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The reliance of the immune system on constitutive microbial stimulation support the idea that
both responsiveness to vaccines and vaccine design need to be considered in the context of
host–microbiota interactions. Manipulation of microbe function or composition via
diet alteration or microbiota engraftment may soon become a viable approach to control
immunity and, as such, vaccine responses. Learning from our endogenous original adju-
vants could be critical in overcoming the enormous hurdle of vaccine design against the
numerous pathogens that cause chronic infection. Going forward, rationally designed vac-
cines that take advantage of the inherent adjuvant properties of the microbiota could have a
major impact on the prevention of disease.

GREAT DEBATES

What are the most interesting topics likely to come up over dinner or drinks with your
colleagues? Or, more importantly, what are the topics that don’t come up because they
are a little too controversial? In Immune Memory and Vaccines: Great Debates, Editors
Rafi Ahmed and Shane Crotty have put together a collection of articles on such ques-
tions, written by thought leaders in these fields, with the freedom to talk about the
issues as they see fit. This short, innovative format aims to bring a fresh perspective by
encouraging authors to be opinionated, focus on what is most interesting and current,
and avoid restating introductory material covered in many other reviews.

The Editors posed 13 interesting questions critical for our understanding of vaccines
and immune memory to a broad group of experts in the field. In each case, several
different perspectives are provided. Note that while each author knew that there were
additional scientists addressing the same question, they did not know who these
authors were, which ensured the independence of the opinions and perspectives
expressed in each article. Our hope is that readers enjoy these articles and that they
trigger many more conversations on these important topics.

Editors: Shane Crotty and Rafi Ahmed

Additional Perspectives on Immune Memory and Vaccines: Great Debates available at www.cshperspectives.org
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Humans are inhabited by a diverse commen-
sal microbiota that consists of bacteria, fun-

gi, viruses, and eukaryotic species (Ley et al.
2006). This relationship between host and com-
mensals has evolved over millennia and is bene-
ficial to both parties. For example, commensals
are provided a nutrient-rich environment to in-
habit, whereas the host gains energy-providing
metabolites that would otherwise be unavailable
(Tremaroli and Backhed 2012). However, in re-
cent years it has become increasingly clear that
the benefits derived by the host from commen-
sals extend far beyond those that are metabolic,
with the microbiota shown to be critical in many
aspects of human physiology, health, and disease
(Brestoff and Artis 2013; Belkaid and Hand
2014). Of relevance to the present discussion,
the microbiota has been shown to play a central
role in ensuring that cells of the immune system
are appropriately regulated at steady state and in
the context of infectious challenges (Honda and
Littman 2016). The constitutive involvement of
the microbiota in the regulation and function of
the immune system supports the idea that vac-
cine design and trials should be approached in
the context of the constant dialogue between mi-
crobes and the host, an area of research that has
been given little attention to date (Ferreira et al.
2010; Valdez et al. 2014). In this review, we will
highlight recent findings supporting the idea of a
role for the microbiota in controlling vaccine
responses before discussing the potential mech-
anisms of action and opportunities to harness
such knowledge to increase vaccine efficacy.

INFLUENCE OF COMMENSAL MICROBIOTA
ON THE IMMUNE SYSTEM AND RESPONSES
TO INFECTION

The majority of infections occur at peripheral
tissues such as the gut, skin, or lung. These sites
contain a complex microbiota, as well as an in-
tricate network of immune cells that are posi-
tioned to rapidly respond to invading pathogens
(Sheridan and Lefrancois 2011). At these sites,
the microbiota has been shown to control di-
verse aspects of immunity including the devel-
opment of the immune system, the calibration
of innate responses, and the induction of both

