP) an indicator of gut repair which is

associated with stunting and growth faltering had a strong negative association. It is not clear

why this would not apply to all antigens but may point to different mechanisms of action. An

analysis carried out by Cates and colleagues indicated that vaccine effectiveness differed by

strain, with a larger difference observed in LMICs [39]. The phase II study carried out in South

Africa by Groome and colleagues noted that infants showed immune responses between 77–

85% for two strains and 52–65% responses to all three strains therefore showing that there

were strain specific responses amongst the infants [40]. They also showed differences in IgA

Table 8. Association of biomarkers of environmental enteric dysfunction, systemic inflammation, and growth hormone resistance to post vaccination titres of P4.

P4 Antigen Titre Post vaccination

Biomarkers *Adjusted Coefficient 95%CI p-value

Ferritin -0.06 [-0.3, 0.18] 0.621

Tg 0.3 [0.09, 0.5] 0.005

sTfR 0.16 [-0.13, 0.45] 0.29

HRP2 0.35 [0.09, 0.62] 0.009

IGF-1 0.08 [-0.17, 0.33] 0.525

FGF21 0.04 [-0.14, 0.22] 0.672

I-FABP -0.19 [-0.39, 0.01] 0.061

CRP 0.27 [-0.02, 0.55] 0.069

sCD14 0.38 [-0.1, 0.86] 0.122

AGP -0.19 [-0.61, 0.22] 0.362

RBP4 -0.54 [-0.93, -0.15] 0.007

https://doi.org/10.1371/journal.pone.0293101.t008

Table 9. Association of biomarkers of environmental enteric dysfunction, systemic inflammation, and growth hormone resistance to change in antigen titre.

P4 Change in Antigen Titre

Biomarkers *Adjusted Coefficient 95%CI p-value

Ferritin -0.1 [-0.35, 0.15] 0.42

Tg 0.25 [0.03, 0.46] 0.026

sTfR 0.21 [-0.06, 0.48] 0.127

HRP2 0.31 [0.02, 0.61] 0.037

IGF-1 0.06 [-0.17, 0.3] 0.594

FGF21 0.07 [-0.1, 0.23] 0.423

I-FABP -0.26 [-0.47, -0.05] 0.014

CRP 0.25 [-0.02, 0.52] 0.071

sCD14 0.24 [-0.23, 0.71] 0.308

AGP -0.16 [-0.55, 0.23] 0.433

RBP4 -0.45 [-0.89, -0.01] 0.047

https://doi.org/10.1371/journal.pone.0293101.t009
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immune responses with the three antigens with P8 showing the smallest responses though no

reason was proposed for this observation [40]. Our study also showed the least responses for

the P8 antigens, therefore, it may be that environmental factors in LMICs may account for the

differences observed amongst the antigens with P6 and P4 producing greater immune

responses as compared to P8 in the parenteral vaccine.

Previous work in Zambian infants by Mwape and colleagues [22] identified zonulin and

I-FABP as associated with increased response to rotavirus vaccine. Whilst work in Nicaragua

associated myeloperoxidase and calprotectin levels with failed seroconversion and generally

higher combined EED scores also with failure to seroconvert [41]. Additional work in Zimba-

bwe determined that I-FABP as well as myeloperoxidase were positively associated with rotavi-

rus vaccine immune response [31]. To the contrary this study was able to identify a negative

association between I-FABP and increased titres of P6 and P4 antigens in the TV P2-VP8

cohort, it was also able to identify other EED, systemic inflammation and growth biomarkers

that may be associated with vaccine response. The study made use of the machine learning

(ML) lasso approach, a more statistically advanced method compared to traditional methods.

Table 10. Association of biomarkers of environmental enteric dysfunction, systemic inflammation, and growth hormone resistance to post vaccination IgA titre of

oral rotavirus vaccine.

