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Secretor status controls mucosal histo-blood group antigen ex-
pression and is associated with susceptibility to rotavirus (RV)
diarrhea, with nonsecretors less susceptible to symptomatic
infection. The role of breast milk secretor status on oral live-
attenuated RV vaccine response in breastfed infants has not
been explored. In a monovalent G1P[8] RV vaccine (Rotarix)
trial in Bangladesh, RV-specific plasma immunoglobulin A an-
tibody seroconversion rates were higher among infants of ma-
ternal nonsecretors (39%) than infants of maternal secretors
(23%; P = .001). Maternal status remained a significant pre-
dictor when correcting for infant status (P = .002). Maternal
secretor status should be considered when interpreting oral RV
vaccine responses in low- and middle-income settings.
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Rotavirus (RV) infection is a leading cause of diarrheal disease
and death in children, accounting for approximately 215 000
pediatric deaths annually [1]. Most deaths occur in low- and
middle-income countries [1], where oral vaccines demonstrate
lower immunogenicity and efficacy than in high-income coun-
tries. The biologic basis for vaccine underperformance is an
area of intense research interest. Proposed explanations include
variations in host histo-blood group antigen (HBGA) expres-
sion and breast milk composition [2].
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HBGAs are oligosaccharides (glycans) that can be expressed
on mucosal surfaces and bind human RVs [3]. These glycans
are also expressed in breast milk as human milk oligosac-
charides (HMOs). The activity of a[1,2]-fucosyltransferase,
encoded by the FUT2 gene, determines “secretor” versus
“nonsecretor” status and HBGA expression. Secretors can ex-
press 2-fucosylated oligosaccharides in breast milk and H-type
1 antigens on mucosal surfaces. Homozygotes for inactivating
alleles in FUT?2 are characterized as nonsecretors and lack this
ability but seem to be protected against symptomatic RV infec-
tions [4, 5].

Both immunoglobulin and nonantibody milk components
have been implicated in decreased RV vaccine infectivity in
vitro, but most clinical trials have found no benefit from with-
holding breastfeeding at the time of vaccination [2]. However,
these trials have not accounted for maternal secretor status.
Therefore, we explored the effect of breast milk secretor status on
oral RV vaccine immunogenicity among infants in Bangladesh.

METHODS

We performed a substudy within Performance of Rotavirus
and Oral Polio Vaccines in Developing Countries (PROVIDE),
a birth cohort study that included an open-label Rotarix
(GlaxoSmithKline) vaccine efficacy (VE) trial conducted in
Dhaka, Bangladesh from 2010 to 2014 [6]. PROVIDE was ap-
proved by the ethical review boards of the International Centre
for Diarrhoeal Disease Research, Bangladesh, the University
of Vermont, and the University of Virginia. The study was
registered at ClinicalTrials.gov (NCT01375647). All families
participating provided signed informed consent. Infants ran-
domized to receive Rotarix received the vaccine at 10 and 17
weeks. Infant blood specimens were collected at weeks 6 and
18 for plasma RV-specific immunoglobulin (Ig)A (RV-IgA)
and RV-specific IgG (RV-IgG) measurement with enzyme im-
munoassay (EIA) [6]. Infant saliva was collected at 1 or 2 years
of age. Maternal peripheral blood mononuclear cells (PBMCs)
and breast milk samples were collected at a single time point at
or before week 6.

Infant secretor phenotype was determined in saliva
using Lewis antigen dot-blot assays and Ulex europaeus
Agglutinin 1 (UEA-1) EIAs [4]. Seroconversion was de-
fined as postvaccination RV-IgA level >20 U/mL at 18
weeks after week 6 prevaccination concentration <20 U/
mL. To determine breast milk phenotype, Lewis antigen
EIA was performed on milk samples using antibodies spe-
cific for Lewis a and b (Supplementary Methods) [7]. For all

specimens, secretor status was inferred by Lewis antigen:

b a-b+

Lewis®*®™ was classified as nonsecretor, and Lewis and
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Lewis*"™ as secretor. The UEA-1 EIA could not be valid-
ated on breast milk, thus Lewis*® mothers were categor-
ized as indeterminate and excluded from secretor analysis.
Peak RV season was defined as months demonstrating a
>50% higher incidence of RV diarrhea (RVD) compared
with the mean annual incidence in the PROVIDE cohort.
Weeks of peak season exposure were quantified as number
of weeks an infant was exposed to peak RV season between
6 and 18 weeks of age.

