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Abstract 1 

The gut microbiota in early life, when critical immune maturation takes place, may influence the 2 

immunogenicity of childhood vaccinations. We assess the association between mode of delivery, gut 3 

microbiota development in the first year of life, and mucosal antigen-specific antibody responses 4 

against pneumococcal vaccination in 101 infants at age 12 months and against meningococcal 5 

vaccination in 66 infants at age 18 months. Birth by vaginal delivery is associated with higher 6 

antibody responses against both vaccines. Relative abundances of vaginal birth-associated 7 

Bifidobacterium and Escherichia coli in the first weeks of life are positively associated with anti-8 

pneumococcal antibody responses, and relative abundance of E. coli in the same period is also 9 

positively associated with anti-meningococcal antibody responses. In this study, we show that mode 10 

of delivery-induced microbiota profiles of the gut are associated with subsequent antibody responses 11 

to routine childhood vaccines.  12 
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Introduction 13 

Vaccination in early childhood is estimated to save millions of lives each year1. Vaccine-induced 14 

protection is mediated through a combination of innate, humoral and cellular immunity, and is often 15 

quantified by measuring antigen-specific antibody titers2. Large interindividual variation in antibody 16 

responses to vaccines administered in early life may limit vaccine effectiveness, leaving some fully 17 

vaccinated infants unprotected against serious infectious diseases3. Factors that influence vaccine 18 

responses include, among others, genetics, sex, perinatal characteristics like gestational age, birth 19 

weight, maternal antibodies, and feeding type, but also more general factors like geographical region 20 

(reviewed in 4). Recent research has shown that the gut microbiota, i.e. the sum of all microorganisms 21 

residing in the human intestinal tract, also plays a role in immune responses to vaccination5–11. This 22 

offers a potentially modifiable target to improve immunogenicity of childhood vaccines.  23 

The gut microbiome is seeded at birth and rapidly develops over the first months of life under the 24 

influence of mode of delivery, breastfeeding, antibiotic administration and nutrition12–15. Timely 25 

exposure to specific microbes within the critical window of opportunity in early infancy shapes the 26 

immune system16–18, including the B cell and immunoglobulin repertoire19,20. Microbial imprinting 27 

on the immune system in early life may in turn explain part of the variation in vaccine responses. In 28 

support of this hypothesis, it has been shown that antibiotic-induced microbial perturbances in an 29 

infant mouse model led to impaired antigen-specific immunoglobulin G (IgG) responses against five 30 

common childhood vaccines including the meningococcal group C (MenC) conjugate vaccine and 31 

the 13-valent pneumococcal conjugate vaccine (PCV-13)21. Microbiota perturbance due to antibiotic 32 

exposure also resulted in impaired immune responses to seasonal influenza vaccination in healthy 33 

adults without pre-existing immunity, suggesting that primary responses are more sensitive to 34 

microbiota changes than recall responses7. In human infants, the composition of the microbial 35 

community pre-vaccination has been correlated with systemic immune responses to oral rotavirus 36 

vaccine, oral poliovirus vaccine, Bacillus Calmette-Guérin, hepatitis B, and tetanus 37 

vaccines5,6,10,11,22,23. However, the temporal relationship between 1. early-life exposures, 2. gut 38 

microbiota composition, and 3. subsequent childhood vaccine responses has not yet been studied. 39 



4 
 

Here, we demonstrate in a healthy birth cohort that mode of delivery-induced differences in microbial 40 

colonization patterns in the gut in early life are associated with antigen-specific IgG responses to the 41 

10-valent PCV (PCV-10) and the MenC conjugate vaccine in saliva. For these vaccines, mucosal 42 

IgG has been shown to confer vaccine-induced protection against infection24. These findings are key 43 

for the design of intervention strategies that modulate the gut microbiota to enhance vaccine 44 

immunogenicity in infants.  45 
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Results 46 

We investigated associations between early-life exposures, gut microbiota development in the first year 47 

of life and its effect on vaccine responses later in life in a birth cohort of 120 healthy, term born infants25.  48 

Follow-up of the infants and sample inclusion for gut microbiota characterization by 16S rRNA gene 49 

sequencing and salivary antigen-specific IgG measurement by multiplex immunoassay are shown in 50 

Supplementary Fig. 1. Basic, lifestyle and environmental characteristics were previously published26, 51 

and are briefly summarized in Table 1. Infants received routine vaccinations according to the Dutch 52 

National Immunization Program (NIP). Serotype-specific anti-pneumococcal IgG concentrations were 53 

measured in routinely collected saliva of 101 infants at the age of 12 months (median 28 days [IQR 21-54 

33] after the PCV-10 booster dose). Anti-MenC IgG concentrations were measured in routinely 55 

collected saliva of 66 infants at the age of 18 months (median 116 days [IQR 105-120] after MenC 56 

vaccination). Geometric mean concentrations (GMC) of IgG concentrations against the different 57 

pneumococcal vaccine serotypes ranged from 7.33 ng/ml (95% CI 5.75-9.33 ng/ml) for serotype 23F to 58 

27.30 ng/ml (95% CI 22.14-33.67) for serotype 19F. The anti-MenC IgG GMC was 10.64 ng/ml (95% 59 

CI 8.64-13.11 ng/ml) (Fig. 1A). IgG concentrations against the 10 pneumococcal vaccine serotypes 60 

strongly correlated with each other (Pearson’s ρ 0.56-0.86, adjusted p<0.001 for all pairwise 61 

correlations), and not with anti-MenC IgG antibodies (Pearson’s ρ 0.12-0.31, adjusted p>0.397 for all 62 

pairwise correlations) (Fig. 1B). As serotype-specific anti-pneumococcal IgG concentrations were 63 

strongly correlated, we focused our analyses on serotype 6B, which shows relatively weak antigenic 64 

properties, and is commonly found during (severe) pneumococcal disease27. Significant findings were 65 

validated for the other serotypes.  66 

Mode of delivery was associated with vaccine responses 67 

We first investigated whether early-life host characteristics previously associated with differences in gut 68 

microbiome development and/or vaccine immunogenicity, were related to anti-Ps6B and anti-MenC 69 