Oral IgA Titre Post Vaccination

*Adjusted Coefficient 95 CI Interval p-value

Ferritin -0.097 [-0.366, 0.173] 0.482

Tg -0.01 [-0.163, 0.143] 0.897

sTfR -0.043 [-0.308, 0.221] 0.747

HRP2 -0.155 [-0.37, 0.059] 0.156

IGF-1 0.119 [-0.157, 0.395] 0.399

FGF21 0.088 [-0.154, 0.329] 0.476

I-FABP 0.029 [-0.239, 0.296] 0.832

CRP 0.295 [0.158, 0.431] <0.001

sCD14 -0.1 [-0.405, 0.205] 0.521

AGP 0.208 [-0.173, 0.589] 0.285

RBP4 -0.21 [-0.413, -0.006] 0.043

https://doi.org/10.1371/journal.pone.0293101.t010

Table 11. Comparison of analyte biomarker levels in Zambian infants (n = 156), Tanzanian infants (n = 365) and Malian infants (n = 299).

Serum Analyte ZAMBIAN TANZANIAN* MALIAN%

Median IQR Median IQR Median IQR

AGP (g/L) 0.71 [0.52, 1.045] 0.83 [0.61, 1.26] 0.85 [0.68, 1.09]

sCD14 (ng/ml) 1498.55 [1044.105, 2207.32] 1829.46 [1404.7, 2287.57] 1797.7 [1429.7, 2159.9]

CRP (mg/L) 0.29 [0.11, 0.685] 0.36 [0.00, 4.40] 0.65 [0.30, 2.65]

Ferritin (μg/L) 501.10 [256.23, 858.145] 8.89 [3.30, 24.43]

FGF21(pg/ml) 167.28 [96.5, 422.62] 88.90 [47.94, 174.50] 164.6 [96.2, 345.7]

HRP2 (μg/L) 0.01 [0.007, 0.013] 0.006 [0.006, 0.009]

I-FABP (pg/ml) 903.47 [541.59, 1323.04] 1094.62.1 [732.21, 1634.80] 1052.1 [697.4, 1493.2]

IGF-1(ng/ml) 40.13 [12.835, 62.765] 66.48 [32.24, 117.92] 18.2 [9.7, 30.6]

RBP4 (μmol/L) 2.06 [1.48, 4.25] 1.56 [1.30, 1.87]

sTfR (mg/L) 9.20 [7.31, 11.965] 20.26 [15.18, 31.12]

Tg (μg/L) 100.94 [69.415, 139.15] 45.85 [29.85, 75.38]

* [33]
% Comparison data from Malian cohort already published [30]

https://doi.org/10.1371/journal.pone.0293101.t011

PLOS ONE Biomarkers of enteric dysfunction, inflammation, and growth to seroconversion to oral rotavirus vaccine

PLOS ONE | https://doi.org/10.1371/journal.pone.0293101 November 17, 2023 11 / 16

https://doi.org/10.1371/journal.pone.0293101.t010
https://doi.org/10.1371/journal.pone.0293101.t011
https://doi.org/10.1371/journal.pone.0293101


The difference observed in the biomarkers may give us some indication of the differences

in immune responses between oral vaccines and parenteral vaccines though RBP4 which was

associated with both types of vaccines may provide further research possibilities to better

understand differences. RBP4 has been identified as a proxy for vitamin A deficiency which is

well known for its association with increased disease severity and reduced immune response

and could potentially explain the negative correlation with immune responses observed against

both oral and parenteral vaccines [42]. Tg, HRP2 and I-FABP were associated with parenteral

immune responses. This points to the differences that the oral and immune responses were

eliciting, and further investigations would assist in more clearly understanding the pathways

for these responses. The causes for reduced efficacy are likely multifactorial, and their identifi-

cation could allow the design of strategies for vaccine improvement. Due to the high burden of

rotavirus disease, even a modest improvement in vaccine effectiveness in the individual could

nonetheless have a significant overall public health impact. This study was able to successfully

identify biomarkers of environmental enteric dysfunction, growth faltering and inflammation

that could potentially be impacting the immune responses of infants in oral and parenteral

vaccination and could provide further areas of research as we better seek to find more effective

vaccines for rotavirus. The study was also able to utilize MEEDAT to effectively measure and

analyze biomarker levels in a different population to those previously assessed.

