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Abstract. Rotavirusis the leading cause of childhood deaths due to diarrhea. Although existing oral rotavirus vaccines
are highly efficacious in high-income countries, these vaccines have been demonstrated to have decreased efficacy in
low- and middle-income countries. A possible explanation for decreased efficacy is the impact of gut microbiota on the
enteric immune system’s response to vaccination. We analyzed the gut microbiome of 50 children enrolled in a pro-
spective study evaluating response to oral pentavalent rotavirus vaccination (RV5) to assess associations between
relative abundance of bacterial taxa and seroconversion following vaccination. Stool samples were taken before the first
RV5 dose, and microbiome composition characterized using 16S rRNA amplicon sequencing and Quantitative Insights
Into Microbial Ecology software. Relative abundance of bacterial taxa between seroconverters following the first RV5
dose, those with > 4-fold increase in rotavirus-specific IgA titers, and nonseroconverters were compared using the
Wilcoxon—-Mann-Whitney test. We identified no significant differences in microbiome composition between infants who
did and did not respond to vaccination. Infants who responded to vaccination tended to have higher abundance of
Proteobacteria and Eggerthella, whereas those who did not respond had higher abundance of Fusobacteria and
Enterobacteriaceae; however, these differences were not statistically significant following a multiple comparison cor-
rection. This study suggests a limited impact of gut microbial taxa on response to oral rotavirus vaccination among infants;
however, additional research is needed to improve our understanding of the impact of gut microbiome on vaccine

response, toward a goal of improving vaccine efficacy and rotavirus prevention.

INTRODUCTION

Diarrhea is the second leading cause of death among chil-
dren younger than 5 years, resulting in more than 800,000
deaths annually.! More than 90% of deaths due to diarrheal
disease occur in low-income countries. Rotavirus is the leading
cause of diarrheal-related deaths worldwide, accounting for
over 215,000 deaths each year, primarily in low- and middle-
income countries (LMICs).2® Although rotavirus vaccines (RV)
have been highly efficacious in high-income countries, numerous
studies have demonstrated decreased efficacy in LMICs.*12
This presents a major challenge in addressing global childhood
mortality caused by diarrheal disease.

The reason for decreased RV efficacy in LMICs is not en-
tirely understood. One possible explanation is the impact that
the developing gut microbiota has on the enteric immune re-
sponse to this oral vaccine. Development of the human gut
microbiota begins after birth and plays an important role in
maturity of the enteric and systemic immune system.'®
Commensal bacteria influence anti-inflammatory properties
of many immune cells,'* induce regulatory T cells,'® and affect
the overall maturation of the immune system.16 Moreover,
a number of factors influence the composition of an infant’s
gut microbiome, including mode of delivery (vaginal versus
cesarean),’”'® breastfeeding, '® and exposure to antibiotics.?°
Environmental enteropathy (EE), an intestinal condition char-
acterized by increased intestinal permeability and chronic
inflammation due to repeated pathogenic exposure, is asso-
ciated with impaired enteric immunity and may also limit re-
sponse to RV vaccination.?

*Address correspondence to Jonathan Fix, University of North
Carolina at Chapel Hill, McGavran Greenberg Hall, Chapel Hill, NC
27599. E-mail: jonathan_fix@med.unc.edu

T These authors contributed equally to this work.

213

The impact of the gut microbiota on response to orally de-
livered vaccination has been investigated with regards to both
oral polio vaccine (OPV) and RV.2? One recent study found an
association between high relative abundance of Bifidobacte-
rium spp. and increased OPV response,?® whereas another
found no statistically significant associations between bac-
terial microbiota abundance (at the phylum or genus levels)
following false discovery rate (FDR) correction.?* In addition,
abundance of Bifidobacterium longum subspecies infantis in
early infancy was positively associated with the T-cell re-
sponses induced by BCG, TT, and hepatitis B vaccines.?®
Response to rotavirus vaccination in a trial of Ghanaian chil-
dren found response to RV to be positively associated with the
Bacilli class (Streptococcus bovis) and negatively associated
with bacteria in the Bacteroidetes phylum (Bacteroides and
Prevotella).2® Another study among Pakistani infants found
Clostridium cluster Xl and Proteobacteria to be positively as-
sociated with response at the phylum level and Serratia and
Escherichia coli to be positively associated with response at
the genus level.?” Evaluation of immune response in gnoto-
biotic pigs transplanted with either healthy or unhealthy hu-
man gut microbiota (defined by their concentrations of
biomarkers of environmental enteric dysfunction) found
stronger adaptive immune response among pigs transplanted
with healthy gut microbiota.?® Furthermore, microbiota abla-
tion in mice, via the administration of antibiotics or use of
germ-free mice, delayed and initiated a more robust adaptive
immune response, indicating interplay between commensal
bacteria and host immunity.2°