IgG responses. Mode of delivery, feeding type, sex, antibiotics use in the first 3 months of life, and pets 70 

in the household were related to vaccine responses against one or more serotypes in univariate analysis, 71 

while having older siblings, the number of antibiotic courses, and daycare attendance were not. These 72 
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variables were included in multivariable linear models, including an interaction term between mode of 73 

delivery and feeding type due to the interdependency of these variables. Vaginal delivery (in contrast to 74 

caesarean (C-)section birth) was independently associated with higher anti-Ps6B IgG concentrations 75 

(β=0.51 [95% CI 0.043-0.97], p=0.033; Fig. 2A). However, we also observed a negative interaction 76 

between vaginal delivery and exclusive formula feeding on anti-Ps6B responses (β=-1.32 [95% CI -2.43 77 

- -0.21], p=0.021), suggesting that the positive effect of vaginal birth was diminished by subsequent 78 

formula feeding. Similar associations were found for IgG responses to most of the other pneumococcal 79 

vaccine serotypes (Supplementary Table 1). Stratified analyses confirmed that, within the vaginally 80 

delivered group, the anti-Ps6B IgG GMC of breastfed infants (n=51) was 3.5-fold higher compared to 81 

formula fed infants (n=7; adjusted p=0.070); similarly, within the breastfed group, the anti-Ps6B IgG 82 

GMC of vaginally delivered infants (n=51) was two-fold higher compared to C-section born infants 83 

(n=33), although this difference was not significant (adjusted p=0.51). Anti-Ps6B IgG concentrations 84 

did not differ between feeding types within the C-section born group (Fig. 2B). Likewise, for MenC, 85 

vaginal delivery was also associated with higher IgG concentrations compared to C-section delivery 86 

(β=0.42 [95% CI 0.016-0.83], p=0.042), which was independent of feeding type (Fig. 2A). In a stratified 87 

analysis, vaginally delivered infants (n=42) showed a 1.7-fold higher anti-MenC IgG GMC compared 88 

to C-section delivered infants (n=24; p=0.002; Fig. 2B). Mode of delivery and feeding type were thus 89 

the only early-life factors significantly associated with IgG responses against Ps6B and MenC, while 90 

sex, antibiotic use, and having pets were not. We concluded that mode of delivery and feeding type are 91 

likely microbiome modulators from birth onward26, and therefore considered them as such for our 92 

downstream analysis.  93 

Gut microbial community composition at one week of age was associated with vaccine responses 94 

We then studied whether gut microbiota development in the first year of life was associated with anti-95 

Ps6B and anti-MenC IgG responses. Overall, 1,052 out of 1,156 fecal samples (91.0%) passed quality 96 

control for 16S rRNA gene-based sequencing, and were included in further analyses (Supplementary 97 

Fig. 1). We have previously shown in this cohort that the gut microbiota composition of infants born by 98 

C-section was significantly different compared to vaginally delivered infants, with lower relative 99 
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abundance of Bifidobacterium and Escherichia coli, and enrichment of Enterococcus faecium and 100 

Klebsiella, from birth persisting up to the age of two months26. From the age of two months onward, the 101 

gut microbiota composition remained comparable between mode of delivery groups. 102 

We first studied associations between the alpha diversity measures, including Shannon diversity and the 103 

observed number of species, at each time point and vaccine responses. No association was found 104 

between alpha diversity and anti-Ps6B or anti-MenC IgG concentrations at any time point, with the 105 

exception of an inverse correlation between the observed number of species at the age of two months 106 

and anti-Ps6B IgG concentrations (β=-0.029 [95% CI -0.049- -0.0087], adjusted p=0.082). This 107 

association was not observed for the other pneumococcal vaccine serotypes.  108 

We compared the overall microbial community composition between infants with above and below 109 

median anti-pneumococcal and anti-meningococcal IgG responses using permutational analysis of 110 

variance (PERMANOVA) on the Bray-Curtis dissimilarity matrix per timepoint, and found no 111 

significant differences. As a measure of gut microbiota stability, we calculated the Bray-Curtis similarity 112 

(1-Bray-Curtis dissimilarity) between consecutive timepoints within individuals. Microbiota stability 113 

between day one and week one, and between week one and week two correlated with higher anti-Ps6B 114 

IgG concentrations (day one-week one: β=1.66 [95% CI 0.44-2.88], adjusted p=0.074; week one-week 115 

two: β=1.22 [95% CI 0.22-2.22], adjusted p=0.077), which was not observed for any other time interval. 116 

Microbiota stability in the first two weeks of life was also significantly positively associated with IgG 117 

concentrations against all other pneumococcal vaccine serotypes (adjusted p≤0.083, Supplementary 118 

Table 2). In contrast, no significant associations were found between microbiota stability and anti-MenC 119 

IgG concentrations.  120 

The first two weeks of life, where gut microbiota stability was associated with anti-pneumococcal IgG 121 

concentrations, is compatible with the time frame when we previously found the largest difference in 122 

gut microbial composition between vaginally born and C-section born infants in this cohort (at the age 123 

of one week)26. In addition, this time frame coincides with the ‘window of opportunity’ when the gut 124 

microbiota primes the maturation of the immune system16–18. Therefore, we decided to focus on the 125 

microbial community composition in ‘week one’ samples, where we identified three distinct community 126 
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state types (CSTs) (Supplementary Fig. 2). PERMANOVA confirmed that these CSTs differed 127 

considerably in community composition (R2=34.8%, p<0.001). Infants with CST1 (n=55) were 128 

characterized by a microbial community with low relative abundances of both Bifidobacterium and E. 129 

coli, while infants with CST2 (n=48) had profiles with high relative abundances of Bifidobacterium, and 130 

infants with CST3 (n=16) had high relative abundances of E. coli (Fig. 3A). Species-level microbial 131 

community composition obtained by shotgun sequencing of a subset of 20 ‘week one’ samples 132 

confirmed that samples assigned to CST2 had high relative abundances of Bifidobacterium breve and/or 133 

Bifidobacterium longum, and samples assigned to CST3 had high relative abundances of E. coli, while 134 

samples assigned to CST1 mostly lacked these species (Supplementary Fig. 3). 135 

We then studied whether these CSTs were associated with anti-Ps6B and anti-MenC IgG concentrations 136 

following vaccination. Infants with CST1 had the lowest IgG concentrations against both Ps6B and 137 