A major limitation of this study was the sample size used, more so for the parenteral TV

P2-VP8 vaccine. To be able to generalize the results observed would require additional testing

with larger sample sets. Additionally, the MEEDAT is a novel method of analysis that was

employed and was able to show similarities in biomarker levels in Zambian, Malian and Tan-

zanian infants. The Zambian infant cohort was able to successfully show the increased capacity

(range) of the MEEDAT in measurement of biomarkers. The comparison was also able to

show that despite Zambia, Mali and Tanzania being sub-Saharan there were some differences

in the cohorts as shown by significant differences in ferritin, IGF-1, sTfR, FGF21 and Tg levels

between the three countries. The Zambian infants appear to be slightly healthier compared to

their Malian counterparts as evidenced by the increased levels of ferritin, IGF-1, sTfR and Tg

which indicate healthier immune status and micronutrition as well as improved growth hor-

mones. This may however be explained by the fact that the Tanzanian cohort of children were

all HIV exposed whereas the Zambian infants were mixed and the Malian infants were slightly

older than the Zambian cohort. Another additional limitation is the study only tested the vac-

cination time points, testing of follow up diarrheal surveillance samples may have helped to

elucidate further links between the biomarkers, vaccine responses and immune protection.

Similarly data on concomitant infections may also have revealed further linkages.

Supporting information

S1 Fig. Input data for each of 99 CVIA 066 and 57 CVIA 061 participants receiving oral

rotavirus vaccine (per row), measurements of biomarkers of enteric dysfunction, systemic

inflammation, and growth hormone resistance at baseline. The heatmap colours indicate

concentration within each column, standardized to a mean of 0, a standard deviation of 1, and

truncated at 6σ.

(TIF)

S2 Fig. Input data for each of 99 CVIA 066 and 57 CVIA 061 participants receiving oral

rotavirus vaccine per vaccine type (per row), measurements of biomarkers of enteric dys-

function, systemic inflammation, and growth hormone resistance at baseline. The heatmap

colours indicate concentration within each column, standardized to a mean of 0, a standard
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deviation of 1, and truncated at 6 σ.

(TIF)

S3 Fig. Input data for each of 67 CVIA 061 participants receiving parenteral rotavirus vac-

cine (per row), measurements of biomarkers of enteric dysfunction, systemic inflamma-

tion, and growth hormone resistance at baseline. The heatmap colours indicate

concentration within each column, standardized to a mean of 0, a standard deviation of 1, and

truncated at 6σ.

(TIF)
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in Lusaka, Zambia. Iturriza-Gómara M, editor. PLoS One. 2017; 12: e0189351. https://doi.org/10.1371/

journal.pone.0189351 PMID: 29284036

24. Mwila K, Chilengi R, Simuyandi M, Permar SR, Becker-Dreps S. Contribution of maternal immunity to

decreased rotavirus vaccine performance in low-and middle-income countries. Clinical and Vaccine

Immunology. 2017; 24: e00405–16. https://doi.org/10.1128/CVI.00405-16 PMID: 27847365

25. Chilengi R, Simuyandi M, Beach L, Mwila K, Becker- S, Emperador DM, et al. Association of maternal

immunity with rotavirus vaccine immunogenicity in Zambian infants. PLoS One. 2016; 11: 1–12. https://

doi.org/10.1371/journal.pone.0150100 PMID: 26974432

26. Taniuchi M, Platts-Mills JA, Begum S, Uddin MJ, Sobuz SU, Liu J, et al. Impact of enterovirus and other

enteric pathogens on oral polio and rotavirus vaccine performance in Bangladeshi infants. Vaccine.

2016; 34: 3068–3075. https://doi.org/10.1016/j.vaccine.2016.04.080 PMID: 27154394

27. Emperador DM, Velasquez DE, Estivariz CF, Lopman B, Jiang B, Parashar U, et al. Interference of

Monovalent, Bivalent, and Trivalent Oral Poliovirus Vaccines on Monovalent Rotavirus Vaccine Immu-

nogenicity in Rural Bangladesh. Clinical Infectious Diseases. 2016; 62: 150–156. https://doi.org/10.

1093/cid/civ807 PMID: 26349548

28. Prendergast AJ. Malnutrition and vaccination in developing countries. Philosophical Transactions of the

Royal Society B: Biological Sciences. Royal Society of London; 2015. https://doi.org/10.1098/rstb.

