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SUMMARY:  

Antibody-mediated responses play a critical role in vaccine-mediated immunity. However, for 
reasons that are poorly understood, these responses are highly variable between individuals. 
Using a mouse model, we report that antibiotic-driven intestinal dysbiosis, specifically in early-
life, leads to significantly impaired antibody responses to five different adjuvanted and live 
vaccines. Restoration of the commensal microbiota following antibiotic exposure rescues these 
impaired responses. In contrast, antibiotic-treated adult mice do not exhibit impaired antibody 
responses to vaccination. Interestingly, in contrast to impaired antibody responses, immunized 
mice exposed to early-life antibiotics display significantly enhanced T cell cytokine recall 
responses upon ex vivo restimulation with the vaccine antigen. Our results demonstrate that, in 
mice, antibiotic-driven dysregulation of the gut microbiota in early-life can modulate immune 
responses to vaccines that are routinely administered to infants worldwide.  
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The composition and function of the infant microbiota can be influenced by a range of factors, 
including gestational age, route of birth, and infant diet (Backhed et al., 2015; Fouhy et al., 2012; 
Madan et al., 2016), however, one of the most potent factors leading to dysregulation of the gut 
microbiota (termed dysbiosis) is antibiotic exposure (Vangay et al., 2015). A common reason for 
prolonged direct antibiotic exposure in neonates is for the treatment of neonatal sepsis (or 
suspected sepsis), which occurs in 1-4 per 1000 livebirths in the USA, and is even more common 
in lower resource countries (Shane et al., 2017). Furthermore, up to 40% of newborns are 
indirectly exposed to intrapartum antibiotics (Azad et al., 2015). The effects of a single course of 
intrapartum antibiotics on the composition of the infant microbiota has been shown to persist to 
at least three months of age (Azad et al., 2015). By one year, up to 50% of infants will have been 
directly exposed to antibiotics, with an average exposure rate of >5 days (Anderson et al., 2017). 
Early-life intestinal dysbiosis has been associated with a wide variety of diseases including 
metabolic syndrome (Vijay-Kumar et al., 2010), obesity (Turnbaugh et al., 2006), and allergic 
asthma (Russell et al., 2012). A recent study, has also reported that antibiotic exposure in 
pregnancy is associated with an increased risk of hospitalization with infection in children born 
to these mothers (Miller et al., 2018). Direct antibiotic exposure in preterm infants has also been 
associated with increased susceptibility to late-onset sepsis (Kuppala et al., 2011). Work, mainly 
in animal models, has now revealed that the microbiota plays a key role in programming the 
development of innate (Gomez de Aguero et al., 2016) and adaptive immune responses (Honda 
and Littman, 2016), providing a likely mechanistic rationale for these observed associations.   

Globally, an estimated 4–19 million children born each year receive routine vaccines 
against childhood infections but remain unprotected because of limited vaccine effectiveness 
(Grassly et al., 2015). Given the increasingly established links between the microbiota and the 
immune system, we and others have postulated that the microbiota may also influence vaccine-
mediated immune responses, which vary substantially among individuals (Lynn and Pulendran, 
2017). Evidence to support this hypothesis is growing. Two recent studies have shown that the 
composition of the stool microbiota in infants is correlated with vaccine-specific immune 
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responses (Harris et al., 2016; Huda et al., 2014). Interestingly, germ-free mice have also been 
found to have impaired antibody responses to immunization with the model antigen ovalbumin 
(Lamousé-Smith et al., 2011). Recently, antibody responses to the non-adjuvanted influenza 
vaccine have been found to be impaired in germ-free, antibiotic-treated and Toll-like receptor 5 
(Tlr5)-deficient mice (Oh et al., 2014), suggesting that TLR5-mediated sensing of flagellin 
produced by the microbiota could act as a natural adjuvant for non-adjuvanted vaccines. 
However, antibody responses to several adjuvanted and live vaccines were not found to be 
impaired in the adult mice investigated in this study. 

We hypothesized that antibiotic-driven dysbiosis in early-life would have a more 
profound impact on the immune system than adult antibiotic exposure and would lead to 
impaired responses to adjuvanted and live vaccines. This is important given that adjuvanted and 
live vaccines represent all vaccines that are commonly administered to infants. To investigate 
this hypothesis, we used a maternal antibiotic treatment (MAT) mouse model of early-life 
antibiotic exposure (Uchiyama et al., 2014). Briefly, dams and their pups were exposed to 
ampicillin and neomycin via their drinking water in late pregnancy and throughout the pre-
weaning mouse infant period. Ampicillin and neomycin represent two classes of antibiotic that 
are administered to human infants with suspected sepsis (Fuchs et al., 2016), though they would 
not usually be administered orally and our model uses a supra-physiological dose of neomycin 
(see STAR methods).  

Antibiotic exposure resulted in significant dysbiosis, characterized by up to a 4 log-fold 
reduction in bacterial load in faecal samples collected from the dams (data not shown) and their 
offspring at the end of the antibiotic exposure period (day 21) (Fig. 1A). At one-week post-
antibiotic exposure (D28), the bacterial load in mice exposed to antibiotics (we refer to these 
pups as “ABX mice”) had returned to levels more comparable (within 1 log-fold) to untreated 
mice of the same age (NO ABX mice). Despite the recovery in bacterial load at D28, 16S rRNA 
sequencing revealed significant differences in the composition of the microbiota in the ABX 
mice and a significant loss in bacterial diversity (Fig. 1B-C and Table S1). These changes in the 
composition of the microbiota remained significantly different for up to 13 weeks post-antibiotic 
exposure (Fig. 1D). Dysbiosis following antibiotic exposure was characterized by the loss of 
Bacteroidetes and the colonization of a severely restricted microbiota initially dominated by the 
Lachnospiraceae and/or Enterobacteriaceae families of bacteria, and followed by a subsequent 
overgrowth of Akkermansia. A similar pattern was observed in each independent experiment 
although the specific composition following antibiotic exposure was variable (Fig. S1A-J). This 
mirrors the situation in human infants where antibiotic exposure alters the diversity, maturation 
and composition of the microbiota but the dominant bacterial species after antibiotic exposure 
varies significantly between individuals (Bokulich et al., 2016).  

To assess the impact of antibiotic-driven dysbiosis on subsequent vaccine responses in 
these mice we began by immunizing 28-day-old (day V) ABX and NO ABX pups with a live 
attenuated vaccine, the Bacillus Calmette-Guerin (BCG) vaccine. BCG is one of the most widely 
administered vaccines worldwide with over 120 million doses given each year to infants to 
provide protection against tuberculosis (TB) (Ritz et al., 2008). While protection is thought to be 
predominantly T cell-mediated, antibody-mediated immunity has been suggested to play a 
significant role in providing protection against TB (Achkar and Casadevall, 2013). We found 
that antigen-specific IgG responses were significantly impaired in ABX mice vaccinated with the 
BCG vaccine for up to 12 weeks post-immunization (Fig. 1E). IgG1, IgG2c, and IgM responses 
were also all significantly lower in the ABX mice (Fig. S2A-C). Boosting the initial antibody 
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response by administering another dose of BCG vaccine at V+2 weeks did not rescue impaired 
responses. Interestingly, adult mice treated with the same dose of antibiotics for 3 weeks did not 
have impaired IgG responses to BCG vaccination (Fig. S2D). It should be noted that BCG was 
administered to pups at D28 in our model, whereas it is recommended for administration at birth 
in infants. However, in low resource countries, where dysbiosis is common, administration of 
BCG to infants is frequently delayed until infants are several months old (Clark and Sanderson, 
2009; Olusanya, 2010). 