MenC (anti-Ps6B IgG: GMC 7.84 ng/ml [95% CI 4.88-12.60]; anti-MenC IgG: GMC 8.28 ng/ml [95% 138 

CI 5.93-11.56]) (Fig. 3B). Compared with infants with CST1, anti-Ps6B IgG concentrations were 139 

approximately two-fold higher in infants with CST2 (GMC 17.05 ng/ml [95% CI 12.64-23.00], adjusted 140 

p=0.096) as well as in infants with CST3 (GMC 14.85 ng/ml [95% CI 7.36-29.97], adjusted p=0.202), 141 

though only the comparison of anti-Ps6B responses between CST1 and CST2 infants was significant. 142 

We observed similar overall associations between week one CSTs and IgG responses against most other 143 

pneumococcal vaccine serotypes, but differences between CST1 and CST2 were not significant 144 

(Supplementary Table 3). By contrast, anti-MenC IgG concentrations in infants with CST3 were nearly 145 

two-fold higher (GMC 15.76 ng/ml [95% CI 7.25–34.26], adjusted p=0.054) than in infants with CST1.  146 

Mode of delivery was a strong driver of week one CSTs. All infants with CST2 were vaginally born, 147 

which was significantly more than infants with CST1 (29.1%; Fisher’s exact test, adjusted p<0.001), or 148 

CST3 (62.5%, adjusted p<0.001). Vaginal birth was also overrepresented in infants with CST3 149 

compared to CST1 (adjusted p=0.020). In contrast, feeding type (breastfeeding vs. exclusive formula 150 

feeding) was not significantly different between these CSTs. A post-hoc analysis revealed that the 151 

association between mode of delivery and anti-Ps6B IgG responses disappeared with the addition of 152 

week one CST as an independent variable, indicating that the positive effect of vaginal delivery on anti-153 
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Ps6B IgG depended fully on the CST. In contrast, vaginal delivery remained significantly associated 154 

with anti-MenC IgG responses, regardless of week one CST, suggesting an independent effect 155 

(Supplementary Table 4). 156 

To evaluate whether observed differences in early-life microbial community composition were sustained 157 

for a prolonged time, including time points closer to vaccination, temporal development of the gut 158 

microbiota according to week one CST was assessed using PERMANOVA. The microbial community 159 

composition of children according to their CST defined at week one converged over time, resulting in 160 

no differences between samples belonging to the CST groups from month six onward (Fig. 4A). In 161 

pairwise comparisons, the observed differences in microbial community composition disappeared 162 

between infants with CST1 and CST3 by month one, between infants with CST2 and CST3 by month 163 

four, and between infants with CST1 and CST2 by month six. Similarly, relative abundances of 164 

Bifidobacterium and E. coli converged over time between CST groups (Fig. 4B). At the age of 12 165 

months, we identified two distinct CSTs, which were not significantly associated with anti-Ps6B or anti-166 

MenC IgG responses, confirming that early-life microbiota were more strongly related to vaccine 167 

responses than the microbiota close to time of vaccination (Supplementary Fig. 4).  168 

Early-life dynamics of individual OTUs were related to vaccine responses 169 

Next, we investigated differences in individual OTU succession patterns within the first two months 170 

between high and low vaccine responders (stratified along the median antigen-specific IgG response). 171 

Higher abundances of E. coli (days 0-41, adjusted p=0.013) and Bifidobacterium (days 0-5, adjusted 172 

p=0.027) were associated with high anti-Ps6B responses (confirmed for 7/9 other pneumococcal vaccine 173 

serotypes, Supplementary Table 5). This was also observed for several Bacteroides OTUs, whereas 174 

Clostridium, Prevotella and Streptococcus pyogenes were associated with low responses (adjusted 175 

p<0.050).  176 

Higher E. coli abundance (days 0-13, adjusted p=0.072) was also associated with high anti-MenC 177 

responses (Supplementary Table 6).  Because the MenC vaccination is administered at the age of 14 178 

months, which is much later in life than the pneumococcal vaccinations, we extended the analysis to 12 179 
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months to allow for identification of associations with OTUs that colonize later in life. In high anti-180 

MenC responders, we observed significantly higher abundances of multiple low abundant OTUs 181 

belonging to the Lachnospiraceae family, including Fusicatenibacter saccharivorans (days 101-381, 182 

adjusted p=0.080), Pseudobutyrivibrio (days 125-381, adjusted p=0.036) and several Blautia and 183 

Roseburia OTUs (Supplementary Table 7).  184 

Species-specific validation using targeted qPCR 185 

Finally, we performed a targeted species-specific qPCR to validate the presence and abundance of E. 186 

coli, Klebsiella spp. and Enterococcus spp. in all samples obtained at one week of age (n=119). The 187 

relative abundance of E. coli showed a strong inverse correlation with E. coli Ct-values (Spearman’s 188 

ρ=-0.88, p<0.001), and the same was observed for Klebsiella spp. Ct-values (Spearman’s ρ=-0.41, 189 

p<0.001) and for Enterococcus spp. Ct-values (Spearman’s ρ=-0.88, p<0.001), corroborating our 16S 190 

rRNA gene sequencing-based data. In line with our findings, E. coli presence was more often detected 191 

by qPCR in infants who would subsequently have high anti-Ps6B IgG responses (34/49, 69%) than in 192 

infants with low anti-Ps6B IgG responses (25/50, 50%; p=0.078). E. coli was also more often detected 193 

in week one samples of infants who were born by vaginal delivery (54/74, 73%) than in C-section born 194 

infants (20/44, 45%; p<0.001). Presence of Enterococcus spp. or Klebsiella spp. were not associated 195 

with the anti-Ps6B IgG response. Also, none of the species identified by targeted qPCR were associated 196 

with the anti-MenC IgG response (Supplementary Table 8).  197 
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Discussion  198 

