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1. Introduction

Infectious diseases still pose a significant risk to vulnerable 
populations such as immune-compromised individuals, 
elderly, and infants. During the neonatal period the immune 
responses elicited to infectious pathogens and vaccines are 
not optimal (Fadel and Sarzotti, 2000; Siegrist, 2001). Yet 
infants consuming mother’s milk are at significant lower 
risk to the development of several types of infectious 
diseases compared to infants on a regular infant formula 
(Ajetunmobi et al., 2015; Howie et al., 1990; Lanari et 
al., 2013). Direct pathogen-specific immune responses 
to poliovirus, diphtheria toxoid, and tetanus toxoid were 

shown to be influenced through breastfeeding, whereas 
immune responses to rotavirus were not clearly enhanced 
in this study (John, 1974; Pabst et al., 1989; Rennels, 1996). 
In addition, vaccination responsiveness to measles-mumps-
rubella vaccine (Pabst et al., 1997), as well as to Haemophilus 
influenza type b (Hib) and pneumococcal vaccines 
(Kleinnijenhuis et al., 2015; Pabst et al., 1989; Silfverdal 
et al., 2002) differs between breastfed infants and those 
who are not breastfed. Breastfed infants immunised with 
Hib-vaccine developed significantly higher vaccine-specific 
antibody responses at the age of 7 months (Ogra et al., 1977), 
which remained significant at later ages (Pabst and Spady, 
1990). More recently it was shown that breastfeeding around 
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Beneficial modulation of the gut microbiota is an attractive therapeutic approach to improve the efficacy of vaccine-
induced immunity. In this study, mice were supplemented with the prebiotic milk oligosaccharide 2’-fucosyllactose 
(2’FL) as well as a complex mixture of immune modulatory prebiotic short-chain galacto-oligosaccharides and 
long-chain fructo-oligosaccharides (scGOS/lcFOS) from different stages in early life. Adult mice were vaccinated 
with trivalent influenza vaccine (TIV) and both development of the gut microbiota and antibody-mediated vaccine 
responses were followed over time. Within the control group, female mice demonstrated a larger antibody response 
to TIV vaccination than male mice, which was accompanied by enhanced cytokine production by splenocytes and 
a higher percentage of plasma cells in skin draining lymph nodes. In addition, the prebiotic diet improved vaccine-
specific antibody responses in male mice. Introduction of prebiotics into the diet modulated the gut microbiota 
composition and at the genus level several bacterial groups showed a significant interaction effect which potentially 
contributed to the immunological effects observed. This study provides insight in the effect of scGOS/lcFOS/2’FL 
in influenza vaccination antibody production.
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the time of rotavirus (RV1) vaccination tended to increase 
the anti-rotavirus IgA seroconversion compared to those 
temporarily withheld from breastfeeding (Ali et al., 2015).

Within human milk several immune modulating and 
protective factors are present, including the relatively 
high level of complex mixture prebiotic human milk 
oligosaccharides (HMOS), which are non-digestible 
oligosaccharides (Bode, 2015). HMOS can be decorated 
with fucose and/or sialic acid moieties and form a complex 
mixture of molecules including short-chain as well as 
long-chain structures (in approx. 9/1 ratio). Prebiotic 
fibres including HMOS promote the growth of beneficial 
microbes in the gut (Bode, 2015). The intestinal microbiota 
consists of a large variety of bacterial species, unique for 
each individual, but with similar physiological functions. 
These functions include the prevention of pathogenic 
microorganisms from proliferating, ensuring correct 
digestive functioning and the formation of an intestinal 
barrier. All are of collective importance for the immune 
system to develop and function. Microbiome development 
is directly linked to early life immune development 
(Macpherson and Harris, 2004) and some bacterial strains 
have been associated with improved vaccine responses 
(Huda et al., 2014). Vaccine responses are reported to be 
lower in children from less-developed countries, which 
is suggested to be related to gut dysbiosis. A correlation 
between infant gut microbiota and the RV vaccine 
response was demonstrated in rural Ghana (Harris et al., 
2017). The high abundance of Actinobacteria, including 
Bifidobacterium, was associated with higher responses to 
oral and parenteral vaccines in Bangladeshi infants, while 
bacterial diversity and high abundance of Clostridiales, 
Enterobacteriales, and Pseudomonadales was associated 
with low vaccine responses (Huda et al., 2014). Furthermore, 
in a mouse model of seasonal trivalent influenza vaccination 
(TIV) the absence of gut microbiota significantly reduced 
the vaccine-induced protective antibody response (Oh et 
al., 2014). A mechanistic role was unravelled, demonstrating 
that TLR5-mediated sensing of the gut microbiota increased 
the magnitude of the antibody response through increased 
plasma cell differentiation. While in middle-aged and 
elderly individuals prebiotics were able to enhance the 
vaccination effect against influenza (Akatsu et al., 2016), to 
our knowledge this has not been demonstrated in early life.