To confirm observed phenotype associations, maternal FUT2
genotyping was performed in mothers with available PBMCs.
Full details are provided in the Supplementary Methods. Briefly,
DNA was extracted from PBMCs for polymerase chain reac-
tion and Sanger sequencing of the coding region (exon 2) of
FUT?2, using primers described elsewhere [8, 9]. Homozygotes
for nonsecretor alleles, including rs601338G>A, the most prev-
alent nonsecretor single-nucleotide polymorphism that encodes
a stop codon, and rs200157007C>T, a missense mutation that
is common in Bangladeshi populations, were classified as se/se;
homozygotes and heterozygotes for functional alleles were classi-
fied Se/Se and se/Se, respectively.

The primary outcome was infant RV-IgA seroconversion.
Categorical outcomes were assessed using Xz or Fisher exact test
to estimate proportion differences with corresponding 95% con-
fidence intervals (CIs) and associated relative risks (RRs). Simple
and multiple logistic regression were used to analyze infant and ma-
ternal contributions to seroconversion. Analyses were performed
using IBM SPSS software, version 25 (IBM). Differences were con-
sidered statistically significant at P < .05 (2 sided).

RESULTS

Of 350 vaccinated infants, seroconversion and secretor phe-
notype data were available for 274 mother-infant pairs.
Twenty-eight Lewis-negative mothers were excluded from se-
cretor analysis, leaving 246 mother-infant dyads. Seventy-four
mothers (30%) and 71 infants (28%) were nonsecretor by phe-
notype. Maternal secretor status was not associated with breast
milk RV-IgA or infant prevaccination RV-IgG concentration
(maternal antibodies; Table 1). Seroconversion was more fre-
quent among infants born to nonsecretor mothers than among
infants born to secretor-positive mothers (39% vs 23%; RR,
1.69; 95% CI, 1.14-2.50) (Table 2). Infant secretor status was
not significantly associated with seroconversion: 18 (25%) of
the nonsecretor infants seroconverted, compared with 51 (29%)
of secretor-positive infants (RR, 0.82; 95% CI, .53-1.27). The
effect of maternal status was more apparent in secretor-positive
infants (nonsecretor vs secretor-positive mothers, 55% vs 24%;
RR, 2.32; 95% CI, 1.50-3.59) than in nonsecretor infants (28%
vs 22%, respectively; RR, 1.30; 95% CI, .55-3.07). When se-
roconversion was defined as a 3-fold rise in RV-IgA, the rate
of seroconversion remained significantly higher for infants of
nonsecretors (38% vs 24%; P =.03).

Controlling for infant secretor status, maternal nonsecretor
phenotype remained significantly associated with seroconver-
sion (RR, 2.84; 95% CI, 1.45-5.55). Infant phenotype was not
significantly associated with seroconversion after controlling
for maternal phenotype (RR, 1.97; 95% CI, .95-4.05). In sepa-
rate regression analyses, none of the following were significantly
associated with infant seroconversion: baseline concentration

Table 1. Characteristics by Maternal Secretor Phenotype®

MotherInfant Pairs, No. (%)

Characteristic Total (N = 246) Maternal Secretors (n = 172) Maternal Nonsecretors (n = 74)
Maternal, infant, household and socioeconomic features

Infant sex, female 130 (53) 95 (56) 35 (47)

Maternal age at enrollment, y 25 (22-28) 25 (22-28) 25 (22-28)

Cesarean mode of delivery 48 (20) 32 (19) 16 (22)

Total monthly income, median, takas 10 000 (3000-77 000) 10 000 (3000-77 000) 10 000 (3000-77 000)

Any maternal education 172 (70) 115 (70) 50 (68)

Access to water treatment 99 (40) 72 (42) 27 (37)

Continued breastfeeding through 18 wk 244 (99) 170 (99) 74 (100)

Infant Lewis negative status 10 (4.1) 8(4.7) 2(2.7)
Immunogenicity

GMT (95% Cl), U/mL

Infant serum RV-IgA at wk 6 9 (8-9) 9 (8-10) 8 (8-9)

Infant serum RV-IgG at wk 6°
Breast milk RV-IgA°

Infant serum RV-IgA seropositivity at wk 6 16 (7)

15180 (11 902-19 331)
2735 (2048-3621)

16 044 (11 917-21 611)
2638 (2004-3486)

13 364 (8512-21 935)
2894 (1578-5317)

12 (7) 4 (5)

Abbreviations: Cl, confidence interval; GMT, geometric mean titer; IgA, immunoglobulin A; IgG, immunoglobulin G; RV, rotavirus.

