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Abstract
Vaccines are one of the most powerful tools for preventing infectious diseases. To effectively fight pathogens, vaccines should 
induce potent and long-lasting immune responses that are specific to the pathogens. However, not all vaccines can induce 
effective immune responses, and the responses vary greatly among individuals and populations. Although several factors, such 
as age, host genetics, nutritional status, and region, affect the effectiveness of vaccines, increasing data have suggested that 
the gut microbiota is critically associated with vaccine-induced immune responses. In this review, I discuss how gut micro-
biota affects vaccine effectiveness based on the clinical and preclinical data, and summarize possible underlying mechanisms 
related to the adjuvant effects of microbiota. A better understanding of the link between vaccine-induced immune responses 
and the gut microbiota using high-throughput technology and sophisticated system vaccinology approaches could provide 
crucial insights for designing effective personalized preventive and therapeutic vaccination strategies.
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Introduction

Vaccines are regarded as the most effective life-saving medi-
cal invention; and vaccines have been estimated to prevent 
2–3 million deaths per year globally (Plotkin, 2014). Several 
pathogens, such as smallpox and poliovirus, have been eradi-
cated or nearly eradicated after the introduction of vaccina-
tion (Rodrigues & Plotkin, 2020). However, vaccines against 
several pathogens, such as the hepatitis C virus, malaria, and 
human immunodeficiency virus, are not clinically available 
yet (Li et al., 2015), and the emergence of new infectious 
viruses requires continued development of vaccines. Fur-
thermore, there is a growing need to develop therapeutic 
cancer vaccines (Guo et al., 2013). Therefore, the impor-
tance of vaccine development, which can induce effective 
and sustained immune responses, cannot be overemphasized. 
Vaccine-induced adaptive immune responses can be clas-
sifies into B cell/antibody-mediated and T cell-mediated 
immune responses (Clem, 2011). Antibodies, circulating in 
the blood or secreted into the mucosa, bind to pathogens or 

toxins and neutralize them. Thus, neutralizing antibody titers 
over certain thresholds are considered reliable predictors of 
the vaccine’s protective efficacy (Clem, 2011). T cells pro-
vide cytokines and co-stimulatory signals that promote the 
memory B cell generation and the production of high-affinity 
antibodies (Swain et al., 2012). Cytotoxic T cells secrete 
various cytotoxic molecules that directly kill virus-infected 
cells (Zhang & Bevan, 2011). Therefore, to develop effec-
tive protective vaccines, robust and long-lasting adaptive 
immune responses should be elicited via vaccination.

Interestingly, the immune responses induced by vaccines 
vary greatly among individuals and populations in different 
regions. For example, People who received the inactivated 
influenza vaccine showed ~ 100-fold variability in antibody 
levels, and those who received the pneumococcal and Hemo-
philus influenza type b (Hib) vaccines showed ~ 40-fold vari-
ability in antibody levels (Pulendran, 2009; Zimmermann 
& Curtis, 2019). Furthermore, cellular responses vary 
greatly among individuals; cytokine responses induced by 
Bacille Calmette-Guerin (BCG) vaccination show ~ 100-fold 
variability (Querec et al., 2009). Moreover, infants and the 
elderly show reduced vaccine-induced immune responses 
compared to healthy adults (Ciabattini et al., 2018; Prab-
huDas et al., 2011). These data indicate that host factors 
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affect the quality, quantity, and durability of vaccine-induced 
immune responses.

The human body is inhabited by numerous microorgan-
isms including bacteria, viruses, and fungi, collectively 
termed microbiota. The human gastrointestinal tract contains 
an estimated 1014 microorganisms (Gill et al., 2006). The 
human microbiota is highly variable among individuals, and 
the number of microorganisms and composition of micro-
biota are also continuously changing within an individual, 
depending on the age, diet, and health status of the indi-
vidual (DeJong et al., 2020; Ursell et al., 2012). Advances 
in immunology in recent decades have revealed that micro-
biota play a critical role in the regulation of the host immune 
system, and likewise, that the immune system can influ-
ence the composition and distribution of microorganisms 
(Zheng et al., 2020). Growing evidence has shown a link 
between human microbiota and diseases, including inflam-
matory bowel disease, arthritis, obesity, and autism (Cho 
& Blaser, 2012; Durack & Lynch, 2019). Similarly, several 
results from clinical and animal models demonstrated that 
the gut microbiota of the host affects vaccine effectiveness 
by modulating immune responses. In this review, I summa-
rize the recent findings that provide evidence of the influence 
of microbiota on vaccine effectiveness and the possibility of 
microbiota acting as a vaccine adjuvant.