We next investigated antibody responses in ABX mice immunized with one of four 
adjuvanted vaccines that are frequently administered to human infants (Feldstein et al., 2017; 
Medini et al., 2015) including the Bexsero meningococcal serogroup B vaccine (MenB); the 
NeisVac-C meningococcal serogroup C vaccine (MenC); the Prevenar 13-valent pneumococcal 
conjugate vaccine (PCV13); and the INFANRIX® Hexa combination vaccine (Hexa), which 
contains antigens from hepatitis B, diphtheria, tetanus, acellular pertussis, Haemophilus 
influenzae type b, and inactivated poliomyelitis virus (IPV). Each vaccine was investigated as an 
independent experiment. As with the BCG experiment, we found that, up to 12 weeks after the 
initial immunization (V+12 weeks), ABX mice had significantly impaired antigen-specific IgG 
responses to all four vaccines compared to unexposed mice (Fig. 1F-I). Infants usually receive 
multiple doses of each vaccine in their first year of life to achieve optimal antibody responses. 
PCV13 and Hexa vaccine responses were boosted at V+2 and V+4 weeks, which was intended to 
broadly model the three doses of these vaccines that human infants receive at 2, 4 and 6 months 
of age in Australia and the USA. The MenB vaccine was boosted at V+2 weeks. Boosting 
vaccine responses appeared to partially rescue the impaired antibody responses in some cases, 
however, this was transient, and by V+12 weeks, IgG responses to all of the vaccines were 
significantly impaired in ABX mice. On average, antigen-specific IgG titers at V+12 weeks were 
50% higher in mice not exposed to early-life antibiotics. There was no significant difference in 
total IgG between antibiotic exposed and unexposed mice indicating that the impairment was not 
due to a gross defect in humoral immunity in these mice (Fig. S2E-H).  

Interestingly, we observed a much more modest impairment of antibody responses (at 
V+2 weeks only) to the non-adjuvanted seasonal influenza vaccine (Influvac) in ABX mice (Fig. 
1J) than has been previously reported (Oh et al., 2014). Furthermore, we did not find antibody 
responses to this vaccine to be significantly impaired in Tlr5-/- mice in comparison to littermate 
wildtype mice (Fig. S3A). The reasons for these discrepancies with the previous study are 
currently unclear but may relate to differences in the microbiota, differences in the ages of the 
mice, or differences in the strain of influenza used in the vaccine, which changes from year to 
year. Interestingly, we did observe significant differences in PCV13 antibody responses between 
non-littermate wildtype and Tlr5-/- mice, which appeared to be driven by differences in the 
microbiota of these mice (Fig. S3B-D). Antibody responses were not impaired in Tlr5-/- mice 
following back-crossing to standardize the microbiota in the Tlr5-/- and wildtype mice (Fig. S3E-
G). This suggests that differences in the composition of the microbiota could influence vaccine 
antibody responses irrespective of antibiotic exposure. 

Our model includes a much longer antibiotic exposure period than would be common in 
most clinical situations. We therefore next considered whether shorter periods of antibiotic 
exposure would also lead to impaired antibody responses. To investigate this, dams were 
exposed to the same dose of antibiotics from approximately embryonic day 14 (E14) to the birth 
of their pups (D1) (i.e. 5-6 days exposure), from E14 to D7 post-birth, or from E14 to D14 post-
birth. Each different duration of antibiotic exposure resulted in significant dysbiosis around the 
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time of the initial immunization at D28 (Fig. S1G-I). The pups born to these dams were 
vaccinated with the PCV13 vaccine at D28 (i.e. up to 4 weeks after antibiotic exposure ceased). 
Colonization with Akkermansia was more common in these mice at D28 compared to mice 
exposed to antibiotics until D21, which may reflect the longer time period since the cessation of 
antibiotic exposure. We found that, despite receiving a prime and two boost immunizations (at 
V+2 and V+4 weeks), PCV13-specific or pneumococcal polysaccharide serotype 3 (PPS3)-
specific antibody responses were significantly impaired up to 8 weeks post-vaccination (Fig. 2A-
C and Fig. S2I-K). These data show that indirect maternal antibiotic exposure is sufficient to 
lead to impaired vaccine antibody responses. We noted that by V+12 weeks, responses were not 
significantly different. This was in contrast to PCV13-immunized mice exposed to antibiotics to 
D21 (Fig. 1H). Additionally, in some of the PCV13 experiments we observed that responses 
were impaired at V+4 weeks but not in others. This suggests that the nature of dysbiosis at the 
time of the initial immunization, which varied substantially (Fig. S1), and/or at the time of 
boosting may play important roles. Further work is needed to more fully investigate this. 
Interestingly, as we observed with BCG-immunized adult mice, adult mice exposed to the same 
dose of antibiotics for 3 weeks did not have impaired IgG responses to the PCV13 vaccine (Fig. 
2D), even though adult mice developed similar antibiotic-driven dysbiosis (Fig. S1J). These data 
indicate that antibiotic-driven dysbiosis, specifically in early-life, leads to impaired antibody 
responses to vaccination. 

We hypothesized that colonization with a dysbiotic microbiota following the cessation of 
antibiotics was a critical factor leading to impaired antibody responses to vaccination, rather than 
antibiotic exposure per se. To investigate this, we exposed dams to the same dose of antibiotics 
from E14 to D21, and then continued this antibiotic exposure in their offspring after weaning and 
for the duration of the experiment (ABX throughout). Continuous antibiotic treatment resulted, 
as expected, in a significant and continuous reduction in bacterial load throughout the experiment 
and prevented the overgrowth of a dysbiotic microbiota in these mice (data not shown). 
Consistent with our hypothesis, PCV13-specific IgG antibody responses in mice continuously 
exposed to antibiotics were not significantly different from those in untreated mice (Fig. 2E). To 
further investigate this, we attempted to rescue impaired vaccine antibody responses in ABX 
mice by partially reconstituting the commensal microbiota after the cessation of antibiotic 
exposure. To do this, ABX mice were gavaged with the cecal contents of age-matched, untreated 
control mice. ABX mice that received a faecal microbiota transfer (FMT) from untreated mice 
did not have impaired responses to PCV13 vaccination (Fig. 2F). In contrast, ABX mice that 
received a FMT of cecal contents collected from other antibiotic exposed mice had significantly 
impaired IgG responses to PCV13. The cecal contents of the antibiotic treated mice used in the 
“dysbiotic” FMT consisted predominantly of Enterobacter (relative abundance >90% as 
determined by 16S rRNA sequencing – data not shown). MALDI biotype analysis and genome 
sequencing identified isolates cultured from the cecal contents as Enterobacter cloacae. Blooms 
of Enterobacter are commonly observed in humans and mice following antibiotic exposure 
(Zeng et al., 2017). Further work in germ-free mice is needed to determine if Enterobacter is 
causatively linked to impaired antibody responses.  

