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Vaccines are the most effective means available for preventing infectious diseases. However, vaccine-
induced immune responses are highly variable between individuals and between populations in different re-
gions of the world. Understanding the basis of this variation is, thus, of fundamental importance to human
health. Although the factors that are associated with intra- and inter-population variation in vaccine re-
sponses are manifold, emerging evidence points to a key role for the gut microbiome in controlling immune
responses to vaccination. Much of this evidence comes from studies in mice, and causal evidence for the
impact of the microbiome on human immunity is sparse. However, recent studies on vaccination in subjects
treated with broad-spectrum antibiotics have provided causal evidence and mechanistic insights into how
the microbiota controls immune responses in humans.

Introduction

Humans are inhabited by ftrillions of diverse microorganisms,
known collectively as the microbiome. The terms microbiome
and microbiota are often used interchangeably, with the former
referring to the aggregate of genomes from all the microorgan-
isms in the body and the latter referring to the specific microor-
ganisms contained in the body. In addition to bacteria, the
microbiota also consists of viruses, fungi, protozoa, and archaea
(Pfeiffer and Virgin, 2016; Robinson and Pfeiffer, 2014). The
microbiota performs a wide range of essential and beneficial
functions, including controlling mucosal immunity, breaking
down nutrients, and preventing pathogen colonization (Kundu
et al., 2017). The colonization of microbes starts at birth and
continues through the first years of life, establishing a symbiotic
relationship with the host that lasts a lifetime. The impact of the
microbiota on the immune system is well established and has
been reviewed elsewhere (Belkaid and Hand, 2014; Belkaid
and Harrison, 2017; Levy et al., 2017).

Research during the past decade using animal models has re-
vealed a major impact of the microbiota on diverse physiological
processes such as metabolism (Nicholson et al., 2012; San-Cris-
tobal et al., 2020; Sonnenburg and Backhed, 2016), cardiovas-
cular function (Zhao and Wang, 2020), central nervous system
function (Carabotti et al., 2015) as well as on susceptibilities to
inflammatory disorders, such as allergic (Mitre et al., 2018; Pat-
rick et al., 2020) and autoimmune diseases (Kostic et al., 2014;
Scher et al., 2013). The microbiota has also been linked to the ef-
ficacy of anti-programed cell death protein 1 (anti-PD-1)-based
cancer immunotherapy (Gopalakrishnan et al., 2018; Routy
et al., 2018).

Despite growing evidence of a connection between the
microbiota and the immune system, its impact on immunity to
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vaccination remains poorly understood. Recent studies have
demonstrated a profound impairment in vaccine-induced anti-
body responses during microbiota perturbation. Yet, much of
this evidence comes from studies in animal models, such as
germ-free mice or mice treated with antibiotics. Even though
vaccines and antibiotics represent the most widely used and
important public health interventions, surprisingly little is known
about the interaction between them. In this review, we discuss
the impact of the microbiota on vaccine immunogenicity and ef-
ficacy. This review will primarily focus on gut bacteria, as this is
by far the most studied aspect of the microbiota.

First, we summarize the known knowns and known un-
knowns about how the microbiota, which is widely distributed
in diverse tissues, can act locally or at distal sites in the body.
Then, we discuss how vaccine efficacies vary in populations
throughout the world and between individuals and consider
the ways in which the microbiota could contribute toward
this variation. Much of the experimental evidence for this
comes from studies in mice and correlative studies in humans
but establishing causality in humans has been challenging.
However, emerging studies using systems vaccinology ap-
proaches to study vaccine responses in healthy humans that
were given antibiotics are providing causal evidence for the
role of the microbiota on human immunity (Hagan et al.,
2019). We discuss these studies and the mechanistic insights
into how the microbiota controls the immune system. We
conclude by considering the major challenges that need to
be addressed to understand the complex and dynamic inter-
play between the human microbiota and the host response
to vaccines, especially in the very young and the very old,
and how this knowledge can be exploited to advance novel
vaccines.
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Figure 1. The Microbiota Exerts Local and Global Immune Influence Through a Variety of Mechanisms
(A) The microbiota can influence host responses locally at the site, such as the airways, skin, and intestines, or act at a distance and exert profound influences

systemically in, for example, lymph nodes, bone marrow, or the circulation.

(B) The microbiota can influence immune reactions in distal locations in several ways. Model 1 depicts systemic translocation of bacterial products such as LPS
from mucosal sites. Model 2 depicts a “domino effect” mechanism, where signals from the microbiota are delivered to cells in the vicinity, which then circulate
throughout the body and relay this information. Model 3 describes the effects of microbiota on distant locations via secretion of microbiota-derived metabolites.
HSCs, hematopoietic stem cells. PAMPs, pathogen-associated molecular patterns.