Dynamics of Gut Microbiota

Gut Microbiome Composition in Humans

Although the gut microbiota is composed of several micro-
organisms, such as bacteria, archaea, fungi, and viruses, 
bacteria are predominant. Firmicutes, Actinobacteria, Pro-
teobacteria, Bacteroidetes, Fusobacteria, and Verrucomi-
crobia are the main gut microbial phyla, and among them, 
Firmicutes and Bacteroidetes account for approximately 90% 
of the human gut microbiota (Rinninella et al., 2019). Rep-
resentative genera of the Firmicutes phylum are Lactobacil-
lus, Bacillus, Clostridium, Enterococcus, and Ruminicoccus 
(Rinninella et al., 2019). The dominant genera of the Bac-
teroidetes phylum are Bacterioides and Prevotella and the 
phylum Actinobacteria is mainly represented by the Bifido-
bacterium (Rinninella et al., 2019). The human microbiota 
is dynamic and influenced by various factors, including the 
type of delivery during birth, age, antibiotic treatment, and 
disease status.

Changes in Gut Microbiome According to Age 
and Health Status

At birth, humans acquire microbiota via contact with the 
surrounding environments. Thus, the type of delivery during 

birth can affect the composition of the microbiota. Interest-
ingly, infants born vaginally possess increased abundance 
of Bacteroides, Bifidobacteria, and Lactobacillus and show 
more microbial diversity than infants born via cesarean 
delivery (C-section) (Coelho et al., 2021; Rutayisire et al., 
2016). In contrast, infants born via C-section possess a less 
diversified microbiome composed primarily of Staphylococ-
cus, Streptococcus, and Clostridium (Coelho et al., 2021). 
Furthermore, methods of milk feeding affect the composi-
tion of the microbiota. Breast-fed infants have a more diverse 
microbiota and a higher abundance of Bifidobacterium 
and lower abundance of E. coli in the gut microbiota than 
formula-fed infants (Roger et al., 2010). After the weaning 
period, the intake of solid food also changes the gut micro-
biota composition, and a shift from Bifidobacterium to Bac-
teroidetes and Firmicute species occurs (Fallani et al., 2011). 
Compared to infants and children, the microbiota diversity 
increases with aging (Lloyd-Price et al., 2017) and microbi-
omes in the adult are comparatively more stable and greatly 
influenced by the environment than by genetics (Rothschild 
et al., 2018).

Many clinical studies have compared the microbial com-
position between young and elderly people (Badal et al., 
2020). One notable difference between the microbiota in 
healthy adults and the elderly is a reduction in microbial 
diversity (Lynch & Pedersen, 2016). This reduced diversity 
in the elderly is due to the increase in the content of spe-
cific groups. In general, the elderly have higher abundance 
of Enterobacteriaceae and lower abundance of Bifidobac-
terium and Lactobacillus compared to the young (Salazar 
et al., 2017). Furthermore, decreased microbial diversity 
has been associated with various diseases, such as inflam-
matory bowel disease, diabetes, rheumatoid arthritis, and 
allergy (Ding et al., 2019; Qiu et al., 2022). However, it is 
still unclear whether these changes in microbiota composi-
tion are the cause or consequence of aging or diseases. Fur-
thermore, a significant diversity in microbiota exists even in 
individuals without diseases and is altered by diet, antibiotic 
treatment, infection, smoking, alcohol drinking, and exercise 
(Conlon & Bird, 2014; Lin et al., 2020; Lloyd-Price et al., 
2016).

Possible Mechanisms by Which Microbiota 
Affects Vaccine Effectiveness

The effectiveness of vaccinations is determined by the 
mutual interplays of vaccine, gut microbiota, and the host’s 
immune system. Although the mechanisms by which micro-
biota affect the effectiveness of vaccines have not been elu-
cidated, it has been suggested that microbiota could be a 
source of natural adjuvants that modulate the degree of 
innate and adaptive immune responses (Ciabattini et al., 
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2019). Furthermore, the type of vaccine (live-attenuated, 
inactivated, protein, viral vector, or mRNA), route of immu-
nization, dosage, vaccination schedule, and vaccination 
strategy (homologous immunization or heterologous prime-
boost) are critically important factors for determining the 
vaccine response (Zimmermann & Curtis, 2019).

The estimated mechanisms by which the intestinal micro-
biome affects the efficacy of vaccines are described as fol-
lows (Fig. 1).