Vaccine-mediated immunity is highly dependent on the induction of antibody responses 
against vaccine antigens. However, the generation of long-term T cell memory responses has 
also been shown to regulate the protective effects of some vaccines, including those against 
influenza, measles, pertussis and tuberculosis (Siegrist, 2008). Surprisingly, in contrast to 
impaired antigen-specific antibody responses, splenocytes or purified CD4+ T cells isolated from 
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ABX mice up to 12 weeks following initial immunization with PCV13, and re-stimulated in 
culture with vaccine antigen, had significantly higher production of interferon  (IFN (Fig. 2G-
H) and other cytokines (Fig. S4A-F) than cells isolated from unexposed mice. Co-culture of 
purified CD4+ T cells with antigen-presenting cells (APC) from either ABX or unexposed mice 
resulted in comparable levels of IFN  production (Fig. 2H) suggesting that the effect is T cell 
intrinsic, though this does not rule out a differential role for APCs in immune priming in ABX 
mice at the time of immunization. Interestingly, splenocytes isolated from mice continuously 
exposed to antibiotics did not produce more IFN in response to ex vivo stimulation (Fig. 2I), 
suggesting that this effect is also driven by dysbiosis post-antibiotic exposure. Stimulation of 
splenocytes, isolated from an independent group of INFANRIX® Hexa-immunized ABX mice, 
with the vaccine antigens, pertactin (Fig. 2J), inactivated pertussis toxin, diphtheria toxoid, or 
tetanus toxoid (Fig. S4G-I), also induced significantly enhanced IFN  production. These data 
suggest that early-life antibiotic-driven dysbiosis may enhance T cell recall responses to 
vaccines, though further work in vivo and in the context of infection are now needed to confirm 
this.  

Vaccines are one of the most effective frontline strategies available to prevent infectious 
diseases, however inter-individual responses to vaccination are highly variable (Finan et al., 
2008; Payton et al., 2013). In this study, we demonstrated that early-life antibiotic-driven 
dysbiosis in mice led to significantly impaired antibody responses to five different adjuvanted 
and live vaccines that are routinely administered to infants worldwide. Twelve weeks after the 
initial immunizations, antibody responses were impaired in antibiotic exposed mice by up to 
50%, suggesting that the duration of antibody responses in antibiotic exposed mice may be 
particularly impacted. These data suggest that the microbiota is an important factor influencing 
vaccine responsiveness and may also be a contributing factor to the lower rates of vaccine 
immunogenicity that are observed in developing world populations where infant dysbiosis is 
common (Valdez et al., 2014). Our data suggest that early-life antibiotic exposure is particularly 
important in shaping subsequent responses to vaccines, as adult mice exposed to the same dose 
and duration of antibiotics did not have impaired vaccine antibody responses. Other recent 
studies also suggest that the immune system may be particularly susceptible to influence by the 
microbiota early in life (Gensollen et al., 2016). Given that up to 50% of human infants are 
exposed to antibiotics (Anderson et al., 2017), our findings, if confirmed in infants, could have 
significant implications for vaccination programs worldwide. Interestingly, we also found that 
differences in the composition of the microbiota between non-littermate Tlr5-/- and wildtype 
mice were associated with significant differences in PCV13 vaccine responses, suggesting that 
differences in the microbiota could influence vaccine antibody responses irrespective of 
antibiotic exposure. We have shown that impaired antibody responses could be rescued by 
reconstitution of the commensal microbiota following antibiotic exposure, which suggests that 
microbiota-targeted interventions offer a potentially inexpensive strategy to enhance vaccine 
efficacy. Interestingly, a recent systematic review (Zimmermann and Curtis, 2018) has reported 
that almost half of randomized controlled trials, investigating the impact of probiotics on vaccine 
responses, found a beneficial effect. Our data suggest that targeting these interventions to 
antibiotic exposed infants may be particularly beneficial, especially if these interventions prevent 
or reduce the colonization of a dysbiotic microbiota following antibiotics. Further work is now 
needed to investigate whether antibiotic exposure also leads to impaired vaccine antibody 
responses in human infants and to uncover the mechanisms through which the microbiota 
influences these responses to vaccination. In future, it will be interesting to assess whether the 
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observed impairment of antibody responses in ABX mice is sufficient to alter susceptibility in an 
infection challenge model.  

In contrast to the impaired antibody responses observed in our study, we found that T cell 
cytokine recall responses to ex vivo stimulation with vaccine antigens were significantly 
enhanced in mice exposed to early-life antibiotics. These data could have important implications 
in a number of areas. While antibody production by B cells is essential for the protective 
immunity conferred by the majority of vaccines, T cells also contribute to protection mediated by 
several vaccines (Siegrist, 2008). Additionally, several novel vaccines are in development which 
are primarily T cell-mediated (Gilbert, 2012). Importantly, enhanced T cell recall responses may 
also have negative implications if they occur in response to environmental, food, or self, 
antigens. Memory T cells are centrally involved in the pathogenesis of many diseases such as 
diabetes, arthritis, multiple sclerosis, rhinitis, and asthma (Endo et al., 2014; Jaigirdar and 
MacLeod, 2015), several of which have been associated with an altered gut microbiota (Rooks 
and Garrett, 2016). Further work in vivo is now needed to confirm these findings and to elucidate 
the mechanisms involved.  
 
SUPPLEMENTAL INFORMATION 
Supplemental Information includes the STAR Methods section, four figures and two tables and 
can be found online with this article.  
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FIGURE LEGENDS 
 
Figure 1. Antibiotic-driven dysbiosis in early-life led to significantly impaired vaccine antibody 
responses. (A) Bacterial load in faecal samples collected from untreated pups (NO ABX) and 
pups exposed to antibiotics (ABX) in the infant pre-weaning period (i.e. to D21). D = days post-
birth. (B) 16S rRNA gene sequencing revealed a significant loss of diversity in the composition 
of the microbiota in ABX pups. Data shown for day of vaccination (V/D28), 1 week after 
cessation of ABX. (A-B) Data are represented as mean ± SEM and a Mann Whitney test was 
used to assess statistical significance. (C) Non-metric multi-dimensional scaling (NMDS) 
analysis of the composition of the microbiota at D28 in ABX (red) and unexposed mice (green). 
See also Table S1. The results shown in (A-C) represent 9 independent experiments (at least 
n=9/group/experiment). (D) Composition of the microbiota in ABX mice determined by 16S 
rRNA gene sequencing of samples collected at V/D28 and at V+4 and V+12 weeks. Bacterial 
relative abundances (%) are plotted based on the genus level taxonomy for each individual 
mouse fecal sample. Legend: U- uncultured, IS- incertae sedis. See also Figure S1. (E-J) 
Antigen-specific IgGtotal concentrations in sera of ABX (red squares) or unexposed mice (green 
circles) vaccinated with (E) the live-attenuated Bacillus Calmette-Guerin (BCG) Statens Serum 
Institute (SSI) vaccine, the adjuvanted (F) Bexsero meningococcal serogroup B (MenB) vaccine 
(assessed based on the NadA antigen-specific response), (G) NeisVac-C meningococcal 
serogroup C (MenC) vaccine, (H) Prevenar 13-valent pneumococcal conjugate vaccine (PCV13), 
or (I) INFANRIX® hexa vaccine (assessed based on pertactin antigen-specific response), or (J) 
the non-adjuvanted seasonal influenza (Influvac) vaccine. Vaccines were administered at 28 days 
post-birth (i.e. 1 week after ABX) and boosted as indicated (black arrows on the x-axis). Each 
panel (E-J) represents an independent experiment. Data are representative of 3 independent 
experiments for PCV13 and 2 independent experiments for BCG and Influvac. Unfilled black 
circles = mock vaccinated controls. Antibody titres shown in units/mL for responses assessed 
using commercial mouse ELISA kits for the relevant vaccines (BCG/MenB/MenC/PCV13), 
otherwise raw O.D. values are shown. See STAR Methods for further details. (E-J) Data are 
represented as mean ± SEM. n=10-24 mice/group/experiment. A two-tailed Student’s t-test was 
used to assess statistical significance. *P < 0.05, **P < 0.01. Statistical significance was also 
supported using a Mann Whitney test. 
 