Games Microbiota Play
Microbial communities are widely distributed in the gut, lung,
skin, and other epithelial surfaces. The microbiota can influence
host responses locally at the site, or act at a distance, and exer-
cise profound systemic influence (Figure 1A). This, in turn, could
potentially impact immune responses to vaccination. The mech-
anisms by which the microbiota exerts local or systemic effects
are considered below.
Concept 1: Acting Locally
Gut Microbiota. The alimentary canal presents a very diverse set
of niches for colonization by the microbiota. Local interaction with
the immune system primarily occurs in the small and large intes-
tines, which harbor large numbers of B and T cells as well as anti-
gen-presenting cells. These cells can detect many of the biomole-
cules produced by the microbiota, including short-chain fatty
acids (SCFAs) (Macia et al., 2015), tryptophan metabolites (Li
etal., 2011), bacterial DNA (Hall et al., 2008), vitamin A (Al Nabhani
etal., 2019), sphingolipids (An et al., 2014), polysaccharide A (Maz-
manian et al., 2005), and muramyl dipeptide (Jiang et al., 2013).
Some of these compounds are passively or actively transported
across the epithelial lining of the gut and can be detected and
acted upon by immune cells in the lamina propria. Antigen-specific
immunity is generated by dendritic cells that continuously sample
the intestinal lumen (Macpherson and Uhr, 2004), and even simple
bacterial cell adhesion to the gut epithelium has the potential to
modulate the immune system (Atarashi et al., 2015). Naturally,
the responses to such stimuli are context dependent and have
the potential to elicit complex changes in the gut immune system.
Imprinting of the gut immune system by the microbiota might
also affect its capabilities to respond to pathogens. The most
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commonly administered oral vaccines are live-attenuated ver-
sions of microorganisms that replicate in the gastrointestinal
tract, such as polio, cholera, typhoid fever, and rotavirus. Under-
standing the local interplay between gut microbiota and the im-
mune system is vital to improve the efficacy of oral vaccines. Oral
and systemic antibiotics can also have a profound effect on the
gut microbiome and therefore potentially on responsiveness to
(oral) vaccines. Consistent with this idea, low microbiota diver-
sity early in life has been associated with differences in immune
phenotype (Olin et al., 2018) and differences in gut microbiota
composition have been correlated to vaccine response (dis-
cussed below).

Skin Microbiota. Compared with the gut, the community of skin
microbes is less diverse and are fewer in number. However, there
is still communication with the skin immune system. Bacterial
cues from the skin can trigger interleukin-1 (IL-1) signaling (Naik
et al., 2012) and steer the recruitment of innate lymphoid cells
(Kobayashi et al., 2019). Identifying specific signals has been
difficult, but the secretomes of Staphylococcus epidermidis
and Staphylococcus aureus provoked opposing effects on im-
mune activation, indicating phylum-specific effects (Laborel-Pre-
neron et al., 2015). Lipopeptides binding the Toll-like receptor-2/
6 (TLR-2/6) heterodimer have also shown to be immunosuppres-
sive in this context (Skabytska et al., 2014). Microbiota-host inter-
action at the skin has the potential to modify immune function, as
illustrated by the connection between the microbiota and various
immune-related skin disorders (Stacy and Belkaid, 2019) and
could potentially impact immunity to vaccination.

Airway Microbiota. While the lungs were long believed to be
sterile, sequencing-based methods and new techniques of



Cell Host & Microbe

bacterial cell culture have revealed that the luminal surface har-
bors a microbiota, albeit a less diverse one than that of the gut
(Dickson et al., 2016). So far, the live-attenuated influenza vac-
cine is the only vaccine administered through the intranasal
route. However, several vaccines for respiratory pathogens,
including severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) are being developed (World Health Organization,
2020), and will require the appropriate quality and quantity of
mucosal antibody response, and T cell response in the lung, to
be effective. These mucosal responses could conceivably be
influenced by the lung microbiota. For example, plasma cells
and tissue-resident memory T cells (TRMs) in the lung may derive
signals from lung bacterial products that enhance their survival
and/or function. In this context, our recent study demonstrates
that TRMs in the vaginal tissues provide signals to neighboring
cells, including myeloid cells, to enhance antiviral responses in
such cells (Arunachalam et al., 2020). The extent to which the
local microbiota could impinge on such TRM-innate interactions
and whether such interactions are pervasive in other tissues
remain to be seen.
Concept 2: Acting Globally
In addition to affecting their local milieu, microbes can also influ-
ence immune reactions in anatomical locations distal from the
site of colonization. This can conceivably happen through
several mechanisms (Figure 1B): (1) translocation of bacterial
products, such as lipopolysaccharides (LPSs) from mucosal
sites to the systemic circulation (Sandler and Douek, 2012), (2)
a “domino effect” mechanism, where signals from the micro-
biota are delivered to cells in the vicinity, which then circulate
throughout the body and relay this information (perhaps through
cytokines, metabolites, or other molecules), and (3) via dissemi-
nation of microbiota-derived metabolites (metabolite second
messenger model). Consistent with this idea, microbiota-derived
metabolites can be identified in various tissues and, thus, have
the potential to be detected by the immune system at those sites
(Uchimura et al., 2018). Distal immune stimulation has been re-
ported in various tissues such as the bone marrow (Clarke
et al., 2010; Shi et al., 2011), the liver (Li et al., 20174, ), the peri-
toneum (Abt et al., 2012), and the spleen (Kim et al., 2016b). Bac-
terial antigens disseminated to the spleen and mesenteric lymph
nodes can trigger the production of IgG, which provides sys-
temic protection against bacterial infection (Zeng et al., 2016).
Another fascinating example of how the microbiota could
act globally comes from recent studies that suggest that the
response to HIV, and perhaps other viruses, could be im-
printed by prior exposure to antigenically cross-reactive mi-
crobiota-derived antigens (Williams et al., 2018). Haynes and
colleagues showed that HIV vaccine-induced CD4* T and B
cell responses could originate from a pool of intestinal
cross-reactive immune cells. When they examined anti-HIV
responses in ileum B cells and probed their relationship to
commensal bacteria, remarkably, a majority (82%) of the
ileum HIV anti-gp41 antibodies cross-reacted with commensal
bacteria, and of those, 43% showed non-HIV-1 antigen poly-
reactivity (Trama et al., 2014).