Act as an Adjuvant Through Sensing by Pattern 
Recognition Receptor

Unlike live-type vaccines, highly purified or inactivated vac-
cines elicit poor immune responses since they lack the sig-
nals to trigger sufficient innate immune responses that bring 
to robust and strong adaptive immune responses (Coffman 
et al., 2010). Adjuvants increase the magnitude and dura-
tion of vaccine-induced immune responses (Pulendran et al., 
2021). Generally, they stimulate innate immune responses by 
providing pathogen-associated molecular pattern (PAMP)/
damage-associated molecular pattern signaling and pro-
moting antigen uptake (Pulendran et al., 2021). PAMP-type 
adjuvants include killed bacteria; microbial components 

such as lipopolysaccharide (LPS) (a TLR 4/2 ligand), flagel-
lin (a TLR5 ligand), and DNA containing CpG motif (a TLR 
9 ligand); analogs such as monophosphoryl lipid A (MPL); 
and synthetic TLR ligands. Since the microbiota enduringly 
releases immunostimulatory molecules, they can act as natu-
ral adjuvants.

Several studies using mouse models have revealed the 
pathways involved in the adjuvant activity of the microbiota. 
TLR5-deficient mice showed reduced antibody titers to a 
trivalent inactivated influenza vaccine, which is due to the 
failure of host microbiota sensing (Oh et al., 2014). Oral 
reconstitution with a flagellated strain of E. coli was shown 
to restore the impaired antibody response in germ-free or 
antibiotic-treated mice. (Oh et al., 2014). Microbiota sens-
ing through TLR5 affected the antibody responses to inacti-
vated polio vaccine. However, antibody responses induced 
by adjuvanted influenza or live attenuated yellow fever vac-
cines were not significantly reduced in TLR5-deficient mice 
(Oh et al., 2014).

Besides TLR5, interaction with the microbiota by nucle-
otide-binding oligomerization domain-containing (Nod) 2 
also mediates the adjuvant activity. Compared to WT mice; 
Nod2 − / − , and receptor-interacting serine/threonine kinase 
(Ripk)-2–deficient mice (Ripk2 is an adaptor downstream of 

Fig. 1   Anticipated mechanisms of microbiota that could regulate 
vaccine effectiveness. A Pathogen-associated molecular patterns 
(PAMPs), such as LPS or peptidoglycan produced by microbiota, 
could be recognized by Pattern Recognition Receptors (PRR), such 
as TLRs and NOD2, expressed by immune cells. Signaling cascades 
activate transcription factors and induce gene expression, which could 

facilitate adjuvant effects to vaccines. B Microbiota-derived metabo-
lites, such as SCFAs, could promote the differentiation of Th1 or 
Th17 cells and increase antibody production. C Epitopes from micro-
biota could cross-react with epitopes derived from target vaccine anti-
gens
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Nod2); and antibiotic-treated, germ-free mice showed sig-
nificantly decreased IgG antibody responses to human serum 
albumin (HSA) when they were intranasally immunized with 
HSA and cholera toxin (Kim et al., 2016a). Reconstitution 
of germ-free mice with muramyl dipeptide (MDP), which 
is recognized by NOD2, or bacteria that activate the Nod2 
pathway sufficiently restored antibody responses (Kim et al., 
2016a). LPS, which is recognized by TLR2/4, is also a 
potent immunostimulatory molecule produced by the micro-
biota. Different microorganisms have different types of LPS, 
and each type exhibits different immunomodulatory func-
tions (Vatanen et al., 2016). Currently, whether microbiota-
derived LPS can affect vaccine-induced immune responses 
is unclear but is seems possible because immunization 
antibody with synthetic TLR4 agonist (MPL) induce more 
persistent germinal center reaction and antibody response 
(Kasturi et al., 2011).

The ability or degree of microbiota to provide vaccine 
adjuvant activity may be dependent on whether their compo-
nents are restricted to the gut or released into the periphery. 
For example, when the gut is inflamed or under antibiotic 
treatment, an overgrowth of LPS-producing Enterobacte-
riaceae may increase LPS levels in the gut and periphery 
(Zeng et al., 2017). Additionally, gut integrity may affect 
the immune-modulating functions of the microbiota. If the 
gut epithelial barrier is damaged due to malnutrition, inflam-
mation, or antibiotic treatment, it increases the permeability 
of the gut and leads to the influx of antigens or leakage of 
immunomodulatory molecules of the microbiota (Mu et al., 
2017).