We studied interactions between early-life exposures, gut microbial community development in the 199 

first year of life, and subsequent antibody responses in saliva against pneumococcal and 200 

meningococcal conjugate vaccination in a healthy birth cohort. A stable gut microbial community 201 

with high relative abundances of potentially beneficial bacteria in the first weeks of life, including 202 

Bifidobacterium and E. coli, was associated with high antibody responses to pneumococcal 203 

vaccination at 12 months of life. Furthermore, high E. coli abundance in early life was associated 204 

with high antibody responses to meningococcal vaccination at 18 months of life. Vaginal delivery 205 

was associated with high antibody responses to both vaccines, and, as we previously showed in this 206 

cohort26, with the early-life gut microbiota colonization patterns that we now associated with high 207 

antibody responses. Previous studies on associations between gut microbiota composition and serum 208 

antibody responses have focused on the microbiota near the time of vaccination5,6,10,11,22. However, 209 

our findings suggest that especially early-life gut microbiota development may set the stage for 210 

robust immune responses to childhood vaccinations. 211 

The period in which we identified associations between the gut microbiota composition and vaccine 212 

responses coincides with the critical window of opportunity spanning the first 100 days of life, when 213 

immune maturation is most affected by the early-life gut microbiota28.  In mice, the detrimental 214 

effects of antibiotic-induced gut microbiota disruption on host immunity, including vaccine 215 

responses, metabolism and even lifespan were shown to be particularly potent when exposure occurs 216 

in early life21,29,30. Relevant to the capacity to mount an effective antibody response to vaccination, 217 

the early-life gut microbiota have been implicated in the shaping of the systemic B cell and 218 

immunoglobulin repertoire19,20,31. For instance, deficiency of IgA and IgG1 production in germ free 219 

mice can be restored by microbial exposure32. In line, a culture-based study executed in human 220 

infants showed that the presence of E. coli and bifidobacteria in the gut in the first weeks of life was 221 

related to higher numbers of circulating CD27+ memory B cells at four and 18 months of life33. In a 222 

recent microbiota-based study, lack of early bifidobacterial colonization was also linked to immune 223 

dysregulation at the age of three months, showing reduced levels of circulating plasmablasts, and 224 
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naïve and transitional B cells17. This suggests that bacterial colonization patterns in early infancy 225 

drive B cell maturation, and have a lasting effect on, among others, adaptive immunity which may, 226 

for instance, be reflected in differences in antibody responses to  infant and childhood vaccinations. 227 

In line with this concept, we found associations between gut microbiota community state types 228 

(CSTs) characterized by high relative abundances of E. coli and/or Bifidobacterium and low relative 229 

abundances of, among others, Streptococcus, E. faecium and Klebsiella in one-week-old infants, with 230 

higher antibody responses to vaccination months later in childhood.  231 

Our study adds to an existing body of evidence for a positive effect of E. coli and Bifidobacterium 232 

on the immune response to vaccination. For instance, higher relative abundances of Gram-negatives 233 

including E. coli were associated with an adequate immune response against oral rotavirus vaccines5. 234 

Another study showed that treatment with the probiotic E. coli Nissle in a pig model enhanced the 235 

immune response to human rotavirus infection34, providing a causal link. A potential mechanism 236 

whereby E. coli may influence vaccine responses was pinpointed by a study demonstrating that 237 

impaired antibody responses to seasonal influenza vaccination in germ-free or antibiotic-treated mice 238 

were restored through TLR5-signaling by flagellated, but not unflagellated, E. coli8, suggesting 239 

strain- and antigen-specific immune enhancement. Furthermore, early-life absence of 240 

Bifidobacterium has been associated with reduced systemic immune responses to Bacillus Calmette-241 

Guérin, polio virus, tetanus and hepatitis B vaccination11,22, which we also found for pneumococcal 242 

conjugate vaccination. Bifidobacterium species produce short chain fatty acids (SCFAs) known to 243 

interact with host immune cells. For instance, early-life reductions in fecal SCFAs have been linked 244 

to an increased risk of asthma28, but effects of such metabolites on vaccine responses have not yet 245 

been studied. Conversely, we also found associations between other taxa such as Clostridium, 246 

Prevotella and S. pyogenes and lower vaccine responses, and it remains open to investigation whether 247 

these associations reflect a potential negative effect on the maturing immune system.  Although the 248 

exact mechanisms remain to be unraveled, we hypothesize that very early-life microbiota-host 249 

crosstalk at the intestinal mucosa imprints on systemic immunity, and may thereby affect vaccine 250 

responses. 251 
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Vaginal delivery and breastfeeding are important drivers of early-life Bifidobacterium and E. coli 252 

abundance13,26,35, whereas antibiotic treatment in the neonatal period has shown to dramatically 253 

reduce these bacteria36. Our results reveal an association between mode of delivery-induced early-254 

life microbiota profiles and anti-pneumococcal and anti-meningococcal vaccine responses, 255 

underlining that discouraging the increasing application of C-section in the absence of medical 256 

urgency may be important to preserve the microbiota-immune axis in infants. Whether antibiotic-257 

induced microbiota disruption is associated with reduced vaccine responses has not yet been studied 258 

in infants7,21. Nonetheless, preterm infants, who generally receive antibiotic treatment in the first 259 

weeks after birth, have been shown to generate lower antibody levels following vaccination 260 

compared to term-born controls37. In our healthy, term-born cohort, very few infants were exposed 261 

to maternal antibiotics or required antibiotic treatment themselves in the first weeks of life, and 262 

further studies are required to compare our findings to (preterm) infants who received antibiotics as 263 

neonates. 264 

We observed stronger associations of specific gut colonization patterns in early life with antibody 265 

responses to pneumococcal vaccination than with antibody responses to meningococcal vaccination. 266 

Furthermore, antibody responses against pneumococcal serotypes were not correlated to those 267 

against MenC, suggesting antigen-specific associations between the early-life microbiota and 268 

vaccine responses. A more likely explanation is that pneumococcal and meningococcal vaccinations 269 

are administered at different ages. When meningococcal vaccination is administered at 14 months of 270 

age, the immune system has been exposed to other factors, and is already more mature and possibly 271 

more resilient to microbiota-related cues than when the first pneumococcal vaccination is 272 

administered at two months of age16. Notably, we associated higher abundances of members of the 273 