Variations in Vaccine Efficacy
Vaccine efficacies can vary widely between individuals in a given
region (Praharaj et al., 2015). For example, the magnitude of
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hemagglutinin inhibition titers induced by vaccination with the in-
activated seasonal influenza vaccine can vary by more than 100-
fold between individuals in a single cohort (Nakaya et al., 2015).
Furthermore, the magnitude of neutralizing antibody titers and
CD8" effector T cell responses induced by vaccination of hu-
mans with the live-attenuated yellow fever vaccine 17D, one of
the most successful vaccines ever developed (Pulendran,
2009), can range more than 10-fold among individuals (Querec
et al., 2009).

Vaccine responses can also vary widely between people in
different parts of the world. For example, the protection against
tuberculosis by the Bacillus Calmette-Guérin (BCG) vaccine
varies from 0% to 80%, with a higher response rate in Europe
than in Africa (Fine, 1995; Hur et al., 2014). Also, vaccines against
poliomyelitis, rotavirus, malaria, and yellow fever provide less
protection in Africa and Asia as compared with Europe or the
USA (Hanlon et al., 1987; Muyanja et al., 2014; Sissoko et al.,
2017; Tate et al., 2012). Indeed, since their introduction, a recur-
ring observation has been that immune responses to oral vac-
cines may be lower and less consistent in low- to middle-income
countries (LMICs) compared with high-income countries (Pra-
haraj et al., 2015). The oral rotavirus vaccines and oral polio vac-
cines (OPVs) have historically performed poorly in LMICs (Green-
berg and Estes, 2009). More recent studies with the newly
licensed vaccines Rotarix and Rotateq have shown that they
have lower efficacy in LMICs in Asia, Africa, and Latin America
(Armah et al., 2010; Madhi et al., 2010; Patel et al., 2009; Zaman
et al., 2010).

Vaccine immunogenicity can be influenced by diverse factors
such as host genetics, nutritional status, immunological
imprinting as a result of prior exposure to the pathogen, and
maternal antibodies (Praharaj et al., 2015). In addition, the prev-
alence of chronic infections such as tuberculosis, HIV, or para-
sites can also have an impact (Clarke and Desselberger, 2015;
Qadri et al., 2013). Importantly, directimmunomodulatory effects
of chronic infections by pathogens and parasites, such as hel-
minths, Plasmodium, and hepatitis C virus, whose prevalence
varies considerably worldwide, has also shown to influence im-
mune responses (Stelekati and Wherry, 2012). There is now
increasing evidence that the microbiome is also a major determi-
nant of immunity to vaccination (Hagan et al., 2019). This is espe-
cially relevant since there is an important demographic shift in
the developing countries, in which entire populations change
their lifestyle from a traditional one to an urban lifestyle, which
could lead to major changes in the microbiome (Pulendran,
2014). Below, we summarize the evidence that the gut micro-
biome can influence vaccine responses and discuss potential
mechanisms through which this can occur. We will focus our dis-
cussion on bacteria, since other constituents of the microbiota,
such as the viruses and fungi, are much less studied in the
context of vaccination.

Experimental Evidence in Mice

Numerous studies in mice have illustrated potent and complex
roles for the microbiota in modulating immune responses to
mucosal or systemic infections. In a model of oral rotavirus infec-
tion, Gewirtz and colleagues showed that germ-free and antibi-
otics-treated mice had reduced viral infection and enhanced
serum and mucosal rotavirus-specific antibody responses,
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suggesting that the microbiota suppressed antibody responses
(Uchiyama et al., 2014). In contrast, segmented filamentous bac-
teria were sufficient to prevent and cure mice of rotavirus infec-
tion and the associated diarrhea (Shi et al., 2019). Another study
showed that the virus-specific CD4* and CD8™" T cells and anti-
body responses following respiratory influenza virus infection
were critically dependent on the microbiota (Ichinohe et al.,
2011). In the case of systemic infections or lung infections, Artis
and colleagues demonstrated that antibiotics-treated mice dis-
played impaired innate and adaptive antiviral immune responses
and delayed viral clearance after exposure to systemic lympho-
cytic choriomeningitis virus (LCMV) or mucosal influenza virus
(Abt et al., 2012). Transcriptome profiling of macrophages iso-
lated from antibiotics-treated mice revealed decreased expres-
sion of genes associated with antiviral immunity and defective
responses to type | and type Il interferons. They also exhibited
an impaired capacity to limit viral replication. In a recent study
in mice, Kim et al. demonstrated that SCFAs produced by the
gut microbiota as fermentation products of dietary fiber
enhanced plasma cell differentiation and antibody responses
(Kim et al., 2016b). Mice with low SCFA production due to
reduced dietary fiber consumption or microbial insufficiency
were defective in homeostatic and pathogen-specific antibody
responses, resulting in greater susceptibility to infection. Collec-
tively, these data suggest that the gut microbiota modulates
innate and adaptive immune responses to oral and systemic in-
fections.