Figure 2. Shorter durations of antibiotic exposure in early-life (ABX) also led to impaired 
PCV13 IgGtotal responses. (A) ABX to D1 post-birth. (B) ABX to D7 post-birth. (C) ABX to 
D14 post-birth. ABX mice were vaccinated with the PCV13 vaccine at D28 (and boosted at V+2 
and 4 weeks) and compared to unexposed PCV13-immunized mice (NO ABX; green circles). 
(A-C) At least n=19/group. OD readings are shown. See also Fig. S2I-K. (D) Antibiotic 
treatment (for 3 weeks) of adult mice was not associated with impaired PCV13-specific IgGtotal 
responses. PCV13 responses were boosted in adult mice at V+2 and 4 weeks. n=12-18/group. 
(E) PCV13-specific IgGtotal responses in mice continuously exposed to antibiotics (n=12) were 
not significantly different from those in untreated mice. (F) Commensal reconstitution after 
antibiotic exposure rescued impaired vaccine antibody responses. Antigen-specific IgGtotal 
concentrations in the serum of PCV13-immunized mice are shown. NO ABX (green filled circles 
n=20). ABX + Commensal FMT (green open circles n=20) represent ABX mice that received a 
faecal microbiota transfer (FMT) from untreated control mice following antibiotic exposure (at 
D21 and D23). ABX + Dysbiotic FMT (red squares n=19) represent ABX mice that received a 
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FMT of a dysbiotic microbiota. Vaccines were administered at D28 post-birth (V) and boosted at 
V+2 weeks. (G) Antigen-specific IFN  production by spleen cells recovered at V+12 weeks 
from ABX and untreated (NO ABX) PCV13-immunized mice and stimulated ex vivo with 
PCV13 (0.5 g/ml) for 72 hours before measurement of IFN  production. MOCK represents 
cells from PBS mock-immunized control mice stimulated with PCV13. (H) Spleen CD4+ T cells 
purified at V+12, co-cultured with antigen presenting cells (isolated from either ABX or No 
ABX mice), and stimulated with PCV13 (0.5 g/ml) for 72 hours before measurement of IFN . 
n=10-15 mice/group. (I) Untreated mice (n=11) or mice continually treated with antibiotics 
throughout the experiment (ABX THROUGHOUT; n=10) were immunized with PCV13 and 
IFN  recall measured at V+12 as for G. (J) Antigen-specific IFN  production by spleen cells 
recovered at V+12 weeks from an independent group of ABX (n=14) and unexposed (n=14) 
INFANRIX® hexa-immunized mice and stimulated ex vivo with pertactin (2.5 g/ml) for 72 
hours before measurement of IFN  production. Data are represented as the mean ± SEM. A two-
tailed Student’s t-test to assess significance. * = P < 0.05; ** = P < 0.01; *** = P < 0.001. ns = 
not significant.  
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STAR METHODS 
 
CONTACT FOR REAGENT AND RESOURCE SHARING 
 
Further information and requests for resources and reagents should be directed to and will be 
fulfilled by the Lead Contact, David Lynn (david.lynn@sahmri.com). 
 
EXPERIMENTAL MODEL AND SUBJECT DETAILS 
 
To investigate the impact of early-life intestinal dysbiosis on responses to vaccines routinely 
administered to human infants, we have used a maternal antibiotic treatment (MAT) model to 
induce intestinal dysbiosis in infant mice.  
 
Mice 

C57BL/6 (RRID:IMSR_JAX:000664), and Tlr5-/- mice on a C57BL/6 background (The Jackson 
Laboratory, ME, USA. RRID:IMSR_JAX:008377), were bred and maintained under specific and 
opportunistic pathogen free conditions at the South Australian Health and Medical Research 
Institute (SAHMRI). Littermate wildtype and Tlr5-/- mice were also generated by backcrossing. 
The Tlr5 genotype of the mice was confirmed by PCR using protocols and primer sequences 
provided by The Jackson Laboratory. All mice were kept in cages with free access to commercial 
pelleted food and water and were housed under standardized conditions with regulated daylight, 
humidity, and temperature. Both male and female mice were represented in the experiments in 
approximately equal numbers in each group. No sex differences were evident. All experiments 
were carried out in accordance with protocols approved by the SAHMRI Animal Ethics 
Committee.  

METHOD DETAILS 

Dams were randomly assigned to antibiotic treatment groups. The investigators were not blinded 
to the experimental groups. No outliers have been removed from any of the data presented. The 
timepoints for sample collection were defined prospectively. The sample size and replication for 
each analysis is stated in each of the figure legends and in Table S2. n represents the number of 
mice in each group. 

 
Antibiotic treatment 
 
Pregnant C57BL/6 dams aged 6–12 weeks were subjected to antibiotic treatment from 
approximately embryonic day 14 (E14) (i.e. 14 days post coitus) to the weaning of their 
offspring at day 21 post-birth (D21) i.e. the mouse infant period. There were at least n=5 
antibiotic treated dams and their offspring (at least n=9) per group in each experiment. Post-
weaning, littermates were randomly assigned to different cages. See Table S2 for further details. 
Antibiotic treated water was replaced every 3 days for the duration of the treatment. Antibiotics 
were discontinued 7 days prior to vaccination unless otherwise indicated. As older pups were 
also likely directly exposed to antibiotics once old enough to drink the treated water, we also 
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investigated shorter durations of indirect maternal antibiotic treatment from E14 to D1 post-birth, 
E14 to D7 post-birth and E14 to D14 post-birth. At least n=5/group pregnant C57BL/6 dams 
aged 6–12 weeks with no antibiotic treatment and their offspring (at least n=10) were maintained 
in parallel as controls in each experiment. Dams were selected from the same breeding colony 
and were randomly assigned to antibiotic treatment groups. In the adult mouse antibiotic 
exposure model, adult mice (aged 6-8 weeks) received the same antibiotic treatment for a 3 week 
period. 
 
Antibiotic treatment in our model consisted of ampicillin (1 mg/ml; Sigma, St. Louis, USA) and 
neomycin (0.5 mg/ml; Sigma) dissolved in sterile drinking water. Mice had access to water ad 
libitum. This antibiotic treatment regime most closely resembles the treatment that infants 
receive for neonatal sepsis, with some important differences (see below). The World Health 
Organisation (WHO) recommends that ampicillin (or penicillin; cloxacillin if staphylococcal 
infection is suspected) plus gentamicin (an aminoglycoside class of antibiotic like neomycin), 
delivered intra-venously (IV) or intra-muscularly (IM), for treatment of neonates with suspected 
clinical sepsis (Fuchs et al., 2016). In our model, antibiotics are administered orally and 
indirectly via the dam. IV or IM administration of antibiotics is not feasible for the large 
numbers of infant mice used in our experiments. Our approach of oral MAT has been shown 
previously to circumvent the technical challenges of administering antibiotics to infant mice 
(Gonzalez-Perez et al., 2016). Interestingly, when referral is not possible, the WHO recommends 
once daily gentamicin plus oral amoxicillin.  
 