To date, the published studies that have evaluated the as-
sociation between infant microbiome composition and re-
sponse to oral rotavirus vaccines have all investigated the
monovalent RV (RotaRix, GlaxoSmithKline, Brentford, United
Kingdom), made from a live attenuated human strain of
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rotavirus. The aim of this study was to evaluate the relationship
between gut microbiome community structure and response
to oral pentavalent RV (RotaTeq, RV5, Merck, Kenilworth, NJ),
made from reassortment of bovine and human rotavirus
strains, among Nicaraguan children. We hypothesized that the
relative abundance of different phyla or genera of bacteria
isolated from participants’ stool samples will be associated
with vaccine response to RV5.

METHODS

Study design and participants. The study enrolled 50
children from a prospective study of RV5 immunogenicity.
Participants were recruited between September and No-
vember 2014 from records of recent deliveries and pregnan-
cies from the Perla Maria and Subtiava Health Sectorsin Leon,
Nicaragua. Eligibility criteria, recruitment methodology, and
sample collection have been previously reported.>® Blood
samples were obtained immediately before immunization and
4 weeks after the first RV5 dose to assess seroconversion. All
participants received their first dose of RV5 at 2 months of age,
following the Nicaraguan National Immunization Schedule of
three doses at 2, 4, and 6 months. The study was approved by
the Institutional Review Boards of the National Autonomous
University of Nicaragua, Leon (UNAN-Leon) (IRB # 110), and
the University of North Carolina at Chapel Hill (IRB # 14-1136).

Relative abundances of bacterial taxa were estimated using
infant’s stool. Stool samples were collected from the infant’s
diaper at 1-3 days before receipt of RV5. The samples were
then diluted 20-fold, homogenized in sterile pre-reduced an-
aerobic 0.1 M potassium phosphate buffer saline (pH 7.2),
snap-frozen in liquid nitrogen, and stored at —80°C until lab-
oratory analysis.

Laboratory methods. A composite EE score was calcu-
lated using the concentration of four fecal biomarkers in-
dicative of presence of EE, including alpha-1 antitrypsin,
neopterin, myeloperoxidase, and calprotectin. Biomarker
concentration was determined using ELISA and composite EE
scores ranged from 0 to 11. Participants with an EE score in
the upper quartile were categorized as high EE, whereas all
others were categorized as low EE. Seroconversion following
the first dose of RV5 was defined as > 4-fold increase in
rotavirus-specific IgA titers. Environmental enteropathy score
calculation and determination of titers through the use of
ELISA was conducted as previously described.*°

16S rRNA amplicon sequencing. Fecal samples were
transferred to a 2-mL tube containing 200 mg of < 106 ym
glass beads (Sigma, St. Louis, MO) and 0.3 mL of Qiagen
ATL buffer (Valencia, CA), supplemented with 20 mg/mL
lysozyme (Thermo Fisher Scientific, Grand Island, NY). The
suspension was incubated at 37°C for 1 hour with occa-
sional agitation. Subsequently, the suspension was sup-
plemented with 6001U of Qiagen proteinase K and incubated
at 60°C for 1 hour. Finally, 0.3 mL of Qiagen AL buffer was
added and a final incubation at 70°C for 10 minutes was
carried out. Bead beating was then used for 3 minutes in a
Qiagen Tissuelyser Il at 30 Hz. After a brief centrifugation,
supernatants were aspirated and transferred to a new tube
containing 0.3 mL of ethanol. DNA was purified using a
standard on-column purification method with Qiagen buf-
fers AW1 and AW2 as washing agents, and eluted in 10 mm
Tris (pH 8.0).