In the case of immune responses to vaccination, in a model of
oral immunization using heat-labile enterotoxin of enterotoxigenic
Escherichia coli as an adjuvant (LT R192G/ L211A), Belkaid and
colleagues showed that depletion of the gut microbiota was asso-
ciated with reduced Th1 and Th17 responses to the antigen (Hall
etal.,2008; Norton et al., 2011). Inanother study by Nunez and col-
leagues, the microbiota was discovered to be critical for inducing
antigen-specific immunoglobulin G (IgG) production after intra-
nasal immunization with the model antigen human serum albumin
plus cholera toxin as an adjuvant (Kim et al., 2016a) (Table 1).

We demonstrated that germ-free or antibiotic-treated mice
mount substantially reduced IgG and IgM antibody responses
to the seasonal influenza vaccine (Oh et al., 2014). This vaccine
does not contain any exogenous adjuvants. The genesis of this
study came from our previous work in humans, in which we
had observed that vaccination with the seasonal influenza vac-
cine induced expression of TLR5 (a pattern recognition receptor
for flagellin) in peripheral blood mononuclear cells (PBMCs) 3-
7 days after vaccination. The level of TLR5 expression correlated
with the hemagglutination inhibition titers (a measure of antibody
response to the influenza vaccine) 4 weeks later (Nakaya et al.,
2015). This led to the hypothesis that TLR5 was involved in the
regulation of the immune response to the seasonal influenza vac-
cine. We tested this hypothesis and showed that TLR5 knockout
mice were impaired in their ability to mount antibody responses
to vaccination with the seasonal influenza vaccine (Oh
et al., 2014).

Since TLR5 is a sensor for bacterial flagellin, this result raised
the possibility that flagellin produced by the microbiota might
augment antibody responses to influenza vaccination. We thus
immunized germ-free mice, or mice that had been treated with
broad-spectrum antibiotics for several weeks, with the seasonal
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influenza vaccine and observed a marked reduction in the influ-
enza-specific IgG and IgM antibody responses at days 7 and 14
after vaccination. In addition, there were substantially reduced
antigen-specific plasma cell responses, demonstrating that the
microbiota did indeed enhance the antibody response to vacci-
nation. Finally, antibody responses were restored in antibiotic-
treated or germ-free mice by oral reconstitution of the gut micro-
biota with a flagellated, but not with a non-flagellated, strain of
Escherichia coli.

This finding indicated that flagellin derived from the microbiota
could act as a natural adjuvant for the influenza vaccine, by
signaling via TLR5. To determine whether this dependence on
the microbiota was a peculiarity of the response to the influenza
vaccine, or whether responses to other vaccines were also
affected, we immunized germ-free or antibiotics-treated mice
with the live-attenuated yellow fever vaccine YF-17D (which con-
tains its own endogenous adjuvants that trigger TLR and RIG-I-
like receptor signaling), the Tdap vaccine (tetanus-diphtheria-
pertussis adjuvanted with alum), the recombinant hepatitis B
vaccine (with alum), the recombinant HIV Env vaccine (adju-
vanted with alum), and the inactivated polio vaccine (IPOL, which
does not contain any adjuvant). Interestingly, only the response
stimulated by the non-adjuvanted IPOL vaccine was dependent
on the microbiota. These results suggest that the microbiota was
essential for augmenting antibody responses to non-adjuvanted
vaccines and that the microbiota was in effect acting as an
endogenous adjuvant.

Evidence for a role for the microbiota in modulating vaccine re-
sponses in early life was recently provided by a study by Lynn
et al., who demonstrated that antibiotic-driven intestinal dysbio-
sis in mice, specifically in early life, leads to significantly impaired
antibody responses to five different adjuvanted and live vaccines
(Lynn et al., 2018). Restoration of the microbiota rescues these
impaired responses. Interestingly, in contrast to the attenuated
antibody responses, immunized mice exposed to early-life anti-
biotics display significantly enhanced T cell cytokine recall re-
sponses upon ex vivo restimulation with the vaccine antigen.
These results indicate that, in mice, antibiotic-driven dysregula-
tion of the gut microbiota in early life can modulate immune re-
sponses to vaccines that are routinely administered to infants.