Beneficial modulation of the microbiota is therefore 
hypothetically an attractive therapeutic approach to 
improve the efficacy of vaccine-induced immunity. 
Therefore, we studied the effect of providing the human 
milk specific oligosaccharide 2’-fucosyllactose (2’-FL) within 
a complex mixture of immune modulatory prebiotic short-
chain galacto-oligosaccharides (scGOS) and long-chain 
fructo-oligosaccharides (lcFOS), starting at different time 
points in early life on antibody-mediated vaccine response 
as well as microbiome development.

2. Materials and methods

Mice

BALB/c breeding pairs (Animal Resources Centre, Canning 
Vale, Australia) were fed either control diet (AIN93G 
(Reeves et al., 1993)) from the day of timed mating or a 
prebiotic diet, AIN93G containing the prebiotics scGOS 
(Friesland Campina, Amersfoort, the Netherlands), lcFOS 
(Orafti, Wijchen, the Netherlands), and the human milk 
specific oligosaccharide 2’-FL (produced by bacterial 
fermentation and obtained in >90% purity) (scGOS/
lcFOS/2’-FL, SNIFF Spezialdiäten GmbH, Soest, Germany). 
The control diet consisted of 200 g/kg casein, 397.5 g/kg 
corn-starch, 125.7 g/kg maltodextrin, 106.9 g/kg sucrose, 
50 g/kg fibre, 50 g/kg mixture of vitamins and minerals, and 
70 g/kg soybean oil. To make up the prebiotic diet, 2% (w/w) 
of carbohydrates present in the control diet were exchanged 
by the scGOS/lcFOS/2’FL mixture. A third of the breeding 
pairs that received the control diet from the day of mating, 
were switched to the prebiotic diet within 24 h after birth 
and after weaning their litters were maintained on the 
prebiotic diet throughout the course of the experiment. 
The litters from another third of the control breeding pairs 
were provided the prebiotic diet at weaning and maintained 
on this diet throughout the experiment (Figure 1A). In a 
separate experiment cytokine production by spleen cells 
from male and female mice fed AIN93G control diet were 
compared to groups fed the prebiotic diet from weaning 
(Figure 1B).

Housing, ethics

Mice were bred by the Biomedical Research Unit, Malaghan 
Institute of Medical Research, Wellington, New Zealand. 
All experimental procedures used were approved by the 
Victoria University of Wellington Animal Ethics Committee 
and performed according to institutional guidelines.

Trivalent influenza vaccination

At 6 weeks of age male and female offspring of all 4 dietary 
groups were immunised subcutaneously with a fifth of the 
human adult dose of TIV (Fluvax 2015, Bio CSL, Victoria, 
Australia) per mouse (100 µl vaccine + 100 µl phosphate 
buffered saline (PBS)). 84 days after the first immunisation 
the mice received a boost with the same dose of TIV vaccine.

Trivalent influenza vaccine-specific antibodies

Mice were tail bled at days 0, 7, 13 or 14, and 28, 49, and 84 
and blood was collected at the endpoint. Serum was stored 
at -20 °C until analysis for TIV-specific antibodies by ELISA. 
A 96-well flat bottom plate was coated with TIV (1/40 in 
PBS) overnight. Samples were added in multiple dilutions 
and after 2 h of incubation HRP-labelled immunoglobulin 

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
18

.0
09

8 
- 

T
hu

rs
da

y,
 F

eb
ru

ar
y 

13
, 2

02
0 

2:
39

:1
8 

A
M

 -
 U

tr
ec

ht
 U

ni
ve

rs
ity

 I
P 

A
dd

re
ss

:1
31

.2
11

.1
04

.1
73

 



 HMOS in early life modulate microbiota and vaccination response in males

Beneficial Microbes 10(3) 281

(Ig)G, IgG1, or IgG2a (LifeTechnologies, Carlsbad, CA, 
USA) was applied for 2 h, followed by TMB substrate 
(BD Biosciences, San Jose, CA, USA) for colorimetric 
development. Optical density was measured at 450 nm 
for quantification.