Microbiota‑derived Metabolites

Gut microbiota produce several metabolites that have the 
potential to regulate immune responses. Short-chain fatty 
acids (SCFAs), such as acetate, butyrate, and propionate 
are generated by colonic bacteria through fermentation of 
fiber (Parada Venegas et al., 2019). SCFAs is one of the 
best-known metabolites that has immunomodulatory func-
tions in various immune cells (Corrêa-Oliveira et al., 2016). 
SCFAs increased the building block for antibody generation 
by increasing acetyl-CoA, oxidative phosphorylation, gly-
colysis, and fatty acid synthesis (Kim et al., 2016b). Simul-
taneously, SCFAs regulated the gene expression profiles of 
molecules for plasma cell differentiation and antibody class 
switching. It was reported that defective pathogen specific 
antibody responses and increased susceptibility to Citro-
bacter rodentium infection were observed in mice with low 
SCFA production due to reduced dietary fiber or microbial 
deficiency (Kim et al., 2016b). However, another study 
reported that SCFAs reduced antibody responses to intragas-
trically administrated ovalbumin and autoantibody responses 
(Sanchez et al., 2020). Therefore, further investigations are 

needed to delineate the role of SCFAs in vaccine-induced 
antibody responses.

SCFAs also promote the differentiation of Th1 and Th17 
cells in the intestine, spleen, and lymph nodes (Park et al., 
2015). Furthermore, SCFAs increase the production of 
IL-22 by ILC3 and CD4+ T cells (Yang et al., 2020; Zhao 
et al., 2022), and IFN-γ production and cytotoxicity of CD8+ 
T cells (Luu et al., 2021). Thus, SCFAs may affect vaccine 
effectiveness by influencing the activity or differentiation 
of T-cells.

Besides SCFAs, the immunoregulatory functions of other 
metabolites or essential nutrients produced by microbiota, 
such as bile acids and metabolites of tryptophan, vitamins 
have been identified. Antibiotic treatment significantly 
reduced secondary bile acid and tryptophan metabolism, 
which was associated with an elevated inflammatory sig-
nature in subjects with impaired neutralizing antibody 
and IgA responses to the influenza vaccine (Hagan et al., 
2019). However, studies on the effects of microbiota-derived 
metabolite on vaccine effectiveness are at an early stage. 
Thus, more research is required to clarify the association 
between metabolites and vaccine-induced immune response.

Cross Reaction of Microbiota‑derived Antigens

The microbiota modulates immune responses by cross-
reacting with self-antigens, tumor antigens, and pathogen-
specific antigens. Roseburia intestinalis has proteins that 
cross-react with the self-antigen β2-glycoprotein I, and B. 
breve expresses peptides that cross-react with an artificially 
introduced tumor antigen in B16 melanoma cells (Zitvogel 
& Kroemer, 2021). In addition to self- or tumor antigens, 
pathogen-derived antigens can cross-react with microbiota-
derived antigens.

Memory phenotype CD4+ T cells, specific to viruses, 
were abundant in individuals who had never been infected 
with those viruses (Su et al., 2013). One explanation for this 
observation is the cross-reactivity of the TCR with envi-
ronmental antigens, and Su et al. (2013) found that micro-
bial peptides were cross-recognized by HIV-1 and influ-
enza-reactive T cells. Another study revealed that healthy 
individuals have abundant circulating and tissue-resident 
CD4+T cells that reacted with the intestinal microbiota, 
and the function of these CD4+T cells was changed during 
inflammation (Hegazy et al., 2017). Additionally, extensive 
bioinformatics analysis predicted that considerable amounts 
of the TCR epitope of the microbiota are shared with patho-
genic bacteria (Bremel & Homan, 2015).

In addition, a recent study showed that antibodies specific 
to the S2 domain of SARS-CoV-2 could cross-react with 
commensal gut bacteria (Jia et al., 2022). Thus, these cross-
reactive T or B cells may modulate immune responses to 
pathogens and vaccines. Another human study found that 
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pre-existing cross-reactive CD4+ T cells are linked to lower 
influenza virus shedding and less severe illness (Wilkinson 
et al., 2012). Although this study did not identify the source 
of the cross-reactive T cells, it is possible that these cells 
were microbiota-reactive T cells because a previous study 
reported the sharing of their epitopes with influenza epitopes 
(Carrasco Pro et al., 2018). Despite of above findings, it is 
still unclear whether the epitope encoded by the microbiota 
enhances or dampens the vaccine-induced immune response; 
thus, further investigation is needed to identify the underly-
ing mechanism.

Correlative Evidence of Microbiome 
and Vaccine Efficacy from Clinical Studies

Oral Vaccines

People in high-income countries are more responsive to 
oral vaccines (such as oral rotavirus and polio vaccines) 
than those in low-middle-income countries (Lewnard et al., 
2020). Vaccine effectiveness is especially important in low- 
and middle-income countries because of the high suscepti-
bility of individuals to infections and poor access to health 
care. Thus, the effect of microbiota on vaccine effectiveness 
could be of greater importance in low- and middle-income 
countries than in high-income countries. Several clini-
cal studies in infants have found a correlation between gut 
microbiota and vaccine effectiveness.