Correlative Evidence in Humans

In support of the notion that the microbiota influences vaccine re-
sponses in humans, several studies have demonstrated correla-
tions between particular species of gut bacteria and vaccine im-
munity. Recently, the link between the gut microbiota and
impaired vaccine responses has been studied in Ghana,
Pakistan, and Bangladesh. In both Ghanaian and Pakistani in-
fants, the microbiota composition was different between re-
sponders and non-responders after oral rotavirus vaccination
(Harris et al., 2017, 2018a). Interestingly, the microbiota of re-
sponders from both Ghana and Pakistan was more comparable
to that of Dutch infants than non-responders (Harris et al., 2017,
2018a). These comparisons with Dutch infants emphasize how
certain bacterial phyla could be connected to vaccine efficacy
in diverse populations. A study performed among Bangladeshi
infants showed that Bifidobacterium abundance in early infancy
was correlated with the immune response to the oral polio vac-
cine, as well as to the parenteral vaccines BCG, tetanus toxoid,



Cell Host & Microbe

¢ CellP’ress

Table 1. A Selection of Recent Evidence for the Potential Importance of Microbiota in Immunity to Vaccination

Model

Vaccine

Host

Study Outcomes

Reference

Animal
Studies

Correlative
human studies

Causation
studies in
humans

TIV, OPV

CT

BCG, MenB,
MenC, PCV13,
Hexa

TIV

RV

RV

RV, OPV

OPV

BCG, TT,
HBV, OPV

HIV

OPV

RV, Pneumo23,
TT

TIV

Mice

Mice

Mice

Rhesus
macaques

Ghanaian and

Dutch infants

Pakistani and

Dutch infants

Indian infants

Indian infants

Bangladeshi
infants

Swiss adults

Indian infants

Dutch adults

American adults

TLR5-mediated sensing of flagellin from gut
microbiota had an adjuvant effect on TIV and
OPV. No effect with adjuvanted vaccines or
live-attenuated yellow fever vaccine.

The mucosal adjuvant activity of CT was
mediated through the recognition of symbiotic
bacteria by Nod2 in CD11c-expressing
phagocytes.

Antibiotics-induced dysbiosis in infant

(but not adult) mice leads to impaired antibody
responses and elevated ex vivo cytokine recall
responses.

Subclinical CMV infection resulted in increase
in butyrate-producing bacteria and lower
antibody responses to influenza vaccination.

Microbiome composition was different
between RV responders and non-responders.
Ghanaian responders were more similar to
Dutch infants than to non-responders.

RV response correlated with a higher relative
abundance of bacteria belonging to Clostridium
cluster Xl and Proteobacteria.

No differences in microbiome composition
between RV responders and non-responders.
Co-administered OPV reduced the response
to RV.

Enteric viruses have a greater impact on OPV
response than the bacterial microbiota,
especially for recent enterovirus infections.

High abundance of stool Actinobacteria,
including Bifidobacterium, was associated with
higher responses to oral and parenteral
vaccines and with higher CD4* T cell and
antibody responses 2 years after vaccination.

The immunogenicity of HIV vaccine was
correlated with microbiota clusters.

Antibiotics did not improve the immunogenicity
of OPV, despite the reduction of biomarkers of
enteropathy and pathogenic intestinal bacteria.

Narrow-spectrum antibiotics resulted in higher
day-7 anti-RV IgA boosting and increased RV-
antigen shedding but no different absolute
titers. The antibiotics did not affect
pneumococcal or TT vaccination.
Antibiotics-induced microbiome loss impaired

antibody response in subjects with low pre-
existing immunity.

(Oh et al., 2014)

(Kim et al., 2016a)

(Lynn et al., 2018)

(Santos Rocha et al., 2018)

(Harris et al., 2017)

(Harris et al., 2018a)

(Parker et al., 2018)

(Praharaj et al., 2019)

(Huda et al., 2014, 2019)

(Cram et al., 2019)

(Grassly et al., 2016)

(Harris et al., 2018b)

(Hagan et al., 2019)

TIV, trivalent inactivated influenza vaccine; OPV, oral polio vaccine; CT, cholera toxoid; BCG, Bacillus Calmette-Guérin; MenB, Bexsero meningo-
coccal serogroup B vaccine; MenC, NeisVac-C meningococcal serogroup C vaccine; PCV13, the Prevenar 13-valent pneumococcal conjugate vac-
cine; Hexa, the INFANRIX Hexa combination vaccine, which contains antigens from hepatitis B, diphtheria, tetanus, acellular pertussis, Haemophilus
influenzae type b, and inactivated poliomyelitis virus; RV, rotavirus vaccine; TT, tetanus toxoid; HBV, hepatitis B vaccine; Pneumo23, polysaccharide
pneumococcal vaccine.

and hepatitis B virus vaccine (Huda et al., 2019, 2014). Interest-
ingly Bifidobacterium abundance at vaccination also correlated
positively with CD4* T cell and antibody responses after 2 years,
indicating that the microbiota can be linked to the durability of

the immune response (Huda et al., 2019). A recent HIV vaccina-
tion study in Switzerland also showed a correlation between mi-
crobiota composition and parenteral vaccine immunogenicity in
a high-income country (Cram et al., 2019). However, it should be
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Figure 2. Antibiotics Impair the Vaccine Response in Healthy Adults
(A) Outline of the study by Hagan et al. 11 subjects were treated with antibiotics
for 5 days and vaccinated with the trivalent influenza vaccine on the fourth day.
These were then compared with 11 vaccinated controls untreated with anti-
biotics. Fecal and blood samples were collected at regular intervals.