As outlined below, the dose of ampicillin is quite comparable to the dose administered to infants 
with suspected sepsis, however, a much higher dose of neomycin is administered to mice in 
comparison to the dose of gentamicin administered to infants. It should be noted that for the first 
2 weeks of life antibiotic exposure in pups is indirect via the dam. Typically, dams consume 4-
8ml of antibiotic-treated water/day = 4-8mg ampicillin and 2-4mg of neomycin consumed per 
day. Given the average weight of a dam of 27g, the estimated dose of ampicillin is 148 - 
296mg/kg per day (4-8mg * 37 to convert to mg/kg). The dose of neomycin is estimated to be 
74-148mg/kg. The WHO recommended dose of ampicillin to be given to a 2-4 week old human 
infant with suspected sepsis is 50 mg/kg every 8 h = 150mg/kg per day. Gentamicin = 7.5mg/kg 
per day (Fuchs et al., 2016).  
 
It should be noted that we are not assessing responses to vaccination during antibiotic exposure, 
but rather a week after the cessation of antibiotic exposure. We believe assessing the impact of 
dysbiosis post-antibiotics is much more relevant clinically than assessing responses while on 
antibiotics, as fewer infants would be expected to receive immunizations overlapping directly 
with antibiotic therapy. 

Immunizations 

Each vaccine experiment was conducted as an independent experiment. To assess the effect of 
antibiotic-driven dysbiosis on vaccine responses, mice were immunized 1 week after the 
cessation of antibiotics at day 28. Day 28 was also optimal for immunization as mice younger 
than this have poor IgG responses (the key correlative of vaccine-mediated protection in human 
infants) to the vaccines assessed in this study (Jakobsen et al., 2006). Immunizing mice, that 
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were exposed to antibiotics until D7, at D14 also led to impaired responses (data not shown). 
Mice were immunized with one of the following vaccines: 375 g of the BCG Statens Serum 
Institut (SSI) vaccine (SSI, Copenhagen, Denmark) dissolved in 100 l of vaccine diluent 
(administered subcutaneously (s.c.)) and boosted with 75 g of BCG SSI vaccine 2 weeks after 
the initial vaccination (V+2); 100 l 13-Valent Pneumococcal Conjugate Vaccine (Prevenar13®, 
PCV13, Pfizer, New York, USA) diluted 1:2 in PBS (administered intraperitoneally (i.p.)) and 
boosted with the same dose at V+2 and V+4 weeks mirroring the 3 doses administered to human 
infants; 100 l i.p. Meningococcal serogroup B vaccine (Bexsero®; Novartis, Basel, 
Switzerland) and boosted with the same dose at V+2 weeks; 100 l i.p. Meningococcal 
serogroup C vaccine (NeisVac-C®; Baxter Healthcare); 100 l i.p. INFANRIX® hexa 
combination vaccine (GlaxoSmithKline, Brentford, UK) and boosted with the same dose at V+2 
and V+4 weeks; and 100 l s.c. seasonal influenza vaccine (Influvac® 2015/2016 strain; Abbott, 
Illinois, USA) and boosted with the same dose at V+2 weeks. Influvac responses were not 
boosted in the Tlr5-/- experiment. The optimal route of administration (as specified for each 
vaccine) was determined based on previous studies administering these vaccines to mice. Control 
mice were mock immunized with 100 l of PBS. Adult mouse experiments followed the same 
schedule as described above. At least n=10 sex-matched mice/group were vaccinated in each 
experiment. Serum was collected on the day of vaccination/mock vaccination, and at 2, 4, 8 and 
12 weeks post-vaccination, unless otherwise indicated. At 12 weeks post-vaccination/mock 
vaccination the mice were sacrificed and spleens were harvested.  

Antibody responses 

Antigen-specific IgG was measured using commercially available ELISA kits including the 
mouse anti-Mycobacterium tuberculosis IgG ELISA kit, mouse anti-S. pneumococcal vaccine 
(PCV-13) IgG ELISA kit (assess IgG response to polysaccharides from 13 different serotypes); 
mouse anti-meningitis B Neisserial adhesin A (NadA) IgG ELISA kit; and mouse meningitis 
vaccine group C oligosaccharides antigen IgG ELISA kit (all from Alpha Diagnostic 
International, San Antonio, USA). Where specified antigen-specific total IgG, IgG1, IgG2c and 
IgM were also measured by ELISA using Nunc MaxiSorp® ELISA plates (Sigma, St. Louis, 
USA) that were coated either with, PCV13 vaccine (0.05 g/mL), Pneumococcal Polysaccharide 
Powder Type 3 (ATCC®169X, 10 g/mL), Pertactin (1 g/mL, List Biological Laboratories 
Campbell, USA), BCG vaccine (20 g/mL) or Influvac® vaccine (1:40) and incubated overnight 
at 4°C. Plates were washed 1X with 0.5% Tween-20/PBS and blocked with 1X ELISA buffer 
(eBioscience, Waltham, USA). Mouse serum samples were diluted in 1X ELISA buffer and 
incubated on blocked plates. Antigen-specific serum antibodies were detected using horseradish 
peroxidase (HRP) conjugated anti-mouse IgG (Novex, Lake Oswego, USA, 
RRID:AB_2534739), anti-mouse IgG1 (RRID:AB_10674928), anti-mouse IgG2c 
(RRID:AB_10672442) and anti-mouse IgM (RRID:AB_955460C, Abcam, Cambridge, UK), at a 
dilution of 1:2000 (IgG), 1:10000 (IgG1), 1:5000 (IgG2c) or 1:1000 (IgM).HRP activity was 
detected using tetramethylbenzidine (TMB) substrate (Thermo Fisher Scientific, Waltham, USA) 
and stopped with 2N H2SO4. Developed plates were recorded using an iMark™ microplate 
absorbance reader (BioRad, Hercules, USA) at 450 nm with correction at 595 nm by subtraction. 
Total IgG was also measured by an IgG ELISA kit according to the manufacturer’s instructions 
(eBioscience, Waltham, USA). Data were analyzed using GraphPad Prism 7.01 (GraphPad 
Software Inc., La Jolla, CA, USA). A two-tailed Student’s t-test was used to assess significance.  
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Splenocyte stimulation assays 

Single cell suspensions of spleen cells were prepared by mechanical dissociation and filtration 
through an 80 μm nylon filter (Merck Millipore, Darmstadt, Germany) and red blood cells lysed 
with BD Pharm Lyse (BD Biosciences, San Jose, USA). Spleen cells (100 μl of a 1 x 107 
cells/ml suspension) were plated in 96 well flat bottom tissue culture plates (Costar, Corning, 
USA) in culture media consisting of RPMI1640 (Sigma) supplemented with10% fetal calf serum 
(Assay Matrix, Australia), Gibco® minimal essential media amino acids, and GlutaMAX™ L-
glutamine added to the manufacturers’ recommendation, and Gibco® 2-Mercaptoethanol to a 
final concentration of 55nM (Life Technologies). Cells were stimulated with vaccine-specific 
antigens in a final volume of 200 μl/well. For PCV13 vaccinated mice, cells were stimulated 
with a 136-fold dilution of PCV13 vaccine in culture media, which equates to 0.5 μg/ml of the 
Diphtheria CRM197 protein (Wyeth Pharmaceuticals, Dallas, USA). For INFANRIX® hexa 
immunized mice, cells were stimulated with either pertactin from Bordetella pertussis (69 kDa 
protein) (2.5 μg/ml), or tetanus toxoid from Clostridium tetani (2.5 μg/ml), or diphtheria toxoid 
(0.1 μg/ml), or inactivated pertussis toxin mutant (0.1 μg/ml) (List Biological Laboratories, 
Campbell, USA) all diluted in culture media. Cells were cultured at 37 °C, 5% CO2 for 72 hours 
and stored at -80°C until analysis. 