Total DNA from fecal samples was amplified using primers
targeting the V4 hypervariable region of the bacterial 16S
rRNA gene®! containing overhang adaptor sequences com-
patible with lllumina sequencing platform. Master mixes
contained 12.5 ng of total DNA, 0.2 um of each primer, and 2x
KAPA HiFi HotStart ReadyMix (KAPA Biosystems, Wilming-
ton, MA). Library preparation was performed as previously
described.®2 The normalized DNA library pool was denatured
with NaOH, diluted with hybridization buffer, and heat-
denatured before loading on the MiSeq reagent cartridge
(Mlumina, San Diego, CA) and on the MiSeq instrument (lllu-
mina). The average sequencing depth was 200,000-250,000
per sample. Automated cluster generation and paired-end
sequencing with dual reads were performed according to the
manufacturer’s instructions.

Bioinformatics analysis and data visualization. Sequencing
output from the lllumina MiSeq platform were converted to
FASTQ format and demultiplexed using lllumina Bcl2Fastq
2.18.0.12.% The resulting paired-end reads were joined using
the Quantitative Insights Into Microbial Ecology (QIIME)
1.9.0%* invocation of fastq-join®® with the default parameters.
Index and linker primer sequences were trimmed and the
reads were subsequently filtered for quality removing any read
where the percentage of quality scores below the quality
threshold of 24 fell below 70%. Quality control of both raw and
processed sequencing reads was verified by FastQC.®

Sequences were clustered into operational taxonomic units
(OTUs) based on the de novo OTU picking algorithm using the
QIIME implementation of UCLUST®” at a similarity threshold of
97%. operational taxonomic units identified as chimeric by
VSEARCH %8 of the ChimeraSlayer “gold” reference data-
base® and those composed of a single read (singletons) were
eliminated. The remaining OTUs were assigned taxonomic
identifiers with respect to the Greengenes database,*° their
sequences were aligned using template alignment through
PyNA482T,41 and a phylogenetic tree was built with FastTree
2.1.3.

Alpha diversity with respect to PD whole tree, Shannon in-
dex, Chao1, and observed species number metrics was esti-
mated using QIIME at a rarefaction depth of 1,000 sequences
per subsample. Beta diversity estimates were calculated
within QIIME using weighted and unweighted UniFrac
distances**** between samples at a subsampling depth of
1,000. Results were summarized and visualized through
principal coordinate analysis as implemented in QIIME. De-
fault values were used with all QIIME processing.

PhyloToAST,* was used to calculate the mean relative
abundance (MRA) per sample from a normalized BIOM table in
JSON format using the normalize_table. py and biom.convert
commands, respectively. The taxonomy table from the as-
sign_taxonomy QIIME script was condensed and trimmed to
include sequences that map to unique OTUs using the otu_
condense.py and filter_rep_set.py commands. The con-
densed representative sequence set was imported into
Geneious*® software for MUSCLE alignment and tree building
using the HKY option and exported in NEWICK format. The
Interactive Tree of Life (iTol) tree and table were generated
using iTol.py command, with the normalized OTU json table as
an input file. The variable “seroconversion” from the map-
ping file was used to generate the iTol table. The iTol (ito-
l.embl.de)*”+*® was used for visualization and annotation of
phylogenetic trees.
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Statistical analysis. Participants’ baseline characteristics
were calculated and reported as frequencies for categorical
variables and group means for continuous variables. Baseline
differences among categorical variables were assessed using
the Fisher’s exact test, whereas differences among continu-
ous variables were assessed using the Students t-test.
Differences in relative abundance of each bacteria genera
and phyla were statistically assessed between groups
(seroconverters versus non-seroconverters) using the
Wilcoxon-Mann-Whitney test. For bacterial taxa included in
Enterobacteriaceae, Erysipelotrichaceae, and Xanthomona-
daceae, comparisons were limited to the family level, as the
16s rBRNA sequence approach used could not distinguish
genera below this level. Given the large number of bacteria
taxa included in the analysis, 10 phyla and 147 genera,
statistical significance was assessed using the Benjamini-
Hochberg FDR correction. An FDR correction was only ap-
plied to comparisons of relative abundance of bacterial taxa,
and not to the comparison of participant characteristics.
Statistical testing was completed using SAS software version
9.3 and 9.4 (SAS, Cary, NC).