(B) Results from the study by Hagan et al. Administration of antibiotics led to
reduced microbial diversity and abundance and a consequential reduction in
secondary bile acids. This in turn led to increased inflammation and a dimin-
ished vaccine response. TIV, trivalent influenza vaccine; LCA, litocholic acid.

noted that the interpretation of correlations between individual
taxa and immune responses to vaccination is difficult and the re-
sults probably indirect.

Human Intervention Studies

Probiotics Studies

Probiotics Are Preparation of Live Microbes that Are Consumed
with the Intention of Promoting Good Health. Several studies
have assessed the impact of probiotic administration on immu-
nity to vaccination in humans (Praharaj et al., 2015). The effect
of probiotics on oral rotavirus vaccine response has been stud-
ied in a pig model, where the probiotic resulted in enhanced anti-
body responses and protection by the vaccine as compared with
control piglets who remained bacteriologically sterile (Kandas-
amy et al., 2014). Administration of probiotics to infants have
yielded variable results, depending on the antigen, strain of pro-
biotic, and geographical region (Isolauri et al., 1995; Matsuda
et al.,, 2011; Soh et al., 2010). Although there are many efforts
evaluating the effect of probiotics on the immune response to
vaccines in adults, they share with the studies in children the
problems of variability in antigens, probiotics strains, and popu-
lations, as well as the limitations of power imposed by the small
numbers of participants in most studies. Additionally, the degree
to which probiotic organisms actually colonize the host is often
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not investigated, rendering the interpretation of such experi-
ments difficult.

Antibiotics Studies

A few antibiotic intervention studies in humans have recently
been performed. In an attempt to improve the immunogenicity
of the oral polio vaccine, Indian infants were treated with azithro-
mycin before vaccination (Grassly et al., 2016). Treatment with
this broad-spectrum antibiotic did not improve the immunoge-
nicity of the vaccine, even though biomarkers of environmental
enteropathy and the prevalence of pathogenic intestinal bacteria
were reduced. However, the polio vaccine response did corre-
late with lower concurrent enterovirus infections. While showing
the effect of the virome on polio vaccine responses, the contribu-
tions of bacteria cannot yet be excluded as the type and duration
of the antibiotic treatment might be important.

In a second human antibiotic intervention study, different anti-
biotic treatment regimens were compared (Harris et al., 2018b).
By giving the narrow-spectrum antibiotic vancomycin, the study
aimed to amplify Gammaproteobacteria and reduce Bacteroi-
detes, and this change in microbiota composition was hypothe-
sized to boost rotavirus vaccine responses based on earlier
work. The narrow-spectrum antibiotic treatment was compared
with broad-spectrum antibiotics treatment (vancomycin, cipro-
floxacin, and metronidazole) and untreated controls. Even though
the rotavirus vaccine is usually given to infants, this intervention
study was performed with adult volunteers for ethical reasons.
Both the broad-spectrum and narrow-spectrum antibiotic treat-
ment did not affect absolute vaccine IgA titers. However, the nar-
row-spectrum antibiotic enhanced IgA boosting at day 7 and both
antibiotic treatments increased rotavirus shedding, indicating bet-
ter replication and take of the vaccine. Despite the enhancing ef-
fect of the antibiotics on the oral rotavirus vaccine, no effect was
seen on the parenteral unadjuvanted pneumococcal polysaccha-
ride vaccine and parenteral adjuvanted tetanus toxoid vaccine.

Recently, we used a systems vaccinology approach (Hagan
et al., 2019) to investigate the impact of antibiotics-driven micro-
biota perturbation on immunity to vaccination in humans
(Figure 2A). In this study, healthy adults were administered
broad-spectrum antibiotics (vancomycin, neomycin, and metro-
nidazole) for 5 days and then immunized with the seasonal influ-
enza vaccine 1 day prior to the cessation of antibiotics. Within 3
to 5 days from the start of antibiotics administration, there was a
profound 10,000-fold reduction in the number of bacteria per
gram of stool, but this rapidly returned to the baseline level within
a few days. Also, there was a long-lasting diminution in bacterial
diversity. Despite such drastic effects on the gut microbiota,
there was no significant reduction in neutralizing antibody titers
after vaccination.