“Data represent No. (%) of motherinfant pairs, unless otherwise specified (all P> .05).
®Note: n = 52 in secretor and n = 20 in nonsecretor group.
“Note: n = 51 in secretor and n = 30 in nonsecretor group.
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Table 2. Seroconversion by Secretor Phenotype

Total Seroconversion,  RR (95%
Secretor Phenotype No. No. (%) Cl)
All infants 246 72 (27)
Secretor mother 172 40 (23)
Nonsecretor mother 74 29 (39) 1.69
(1.14-2.50)
Secretor infant 175 51 (29)
Nonsecretor infant 71 18 (25) 0.82
(.563-1.27)
Secretor infants
Secretor mother 144 34 (24)
Nonsecretor mother 31 17 (55) 2.32
(1.560-3.59)
Nonsecretor infants
Secretor mother 28 6 (21)
Nonsecretor mother 43 12 (28) 1.30
(.65-3.07)

Abbreviations: Cl, confidence interval; RR, relative risk

of infant serum IgA, IgG, breast milk IgA, and duration of peak
RV season exposure; in all models, maternal secretor pheno-
type remained independently associated with seroconversion,
and no interactions were observed between variables (data not
shown). Limited sample sizes precluded assessment of other
known variables or development of a comprehensive model
[10]. No association was seen between maternal Lewis posi-
tive (a or b) versus Lewis (a and b) negative status and infant
seroconversion (28% vs 29%, respectively; RR, 1.01; 95% CI,
79-1.29).

Among 120 mothers with available DNA, 114 (95%) were
successfully genotyped, with 6 indeterminate. Twenty mothers
(18%) were se/se (Supplementary Table 1). Phenotype re-
sults concurred with nonsecretor genotype results for all but
1 mother (Supplementary Results). Among 94 Se/Se or Se/se
mothers, 12 (13%) were nonsecretor by phenotype. Maternal se/
se genotype was also associated with higher rates of seroconver-
sion (50% vs 22%; RR, 2.08; 95% CI, 1.19-3.63). Seroconversion
was more frequent in secretor-positive infants of se/se mothers
(73%) than in secretor-positive infants of Se/Se or Se/se mothers
(23%; RR, 2.74; 95% CI, 1.63-4.58). Thirty nonsecretor infants
had maternal genotype data available, with no difference be-
tween seroconversion in those of se/se (22%) and Se/Se or Se/se
mothers (19%; RR, 1.39; 95% CI, .31-6.33).

DISCUSSION

Mechanisms leading to suboptimal oral RV vaccine perfor-
mance in low- and middle-income countries are not well un-
derstood. Using a carefully studied prospective birth cohort of
mothers and infants involved in a RV VE trial, we have dem-
onstrated that maternal secretor status significantly affected
Rotarix response in a cohort of Bangladeshi infants. Infants
of nonsecretor mothers (without expression of 2-fucosylated

glycans in their breast milk) were significantly more likely than
infants of secretor mothers to seroconvert after immunization
with oral RV vaccine. The effect was strongest among secretor-
positive infants, with a seroconversion rate of 73% among se-
cretor infants of se/se mothers. Prior studies have inconsistently
correlated infant secretor status with RV vaccine response, but
none of those studies controlled for maternal status [4, 11-13].
In the PROVIDE study, year 1 Rotarix VE was reduced in
nonsecretors compared with secretors, though this was prob-
ably related to low rates of RVD among nonsecretors in the
unvaccinated group rather than differences in response to the
vaccine [4]. In the current analysis, maternal, but not infant,
secretor status remained associated with vaccine response when
both were controlled for, implying that maternal contributions
may outweigh infant phenotype. Lack of accounting for varia-
tions in maternal secretor status might explain conflicting find-
ings regarding infant secretor status on RV vaccine response
[11-13].