Flow-cytometry

At day 89 mice were sacrificed and the skin draining 
lymph nodes were collected and strained through a nylon 
mesh filter (Falcon cell strainer, BD) in FACS buffer (2% 
foetal calf serum in PBS). Fc-receptors were blocked with 
2.4G2 before staining with monoclonal antibodies. Cell 
suspensions (4×106 per well) were stained with zombie 
NIR fixable viability stain (Biolegend, San Diego, CA, USA) 
for the exclusion of dead cells. Fluorochrome-conjugated 
antibodies, from BD unless otherwise stated, to the 
following mouse cell surface molecules were used: CD138-
BUV737, B220-PE-CF594, CD43-biotin, and BUV395-
conjugated streptavidin, CD38-PE-Cy7 (Biolegend), GL7-
FITC (Biolegend), and IgD-BV711. The FoxP3 fixation 

and permeabilisation buffer set (eBioscience, San Diego, 
CA, USA) was used to stain cells intracellularly with IgM-
APC and IgG1-BV421 (Biolegend). Cells were collected 
on a LSRII flow cytometer (BD Biosciences). Analysis was 
performed with the FlowJo software (Tree Star Inc, Ashland, 
OR, USA).

Spleen restimulation

Spleens were removed 28 days after vaccination and single-
cell suspensions were obtained by gently pressing them 
through a nylon mesh filter. After red blood cell lysis, 
splenocytes were counted and diluted to the appropriate 
concentration in Iscove’s Modified Dulbecco’s Medium 
(IMDM) supplemented with 10% foetal calf serum, 100 
U/ml penicillin, and 100 mg/ml streptomycin. 4×105 cells 
were distributed in 96-well plates in triplicates and cultures 
were stimulated with TIV at a predetermined optimal 
concentration of 1 mg/ml, αCD3 (1 mg/ml) and αCD28 (in-
house established), or lipopolysaccharides (LPS) (1 mg/ml; 
Sigma Aldrich, Saint Louis, MO, USA). Medium controls 
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Figure 1. (A) Experimental set-up to study the effect of prebiotic HMOS introduced at different time-points in early life on the 
influenza-vaccination response in mice. (B) Experimental set-up to study the effect of prebiotic HMOS in early life on the influenza-
vaccination response in BALB/c mice. Half of the litters were switched to prebiotic diet at time of weaning and maintained on 
this throughout the course of the experiment. HMOS = prebiotic diet containing short-chain galacto-oligosaccharides, long-chain 
fructo-oligosaccharides, and human milk specific oligosaccharide 2’-fucosyllactose; f* = faeces of mother; f = faeces of offspring; 
b = blood of offspring; sdLN = skin draining lymph nodes; TIV = trivalent influenza vaccine.
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were also included in the experiment. Supernatants were 
collected after 48 and 72 h stimulation with αCD3/αCD28 
and after 72 h TIV stimulation and stored at -20 °C until 
cytokine analysis by ELISA assay. Controls included spleen 
cells cultured without the addition of any stimulation.

Cytokine measurements

Supernatants from splenocyte restimulation were analysed 
for mouse interleukin (IL)-2, IL-5, IL-10, IL-4, IL-6, and 
interferon (IFN)-γ by Luminex Screening Assay (R&D 
systems, Minneapolis, MN, USA) and mouse transforming 
growth factor (TGF)-β1 and IL-21 by ELISA (Duoset ELISA; 
R&D systems) according to the manufacturer’s protocols.