Purification and stimulation of CD4+ T cells 
 
Preparation of spleen single cell suspensions was as described above for the splenocyte 
stimulation assays. T cells were isolated from the single cell suspensions with an AutoMACS 
using CD4+ T Cell microbeads (Clone L3T4, Miltenyi Biotec). T cell-depleted spleen cells from 
ABX and untreated control mice were used as antigen-presenting cells (APCs). T cells were 
depleted using biotinylated anti-Thy1.1 (CD90.2, clone 30-H12, RRID:AB_2659881) followed 
by anti-biotin microbeads (RRID:AB_244365C) (both from Miltenyi Biotec). 1.5 x 105 purified 
CD4+ T cells from either control or ABX mice were then combined with 7 x 105 T cell-depleted 
spleen cells from ABX or untreated mice in 96 well flat-bottom tissue culture plates (Costar, 
Corning, USA) and were stimulated with a 136-fold dilution of PCV13 vaccine, which equates to 
0.5 μg/ml of the Diphtheria CRM197 protein (Wyeth Pharmaceuticals, Dallas, USA). Cells were 
cultured in media at 37°C, 5% CO2 for 72 hours and stored at -80°C until analysis. Media 
consisted of RPMI1640 (Sigma) supplemented with10% fetal calf serum (Assay Matrix, 
Australia), Gibco® minimal essential media amino acids, and GlutaMAX™ L-glutamine added 
to the manufacturers’ recommendation, and Gibco® 2-Mercaptoethanol to a final concentration 
of 55nM (Life Technologies). 

Measurement of cytokines 

IFN  was measured by ELISA (RRID:AB_2575202, eBioscience, Waltham, USA). A mouse 
cytokine multiplex panel for the Luminex™ Platform (Life Technologies, Carlsbad, USA) was 
used for the measurement of GM-CSF, IL2, IL4, IL5, IL10, and TNFα. The panel was assayed 
according to manufacturer’s instructions and data was acquired and analyzed on a Magpix 
xMAP® system (Luminex, Austin, USA). A two-tailed Student’s t-test was used to assess 
significance.  
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Faecal sampling 

Faecal samples were collected from dams prior to antibiotic treatment at embryonic day 14, at 
day 2 post-birth and at the end of the antibiotic treatment period (day 21). Samples were also 
collected at the same timepoints from untreated control dams. Faecal samples were collected 
from the offspring of antibiotic treated and untreated dams at day 21, on the day of vaccination 
(V) (day 28), and at V+4 and V+12 weeks. Faecal samples were collected from each mouse 
separately by removing each mouse from its cage, performing a tail-lift and aseptically collecting 
the sample. Samples were immediately put on dry ice and then stored at -80ᵒC until processing. 

DNA extraction from faecal samples 

Faecal samples were individually weighed, re-suspended in 1mL of phosphate buffered saline 
(PBS) (pH 7.2) by vortexing, and pelleted by centrifugation at 13000 x g for 5 min. DNA 
extraction was performed on the faecal pellets using a PowerSoil®-htp 96 Well Soil DNA 
Isolation kit (MoBio Laboratories, Carlsbad, USA) with minor modifications. Briefly, the faecal 
pellets were re-suspended in 750 L of Powersoil® bead solution and 60 L solution C1 in a 
Powersoil® bead plate. The bead plate was then incubated at 65°C for 20 mins prior to bead 
beating. Subsequent DNA extraction procedures were performed according to the manufacturer’s 
instructions.   

Quantitative real-time PCR analysis to determine bacterial load 

Real-time PCR was performed on a Quant StudioTM 7 Flex Real-time PCR system (Thermofisher 
Scientific, Waltham, USA), using primers that targeted conserved regions of the 16S rRNA gene 
as described in (Nadkarni et al., 2002). Each reaction comprised of 17.5 L of Platinum® 
SYBR® Green qPCR SuperMix-UDG with Rox (Invitrogen, Waltham, USA), 0.2 M of each 
forward and reverse primer, 1 L of DNA template and sterile water to a total reaction volume of 
35 L. A no template DNA control, with the DNA substituted for 1 L sterile water, was 
included in each run. A real-time PCR reaction of each sample was performed in triplicate, 
consisting of 10 L per reaction. The amplification program was 50°C for 2 min, 95°C for 10 
min, followed by 40 cycles of 95°C for 15 secs and 60°C for 1 min. A melting curve analysis 
was performed at the end of the program. The total bacterial load in each sample was quantitated 
against a standard curve of serial dilutions of E. coli genomic DNA, which was performed in the 
same run and is detectable within a range of 3 to 3 x 106 equivalent E. coli cells. The number of 
cells were then calculated against the faecal weight used for each sample. A Mann Whitney test 
was used to assess statistical significance.  

16S rRNA gene sequence analysis 

The DNA extracts were used to generate amplicons of the V4 hypervariable region of the 16S 
rRNA gene using the method described previously (Choo et al., 2015). Sequencing of the 
amplicon library was performed using an Illumina Miseq system (2 x 300bp run). Paired-end 
16S rRNA gene sequence reads were analysed with the Quantitative Insights Into Microbial 
Ecology (QIIME) software (v1.8.0) (Caporaso et al., 2010). Briefly, barcoded forward and 
reverse sequencing reads were quality filtered and merged using Paired-End reAd mergeR 
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(PEAR v0.9.6) (Zhang et al., 2014). Chimeras were detected and filtered from the paired-end 
reads using USEARCH (v6.1) (Edgar, 2010) against the 97% clustered representative sequences 
from the Greengenes database (v13.8) (McDonald et al., 2012). Operational taxonomic units 
(OTUs) were assigned to the reads using an open reference approach with the UCLUST 
algorithm (v1.2.22q) against the SILVA database release 111 (July 2012) (Quast et al., 2013) 
that was clustered at 97% identity. During the OTU assignment, sequences were pre-clustered at 
80% against the reference prior to de novo clustering. The sampling depth for all samples was 
determined based on the lowest read depth. The mean sequencing depth was 16,897 reads (SD= 
7,405). 

Statistical analysis of 16S rRNA sequencing data 

Alpha diversity measures of bacterial richness and diversity (observed species, Faith’s 
phylogenetic diversity, respectively) were analysed using QIIME (Caporaso et al., 2010). 
Operational taxonomic unit (OTU) relative abundance was imported into the Primer-E software 
(v.6, PRIMER-E Ltd, Plymouth, UK) for beta diversity analysis. Bray Curtis distances were 
calculated based on the square root-transformed OTU relative abundances and used to generate 
the non-metric multidimensional scaling (NMDS) ordination plot. The permutational analysis of 
variance (PERMANOVA) model was used for testing the null hypothesis of no difference 
between the compared groups (Anderson and Walsh, 2013), based on the parameters permutation 
of residuals under a reduced model and a type III sum of squares.  