Harris et al. (2017) analyzed the fecal microbiota of 
infants in Ghana who received an oral rotavirus vaccine 
(ORV). Of note, ORV responding infants (serum rotavirus-
specific IgA level > 20 IU/ml) have a microbiota composi-
tion similar to that of Dutch infants, who generally show 
a good response to rotavirus vaccination. In particular, 
Streptococcus bovis was positively correlated, whereas 
Bacteroides and Prevotella species were negatively corre-
lated with an enhanced rotavirus immune response. Addi-
tionally, the enterobacteria-Bacteroidetes ratio was signifi-
cantly increased in ORV-responding infants in both Ghana 
and Dutch compared with that in non-responding infants in 
Ghana. Another infant study in Pakistan revealed that the 
immune response to ORV was positively associated with the 
prevalence of Clostridium cluster XI and Proteobacteria in 
fecal samples (Harris et al., 2018a). An increased ratio of 
Enterobacteriaceae to Bacteroides species was observed in 
the ORV responders in both studies. Another infant study 
in Zimbabwe showed that IgA titers positively correlated 
with the abundance of Bacteroides thetaiotaomicron (Rob-
ertson et al., 2021). Conversely, two other infant studies per-
formed in India and Nicaragua found no notable correlation 
between fecal microbiota and response to ORV (Fix et al., 
2020; Parker et al., 2018).

Regarding oral polio vaccine (OPV), an infant study in 
China reported a positive correlation of relative abundance 
of fecal Bifidobacterium with poliovirus-specific IgA levels 
(Zhao et al., 2020). However, another infant study performed 
in India showed no significant association between response 
to OPV and fecal microbiota (Praharaj et al., 2019). These 
discordant correlations between microbiota and vaccine 
efficacy in clinical studies might be due to the differences 
in microbiome composition in participants from each study 
because microbiome composition varies greatly depend-
ing on various genetic and environmental factors. Another 
possible explanation is the differences in vaccine antigens. 
As it has been reported that microbiota share cross-reactive 
epitopes with vaccine antigens, each strain of microbiota 
may have different cross-reactive epitope pools and might 
affect vaccine efficacy.

Non‑oral and COVID‑19 Vaccines

Some clinical studies have revealed an association between 
microbiota and responsiveness to non-orally administered 
vaccines. A prospective infant study in Bangladesh showed 
that abundance of fecal Bifidobacterium in infants is posi-
tively correlated with CD4+ T-cell and antibody responses to 
BCG, Tetanus toxoid, and hepatitis B virus vaccines (Huda 
et al., 2019). Therefore, an increased intestinal Bifidobacte-
rium may increase the immunogenicity of vaccines, even if 
they are administered non-orally.

In addition, a few adult studies have shown an association 
between gut microbiota and vaccine effectiveness. Cholera 
vaccine responders with long-term IgG and IgA memory 
B cells to oral cholera vaccine showed a higher abundance 
of Clostridiales and lower abundance of Enterobacterales 
than non-responders at the time of vaccination (Chac et al., 
2021). Interestingly, increased IL-1β and decreased IL-6 lev-
els were observed in the feces of cholera vaccine responders. 
Thus, it is possible that Clostridiales either induced memory 
B cells that could cross-react with cholera antigen epitopes, 
or Clostridiales or their metabolites induced activation of the 
IL-1β cytokine pathway, which is important for Ag priming. 
Also, recently, the association between the microbiota and 
COVID-19 vaccine efficacy have been reported. Ng et al. 
(2022) found that gut microbiota composition is associated 
with immunogenicity as well as adverse effects of inacti-
vated or mRNA type of COVID-19 vaccines. Subjects with 
high levels of neutralizing antibodies against the CoronaVac 
vaccine had high levels of Bifidobacterium adolescentis in 
the gut, and the gut microbiome was enriched in carbohy-
drate metabolism pathways (Ng et al., 2022). BNT162b2-
induced neutralizing antibody levels were positively corre-
lated with bacteria that have fimbriae and flagella, including 
Roseburia faecis (Ng et al., 2022). Notably, Prevotella copri 
and two Megamonas species were increased in subjects with 
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fewer side effects. Thus, this study suggests that specific 
gut microbiota strains are associated with enhanced immune 
responses or fewer adverse effects of vaccines.

Effects of Antibiotics on Vaccine 
Effectiveness

To reveal the association between microbiota and vaccine-
induced immune responses, several interventional stud-
ies using antibiotics were performed. A study of infants, 
enrolled in the ‘Melbourne Infant Study: BCG for Allergy 
and Infection Reduction,’ showed that treatment of antibiot-
ics before vaccination did not significantly affect antibody 
levels and seroconversion to Diphtheria-Tetanus-Pertussis, 
Hepatitis B (HepB), Hib, poliovirus and Pneumococcal 
conjugate vaccine (PCV)13 vaccines (n = 29) (Zimmer-
mann et al., 2020). Another double-blind, randomized infant 
study in India revealed that azithromycin treatment did not 
increase the immunogenicity of OPV (Grassly et al., 2016). 
Although azithromycin reduced the fecal biomarker of envi-
ronmental enteropathy and frequency of pathogenic bacteria, 
which are associated with reduced immunogenicity of oral 
vaccine, it failed to enhance vaccine immunogenicity.