effector and regulatory responses (Fig. 1) (Maz-
manian et al. 2005; Belkaid and Hand 2014; Bel-
kaid and Segre 2014; Trama et al. 2014; Jeffries
et al. 2016; Kim et al. 2016; Zeng et al. 2016). As
such, the microbiota represents a powerful ad-
juvant of the immune system that is able to pro-
mote adaptive responses against a wide range of
bacterial, viral, fungal, and parasitic infections
(Brandl et al. 2007; Hall et al. 2008; Ivanov et al.
2009; Zeng et al. 2016). Microbiota control of
the immune system occurs via numerous mech-
anisms, including the generation of metabolites
that activate lymphocytes or antigen-presenting
cells, the activation of the inflammasome in in-
nate cell populations, and by directly acting on
epithelial cells (Belkaid and Hand 2014; Kim
et al. 2016). In addition to its direct impact at
barrier sites, the microbiota also influences the
quality and amplitude of immune responses at
distal sites (Belkaid and Hand 2014). One such
example of systemic control is mediated by con-
stitutive antibody responses to the microbiota
that not only provide protection against gut
microbiota translocation but also against in-
fections with unrelated pathogenic bacteria via
recognition of conserved outer-membrane mol-
ecules (Zeng et al. 2016). In this context, com-
mensal-specific antibodies have been shown to
also cross-react with HIV-1 (Trama et al. 2014;
Jeffries et al. 2016), supporting the idea that pre-
existing commensal-specific antibodies could
influence early responses (positively in the con-
text of neutralization or negatively via enhanced
infectivity) to a diverse range of microbes. How
the preexistence of microbiota-specific antibod-
ies controls the quality of vaccine responses and
in particular those using “live” organisms re-
mains to be established.

Regardless of the mechanisms involved, a
consistent theme across numerous studies is
that commensals influence the immune system
in a way that the threshold required to respond
to infection is lowered, thereby allowing for
more rapid and efficient responses to patho-
gens. Such reliance of the immune system on
constitutive microbial stimulation indicates
that both responsiveness to vaccines and vaccine
design need to be considered in the context of
host–microbiota interactions.
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INFLUENCE OF COMMENSAL MICROBIOTA
ON VACCINE EFFICACY: MICROBIOTA
STRATIFICATION AS A MEANS TO PREDICT
VACCINE EFFICACY?

Vaccination has drastically lowered the inci-
dence rate of infections with pathogens such as
polio and measles. However, there are no com-
mercially available vaccines that currently exist
for numerous life-threatening diseases caused

by infections such as tuberculosis, AIDS, or ma-
laria (Holmgren and Czerkinsky 2005). Wheth-
er the microbiota can be harnessed to improve
the efficacy of vaccination against these patho-
gens remains an open question. A possible link
between the microbiota and vaccine efficacy was
first shown in a model of oral vaccination using
heat-labile enterotoxin of enterotoxigenic Es-
cherichia coli as adjuvant (LT R192G/L211A)
(Hall et al. 2008; Norton et al. 2011). In this
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Figure 1. Influence of commensals on vaccine responses. Commensal bacteria influence the immune response in
a number of ways, with these effects mediated either locally or from distal sites. Such influences include the
promotion of hematopoiesis in bone marrow progenitor cells, which can then migrate throughout the body. In
peripheral tissues such as the skin and gut, the microbiota can regulate the “immune threshold” of innate cells
such as antigen-presenting cells or epithelial cells, allowing for rapid and efficient responses on activation.
During a response to vaccination, commensals can directly promote the function of the adaptive immune
system, such as by providing a source of physiological adjuvants in the gut that promote the production of
antibody by B cells. Following the peak of a response, commensals may also be involved in creating an envi-
ronmental niche within tissues that allow for the recruitment, development, and survival of long-lived memory
cells. In addition (red circle), an altered relationship with the microbiota (e.g., decrease in microbial diversity or
increase microbial translocation) of the gut microflora in settings of malnutrition and/or chronic infections
could result in heightened systemic inflammation leading to blunted immune responses to vaccines. Solid lines,
immune cell movement; dotted lines, microbiota effect.
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setting, depletion of the gut microbiota was
associated with profoundly depressed Th1 and
Th17 responses to the antigen (Hall et al. 2008).
Similarly, optimal antibody responses to the
seasonal trivalent influenza vaccine (TIV), as
well as to the polio vaccine (IPOL) required
the presence of gut commensals (Oh et al.
2014). Recent studies have suggested that the
gut microbiota could influence vaccine efficacy
in human and nonhuman primates (Valdez
et al. 2014). For instance, a study using Cyno-
molgus macaques supports the idea that a sta-
ble and more diverse gut microbiota correlates
with a better response to vaccination and sub-
sequent immunity (Seekatz et al. 2013). This
finding is consistent with another study in-
volving a small human cohort, in which the
majority of individuals that responded to vac-
cination had greater community richness and
diversity among their gut microbiota (Eloe-
Fadrosh et al. 2013). However, we cannot ex-
clude the possibility that, as for many other
microbiota-related observations, a lack of mi-
crobial diversity may be a “red herring” and in
fact results from underlying immune defects in
the less responsive groups. Nonetheless, al-
though these studies remain limited in number
and in scope, their findings raise some in-
triguing possibilities. In the context of future
vaccine trials, it may be important to stratify
individuals based on their microbiota profile
and, more importantly, microbiota metabolism
as well as host-genetic influences. Such lines of
research should provide insight into the link
between host-genetic variation in shaping
both immunity and the composition of the hu-
man microbiome (Goodrich et al. 2004; Blekh-
man et al. 2015) and provide a starting point
toward understanding factors that predict vac-
cine success.