Faecal microbiota transfer  

The cecal contents of n=10 age-matched, untreated, healthy control mice and n=10 antibiotic 
treated mice were extracted under anaerobic conditions, pooled and diluted 3X in anaerobic PBS. 
The remaining suspension was filtered through a 100μM cell strainer prior to storage in 15% 
glycerol at -80°C until use. Mice born to antibiotic treated dams were administered 100μl of 
“dysbiotic” or normal cecal material suspensions at day 21 and 23, via oral gavage. The 
composition of cecal contents from the antibiotic treated mice was determined by 16S rRNA 
sequencing conducted on a portion of the sample and revealed that Enterobacter spp. had a 
relative abundance of >90% in these samples. The cecal contents of mice with high levels of 
Enterobacter were collected and serial dilutions were plated out under anaerobic conditions. 
Single colonies that were identified as Enterobacter cloacae using a MALDI Biotyper (Bruker 
Daltonik), were streak plated to obtain a pure culture. Whole genome sequencing was performed 
on DNA extracts for bacterial strain confirmation using the Kraken software (Wood and 
Salzberg, 2014), with 81% of the reads mapped to the complete genome of Enterobacter 
cloacae.  
 
QUANTIFICATION AND STATISTICAL ANALYSIS 
 
Dams were randomly assigned to antibiotic treatment groups. The investigators were not blinded 
to the experimental groups. The appropriate sample size was determined using power 
calculations with parameters for these calculations estimated from published data on mouse 
antibody responses. No outliers have been removed from any of the data presented. The 
timepoints for sample collection were defined prospectively. The sample size and replication for 
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each analysis is stated in each of the figure legends and in Table S2. n represents the number of 
mice in each group. Statistical significance was assessed using a two-tailed student's t-test. The 
data were not formally tested to determine whether they met the assumptions of the t-test, 
however, we also assessed significance with the non-parametric Mann Whitney test as indicated 
in the figure legends. Conclusions supported by the two-tailed student's t-test were also 
supported using the Mann Whitney test. Antibody response and T cell cytokine data were 
analyzed using GraphPad Prism 7.01 (GraphPad Software Inc., La Jolla, CA, USA). Data with P 
< 0.05 were considered to be statistically significant. Data were not corrected for multiple 
testing. 
 
DATA AND SOFTWARE AVAILABILITY 
 
The 16S rRNA sequencing data reported in this study has been submitted to the NCBI Short-
Read Archive under accession number SRP137784. 
 
KEY RESOURCES TABLE 
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Supplemental Tables (Provided as Excel File due to length) 
 
Table S2. Details of sample sizes, litters and cages in each experiment. Related to STAR 
Methods.  
 
 

 



KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 

Goat anti-Mouse IgG (H+L) Secondary Antibody, HRP 
conjugate 

Life Technologies RRID:AB_2534739 

Cat#A16066 

Goat Anti-Mouse IgG1 heavy chain (HRP) preadsorbed  Abcam RRID:AB_10674928 

Cat#ab98693 

Goat Anti-Mouse IgG2c heavy chain (HRP) preadsorbed  Abcam RRID:AB_10672442 

Cat#ab98722 

Goat F(ab')2 Anti-Mouse IgM mu chain (HRP)  Abcam RRID:AB_955460 

Cat#ab5930 

   

Bacterial and Virus Strains  

BCG Statens Serum Institut (SSI) vaccine strain Statens Serum 
Institut (SSI) 

N/A 

   

   

   

   

Biological Samples   

Murine T cells C57BL/6J mice in 
this study 

N/A 

   

   

   

   

Chemicals, Peptides, and Recombinant Proteins 

Ampicillin sodium salt Sigma Aldrich Cat#A0166 

Neomycin trisulfate salt hydrate Sigma Aldrich Cat#N1876 

Prevenar13® Pfizer N/A 

Key Resource Table



Bexsero® Novartis N/A 

NeisVac-C®   Baxter Healthcare N/A 

INFANRIX® hexa GlaxoSmithKline N/A 

Influvac® Abbott N/A 

Tetanus toxoid from Clostridium tetani List Biological 
Laboratories 

Cat# 300-15045 

inactivated Pertussis toxin mutant List Biological 
Laboratories 

Cat# 000-18692 

Diphtheria toxoid List Biological 
Laboratories 

Cat# 300-15045 

Pertactin from B. pertussis List Biological 
Laboratories 

Cat#187 

1-Step Ultra tetramethylbenzidine (TMB) - ELISA 
Substrate 

Thermo Fisher 
Scientific 

Cat#37574 

Platinum® SYBR® Green qPCR SuperMix-UDG with 
Rox  

Invitrogen, Thermo 
Fisher 

Cat#11744500 

   

   

   

Critical Commercial Assays 

mouse anti-Mycobacterium tuberculosis IgG ELISA kit Alpha Diagnostic 
International 

Cat#990-210-TMG 

mouse anti-S. pneumococcal vaccine (PCV-13) IgG 
ELISA kit 

Alpha Diagnostic 
International 

Cat#560-160-13G 

mouse anti-meningitis B Neisserial adhesin A IgG 
ELISA kit 

Alpha Diagnostic 
International 

Cat#600-905-MNG 

mouse meningitis vaccine group C oligosaccharides 
antigen IgG ELISA kit 

Alpha Diagnostic 
International 

Cat#600-825-AMG 

Luminex™ Platform Cytokine 10-Plex Human Panel Life Technologies LHC0001M 

Mouse IgG total Ready-SET-Go! eBioscience RRID:AB_2574828 

Cat#88-50400 

Mouse IFNϒ Ready-SET-Go! eBioscience RRID:AB_2575202 

Cat#88-831488 

Deposited Data 



The 16S rRNA sequencing data has been submitted to 
the NCBI Short-Read Archive under accession number 
SRP137784. 

This paper https://www.ncbi.nlm.n
ih.gov/sra/?term=SRP1
37784 

   

Experimental Models: Organisms/Strains 

C57BL/6J The Jackson 
Laboratory 

RRID:IMSR_JAX:000
664 

Cat#000664 

B6.129S1-Tlr5tm1Flv/J The Jackson 
Laboratory 

RRID:IMSR_JAX:008
377  

Cat#008377 

   

   

   

   

Oligonucleotides 

16S rRNA gene primers: Fwd 5«-
TCCTACGGGAGGCAGCAGT-3 

Nadkarni et al., 
2002 

N/A 

16S rRNA gene primers: Rev 5«-
GGACTACCAGGGTATCTAATCCTGTT-3«   

Nadkarni et al., 
2002 

N/A 

   

   

   

Recombinant DNA 

   

   

   

   

   

Software and Algorithms 



GraphPad Prism 7.01 GraphPad Software 
Inc 

7.01 

Quantitative Insights Into Microbial Ecology (QIIME) 
software (v1.8.0) 

Caporaso et al., 
2010 

http://qiime.org/ 

Paired-End reAd mergeR (PEAR v0.9.6) Zhang et al., 2014 https://sco.h-
its.org/exelixis/web/soft
ware/pear/ 

Greengenes database (v13.8) McDonald et al., 
2012 

http://greengenes.lbl.go
v/Download/ 

UCLUST algorithm (v1.2.22q) Quast et al., 2013 http://www.drive5.com/
uclust/downloads1_2_2
2q.html 

Primer-E software (v.6) PRIMER-E Ltd http://www.primer-
e.com/ 

   

   

Other 

CD4+ T Cell microbeads (Clone L3T4) Miltenyi Biotec RRID:AB_2722753 
Cat#130-049-201 

biotinylated anti-Thy1.1 (CD90.2, clone 30-H12) beads Miltenyi Biotec RRID:AB_2659881 

Cat#130-101-908 

Anti-Biotin Microbeads Miltenyi Biotec RRID:AB_244365 

Cat#130-090-485 

   