Microbial composition determination

Faecal samples were collected at multiple time-points and 
stored at -80°C directly after collection. DNA extraction 
from stool samples was performed as described previously 
(Wopereis et al., 2017). On the purified faecal DNA extracts 
primers Bact-0341F (5’-CCTACGGGNGGCWGCAG-3’) 
( K l i n d w o r t h  e t  a l . ,  2 0 1 3 )  a n d  B a c t- 0 7 8 5 R 
(5’-GACTACHVGGGTATCTAATCC-3’) (Klindworth et 
al., 2013) were used to amplify the V3-V5 regions of the 
bacterial 16S rRNA gene and the generated amplicons were 
subsequently sequenced on an Illumina MiSeq instrument 
(Illumina, San Diego, CA, USA) as described previously 
(Caporaso et al., 2012). Sequencing data was analysed using 
the Quantitative Insights Into Microbial Ecology (QIIME) 
v.1.9.0 pipeline (Caporaso et al., 2010). Sequences with 
mismatched primers were discarded. Quality control filters 
were set to retain sequences with: a length >200 nucleotides; 
a mean sequence quality score >15 in a 5-nucleotide 
window; no ambiguous bases. The filtered sequences 
were grouped into Operational Taxonomic Units (OTUs) 
by de novo OTU picking using the USEARCH algorithm 
(Edgar, 2010) at 97% sequence identity. Subsequently, the 
Ribosomal Database Project Classifier (RDP) (Cole et al., 
2009) was applied to assign taxonomy to the representative 
sequence (i.e. the most abundant sequence) of each OTU by 
alignment to the SILVA ribosomal RNA database (release 
version 1.1.9) (Pruesse et al., 2007). ChimeraSlayer (Haas 
et al., 2011) was applied, as part of QIIME, to filter for 
chimeric sequences and these were excluded from all 
downstream analyses. Singletons and low abundant OTUs 
with a relative abundance <0.002% were excluded.

Statistics

Two-way ANOVA was performed on the assigned bacterial 
groups (taxa) to investigate the treatment, gender, and 
treatment × gender interaction effects on the relative 
abundance (expressed as a proportion in which 1=100%) 
of each taxon. The resulting P-values for the taxa at 
phylum level were adjusted for multiple testing via the 

Bonferroni methodology. Resulting adjusted P-values 
<0.05 were regarded as significant. For the taxa at genus 
level the resulting P-values, the expected proportion of 
false positives, i.e. the false discovery rate, was estimated 
by calculating q-values (Storey, 2002). Resulting P-values 
<0.05 with corresponding q-values <0.1 were regarded as 
significant.

Immunological data are presented as mean ± standard 
error of the mean and were analysed using one or two-
way ANOVA followed by Sidak’s or Tukey’s multiple 
comparisons test respectively, using GraphPad Prism 
Software version 7 (La Jolla, CA, USA). Values of P<0.05 
were considered statistically significant.

3. Results

The effect of prebiotic oligosaccharides – with 2’-FL present 
in a complex mixture of immune modulatory prebiotic 
scGOS and lcFOS and introduced at different time-points 
in early life – on antibody-mediated vaccine response 
development was determined in mice. Pregnant Balb/c 
mice and their offspring were provided with the prebiotic 
diet at different stages in life (Figure 1A). Prebiotic diet 
consumption during pregnancy did not alter the litter size 
of the breeding pairs. There were no visible differences 
in the health of offspring born from breeding pairs fed 
control or scGOS/lcFOS/2’-FL diet and also body weight 
remained similar between dietary intervention groups 
(data now shown).

At baseline females showed a higher antibody response 
to TIV vaccination than males

Offspring from the four dietary groups were vaccinated with 
TIV for the first time at 6-weeks of age, after which blood 
samples were taken at different time points to monitor 
individual vaccine-specific antibody levels. The TIV-specific 
IgG, IgG1, and IgG2a levels did increase over time (data not 
shown). The antibody levels at day 28 were higher in female 
compared to male controls (Figure 2A). A gender difference 
in TIV-specific antibody response had been observed in 
previous experiments as well (data not shown). To study this 
in more detail serum was collected at day 49 and antibody 
levels were compared in males versus females directly. In 
mice receiving control diet, both TIV-IgG (P>0.01) and TIV-
IgG1 (P>0.01) were significantly higher in females compared 
to males (Figure 2B), confirming previous observations. Due 
to this gender-specific effect data for males (n=5/dietary 
group) and females (n=5/dietary group) were analysed 
separately rather than treated as one group.

 h
ttp

s:
//w

w
w

.w
ag

en
in

ge
na

ca
de

m
ic

.c
om

/d
oi

/p
df

/1
0.