Most humans have pre-existing immunity to seasonal influenza
due to previous infection or vaccination. This pre-existing immu-
nity is mediated by immunological memory, which results in a
more vigorous and rapid response to recall immunization and
might thus not be dependent on the natural adjuvant effect of
the microbiota. In contrast, primary immune responses to anti-
gens that had not been previously seen by the immune system
may be more dependent on adjuvant signals from the microbiota.
To test this hypothesis, we conducted a second clinical trial in in-
dividuals who had had no exposure to influenza vaccination or
infection during the preceding 3 years. These subjects also had
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markedly lower pre-vaccination anti-influenza antibody titers than
the first cohort had. In this second study, antibiotics-treated indi-
viduals demonstrated significantly lower levels of H1N1-specific
IgG1 and IgA antibody titers and an impaired ability to neutralize
the H1N1 influenza strain. Interestingly, the impairment of 1gG1
and IgA titers was only observed against the H1N1 strain and
not against the H3N2 or B strains. The reasons for this are unclear,
but it is possible that adults have higher immune memory to these
subtypes and were able to withstand the effects of the antibiotics.
Thus, these results suggest that in the absence of pre-existing im-
munity, antibody-driven microbiota dysbiosis could lead to a sig-
nificant impairment in the antibody response to seasonal influenza
(Figure 2B).

To assess the impact of antibiotics on the innate immune
response, we performed a transcriptional analysis of PBMCs
isolated prior to antibiotics administration or at days 0, 1, 3, 7,
and 14 after vaccination. This analysis revealed that antibiotics
administration resulted in transcriptional signatures of enhanced
innate immune responses, including dendritic cell activation and
enhanced inflammation. In particular, there was an enhanced ac-
tivity of transcriptional signatures associated with the transcrip-
tion factors activating protein 1 (AP-1, comprising FOS and JUN)
and nuclear receptor 4A1 (NR4A), which orchestrate inflamma-
tory responses. Furthermore, we identified putative target genes
of AP-1 and NR4A and observed strong correlations between
these transcription factors and several of their respective target
genes. Consistent with these transcriptional signatures, flow cy-
tometric analysis revealed enhanced frequencies of activated
myeloid dendritic cells. Curiously, signatures of AP-1 and
NR4A activation were also induced in healthy elderly subjects,
but not healthy young subjects, in a previous study we had per-
formed (Nakaya et al., 2015). Thus, antibiotics-induced micro-
biota dysbiosis in healthy young adults altered their transcrip-
tional response signature to seasonal influenza vaccination, to
resemble that of elderly subjects, in terms of enhanced expres-
sion of the AP-1 and NR4A signature, which are indicative of a
pro-inflammatory state (Figure 2B).

Antibiotics administration also induced a profound perturba-
tion of the plasma metabolome. Strikingly, there was a reduc-
tion in the concentration of secondary bile acids, such as litho-
cholic acid (LCA), which was reduced by 1,000-fold, consistent
with the established role of the microbiota in converting primary
bile to secondary bile (Ridlon et al., 2014). Given that secondary
bile acids have been shown to inhibit inflammatory responses
(Bakke and Sun, 2018; Staudinger et al., 2001), in particular
NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) in-
flammasome activation (Guo et al., 2016), we investigated
whether there was a connection between the reduction in sec-
ondary bile acids and enhanced inflammatory signatures,
including signatures of NLRP3 and AP-1 activation, and found
a strong correlation. Furthermore, a recent study in mice
showed how two derivatives of LCA, 3-oxoLCA and IsoalloLCA,
modulated the balance between pro- and anti-inflammatory re-
sponses, by reducing Th17 cell differentiation and increasing
regulatory T cell (Treg) differentiation in the lamina propria
(Hang et al., 2019). These data together suggest a potential
mechanism by which the microbiota can regulate secondary
bile acid production and consequently inflammatory responses
in humans (Figure 2B).
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Given the enhanced inflammatory signature in the elderly (Na-
kaya et al., 2015), to what extent the dysbiosis-secondary bile
acid-inflammation axis contributes to enhanced inflammation in
the elderly deserves further exploration. Although the impact of
age-related changes in the microbiota on bile acid metabolism
is not well established, there is evidence that the gut microbiota
of elderly subjects is less capable of producing other immuno-
modulatory metabolites, such as SCFAs (Rampelli et al., 2013).
These upregulated pathways (AP-1 and NR4A signaling) are
also known to be triggered by bacterial LPS, and gut permeability
has been shown to increase with age in mice (Thevaranjan et al.,
2017). Further studies should, thus, explore by which mechanisms
gut dysbiosis modulates the immune system in the elderly to
determine how age-associated changes in the microbiota can
contribute to chronic inflammation and immunosenescence.

Interestingly, the AP-1 and NR4A inflammatory signatures, or
the changes in the secondary bile acid metabolites, did not corre-
late with the antibody response to influenza vaccination. There-
fore, in order to determine the critical drivers of the antibody
response, we constructed a multiscale multi-response network
(Li et al., 2017b) in which we performed an integrative analysis
of orthogonal datasets. This analysis suggested that the influ-
enza-specific IgG1 response was significantly associated with
two metabolic clusters highly enriched in fatty acid metabolism,
which is emerging as an important orchestrator of immune re-
sponses (Ganeshan and Chawla, 2014). These results highlight
the capability of the microbiota to exert diverse effects on immune
function, not only through direct interaction with immune cells in
the gut but also through indirect mechanisms such as regulating
the systemic availability of critical metabolites.