RESULTS

Baseline characteristics. Stool samples were collected
from 50 children before vaccination in the prospective study;
however, five children were excluded for analysis because of
the mother’s refusal to provide all required biological samples
(three participants), moving out of the study area (one partic-
ipant), orincomplete receipt of vaccine (vomiting after vaccine
administration) (one participant). All children included in the
study were 2 months of age at the time of baseline charac-
teristic assessment and vaccine administration.

Vaccine seroconversion occurred after the first RV5 dose in
25 of 45 participants (55.6%). Among the overall study pop-
ulation, 42% were female, 89% had been breastfed the pre-
vious day, 98% had municipally piped water in the home, 84%
had indoor sanitation, 71% had non-dirt floors in the home,
69% had animal(s) living in the home, and 7% had experi-
enced a diarrhea episode before receiving the first RV5 dose.
Interestingly, 45% of non-seroconverters were identified as

high EE, whereas only 16% of seroconverters had high EE (P =
0.05), which was the only statistically significant difference in
the comparison of characteristics between seroconverters
and non-seroconverters (Table 1).

Microbiome composition. Comparisons between sero-
converters and non-seroconverters did not yield statistically
significant differences between Shannon diversity (3.70 ver-
sus 3.68 [P =0.91]) and species richness scores (80.97 versus
90.13 [P = 0.24]). Also, based on PCoA, PERMANOVA (P =
0.88), and ANOSIM (P = 0.48) analyses, the relationship be-
tween seroconversion and microbiome composition was not
significant.

Upon inspection of the iTol table (Figure 1), the microbiome
composition of fecal samples, represented as normalized
MRA (NMRA),*® we identified apparent differences in NMRA
between seroconverters and non-seroconverters; however, it
is important to note that these differences do not reflect formal
statistical comparisons. We observed a higher relative abun-
dance of Bacteroides fragilis in the non-seroconverters;
however, relative abundance of B. caccae, which is also a
member of the B. fragilis group, was higher in the sero-
converters. A notably higher abundance of bacteria belonging
to the Enterobacteriaceae family was also observed among
non-seroconverters. In addition, we observed a higher abun-
dance of beneficial microbes, including Lactobacillus spp., B.
longum, and Bifidobacterium bifidum, in non-seroconverters.
Among the non-seroconverters, we observed an increase in
NMRA of Akkermansia muciniphila. Seroconverters exhibited
a higher NMRA of a potentially pathogenic bacterium,
Eggerthella lenta.®°

Seroconverters had a lower relative abundance of Proteo-
bacteria (P = 0.059, FDR adjusted P = 0.32) compared with
non-seroconverters, although this result did not attain statis-
tical significance. In addition, seroconverters were more likely
to have a higher relative abundance of Fusobacteria (P =
0.064, FDR adjusted P = 0.32). Seroconverters were more
likely to have a lower relative abundance of family Enter-
obacteriaceae (P = 0.0299, FDR adjusted P = 1) and higher
relative abundance of genus Eggerthella (P = 0.0208, FDR
adjusted P = 1) (Table 2). However, these comparisons did
not reach statistical significance after FDR correction. The

TaBLE 1
Population characteristics

Seroconverters (25 infants), number (%)

Non-seroconverters (20 infants), number (%)

Variable or mean (SD) or mean (SD) P-value®
Gender (% female) 11 (44%) 8 (40%) 1.00
Breastfed yesterday (% yes) 23 (92%) 17 (85%) 0.64
Exclusively breastfed (% yes) 9 (36%) 4 (20%) 0.32
Maternal education (% with any 18 (72%) 14 (70%) 1.00
secondary education)
Diarrhea episode before receipt of first 1(4%) 2 (10%) 0.58
rotavirus vaccine dose
High EE Score (% yes)t 4 (16%) 9 (45%) 0.05
Birth weight (g, SD) 3,137.6 (313.1) 3,046.5 (331.6) 0.35
Household characteristics
Household water source (% municipal 25 (100) 19 (95%) 0.44
piped water)
Household sanitation (% indoor toilet) 23 (92) 15 (75%) 0.21
Floor type (% non-dirt floor) 20 (80) 12 (60%) 0.19
Animal(s) present in the home (% yes) 17 (68) 14 (70%) 1.00