39
20

/B
M

20
18

.0
09

8 
- 

T
hu

rs
da

y,
 F

eb
ru

ar
y 

13
, 2

02
0 

2:
39

:1
8 

A
M

 -
 U

tr
ec

ht
 U

ni
ve

rs
ity

 I
P 

A
dd

re
ss

:1
31

.2
11

.1
04

.1
73

 



 HMOS in early life modulate microbiota and vaccination response in males

Beneficial Microbes 10(3) 283

Prebiotic diet improved antibody responses to primary 
TIV vaccine

As this vaccination model served as a model for difference 
in antibody response between males and females we 
considered whether a prebiotic diet containing scGOS/
lcFOS/2’-FL would be able to alter the gender-specific 
differences in antibody levels observed. At day 28 after 
primary vaccination a significant increase in TIV-specific 
IgG (P<0.01) and IgG1 (P<0.01) was observed in male 

offspring fed a scGOS/lcFOS/2’-FL diet from weaning 
compared to the control group (Figure 2A). The group 
receiving scGOS/lcFOS/2’-FL from pregnancy also showed 
increased TIV-IgG1 levels (P<0.05). Interestingly, these 
effects were significant in male offspring but not in female 
mice. At day 49 males that received scGOS/lcFOS/2’-
FL from birth (P<0.05) or weaning (P<0.05) showed an 
increase in TIV-specific IgG1 (Figure 2B), which is in 
line with antibody levels at day 28. When all three groups 
receiving prebiotics at time of vaccination were pooled 
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and compared to mice receiving control diets, a significant 
(P<0.05) increase in the antibody response at day 49 in 
males but not females receiving prebiotic diet was detected 
(data not shown).

Dietary introduction of scGOS/lcFOS/2’-FL modulated gut 
microbiota composition

As the effect of the prebiotic diet on the humoral response at 
day 28 was most pronounced after introduction of scGOS/
lcFOS/2’FL at weaning, these groups were the focus for gut 
microbiota analysis. Microbiota diversity of the offspring 
receiving scGOS/lcFOS/2’-FL at weaning was significantly 
higher in comparison to the controls, especially in the 
females, for all time points between day -21 (3 weeks old, 
i.e. weaning) and day 28 (10 weeks old) (data not shown).

Microbiota composition of the offspring receiving the 
prebiotics at weaning showed significant changes at the 
phylum level in comparison to the controls at various time 
points between day -21 and 28 (Figure 3, Supplementary 
Figure S1, and Supplementary Table S1). Actinobacteria 

increased after the introduction of the prebiotics at day 
-21, as its abundance was significantly higher at day 0, 7 
and 28 after vaccination compared to the control groups. 
Verrucomicrobia were higher at the start of weaning in 
the prebiotics group, but reduced dramatically in these 
groups till day 7, while control groups gain Verrucomicrobia 
after day -21. As a result, the control groups have more 
faecal Verrucomicrobia than the prebiotic groups at day 
7. Firmicutes and Proteobacteria also demonstrated a 
treatment effect at start of weaning, both were reduced in 
the prebiotic receiving offspring. At day 7 the Proteobacteria 
were lower in females on prebiotics, demonstrating an 
interaction effect. Firmicutes showed a gender effect at day 
0 and at day 28 as male offspring demonstrated a higher 
relative abundance of this phylum.

At the phylum level no obvious groups could be related 
to the enhanced antibody response in males. However, 
at the genus level several bacterial groups demonstrated 
an interaction effect (Table 1; for treatment and gender 
effects see Supplementary Table S2). Interestingly, these 
genera showed differences at day 0, 7, 13 and 28, but not 
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Figure 3. Relative abundances of the phyla represented in faecal samples. Boxplots of relative abundances that displayed 
significant (adjusted P-value <0.05) treatment, gender, or treatment×gender interaction on any time point between day -21 and 
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when the pups were 3 weeks old (day -21). Most of these 
genera showed an interaction effect at day 28, four of which 
(Bacteroides, Blautia, an uncultured Erysipelotrichaceae 
group, and Flavonifractor) showed the highest abundance 
in female controls whereas Enterorhabdus was low in male 
controls and Thalassospira was found to be higher in the 
males, especially in the control males (Supplementary 
Figure S2).