In contrast, a recent study where children aged 
6–24 months (n = 560) were observed from 2006 to 2016 
and analyzed retrospectively (Chapman et al., 2022), showed 
that children administered antibiotics at 9–12 months of age 
showed lower antibody levels to vaccines. Pre-booster anti-
body levels to diphtheria, tetanus, and acellular pertussis 
(DTaP); Hib; inactivated poliovirus (IPV); and PCV anti-
gens decreased by 5.8%, 6.8%, 11.3%, and 10.4%, respec-
tively (all P < 0.05), for each antibiotic course the child 
underwent, whereas antibody levels decreased by 18.1%, 
21.3%, 18.9%, and 12.2%, respectively after boosting (Chap-
man et al., 2022).

Furthermore, some adult studies have reported the effects 
of antibiotics on vaccine immunogenicity. Adult participants 
who received a broad-spectrum antibiotic cocktail 36 h 
before ORV vaccination showed no significant changes in 
anti-rotavirus IgA levels, whereas some in the vancomycin-
treated group exhibited a > twofold increase in the IgA levels 
7 days after vaccination (Harris et al., 2018b).

Additionally, a study based on the system vaccinology 
approach assessed the effects of broad-spectrum antibiot-
ics on influenza vaccine-induced immune response (Hagan 
et al., 2019). Healthy young adults who received antibiot-
ics showed a temporary decrease in gut bacterial load and 
long-term decrease in bacteria diversity; however, signifi-
cant changes in neutralizing antibodies were not detected. To 
identify whether pre-existing immunity affected the results, 
subjects with low baseline antibody levels against the influ-
enza virus were re-analyzed. Notably, antibiotic treatment 

dramatically reduced H1N1-specific neutralizing IgG and 
IgA levels.

Recently, a prospective cohort study revealed that antibi-
otics treatment within six months before the COVID-19 vac-
cine (BNT162b2) immunization was associated with a lower 
rate of neutralizing antibodies seroconversion after prim-
ing. However, recent antibiotic use did not impair BNT162b 
immunogenicity after two doses (Cheung et al., 2022).

As such, the effects of antibiotic treatments on vaccine 
efficacy are controversial. This discrepancy may be due to 
the type of antibiotics, the immunogenicity of the vaccine, 
and the host’s health status. Depending on the immunogenic-
ity of the vaccine, the effects of microbiota or antibiotic 
treatment on vaccine efficacy may be different. Furthermore, 
because not all bacterial strains have a response to antibiot-
ics, the type of antibiotics and duration of antibiotic treat-
ments would affect vaccine efficacy.

Effect of Probiotics on Vaccine Effectiveness

Clinical Data on the Effects of Probiotics on Vaccine 
Efficacy

Probiotics are live, non-pathogen microorganisms that pro-
vide health benefits to their hosts. Bifidobacteria (BIF), a 
probiotic, modulated lipid metabolism and alleviated aller-
gic symptoms (Eslami et al., 2020). BIF also has beneficial 
effects on vaccine-induced immune responses. Probiotic 
feeding in the first 6 months of life increased IgG antibody 
responses to the HepB vaccine (Soh et al., 2010). Simi-
larly, adults who take Bifidobacterium animalis ssp. lactis 
(BB-12®) and Lactobacillus paracasei (L. paracasei) ssp. 
for 6 weeks had increased antibody levels specific to the 
influenza vaccine after vaccination (Rizzardini et al., 2012). 
Furthermore, an infant study conducted in France showed 
that Bifidobacterium formula increases IgA response to IPV 
(Mullié et al., 2004). Although intramuscular injection of 
IPV elicited poor mucosal IgA response, anti-poliovirus IgA 
titers were increased in the Bifidobacterium formula group, 
and antibody titers correlated with Bifidobacterium longum/
Bifidobacterium infantis and Bifidobacterium breve levels.

In addition to BIF, Lactobacillus and Lactococcus strains 
increased vaccine-induced immune responses.

Oral injection of Lactobacillus plantarum GUANKE sig-
nificantly increased the COVID-19 vaccine-specific neutral-
izing antibodies in both serum and bronchoalveolar lavage in 
mice (Xu et al., 2021). Dietary supplements of Lactobacillus 
acidophilus W37 (LaW37) with long-chain inulin (lcITF) 
also enhanced vaccine efficacy against Salmonella typhimu-
rium strains by twofold (Lépine et al., 2019).