2014.0141 PMID: 25964453

29. Müller O, Krawinkel M. Malnutrition and health in developing countries. CMAJ. 2005; 173: 279–86.

https://doi.org/10.1503/cmaj.050342 PMID: 16076825

30. Arndt MB, Cantera JL, Mercer LD, Kalnoky M, White HN, Bizilj G, et al. Validation of the Micronutrient

and Environmental Enteric Dysfunction Assessment Tool and evaluation of biomarker risk factors for

growth faltering and vaccine failure in young Malian children. Azman AS, editor. PLoS Negl Trop Dis.

2020; 14: e0008711. https://doi.org/10.1371/journal.pntd.0008711 PMID: 32997666

31. Church JA, Rukobo S, Govha M, Gough EK, Chasekwa B, Lee B, et al. Associations between biomark-

ers of environmental enteric dysfunction and oral rotavirus vaccine immunogenicity in rural Zimba-

bwean infants. EClinicalMedicine. 2021; 41: 101173. https://doi.org/10.1016/j.eclinm.2021.101173

PMID: 34825149

32. Kirby MA, Lauer JM, Muhihi A, Ulenga N, Aboud S, Liu E, et al. Biomarkers of environmental enteric

dysfunction and adverse birth outcomes: An observational study among pregnant women living with

HIV in Tanzania. EBioMedicine. 2022;84. https://doi.org/10.1016/j.ebiom.2022.104257 PMID:

36130475

33. Lauer JM, Kirby MA, Muhihi A, Ulenga N, Aboud S, Liu E, et al. Assessing environmental enteric dys-

function via multiplex assay and its relation to growth and development among HIV-exposed uninfected

Tanzanian infants. Tickell KD, editor. PLoS Negl Trop Dis. 2023; 17: e0011181. https://doi.org/10.1371/

journal.pntd.0011181 PMID: 36943785

34. Rajula HSR, Verlato G, Manchia M, Antonucci N, Fanos V. Comparison of conventional statistical meth-

ods with machine learning in medicine: Diagnosis, drug development, and treatment. Medicina (Lithua-

nia). 2020; 56: 1–10. https://doi.org/10.3390/medicina56090455 PMID: 32911665

35. Fix AD, Harro C, McNeal M, Dally L, Flores J, Robertson G, et al. Safety and immunogenicity of a paren-

terally administered rotavirus VP8 subunit vaccine in healthy adults. Vaccine. 2015; 33: 3766–3772.

https://doi.org/10.1016/j.vaccine.2015.05.024 PMID: 26065919

36. World Health Organization. Manual of rotavirus detection and characterization methods. 2009 [cited 3

Sep 2022]. Available: www.who.int/vaccines-documents/

37. Chernozhukov V, Chetverikov D, Demirer M, Duflo E, Hansen C, Newey W, et al. Double/debiased

machine learning for treatment and structural parameters. Econom J. 2018; 21: C1–C68. https://doi.

org/10.1111/ECTJ.12097

38. Hu Y, Li N, Jiang P, Cheng L, Ding B, Liu XM, et al. Elevated thyroglobulin level is associated with dys-

function of regulatory T cells in patients with thyroid nodules. Endocr Connect. 2019; 8: 309–317.

https://doi.org/10.1530/EC-18-0545 PMID: 30822273

PLOS ONE Biomarkers of enteric dysfunction, inflammation, and growth to seroconversion to oral rotavirus vaccine

PLOS ONE | https://doi.org/10.1371/journal.pone.0293101 November 17, 2023 15 / 16