At the start of weaning (day -21) the microbiota composition 
of the controls and the offspring that received the prebiotics 
from weaning (i.e. dietary intervention started after 
sampling) onwards showed differences at the phylum level 
as demonstrated in Figure 3. Therefore, the microbiota 
composition of the mothers, at the deeper genus level, 
was analysed and compared to their respective offspring. 
A total of twelve genera were found to be significantly 
different at weaning (day -21) (Supplementary Table S2; 
treatment effect). Interestingly for at least six genera the 
abundance patterns suggested that the differences at the 
start of weaning could have occurred due to transfer from 
the mother’s microbiota, when comparing the occurrences 
in the mother samples at day -42 (birth) or day -21 to the 
abundances at day -21 in the offspring (Supplementary 
Figure S3).

Cytokine production by splenocytes higher in females 
compared to males

In a separate experiment (Figure 1B), ex vivo antigen-specific 
cytokine production by splenocytes from subcutaneously 
vaccinated mice was evaluated to further investigate the 
effects of scGOS/lcFOS/2’-FL dietary intervention starting 
from weaning. Spleen cells were stimulated in vitro with 
TIV for 72 h. The production of IL-2 (P<0.05), IL-6 (P<0.01), 
and IL-10 (P<0.05) (Figure 4A) was higher in females 
compared to males, which is in line with the difference in 
antibody responses. Although IFN-γ and IL-5 showed a 
similar tendency, these concentrations were not significantly 

different (data not shown), while the IL-4 production was 
undetectable in all groups (data not shown).

The T cell cytokine IL-21, which is associated with the 
germinal centre response, could be detected in splenocyte 
culture supernatants stimulated with αCD3/αCD28 after 
48 h and dropped over the next 24 h (Figure 4B). At 48 h 
an association with the increased antibody levels in females 
versus males was demonstrated as IL-21 concentrations 
were significantly higher in the supernatants of control 
females compared to males on a control diet (P<0.05). 
Another B-cell associated cytokine – TGF-β1 – showed 
a similar increase after 72 h incubation with TIV (Figure 
4B). Ex vivo stimulation of splenocytes with LPS for 48 
h did not demonstrate significant differences in TGF-β1 
concentrations between male and female mice on control 
diet (P=0.10), while IFN-γ (P<0.01) and IL-10 (P<0.001) 
secretion were higher in females compared to males on 
control diet (Figure 4C). The production of IL-6 was higher 
in males on scGOS/lcFOS/2’-FL compared to control diet 
(P<0.05).

Effect of scGOS/lcFOS/2’-FL diet and gender on B cell 
memory response

Antibody levels at day 84 after primary vaccination were 
measured to determine the long-lasting antibody response. 
There were no significant differences detected in TIV-
specific antibodies at day 84 (after primary vaccination) 
between groups, neither in males nor females (Figure 5). At 
day 84 a boost of TIV was administered to assess the effect 
of scGOS/lcFOS/2’-FL diet and gender on the memory B 
cells response. The boost increased the levels of TIV-specific 
IgG, IgG1, and IgG2a in the serum 5 days later (P<0.0001, 
P<0.01 and P<0.05, respectively for the factor time in two-
way ANOVA; Figure 5 depicts significant comparisons). 
There were however no significant differences detected 
between groups at day 84 or 89, which could be the result 
of small group size.

Table 1. Significant treatment×gender interaction effect (P<0.05; q<0.1) for bacterial genera at day -21, 0, 7, 13, and 28. Only the 
interaction P-values are displayed.