   

 



Figure 1 Click here to download Figure Figure 1.tif 



Figure 2 Click here to download Figure Figure 2.tif 



 
 
 

Supplemental Information: 
 

Supplemental Figures 
 

 
 
Figure S1. Related to Figure 1, Figure 2 and Table S1. (A) Composition of the microbiota as 
determined by 16S rRNA gene sequencing of fecal samples collected at D28 from untreated pups 
(NO ABX) and pups exposed to antibiotics as infants (ABX) in the A) PCV13, B) 
Meningococcal B, C) Meningococcal C, D) INFANRIX® Hexa, E) BCG, and F) Influenza 
vaccine experiments (n=9-15 samples, collected from individual mice, 
sequenced/group/experiment), ABX to D21. G-I) Composition of the microbiota in fecal 
samples collected at D28 from untreated mice (NO ABX) and mice exposed to antibiotics (ABX) 
until G) D1 post-birth, H) D7 post-birth or I) D14 post-birth. J) The composition of the 
microbiota in fecal samples collected from adult mice exposed to antibiotics for 3 weeks. 
Samples were collected 1 week after antibiotic exposure. 

Supplemental Text and Figures



 
 
Figure S2. Related to Main Text, Figure 1 and Figure 2. BCG-specific (A) IgG1, (B) IgG2c, and 
(C) IgM concentrations in the serum of NO ABX (n=10; green circles) and ABX mice (n=10; red 
squares), post-vaccination with the BCG SSI vaccine (boosted at V+2 weeks). Unfilled black 
circles = mock vaccinated controls. The raw O.D. values shown were obtained by ELISA using 
serum (diluted by a factor of 1:100). (D) BCG-specific IgGtotal in the serum of untreated and 
antibiotic treated adult mice immunized with BCG vaccine. n=6-7/group. (E-H) The total (i.e. 
non-vaccine specific) IgG concentration (ng/mL) determined by ELISA in the serum of 
unexposed (green circles) and ABX mice (red squares) was not significantly different (at least 
n=10/group). Serum was collected at V+12 weeks post-vaccination with the (E) Meningococcal 
B, (F) Meningococcal C, (G) PCV13 and (H) INFANRIX® Hexa vaccines. (I-K) PPS3-specific 
IgG responses in mice exposed to ABX (I) to D1 post-birth, (J) to D7 post-birth, or (K) to D14 
post-birth (red). ABX mice were vaccinated with the PCV13 vaccine at D28 (and boosted at V+2 
and 4 weeks) and compared to unexposed PCV13-immunized mice (NO ABX; green circles). At 



least n=19/group. OD readings are shown. (A-K) Data are represented as the mean ± SEM. A 
two-tailed Student’s t-test to assess significance. * = P < 0.05; ** = P < 0.01; **** = P < 0.001; 
ns = non-significant.  
 

 
 
Figure S3.  Related to Main Text and Figure 1. (A) There was no significant difference in 
antigen-specific IgGtotal concentrations in the serum of Influvac-immunized littermate wildtype 
(WT; green circles) and Tlr5-/- (purple triangles) mice. Mice were vaccinated at D28 post-birth. 
(B) PCV13-specific IgGtotal concentrations in the serum of PCV13-immunised non-littermate 
SAHMRI wildtype (green circles) and Tlr5-/- (purple triangles; Jackson Laboratory (Jax)) mice. 
Mice were vaccinated at D28 post-birth and boosted at two and four weeks after the initial 
immunization as indicated (black arrows). (C) 16S rRNA gene sequencing (see Fig. 1 for legend) 
and (D) NMDS analysis highlight clear differences in the composition of the microbiota of non-
littermate WT and Jax Tlr5-/- mice. PERMANOVA analysis confirmed these differences were 
statistically significant (P < 0.0001). (E) Antigen-specific IgGtotal concentrations in the serum of 
littermate WT and Tlr5-/- mice. Antibody responses were not different in littermate WT and Tlr5-

/- mice. Mice were vaccinated at D28 post-birth and boosted at two and four weeks after the 



initial immunization as indicated (black arrows). (F) 16S rRNA gene sequencing and (G) NMDS 
analysis revealed no significant difference (P = 0.61) in the composition of the microbiota of 
littermate WT and Tlr5-/- mice. Unfilled black circles = mock vaccinated controls. Serum was 
diluted 1 in 5000. n=10-20 mice/group. Data are represented as mean ± SEM. A two-tailed 
Student’s t-test was used to assess significance. **P < 0.01; ns = non-significant.  
 

 
 
Figure S4.  Related to Figure 2. ABX (red squares) or unexposed (green circles) mice were 
immunized with PCV13 and boosted at V+2 and V+4 weeks. At V+12 weeks antigen-specific 
production of A) IL-2, B) IL-4, C) IL-5, D) GM-CSF, E) IL-10, and F) TNFα by spleen cells 
was measured. Spleen cells were stimulated with PCV13 (0.5 μg/ml) for 72 hours before 
measurement of the cytokines by Magpix assay. Antigen-specific IFNγ production by spleen 
cells recovered at V+12 weeks from an independent group of ABX and unexposed INFANRIX® 
hexa-immunized mice and stimulated ex vivo with G) pertussis toxin mutant (0.1 μg/ml), H)



diphtheria toxoid (0.1 μg/ml), or I) tetanus toxoid (2.5μg/ml) for 72 hours before measurement 
of IFNγ production by ELISA. n=10-14 mice/group. MOCK = mock vaccinated and stimulated 
(open circles). Data are represented as mean ± SEM. A two-tailed Student’s t-test used to assess 
significance. * = P < 0.05; NS = non-significant.  
 
 
Supplemental Tables 
 
Table S1. PERMANOVA analysis of Bray Curtis distances of the faecal microbiota in the 
untreated and antibiotic treated mice for each vaccine experiment. Related to Figure 1, Figure 2 
and Table S1.  
 

Study Source df SS MS 
Square root 

ECV Permutations P 
PCV13 ABX 1 17380 17380 41.84 9422 0.0002 
 Residual 17 13538 796.4 28.22   
 Total 18 30918     
MenB ABX 1 28819 28819 56.41 8140 0.0002 
 Residual 16 2877 179.8 13.41   
 Total 17 31696     
MenC ABX 1 41375 41375 55.06 9925 0.0001 
 Residual 25 23906 956.2 30.92   
 Total 26 65280     
Hexa ABX 1 37205 37205 60.83 9423 0.0001 
 Residual 18 3608 20.4 14.16   
 Total 19 40813     
BCG ABX 1 32011 32011 59.48 8036 0.0002 
 Residual 16 2791 174.5 13.21   
 Total 17 34803     
Influenza ABX 1 37507 37507 62.79 9331 0.0002 
 Residual 17 2738 161.0 12.69   
 Total 18 40245     
PCV13 ABX 1 21726 21726 35.70 9937 0.0001 
(1-day  Residual 32 23602 737.6 27.16   
post-ABX) Total 33 45327     
PCV13 ABX 1 51597 51597 55.68 9940 0.0001 
(7-day  Residual 32 17341 541.9 23.28   
post-ABX) Total 33 68938     
PCV13 ABX 1 63695 63695 61.95 9950 0.0001 
(14-day  Residual 32 15257 476.8 21.84   
post-ABX) Total 33 78953     
PCV13 ABX 1 36349 36349 54.28 9896 0.0001 
(Adult mice) Residual 22 21855 993.42 31.52   
 Total 23 58204     
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