Lachnospiraceae family, including butyrate-producing taxa, with higher anti-meningococcal 274 

antibody responses. The abundance of these bacteria in the gut typically increases following the 275 

cessation of breastfeeding35,38, and are generally found to be also beneficial for the developing 276 

immune system39.  277 
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Perturbed gut microbial colonization patterns may contribute to reduced vaccine effectiveness across 278 

certain populations and settings9. Methods to modulate the gut microbiota following perturbations 279 

such as C-section birth are being investigated, and range from probiotic administration40 to maternal 280 

fecal microbiota transplants41, but it remains unknown if such interventions confer any long-term 281 

health benefits including enhanced vaccine immunogenicity. Our findings provide a rationale for 282 

investigations into potential interventions that modulate the infant gut microbiota to improve vaccine 283 

immunogenicity. Our results also suggest that different interventions should be considered for 284 

vaccinations given earlier in life compared to later in life in future studies. 285 

Strengths of our work include the dense sampling at different timepoints, especially in the beginning 286 

of life. The extensively documented epidemiological data and microbiota composition of our cohort 287 

allowed us to establish associations between gut microbiota and vaccine responses in healthy infants. 288 

Furthermore, with the sensitive multiplex immunoassay technology, we could accurately measure 289 

antigen-specific antibody concentrations, even in very low volumes of saliva. Limitations of our 290 

work include using saliva for antibody measurements rather than serum for practical and ethical 291 

reasons. However, both anti-pneumococcal and anti-MenC vaccine-induced IgG concentrations in 292 

saliva were shown to correlate with serum concentrations42,43, and are, therefore, a valid proxy for 293 

systemic IgG. Furthermore, while pneumococcal and meningococcal vaccination protect from 294 

infection primarily through neutralizing IgG, we did not assess other parameters of immunity such 295 

as IgA, antibody affinity, and T cell responses. Future studies could employ a multi-omics approach 296 

to obtain a complete overview of the mechanisms that underlie interindividual variation in vaccine 297 

responses2,44. Our observational study was also not primarily designed to study relationships between 298 

drivers, microbes and health outcomes such as antibody responses to vaccination, which limited our 299 

power to detect significant associations. Finally, the time between vaccination of the infants and 300 

sampling was variable and antibody measurement was not always performed within the optimal time 301 

window of 2-6 weeks after vaccination, which despite that we corrected for this in our analyses, may 302 

still have affected our results.  303 
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In conclusion, we demonstrate that mode of delivery-induced differences in the gut microbiota in the 304 

first weeks of life, including differences in E. coli and Bifidobacterium relative abundances, are 305 

associated with anti-pneumococcal and anti-MenC IgG responses to vaccination. Incorporating 306 

antibody responses to vaccination as a parameter in future trials of early-life microbiota modulation 307 

could offer opportunities to assess beneficial outcomes on the microbe-mediated training of the 308 

immune system. Improved understanding of the microbial factors driving immune maturation and 309 

vaccine immunogenicity is key to improve vaccine performance and combat infectious diseases in 310 

children. 311 

  312 



16 
 

Methods 313 

Study population and sample collection 314 

Fecal samples, saliva and questionnaires were collected from a healthy birth cohort in which 120 315 

healthy, full-term infants were enrolled. This study was primarily designed to investigate the effect 316 

of mode of delivery on early-life microbiota development independent of intrapartum antibiotics, 317 

and therefore, routine peri-operative antibiotic administration to mothers delivering by C-section 318 

was postponed until after umbilical cord clamping. The current analysis of associations between 319 

host and microbial factors and antibody responses to vaccination entails a secondary goal of the 320 

study. Details on study design were previously published26,45. For the current analyses, we 321 

expanded our dataset with data and salivary samples up to 18 months from 78 (65%) subjects, who 322 

participated in the follow-up study beyond the first year of life. Both parents provided written 323 

informed consent. Ethical approval was granted by the Dutch national ethics committee (METC 324 

Noord-Holland, M012-015), and the study was registered in the Netherlands Trial Register under 325 

number NTR3986. Participants received no financial compensation. 326 

Study visits were conducted within 2 hours post-partum, 24-36 hours after birth, at 7 and 14 days 327 

and at 1, 2, 4, 6, 9, 12 months and, for those who participated in the follow-up study, 18 months of 328 

age. Saliva for antibody measurement was collected at the ages of 12 and 18 months. An absorbent 329 

sponge (Malvern Medical Developments Ltd., Worcester, UK) was rubbed on the gums, cheek 330 

pouches and tongue for 1 minute. Saliva was immediately transferred to a tube containing EDTA 331 

(BD Vacutainer, New Jersey, USA) with protease inhibitor (Roche, Basel, Switzerland). Fecal 332 

samples for gut microbiota profiling were collected by the parents prior to each visit using sterile 333 

containers, and were directly stored in the home freezer, until collection by research personnel. 334 

Saliva and feces were transported on dry ice and stored at -80˚C awaiting subsequent laboratory 335 

analysis.  336 

Directly after birth, information on prenatal and perinatal characteristics was obtained. Glean Study 337 

Manager was used to build a database for data collection (Sidekick-IT). At each subsequent home 338 

visit and additionally at the age of three months, extensive questionnaires including vaccination 339 
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dates were collected. Infants received all routine childhood vaccinations from healthcare 340 

professionals at well-baby clinics according to the Dutch national immunization program (NIP), 341 

independent from the study. Ten-valent pneumococcal conjugate vaccine (PCV-10) was 342 

administered to infants born before September 2013 (52/120 participants) at the ages of 2, 3, 4, and 343 

11 months, and to infants born from September 2013 (68/120 participants) at the ages of 2, 4, and 344 

11 months due to changes in the NIP. Meningococcus group C (MenC) conjugate vaccination was 345 

administered at the age of 14 months. 346 

Measuring antibody responses to vaccination 347 

Antigen-specific IgG against the capsular polysaccharides of pneumococcal vaccine serotypes 1, 4, 348 

5, 6B, 7F, 9V, 14, 18C, 19F, and 23F was measured in saliva obtained at 12 months of age 349 