EE = environmental enteropathy. Baseline characteristics assessed at study enroliment.
* P-values assessed using Fisher’s exact test for dichotomous variables and difference of distributions for continuous variables.
T Children categorized as high EE had scores in the upper quartile.
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Interactive Tree of Life analysis of relative abundance of bacteria comparing RV seroconverters vs. non-seroconverters. Relative

abundance is depicted as the size of circles aligned with the noted bacterial taxa. Relative abundance of bacterial taxa among non-seroconverters

and seroconverters is reflected in the inner blue and red rings, respectively.

Wilcoxon—-Mann-Whitney analysis did not account for con-
founding, and analyses to adjust for confounding were not
conducted because of limited sample size.

DISCUSSION

We examined the microbiome composition among 45
Nicaraguan infants who did versus those who did not sero-
convert following the first dose of RV5. Pre- and post-
vaccination rotavirus-specific antibody titers were assessed
to dichotomously categorize seroresponse and then relative
abundance of bacteria in the gut were compared with identify
taxa that were associated with response.

This study is the first to analyze associations between gut
microbiome composition and response to RV5. Prior analyses
included infants vaccinated with monovalent RV, which may
have implications regarding the comparability of findings. Our
results provide information from an additional world region on
the association between the gut microbiome and response to
oral RV. Our findings agree with an examination of the

microbiota among children in India and Ghana, which also
showed minimal difference in the microbiome between infants
who did versus did not seroconvert.28"

At the phylum level, Proteobacteria tended to have greater
abundance among infants who did not seroconvert to the
rotavirus vaccine, but this difference was not statistically
significant. Although this conflicts with the results of a
previous study conducted among Pakistani infants that
found higher levels of Proteobacteria among seroconverters,
those results were similarly not significant after applying
an FDR correction.?” A higher relative abundance of the
enteropathogen-rich phylum Proteobacteria among RV non-
responders is biologically relevant, as increased abundance of
Proteobacteria has been associated with lower response to
other oral and parenteral vaccines because of lowered hu-
moral and cellular immunity.?3%2

Our analysis at the phyla and genus level did not identify
differences in bacterial taxa after adjustment for multiple
comparisons, which may reflect the sample and effect sizes.
Of note, the family Enterobacteriaceae tended to be higher
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TABLE 2
Selected associations between relative abundance of bacteria and seroresponse to RV5 vaccination*

Wilcoxon-Mann-Whitney FDR-corrected

Bacteria Responders, MRA (SD) Nonresponders, MRA (SD) 2-sided P-value P-value
Phylum
Proteobacteria 0.040022 (0.032079) 0.092023 (0.108095) 0.06 0.31
Fusobacteria 0.004647 (0.021920) 0.000009 (0.000026) 0.06 0.31
Actinobacteria 0.174979 (0.167543) 0.141047 (0.156533) 0.31 0.85
Thermi 0.000009 (0.000031) 0.000012 (0.000053) 0.34 0.85
Tenericutes 0.000001 (0.000007) 0.000000 (0.000000) 0.56 0.92
T™7 0.000113 (0.000405) 0.000106 (0.000308) 0.63 0.92
Cyanobacteria 0.000003 (0.000010) 0.000004 (0.000013) 0.67 0.92
Verrucomicrobia 0.000077 (0.000318) 0.002436 (0.006906) 0.83 0.92
Firmicutes 0.502032 (0.239870) 0.482842 (0.268181) 0.83 0.92
Bacteroidetes 0.277153 (0.244999) 0.280203 (0.273953) 0.97 0.97
Genera