https://doi.org/10.1086/600104
https://doi.org/10.1086/600104
http://www.ncbi.nlm.nih.gov/pubmed/19545211
https://doi.org/10.1371/journal.pone.0187761
http://www.ncbi.nlm.nih.gov/pubmed/29281659
https://doi.org/10.1371/journal.pone.0189351
https://doi.org/10.1371/journal.pone.0189351
http://www.ncbi.nlm.nih.gov/pubmed/29284036
https://doi.org/10.1128/CVI.00405-16
http://www.ncbi.nlm.nih.gov/pubmed/27847365
https://doi.org/10.1371/journal.pone.0150100
https://doi.org/10.1371/journal.pone.0150100
http://www.ncbi.nlm.nih.gov/pubmed/26974432
https://doi.org/10.1016/j.vaccine.2016.04.080
http://www.ncbi.nlm.nih.gov/pubmed/27154394
https://doi.org/10.1093/cid/civ807
https://doi.org/10.1093/cid/civ807
http://www.ncbi.nlm.nih.gov/pubmed/26349548
https://doi.org/10.1098/rstb.2014.0141
https://doi.org/10.1098/rstb.2014.0141
http://www.ncbi.nlm.nih.gov/pubmed/25964453
https://doi.org/10.1503/cmaj.050342
http://www.ncbi.nlm.nih.gov/pubmed/16076825
https://doi.org/10.1371/journal.pntd.0008711
http://www.ncbi.nlm.nih.gov/pubmed/32997666
https://doi.org/10.1016/j.eclinm.2021.101173
http://www.ncbi.nlm.nih.gov/pubmed/34825149
https://doi.org/10.1016/j.ebiom.2022.104257
http://www.ncbi.nlm.nih.gov/pubmed/36130475
https://doi.org/10.1371/journal.pntd.0011181
https://doi.org/10.1371/journal.pntd.0011181
http://www.ncbi.nlm.nih.gov/pubmed/36943785
https://doi.org/10.3390/medicina56090455
http://www.ncbi.nlm.nih.gov/pubmed/32911665
https://doi.org/10.1016/j.vaccine.2015.05.024
http://www.ncbi.nlm.nih.gov/pubmed/26065919
http://www.who.int/vaccines-documents/
https://doi.org/10.1111/ECTJ.12097
https://doi.org/10.1111/ECTJ.12097
https://doi.org/10.1530/EC-18-0545
http://www.ncbi.nlm.nih.gov/pubmed/30822273
https://doi.org/10.1371/journal.pone.0293101


39. Cates JE, Amin AB, Tate JE, Lopman B, Parashar U. Do Rotavirus Strains Affect Vaccine Effective-

ness? A Systematic Review and Meta-analysis. The Pediatric Infectious Disease Journal •. 2021;40.

https://doi.org/10.1097/INF.0000000000003286 PMID: 34870393

40. Groome MJ, Fairlie L, Morrison J, Fix A, Koen A, Masenya M, et al. Safety and immunogenicity of a par-

enteral trivalent P2-VP8 subunit rotavirus vaccine: a multisite, randomised, double-blind, placebo-con-

trolled trial. Lancet Infect Dis. 2020; 20: 851–863. https://doi.org/10.1016/S1473-3099(20)30001-3

PMID: 32251641

41. Becker-Dreps S, Vilchez S, Bucardo F, Twitchell E, Choi WS, Hudgens MG, et al. The Association

Between Fecal Biomarkers of Environmental Enteropathy and Rotavirus Vaccine Response in Nicara-

guan Infants. Pediatr Infect Dis J. 2017; 36: 412–416. https://doi.org/10.1097/INF.0000000000001457

PMID: 27977553

42. Amimo JO, Michael H, Chepngeno J, Raev SA, Saif LJ, Vlasova AN. Immune Impairment Associated

with Vitamin A Deficiency: Insights from Clinical Studies and Animal Model Research. Nutrients. MDPI;

2022. https://doi.org/10.3390/nu14235038 PMID: 36501067

PLOS ONE Biomarkers of enteric dysfunction, inflammation, and growth to seroconversion to oral rotavirus vaccine

PLOS ONE | https://doi.org/10.1371/journal.pone.0293101 November 17, 2023 16 / 16

https://doi.org/10.1097/INF.0000000000003286
http://www.ncbi.nlm.nih.gov/pubmed/34870393
https://doi.org/10.1016/S1473-3099%2820%2930001-3
http://www.ncbi.nlm.nih.gov/pubmed/32251641
https://doi.org/10.1097/INF.0000000000001457
http://www.ncbi.nlm.nih.gov/pubmed/27977553
https://doi.org/10.3390/nu14235038
http://www.ncbi.nlm.nih.gov/pubmed/36501067
https://doi.org/10.1371/journal.pone.0293101