Furthermore, a randomized, double-blind, placebo-con-
trolled study revealed that Lactobacillus rhamnosus GG 
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(L.GG) increased hemagglutinin inhibition titers of inacti-
vated influenza vaccine (Davidson et al., 2011). Oral admin-
istration of Lacticaseibacillus casei (L. casei) strain with an 
ORV increased the ORV-specific IgM-secreting cells and 
IgA antibody levels (Isolauri et al., 1995). Also, oral admin-
istration of Lactococcus lactis for 7 days, together with oral 
attenuated typhoid vaccine, increased IgA responses. Neu-
trophils in those who received Lactococcus lactis along with 
their immunization expressed higher levels of complement 
receptor 3 than those in individuals from the placebo group 
(Fang et al., 2000). Oral administration of Lactobacillus 
paracasei (NCC 2461) for 4 months before influenza and 
pneumococcus vaccination increased NK cell activity and 
decreased influenza infections in subjects older than 70 years 
(Bunout et al., 2004). Besides, a recent study showed that 
individuals receiving Loigolactobacillus coryniformis have 
higher IgG levels specific to COVID-19 vaccines 81 days 
after the first vaccination and showed reduced vaccine-
induced side effects (Rodriguez-Blanque et al., 2022).

However, not all studies have shown that probiotics 
improve the effectiveness of vaccine. For example, signifi-
cant increases in antibody levels to the DPT-Hib (diphthe-
ria and tetanus toxoids and whole-cell pertussis vaccine 
adsorbed with Hib conjugate vaccine) or pneumococcal 
vaccine were not detected in children who consumed milk 
fermented by Streptococcus thermophilus, L. casei, and Lac-
tobacillus acidophilus (Pérez et al., 2010). In the elderly, 
daily intake of L. casei shirota did not significantly improve 
the protective efficacy of the influenza vaccine (Van Puyen-
broeck et al., 2012). A recent study also examined the effect 
of L.GG uptake on influenza vaccine efficacy in children 
with type 1 diabetes (T1D) and found that there was no sig-
nificant increase of humoral response in the L.GG uptake 
group (Bianchini et al., 2020). A randomized, double-blind, 
placebo-controlled study comprising 1104 healthy partici-
pants (aged 18–60 years) showed that the intake of L. casei 
431 did not enhance the effectiveness of influenza vaccine, 
although the L. casei administered group showed a reduced 
period of upper respiratory symptoms (Jespersen et al., 
2015). Such discrepancies between the studies may arise as 
a result of multiple factors, including the type of vaccine, 
type of probiotics, and the composition the host microbiota.

Alteration of the Diversity and Composition of Gut 
Microbiota

Given that probiotic treatments can induce alterations in both 
the diversity and composition of the gut microbiota, it is rea-
sonable to speculate that probiotics could modify vaccine-
induced responses by promoting changes in the composition 
of gut microbial communities. In this regard, the antimicro-
bial agents or metabolic compounds produced by probiotic 
strains could contribute to suppressing the growth of certain 

microorganisms or compete for the receptor and binding sites 
of particular microbes (Collado et al., 2007; Spinler et al., 
2008). For example, L. reuteri has been established to produce 
the antimicrobial compound reuterin from glycerol, which has 
been shown to inhibit the growth of enteric bacteria (Spinler 
et al., 2008). Furthermore, 12 commercial, probiotic strains 
have been demonstrated to inhibit and disrupt the adhesion of 
Bacteroides, Clostridium, Staphylococcus, and Enterobacter to 
human mucus in vitro, with different strains of bacteria being 
inhibited by each of the different probiotic strains (Collado 
et al., 2007). Consequently, consideration should be given to 
the appropriate application of probiotics, depending on the 
purpose and target microorganisms.