Eggerthella 0.000139 (0.000312) 0.000007 (0.000020) 0.02 1.00
Enterobacteriaceaet 0.015892 (0.020168) 0.036539 (0.045746) 0.03 1.00
Megamonas 0.011465 (0.057317) 0.000794 (0.003480) 0.05 1.00
Roseburia 0.000012 (0.000029) 0.000000 (0.000000) 0.06 1.00
Fusobacterium 0.004644 (0.021921) 0.000008 (0.000026) 0.06 1.00
Parabacteroides 0.017832 (0.036384) 0.004744 (0.013960) 0.07 1.00
Erysipelotrichaceaet 0.062857 (0.118074) 0.009887 (0.017497) 0.09 1.00
Xanthomonadaceaet 0.000036 (0.000128) 0.000002 (0.000005) 0.09 1.00
Sutterella 0.005797 (0.018688) 0.015933 (0.031513) 0.10 1.00

FDR = false discovery rate; MRA = mean relative abundance.

* Includes Wilcoxon-Mann-Whitney results for all phyla but only selected genera that had a P-value of < 0.10 after applying a FDR correction.
T The 16s rRNA amplicon sequencing approach used could not distinguish below the family level for Enterobacteriaceae, Erysipelotrichaceae, and Xanthomonadaceae.

among infants who did not seroconvert to the vaccine as
compared with seroconverters. Enterobacteriaceae is a family
of Gram-negative bacteria in the phylum Proteobacteria that
includes several pathogens, including species of Salmonella,
Shigella, and diarrheagenic E. coli. Differences in abundance
of Enterobacteriaceae may be the drivers of observed differ-
ences among Proteobacteria at the phylum level. The 16S
rRNA amplicon sequencing approach does not typically pro-
vide identification down to the species level to distinguish
whether these specific pathogens differed between groups.
Interestingly, Parker, et al.5" found that at the time of the first
dose of monovalent RV, seroconverters were more likely to
have an enteropathogen, as detected by TagMan Array Cards,
although no individual comparisons of enteropathogens were
found to be statistically significant in their study.

Through inspection of the iTol table, we identified potential
differences in the NMRA between seroconverters and non-
seroconverters with regards to A. muciniphila, which was
more abundant in non-seroconverters. There is increasing
evidence that this bacterium has probiotic properties with
a role in improving gut barrier integrity and insulin
resistance.>®%* We also found that the genus Eggerthella of
the family Coriobacteriaceae had greater abundance among
seroconverters than non-seroconverters. Eggerthella is a
Gram-positive anaerobic bacillus that has been implicated as
a cause of bacteremia in patients with abdominal pathology.
Finally, we observed higher abundance of B. fragilis in non-
seroconverters, an anaerobic pathogen which can cause
intra-abdominal infections and bacteremia in humans.5®

One limitation of this study was the sample size, which
paired with a small effect size resulted in insufficient power
to detect differences between seroconverters and non-
seroconverters after correction for multiple comparisons.
Furthermore, the sample size limitation restricted controlling
for potential confounding factors, including participant de-
mographics or other characteristics (EE score, breastfeeding,
delivery mode, and nutritional status of both mother and

infant). As we have reported previously, having a high EE score
was associated with poor RV5 response.®° Our analysis may
have also benefitted from a full assessment of enteric infec-
tions, which have been demonstrated to interfere with re-
sponse to oral vaccines®?; however, the enteric virome was
not assessed as part of our study. Prior analyses overcame
this problem through 1:1 matching of responders to nonre-
sponders on relevant variables, which was not possible in this
cohort. An additional potential limitation is that the infant
microbiome composition was characterized using a single
stool sample collected at enrolliment. The use of 16S meta-
genomics, as opposed to whole genome sequencing, may
have limited the ability to identify important differences in
microbiome composition. Given the numerous factors that
contribute to gut microbiome composition, it is possible the
shapshot characterization of each participant’s microbiome
may not be a perfect representation of the true bacterial
composition present during the time that vaccine response is
mounted. Longitudinal assessment of microbiome composi-
tion over a period leading up to vaccination may provide a
more accurate characterization of microbiota composition.

Our study identified no significant differences in the
microbiome composition between RV seroconverters and
non-seroconverters. The observed differences should be
considered in future research on the impact of gut microbiota
on RV response. Additional research into the contribution of
gut microbiome to vaccine response may provide an expla-
nation for differing performance of rotavirus vaccines around
the world, potentially creating a path for further improvements
to vaccine efficacy and effectiveness.
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