Phylum Genus Interaction effect on day

-21 0 7 13 28
Actinobacteria Enterorhabdus 0.008

Coriobacteriaceae other 0.005
Bacteroidetes Bacteroides 0.001 <0.001
Firmicutes Blautia 0.002

Erysipelotrichaceae uncultured 0.009
Flavonifractor <0.001

Proteobacteria Parasutterella 0.002 <0.001 0.003
Thalassospira 0.009
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Higher percentage of plasma cells in skin draining LN of 
female mice

To study the implications of scGOS/lcFOS/2’-FL diet 
administration for B cell development and maturation, 
the skin draining lymph nodes were collected 5 days 
after the boost for flow cytometry. The markers used 

were B220, CD43 (for innate type B cells), IgM, IgD, and 
IgG1+ to distinguish between naïve, activated, and class-
switched B cells and GL7 and CD38 to determine germinal 
centre and memory B cells. Furthermore, CD138 was 
used as a marker for plasma cells. At the endpoint of the 
experiment, the percentage of CD138+ plasma cells was 
higher in females receiving scGOS/lcFOS/2’-FL diet from 
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Figure 4. Cytokine secretion by in vitro restimulated splenocytes. (A) Concentration of interleukin (IL)-6, IL-2, and IL-10 in 
splenocyte supernatants harvested 72 h after ex vivo trivalent influenza vaccination (TIV) stimulation. (B) Concentration of IL-21 
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comparison test. M = male; F = female.
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weaning than in males (P<0.01, Figure 6C). Other B cell 
subsets, including naïve B cells, activated follicular B cells 
(Supplementary Figure S4), and class-switched follicular 
B cells subsets (Figure 6A, B), were not altered between 
dietary intervention groups, nor between gender.

4. Discussion

Mice receiving a prebiotic mixture of scGOS/lcFOS/2’-
FL through dietary intervention not only presented 
with microbiota changes in time, but also demonstrated 
improved gender-specific vaccine-specific antibody 
responses. With the addition of a prebiotic mixture 
containing 2’FL – a product of fucosyltransferase 2 (FUT2) 
– to the standard AIN93 mouse diet, increased antibody 
responses in male mice were detected. This effect can 
primarily be attributed to the addition of 2’FL as previous 
dietary intervention studies using the prebiotic fibres 
scGOS/lcFOS alone, did not identify beneficial effects on 
the development of vaccine-specific antibody responses 
(Salvini et al., 2011; Stam et al., 2011; Van den Berg et al., 
2013). Fucose, galactose, or sialic acid residues attached, are 
known to contribute to the folding, stability, and function 
of IgG molecules (Kanda et al., 2007). For IgG1, IgG2a, and 
IgG2b, differences in sialylation of the carbohydrates control 
inflammatory responses by mediating interactions with 
FcγRs expressed on innate immune effector cells. Therefore, 
fucosylation (and sialylation) status could contribute to 
increase in antibody production by prebiotics.

The effect of the prebiotic mixture on the TIV-specific 
antibody response was detected in male mice only. This is 
in line with literature demonstrating that the susceptibility 
and immune response to autoimmune as well as certain 
infectious diseases are gender-specific (Pennell et al., 2012). 
Females generally have a more robust immune response 
than males. Males for instance experience a greater severity 
and prevalence of bacterial, viral, fungal, and parasitic 
infections than females (Pennell et al., 2012). Although in 
vaccination studies the response for male versus female 
subjects is often not reported separately, it has previously 
been reported that women have a higher humoral immune 
response to influenza virus vaccination than men (Klein et 
al., 2010). Oestrogens can promote the proliferation of B 
cells and stimulate their antibody production, which can 
improve the humoral response after vaccination (Klein et 
al., 2010; Pennell et al., 2012). An immunosuppressive role 
of testosterone in the response to influenza vaccination 
has also been reported (Furman et al., 2014). In addition, 
a meta-analysis demonstrated that in young children the 
immune response to vaccines were consistently higher 
or equivalent, but never lower, in girls compared to boys 
(Voysey et al., 2016). This is in line with the antibody 
response detected within our study and was also reflected 
in the enhanced cytokine production of TIV-stimulated 
splenocytes by females compared to males. Although the 
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and (C) IgG2a levels in serum at day 84 after primary vaccination 
and at day 89, 5 days after the booster vaccination. Antibody 
levels are expressed as optical density (OD) and dilutions 
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times were used. Data are presented as mean ± standard 
error of the mean, n=5/group, * P<0.05, ** P<0.01 two-way 
ANOVA followed by Tukey’s multiple comparison test. HMOS = 
prebiotic diet containing short-chain galacto-oligosaccharides, 
long-chain fructo-oligosaccharides, and human milk specific 
oligosaccharide 2’-fucosyllactose.
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study is small in group size and exploratory in nature, the 
increased secretion of other cytokines by female compared 
to male splenocytes stimulated with LPS are also suggestive 
for altered gender-specific immune potential.