To our knowledge, this is the first description of the effect
maternal secretor status exerts on infant RV vaccine immuno-
genicity. 2-Fucosylated HMOs have been shown to inhibit the in
vitro infectivity of P[8] and P[4] RVs, the most prevalent global
RV strains [14]. Our data suggest that similar processes may be
occurring in vivo after oral vaccination with Rotarix, a G1P[8]
virus. These findings may be attributable to FUT2-dependent
glycans serving as decoy receptors for vaccine: infants who ex-
press these HBGAs on the gut surface without the presence of
decoy HMOs delivered by breast milk (ie, secretor infants of
nonsecretor mothers) might bind vaccine more efficiently to the
gut, leading to improved vaccine response. Alternatively, varia-
tions in gut microbiota between infants of secretor-positive and
nonsecretor mothers may contribute to differences in vaccine
response [15]. Ultimately, promotion of a gut microenviron-
ment permissive for successful vaccination is paramount. Our
data suggest that infant HBGA status may play a less essential
role in this process, with maternal breast milk status exerting a
larger effect around the time of vaccination.

Both child and maternal secretor status are also associated
with pathogen-specific wild-type infections. Colston et al [5]
found that infant, but not maternal, secretor-positive status
was associated with increased risk of asymptomatic wild-type
P[8] RV infection through 2 years of age. Maternal contribu-
tions may have waned over their longer follow-up period, ex-
plaining the contrast with our findings, which was limited to a
short period of exclusive breastfeeding. In both that study and
the PROVIDE study, no effect of infant secretor status on risk of
P[8] RVD was seen [4].

Our findings suggest that Rotarix seroconversion should be
increased in populations with a higher overall proportion of
nonsecretor mothers, such as Bangladesh (30% vs 20% in white
populations), but the opposite is seen in south Asia, where oral
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vaccines have classically underperformed. Despite the relative
benefit of a high rate of maternal nonsecretors, rates of vac-
cine response remain unacceptably low, underscoring the chal-
lenges posed by the myriad additional factors contributing to
oral vaccine underperformance. Thus, efforts to improve RV
VE may ultimately may require novel vaccination strategies,
including next-generation neonatal or parenteral vaccines, be-
cause previous interventions to improve current oral vaccine
performance within the World Health Organization’s Expanded
Program on Immunization schedule have yielded disappointing
results. Although our results imply that breast milk components
may play a role in inhibiting vaccine response, we do advocate
interventions targeting breastfeeding. Withholding breast-
feeding for short periods surrounding vaccination is likely in-
sufficient to significantly change the overall gut milieu, and the
well-recognized benefits of breastfeeding preclude any consid-
eration of longer-term cessation.

The current study has several limitations. As a substudy of a
larger trial, it involves a risk of selection bias. The trial used a de-
layed Rotarix schedule, potentially limiting generalizability.
Seroconversion was defined by samples collected 1 week after the
second dose, meaning that results may apply mainly to response to
the first dose, owing to insufficient time to reflect plasma responses
after dose 2. This study was not powered to detect differences in
seroconversion in nonsecretor infants. Because of technical limi-
tations, secretor phenotype analysis was limited to Lewis-positive
mothers. Data on infant baseline RV-IgG titers and breast milk
RV-IgA concentrations were limited and could mask interactions
between important variables potentially associated with serocon-
version [10]. RV-IgA is a standard measure of immune response
but suboptimally approximates VE [10]. Breast milk HMO concen-
tration varies over time; our samples were limited to a single time
point not at the exact time of vaccination. However, confirmation
of our phenotype findings using maternal genotype helps confirm
their validity.

In conclusion, we demonstrate in a cohort of Bangladeshi in-
fants that maternal, but not infant, secretor status affected oral
RV vaccine immunogenicity. Infants of nonsecretor mothers
were more likely to seroconvert than infants of secretors. To
translate these findings into a revised vaccination strategy for
infants, further investigations into specific relationships be-
tween breast milk HMOs, mucosal HBGA and viral-glycan
binding are necessary. In addition, confirmation of maternal
secretor-mediated RV vaccine immunogenicity with clinical
vaccine protection is needed. Nevertheless, these data suggest a
novel variable that will require consideration for rational next-
generation RV vaccine development and in the design and in-
terpretation of future vaccine trials.

Supplementary Data

Supplementary materials are available at The Journal of Infectious
Diseases online. Consisting of data provided by the authors to

benefit the reader, the posted materials are not copyedited and
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.
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