(approximately 1 month after the final PCV-10 dose), and IgG against MenC polysaccharide in saliva 350 

obtained at 18 months of age (approximately 4 months after vaccination). Antibodies were quantified 351 

using fluorescent bead-based multiplex immunoassays (MIA)46–48. Carboxylated microspheres 352 

(Luminex, Austin, TX) were coated with the respective polysaccharide antigens. To this end, 353 

antigens were first linked to Poly-L-lysine, and then the complex was bound to the microspheres in 354 

a reaction using EDC with sulpho-NHS. Standard reference sera with previously assigned 355 

concentrations of serotype-specific IgG were an in-house intravenous immunoglobulin (IVIG) for 356 

pneumococcal serotypes (Sanquin, Amsterdam, The Netherlands), calibrated on the WHO 357 

international standard 007sp (NIBSC), and CDC1992 for MenC (NIBSC, Ridge, United Kingdom)49. 358 

Saliva was thawed and centrifuged, and supernatants were diluted 1:2 and 1:10 using phosphate 359 

buffered saline (PBS; pH=7·2) with 5% antibody-depleted human serum (Valley Biomedical, 360 

Winchester, VA) and with 15 ug/ml multi cell wall polysaccharide (Statens Serum Insititut, 361 

Copenhagen, Denmark). From each dilution, 25 µl was mixed with an equal volume of beads. R-362 

phycoerythrin conjugated goat anti-human IgG solution diluted 1:200 (Jackson ImmunoResearch, 363 

West Grove, PA) was added to each well. Analysis of the beads was performed on a BioPlex 200 364 

apparatus using the BioPlex software package version 6.2 (Bio-Rad Laboratories, Hercules, CA). 365 

IgG concentrations were determined based on averaging results of both dilutions. When the 366 
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concentrations differed more than twofold (coefficient of variation >47%), the result of the 1:10 367 

dilution was used when in standard range. IgG concentrations were expressed in ng/ml. IgG 368 

concentrations below the lower limit of detection, which ranged from 0.08 ng/ml for pneumococcal 369 

serotype 4 to 0.37 ng/ml for pneumococcal serotype 14, and was 0.21 ng/ml for MenC, were set at 370 

half the lower limit of detection. 371 

DNA isolation and sequencing 372 

For bacterial DNA extraction and microbiota profiling, fecal samples were first thawed and vortexed. 373 

Approximately 100 μl raw feces from each sample was added to 300 μl lysis buffer (Agowa Mag 374 

Mini DNA Isolation Kit, LGC ltd, UK), 500 μl 0.1-mm zirconium beads (BioSpec products, 375 

Bartlesville, OK, USA) and 500 μl phenol saturated with Tris-HCl (pH 8.0; Carl Roth, GMBH, 376 

Germany) in a 96-wells plate. The fecal samples were mechanically disrupted with a Mini-377 

BeadBeater-96 (BioSpec products, Bartlesville, OK, USA) at 2100 oscillations per minute for 2 378 

minutes. DNA purification was performed with the Agowa Mag Mini DNA Isolation Kit following 379 

the manufacturer’s recommendations. Finally, the extracted DNA was eluted in 60 μl elution buffer 380 

(LGC Genomics, Germany). Adaptations in the standard DNA isolation procedure were applied for 381 

samples collected directly postpartum and on day 1, which were presumed to have low bacterial 382 

abundance and diversity26. The amount of bacterial DNA was determined by a quantitative 383 

polymerase chain reaction (qPCR), as described elsewhere50, using primers targeting the bacterial 384 

16S rRNA gene (forward: CGAAAGCGTGGGGAGCAAA; reverse: 385 

GTTCGTACTCCCCAGGCGG; probe: 6FAM-ATTAGATACCCTGGTAGTCCA-MGB) on the 386 

7500 Fast Real Time system (Applied Biosystems, CA, USA).  Samples with a minimum bacterial 387 

DNA yield of >0.3 ng/ul above the concentration in negative isolation controls were included in the 388 

sequencing protocol. The V4 hypervariable region of the 16S rRNA gene was amplified using 389 

F515/R806 primers (30 amplification cycles), and amplicon pools were sequenced on the Illumina 390 

MiSeq platform (Illumina, San Diego, CA) in 17 runs along with isolation and PCR blanks as 391 

negative controls. 392 

Bioinformatic processing 393 
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Sequences were processed in our bioinformatics pipeline25. We applied an adaptive, window-based 394 

trimming algorithm (Sickle, version 1.33) to filter out low quality reads below a Phred score 395 

threshold of 30 and/or a length threshold of 150 nucleotides51. Sequencing errors were corrected with 396 

BayesHammer (SPAdes genome assembler toolkit, version 3.5.0)52. Sets of paired-end sequence 397 

reads were assembled using PANDAseq (version 2.10) and demultiplexed (QIIME, version 398 

1.9.1)53,54. Singletons and chimeras (UCHIME) were removed. Operational taxonomic unit (OTU) 399 

picking was performed with VSEARCH abundance-based greedy clustering of reads at 97% 400 

similarity55. Taxonomic annotation of OTUs was performed with the Naïve Bayesian RDP classifier 401 

(version 2.2) and the SILVA (version 119) reference database56,57. The resulting OTU table contained 402 

6690 taxa. We selected OTUs that were present at a confident level of detection, i.e. representing at 403 

least 0.1% of all reads in at least two samples (excluding 0.4% of all reads)12. This abundance-filtered 404 

dataset contained 623 OTUs, and is referred to as the raw OTU table. We performed normalization 405 

by total sum scaling to obtain the relative abundance OTU table. Both OTU tables were used for 406 

downstream analyses. 407 

Whole genome sequencing for validation of OTU taxonomic annotations 408 

Taxonomic annotations of the 16S rRNA gene sequences were validated, using whole genome 409 

shotgun sequencing (WGS) on a subset of 20 week one samples (ten from vaginally delivered infants, 410 

and ten from C-section born infants). For library preparation, the Truseq Nano gel free kit was used. 411 

From the libraries, 150 base paired-end sequence data were generated using a NovaSeq instrument 412 

to yield 750M+750M reads in two runs. Reads were trimmed to remove amplicon adapter sequences 413 

and to maintain a quality threshold of 30 and a minimum read length of 35 base pairs using Cutadapt58 414 