Future Perspectives
The importance of including the microbiota in exploring the con-
ceptual framework of the immune system cannot be overstated.
While elegant mechanistic studies in mice and other animal
models have highlighted the profound impact of the microbiota
on diverse physiological systems and pathologies, the relevance
of such mechanisms in the human model is poorly understood.
Causal evidence for the role of the microbiota on modulating hu-
man physiology and susceptibility to disease is sparse.
Vaccines are powerful tools for probing the human immune
system (Pulendran, 2014), as they allow the immune system to
be perturbed in a very synchronized way. Moreover, the tools
of systems biology allow the delineation of the cellular and mo-
lecular changes that occur in response to vaccination, with an
exquisite degree of precision. Therefore, future studies should
be aimed at using a systems vaccinology approach in exploring
the impact of the microbiota on immunity to vaccination. The re-
sults of the aforementioned studies in humans have provided the
first mechanistic insights into the effects of the microbiota on
vaccine immunity in humans. Such investigation must be
extended to infants, and the elderly population in which vaccine
efficacy is a general lower, and the effects of non-genetic
factors, such as antibiotics, diet, and comorbidities, deserve
examination.
Impact of the Microbiota on Vaccine Immunity at the
Extremes of Age
Early human life is a period of rapid change, borne out of the
necessity to adapt to life outside the womb. Following the
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Figure 3. Unique Environmental Factors and Biological Changes in
the Very Young and the Very Old that Can Be Detrimental to Vaccine
Efficacy

Newborn children and elderly people undergo physiological changes and are
exposed to environmental stimuli that can be detrimental to their immune
system. Simultaneously, they often experience decreased microbial diversity.
These factors interplay to make them less responsive to vaccination.

initial stress of the delivery process, the immune system must
cope with a range of foreign antigens from the bacteria
settling on all epithelial surfaces, foreign particles introduced
into the lungs with the initiation of breathing, and food in the
form of breast milk (Figure 3). During this period, there is
also a high risk of contracting infections, which are sometimes
treated with antibiotics that can wreak havoc in the nascent
microbiota. After birth, the newborn baby is confronted with
a plethora of diverse immunological stimuli, including vac-
cines against as many as twelve different pathogens. In the
United States, the Center for Disease Control and Prevention
recommended immunization schedule for children in the first
year of life includes vaccines against hepatitis B, rotavirus,
diphtheria, tetanus, and pertussis, Haemophilus influenzae
type B, pneumococcus, polio, influenza, meningococcus,
measles, mumps, and rubella. These constitute a wide array
of immunological stimuli of viral and bacterial origins as well
as aluminum-based adjuvants. Despite the widespread use
of these vaccines, the molecular and cellular nature of the
innate and adaptive responses induced by these immuniza-
tions in children is poorly understood.

To match the onslaught of immunological stimuli, the newborn
immune system moves through a series of phenotypical changes,
following a stereotypic progression (Olin et al., 2018). These
changes occur at different rates in different children and are
affected by factors such as mode of delivery, preterm birth, and
diet (Kollmann et al., 2017). Being able to predict vaccine efficacy
based on immune status, or being able to design vaccines specif-
ically tailored to the newborn immune system, would be major ac-
complishments.These challenges require a deeper understanding
of the dynamics of the molecular networks that drive immunity to
vaccination in children. Future studies should be aimed at using
systems biology approaches to study the impact of the microbiota
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on immunity to vaccination in the neonatal and infant populations in
diverse parts of the world.

At the other end of life, improvements in public health, and the
advent of antibiotics and vaccination, have led to a staggering in-
crease in life expectancy. These shifting demographics in the
age distribution and the associated increase in the incidence of
obesity and metabolic disorders pose new challenges for vacci-
nation, as emerging evidence suggests that age (Duraisingham
et al., 2013) and the metabolic state of individuals can exert ma-
jor influences on the immune system (Hotamisligil, 2006). As
stated above, the gut microbiota of elderly subjects appears
impaired in its capacity to produce beneficial metabolites such
as SCFAs (Rampelli et al., 2013), and this may affect the immu-
nological state in the elderly. Also, gut permeability has been
shown to increase with age in mice (Thevaranjan et al., 2017),
and this could result in bacterial products, such as lipopolysac-
charides or flagellin gaining systemic access and imprinting a
low, tonic inflammatory state. Further studies in elderly humans,
using systems-based approaches should, thus, explore the
mechanisms by which gut dysbiosis modulates the age-associ-
ated decline in immune function known as immunosenescence.

Although the scientific field of vaccine development is over
200 years old, we, unfortunately, are still not able to develop a
successful vaccine against any given pathogen that gives full
protection in all individuals. The irregularities in vaccine re-
sponses between individuals and populations give us clues to-
ward a better understanding of what factors determine efficacy.
This could prove critical for the development of vaccines against
the infectious diseases that so far have resisted our attempts.
The current SARS-CoV-2 pandemic provides a salient example
of a case where a deeper understanding of the molecular mech-
anisms underlying vaccine immunity could help focus the vac-
cine development efforts. The toolkit of systems vaccinology
holds part of the promise of gaining such knowledge. There is
certainly much left to discover in this burgeoning field, and the
new discoveries are certain to provide creative opportunties to
harness the microbiome in promoting robust and durable pro-
tective immunity induced by vaccination.
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