Potential Mechanisms of Probiotics in Modulating 
Immune Responses

As previously mentioned, studies that seek to identify the 
potential mechanisms underlying the effects of probiotics 
in modulating vaccine-induced immune responses are cur-
rently ongoing. However, the findings of several studies con-
ducted to date have offered certain clues in this regard. For 
example, orally administrated probiotics have been reported 
to promote the activation of the NF-κB and IRF signaling 
pathways in response to the stimulation of TLRs on both 
immune and epithelial cells (Peroni & Morelli, 2021). Intes-
tinal dendritic cells in the lamina propria have been found to 
recognize microbes and thereby promote further signaling 
cascades. In addition, it has been reported that L. rhamno-
sus JB-1 can modulate the function of DCs via DC-SIGN 
and TLR2 (Konieczna et al., 2015). Interestingly, it has 
been established that probiotics can modulate the expres-
sion of TLRs. For example, Lactobacillus species have been 
observed to promote the down-regulation of TLR4 and up-
regulation of TLR2 in C. albicans-infected macrophages 
(Matsubara et al., 2017). Moreover, Lactobacillus salivarius 
has been found to inhibit S. aureus-induced inflammatory 
responses, which is assumed to be mediated via TLR/PI3K/
AKT/NF-κB signaling (Jia et al., 2020). In addition, probi-
otic secreted metabolites, including SCFA, have been estab-
lished to have immunostimulatory effects, and as mentioned 
in the previous section, SCFAs can contribute to modulating 
the differentiation of T cells and antibody-producing cells, 
and as a key source of energy for the gut microbiota, can 
also influence the intestinal barriers by regulating gut gene 
expression (Kim et al., 2014).

Future Perspective

Over the past few years, interest in microbiota has increased 
exponentially. Microbiota undeniably plays critical roles in 
developing and fine-tuning innate and adaptive immune 
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responses, and inversely, the immune system shapes the 
microbiota. Although increasing evidence supports that 
microbiota affects vaccine-induced immune responses and 
effectiveness, a detailed underlying mechanism has not 
been established yet. The results of current human studies 
show huge discrepancies due to various factors, including 
vaccine type, immunizing antigen, age, genetics of host, 
nutritional factors, and geographic region of study, which 
influence the microbiota composition, function, and status of 
immune cells. Furthermore, new types of vaccine are rapidly 
being developed. In response to the COVID-19 pandemic, 
mRNA- and viral vector-based vaccines were introduced, 
for the first time, into the clinic; the mRNA vaccines could 
elicit potent B and T cell immune responses compared to 
traditional subunit or inactivated vaccines (Chaudhary et al., 
2021; Khoshnood et al., 2022). Owing to these character-
istics, diverse research on mRNA therapeutic vaccines for 
cancer and autoimmune disease is actively being undertaken. 
Various types of the directly injectable mRNA vaccines, 
including those targeting dendritic cells, have been tested 
in clinical trials (Hogan & Pardi, 2022). Additionally, new 
vaccination strategies combining different types of vaccines 
and novel adjuvants targeting non-TLR, metabolic, and cell 
death pathways are actively being developed and tested.

Therefore, a precise and detailed analysis on the vaccine-
induced immune responses and identifying the underlying 
mechanism of action for the new typed of vaccines, as well 
as adjuvants are required.

To overcome this, a multilateral study design on an 
increased sample size using multi-omics vaccinology 

techniques should be conducted (Pulendran, 2019; Wimmers 
& Pulendran, 2020). Analysis of gene expression, protein 
or lipid synthesis, and metabolite changes using multiple 
system vaccinology tools enables us to understand inte-
grated networks and dynamic alteration of vaccine-induced 
immune responses (Fig. 2).

Furthermore, to determine the exact bacterial strain or 
species that have regulatory functions in vaccine-induced 
immune responses, metagenomic DNA extraction, massive 
next-generation sequencing, and bioinformatic analysis tools 
that have the potential to detect all microbiota in samples 
with increased sensitivity, should be applied (Fig. 2) (Lind 
& Pollard, 2021; Song et al., 2018; Wensel et al., 2022; Wu 
et al., 2022).

Intriguingly, vaccination also can lead to alterations in the 
microbiota (Guo et al., 2020; Uehara et al., 2022). Different 
vaccination methods were associated with different effects 
on gut microflora diversity in mice, and individuals who 
received the COVID-19 BNT162b2 mRNA vaccine showed 
higher oral bacterial diversity and a significantly reduced 
number of oral Bacteroides. Thus, research is needed to 
uncover the detailed bidirectional crosstalk between micro-
biota and the immune system.

The ideal goal in the field of immunology is to build a 
vaccination strategy that induces an effective protective 
immune response in infants, the elderly, and immunocom-
promised patients. Despite being the most vulnerable to 
infection, vaccines are less effective in these groups. Iden-
tifying the specific microbiota related to the effectiveness 
of each type of vaccine and determining the underlying 

Fig. 2   Future approaches to 
reveal the reciprocal interac-
tion between microbiota and 
vaccine-induced immune 
responses. To decipher sophis-
ticated cross-talk between 
microbiota and vaccine-induced 
responses, advanced techniques 
to analyze the proteins, metabo-
lites, and nucleic acid from 
microbiota should be applied. 
Furthermore, future analysis 
using system vaccinology 
approaches on diverse vaccine-
induced immune responses in 
humans is promising
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mechanism could make it possible to design more effective 
personalized vaccination strategies.
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