(version 1.9.dev2). SAM files were generated per sample and per run with Bowtie259. SAM files 415 

from different runs were merged per sample using Picard60, and were used as input to MetaPhlAn261 416 

for profiling and annotating the microbial communities within each sample (default parameters). The 417 

relative abundances of the top five 16S rRNA gene sequencing-based OTUs Bifidobacterium (1), E. 418 

coli (2), Staphylococcus (3), Klebsiella (4) and E. faecium (5) were shown to correlate strongly with 419 

the WGS species-level relative abundances of B. breve, B. longum and B. adolescentis (combined; 420 
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Pearson’s ρ=0.95, adjusted p<0.001), E. coli (Pearson’s ρ=0.95, adjusted p<0.001), Staphylococcus 421 

epidermidis (Pearson’s ρ=0.86, adjusted p<0.001), Klebsiella oxytoca (Pearson’s ρ=0.83, adjusted 422 

p<0.001) and E. faecium (Pearson’s ρ=0.92, adjusted p<0.001), respectively, confirming their 423 

taxonomies. 424 

Species-specific qPCR 425 

Species-specific qPCR was performed on all week one samples (n=119) to confirm the presence and 426 

abundance of E. coli, Klebsiella spp., and Enterococcus spp., using the VetMAX™ MastiType Multi 427 

Kit (Applied Biosystems™, CA, USA) according to the manufacturer’s instructions. The qPCR test 428 

results were analyzed with the recommended Animal Health VeriVet Software, available on Thermo 429 

Fisher Cloud. One sample was excluded from statistical analysis because its Internal Amplification 430 

Control did not pass the Ct-value criteria in three out of the four mixes. 431 

Statistics & Reproducibility 432 

Microbiome data were excluded from the analysis if fecal samples had insufficient bacterial DNA 433 

available (n=104). Antibody measurements were excluded from the analyses if infants did not receive 434 

their vaccinations in time (n=8 at month 12, n=1 at month 18), or if the saliva sample did not have a 435 

sufficient volume for laboratory analysis (n=8 at month 12, n=11 at month 18; Supplementary Fig. 436 

1). The study sample size was originally calculated to detect differences in the microbiota 437 

composition between infants born by vaginal delivery and by C-section26. For the current study, no 438 

statistical method was used to predetermine sample size. Data analysis was performed in R version 439 

4.0.3 within RStudio version 1.3.109362. All statistical tests were two-tailed, and p-values below 440 

0.050 or Benjamini-Hochberg adjusted p-values below 0.100 were considered statistically 441 

significant. IgG responses were analyzed as continuous log-transformed variables or stratified along 442 

the median into high and low responses. All analyses were adjusted for time between vaccination and 443 

saliva collection using a second degree polynomial to account for the natural kinetics of the antibody 444 

response.  445 
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Concordance between IgG concentrations was evaluated using Pearson’s correlations. Associations 446 

between early-life host characteristics (mode of delivery, feeding type, sex, antibiotic use in the first 447 

three months, number of antibiotic courses, daycare attendance, having siblings and having pets) and 448 

IgG concentrations were assessed using univariate linear models, and factors with a p<0.050 for one or 449 

more serotypes were included in multivariable models. IgG geometric mean concentrations (GMCs) 450 

were compared between groups defined by mode of delivery and feeding type, using ANOVA followed 451 

by post-hoc Tukey-Kramer tests to account for unequal group sizes (HSD.test-function, agricolae 452 

package [version 1.3-5]63, parameter ‘unbalanced’ set to TRUE). We tested the assumptions of normality 453 

and homogeneity of variance of the ANOVA test by inspecting the distribution of the residuals and with 454 

Levene’s test, respectively.  455 

Gut microbiota alpha diversity was assessed by the number of observed species and the Shannon 456 

diversity index (phyloseq package [version 1.38.0]64). Associations between alpha diversity measures 457 

per timepoint and IgG concentrations were tested using linear models. Permutational multivariate 458 

analysis of variance (PERMANOVA) on the Bray-Curtis dissimilarity matrix was used to test for overall 459 

differences in the microbial community composition per timepoint between infants with high and low 460 

IgG responses (adonis2-function, vegan package [version 2.5-7]65). Stability of the microbial 461 

community composition over time was calculated as the Bray-Curtis similarity (1–Bray-Curtis 462 

dissimilarity) between consecutive samples from the same individual, where a higher similarity indicates 463 

higher stability.  464 

Dirichlet multinomial mixture models were used to group infants into community state types (CSTs) 465 

based on gut microbiota composition at week one and at month 12 separately (DirichletMultinomial 466 

package [version 1.36.0]66). For this analysis, the raw OTU table was filtered, retaining OTUs present 467 

in >10% of the samples included in the analysis. The optimal number of CSTs was set at the number of 468 

Dirichlet components representing optimal model fit, testing a range of one to seven components. Model 469 

fit was based on the Laplace approximation to the negative log model, where a lower value indicates a 470 

better fit. Differences in the gut microbial community composition according to CST were evaluated 471 

using PERMANOVA (adonis-function, vegan package [version 2.5-7]65). Differences in IgG GMCs 472 
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according to week one and month 12 CSTs were evaluated using ANOVA and post hoc Tukey-Kramer 473 

tests, as described above. 474 

Smoothing-spline analysis of variance (SS-ANOVA, fitTimeSeries-function, metagenomeSeq package 475 

[version 1.36.0]67,68) was used to detect differences in individual OTU abundances in the first two 476 

months of life between infants with responses above and below the median antigen-specific IgG 477 

concentration. For the anti-MenC IgG response, this analysis was repeated for the entire 12 month 478 

follow-up period. For this analysis, the raw OTU table was filtered, retaining only OTUs present in 479 

>10% of all samples included in the analysis. This method detects differentially abundant OTUs, and 480 

identifies the time intervals in which significant differences exist. 481 

Correlations between the relative abundances of E. coli, E. faecium and Klebsiella at the age of one 482 

week and the species-specific Ct-values from targeted qPCR were evaluated with Spearman’s rank-483 

order correlations. Chi-square tests were used to assess differences in presence of species identified by 484 

targeted qPCR between infants with above and below median IgG responses and between mode of 485 

delivery groups.  486 
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Data availability 487 