The beneficial effect of scGOS/lcFOS/2’FL diet detected in 
males at day 28, could not be detected at later time points 
in the experiment (both before and after the boost). Flow 
cytometry showed that the percentage of class-switched 
memory B cells were not different between dietary groups 
either. However, the higher percentage of class-switched 
plasma cells in females compared to males stresses the 
different potential to produce antibodies between males 
and females. IL-21, a T cell-derived signal associated 
with the development of B cell specific germinal centre 
responses, was also enhanced in the supernatants of 
cultured splenocytes from female mice upon ex vivo T 
cell stimulation.

There is clear evidence for the importance of the microbiota 
for the generation of antibodies. Germ-free mice have an 
immature immune system and reduced serum IgG levels 
compared to SPF mice (Abt et al. 2012; Cahenzli et al., 
2013; Ichinohe et al. 2011). Furthermore, recent studies 

provide evidence for a role of the gut microbiota in the 
immune response to influenza vaccination. The absence 
of gut microbiota reduced the TIV-specific antibody 
response in mice via reduced plasma cell differentiation 
(Oh et al., 2014). In humans, a correlation between TLR5 
expression in peripheral blood mononuclear cells and 
the TIV-induced antibody response was demonstrated 
(Oh et al., 2014). Another clinical cohort showed that 
Lactobacillus paracasei subsp. paracasei (L. casei 431) 
significantly increased influenza-specific IgG in response 
to vaccination (Rizzardini et al., 2012).

Despite the introduction of HMOS in a mouse model that 
otherwise would not encounter this type of substrate to 
metabolise, supplementation with a scGOS/lcFOS/2’-
FL diet has demonstrated some interesting changes in 
relative abundance of bacteria, which could be involved 
in the immunological effects demonstrated. Two of the 
six genera that showed an interaction effect between 
treatment and gender on day 28 of the experiment were 
especially low or high in control males, Enterorhabdus and 
Thalassospira, respectively. Although from these findings 
it cannot be concluded that these genera are linked to 
the enhanced antibody response in prebiotic males, it is 
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follicular (FO) B cells and B cells subsets within this group, which includes (B) germinal centre (GC) B cells, memory B cells 
(Bmem), and IgG+ class-switched FO B cells. Furthermore, the percentage of (C) CD138+ plasma cells is depicted. Data are 
presented as mean ± standard error of the mean, n=5/group, ** P<0.01 two-way ANOVA followed by Tukey’s multiple comparison 
test. HMOS = prebiotic diet containing short-chain galacto-oligosaccharides, long-chain fructo-oligosaccharides, and human milk 
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interesting that a member of the Enterorhabdus genus has 
been isolated from spontaneous colitis mouse model (Clavel 
et al., 2010), suggesting that it is associated to the murine 
host immune status. Besides alterations in the bacterial 
composition, certain bacteria might respond with a different 
transcriptional response to HMOS supplementation 
(Charbonneau et al., 2016) which provides an additional 
mechanism to contribute to the immunological differences 
observed. This data set provides an important but single 
example of the effects of scGOS/lcFOS/2’-FL diet, 
continued after weaning, on the TIV-induced antibody 
response in mice.

We propose the current model, with increased group sizes, 
as a model to dissect the difference in antibody responses 
to TIV vaccination between male and female. Our study 
stresses the urgency to consider gender in the design of 
(clinical) vaccination studies. TIV-specific antibody levels 
were higher in females compared to males, possibly via an 
effect on plasma cell differentiation. Dietary intervention 
with scGOS/lcFOS/2’-FL in early life improved vaccine-
specific humoral immunity in a gender-specific manner, 
potentially involving the beneficial modulation of the 
gut microbiota. It is promising that a prebiotic mixture 
containing 2’FL was beneficial when provided from 
weaning. This provides useful information for future 
intervention studies in early life with a combination of 
prebiotics.
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org/10.3920/BM2018.0098.

Table S1. Significant treatment × gender interaction effect 
for bacterial phyla at day -21, 0, 7, 13 and 28.
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day -21 and 28.
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genera that showed a significant treatment effect at weaning 
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Figure S4. Percentages of naïve B cells and activated, but 
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