Sequence data that support the findings of this study have been deposited in the NCBI Sequence Read 488 

Archive (SRA) database with BioProject ID PRJNA481243 489 

[https://www.ncbi.nlm.nih.gov/bioproject/481243], and PRJNA555020 490 

[https://www.ncbi.nlm.nih.gov/bioproject/555020]. The vaccine response and relevant participant 491 

metadata are provided in the Source Data file. Additional participant metadata and data dictionaries 492 

can be made available after approval of a proposal. Taxonomic annotations were based on the Silva 493 

reference database (version 119).  494 

Code availability 495 

All R code used to run the statistical analysis is publicly available at 496 

https://gitlab.com/EMdK/muis_vaccine_responses.  497 
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Tables 668 
 PCV-10 response MenC response 

n  101 66 
Sex, female (%)   54 (53.5)  35 (53.0) 

Perinatal characteristics   
Mode of delivery, vaginal (%)   58 (57.4)  42 (63.6) 

Antibiotics during birth (%)    2 ( 2.0)  1 (1.5) 
Exclusive formula feeding (%)   17 (16.8)  10 (15.2) 

Breastfeeding, days (median [IQR]) 55.0 [3.0, 248.0] 114.0 [3.0, 289.8] 
Environmental characteristics   

Presence of siblings (%)   68 (67.3)  46 (69.7) 
Number of siblings (median [IQR]) 1.0 [0.0, 1.0] 1.0 [0.0, 0.1] 

Pets in the household (%)   46 (45.5)  36 (54.5) 
Antibiotic treatment    

Antibiotics in the first 3 months (%)   13 (12.9)  4 (6.1) 
Antibiotic courses* (median [IQR]) 0.0 [0.0, 1.0] 0.0 [0.0, 1.0] 

 669 

Table 1. Cohort description. 670 
Participant characteristics are summarized for all infants who had anti-pneumococcal immunoglobulin G (IgG) 671 
responses available (n=101; left column), and the subset of infants who had anti-meningococcal type C (MenC) 672 
IgG responses available (n=66; right column). *The number of antibiotic courses is given up to the time that 673 
vaccine responses were measured, so up to 12 months in the left column and up to 18 months in the right 674 
column. Source data are provided in the Source Data file. 675 
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Figure legends 
 677 

Figure 1. Anti-pneumococcal and anti-MenC IgG concentrations following vaccination. 678 
A) Immunoglobulin G (IgG) concentrations against 10 pneumococcal vaccine serotypes (1, 4, 5, 6B, 7F, 9V, 14, 679 
18C, 19F and 23F; n=101) and meningococcus type C (MenC; n=66) following vaccination. Black dots and error 680 
bars represent geometric mean concentrations with 95% confidence intervals (CI). B) Correlation plot of IgG 681 
concentrations against the 10 pneumococcal vaccine serotypes and against MenC following vaccination. 682 
Numbers indicate the correlation strength, which was evaluated using Pearson’s correlation coefficients. Source 683 
data are provided in the Source Data file. 684 

 685 

Figure 2. Associations between early-life exposures and anti-pneumococcal and anti-MenC IgG 686 
concentrations following vaccination. 687 
A) Data are presented as model coefficients with 95% CI per covariate computed with two-sided multivariable 688 
linear regression with log-transformed anti-Ps6B (n=101) or anti-MenC (n=66) IgG concentrations as dependent 689 
variable. The analysis was not adjusted for multiple comparisons.  C-section=caesarean section; AB=antibiotics. 690 
B) anti-pneumococcal serotype 6B (anti-Ps6B) IgG responses for vaginally born, breastfed (vag+bf, n=51), 691 
vaginally born, formula fed (vag+ff, n=7), C-section born, breastfed (cs+bf, n=33), and C-section born, formula 692 
fed (cs+ff, n=10) infants (left) and anti-meningococcus type C (anti-MenC) IgG responses for vaginally born 693 
(vag, n=42) and C-section born (cs, n=24) infants (right). Black dots and error bars represent geometric mean 694 
concentrations (GMCs) with 95% CI. Significance was assessed using two-sided analysis of variance (ANOVA) 695 
on log-transformed IgG concentrations followed by a post-hoc Tukey-Kramer test, correcting for time between 696 
vaccination and IgG measurements. Padj = FDR-adjusted p-value. Source data are provided in the Source Data 697 
file. 698 

 699 

Figure 3. Gut microbial community state types at week 1 and anti-Ps6B and anti-MenC IgG 700 
concentrations. 701 
(A) Boxplot of relative abundances of the top 7 operational taxonomic units (OTUs) per community state type 702 
(CST) defined at 1 week of age. Boxes show medians with interquartile ranges. (B) CSTs are plotted against 703 
anti-Ps6B IgG concentrations (left) and anti-MenC IgG concentrations (right). Dots are colored according to 704 
mode of delivery and feeding type from birth. Black dots and error bars represent GMCs with 95% CI. 705 
Significance was assessed using two-sided ANOVA on log-transformed IgG concentrations followed by post-706 
hoc Tukey-Kramer tests, correcting for time between vaccination and IgG measurements. padj = FDR-adjusted p-707 
value. Source data are provided in the Source Data file. 708 

 709 

Figure 4. Temporal gut microbial composition development according to week 1 CST. 710 
(A) Non-metric multidimensional scaling (NMDS) plots based on Bray-Curtis dissimilarity, depicting the gut 711 
microbial composition per timepoint. Each dot represents the microbiota composition in a single participant’s 712 
sample. Infants are stratified according to week 1 CST. Ellipses represent the standard deviation of data points 713 
for each CST. Effect sizes (R2) calculated by permutational analysis of variance (PERMANOVA) and 714 
corresponding p-values are shown in the plots. (B) Relative abundances of Bifidobacterium (1) (left) and 715 
Escherichia coli (2) (right) over time according to week 1 CST. Significance of differences according to week 1 716 
CST was assessed using Kruskal Wallis tests. Source data are provided in the Source Data file. 717 
 718 
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