RESIDENT COMMENSAL MICROFLORA
IN ALTERING THE TISSUE
ENVIRONMENT TO PROMOTE THE
FORMATION AND SURVIVAL OF
MEMORY CELLS

Because virtually all aspects of the immune sys-
tem, ranging from hematopoiesis to lympho-

cyte function, can be controlled by the micro-
biota, the response to vaccination, as well as the
intensity of the response and memory forma-
tion, are likely controlled directly or indirectly
by these microbial partners (Fig. 1). Of interest,
the tonic action of the microbiota on tissue
immunity could promote the formation of a
niche within the tissue microenvironment
that results in enhanced recruitment, survival,
and maturation of both T and B cells. For in-
stance, an absence of commensals is associated
with decreased amounts of T-cell chemoattrac-
tants as well as the survival factors interleukin
(IL)-7 and IL-15 (Vonarbourg et al. 2010; Fink
et al. 2012; Jiang et al. 2013). Another systemic
control mediated by the microbiota occurs via
the manipulation of the metabolic landscape.
For instance, fatty acids that are regulated by
gut commensals are also important in the de-
velopment, survival, and function of memory
T cells (Martin et al. 2007; Pearce et al. 2009;
van der Windt et al. 2013; Cui et al. 2015).
Furthermore, microbiota-dependent fermen-
tation of plant-derived polysaccharides into
short chain fatty acids also promotes the differ-
entiation of B cells into plasma cells (Kim et al.
2016). Thus, it is conceivable that the commen-
sal microbiota could be exploited to create an
environment better equipped to not only at-
tract memory cells but also to promote a met-
abolic niche compatible with enhanced mem-
ory formation and survival.

HOST-MICROBIOTA DYSREGULATION
AS AN UNDERLYING CAUSE OF VACCINE
FAILURE?

The role of the commensal microbiota could be
particularly important when considering vac-
cine-induced immune responses in low- to
middle-income countries, which are typically
some of the worst affected by infection (Valdez
et al. 2014). Studies on the effectiveness of vac-
cination in these areas have consistently shown
blunted responses when compared to that of
high-income countries. These defects are par-
ticularly striking when considering oral vac-
cines. For instance, oral vaccines for Rotavirus,
Poliomyelitis, Vibrio cholerae, and Shigella ad-
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ministered to children in low- to middle-in-
come countries often fail to protect with the
same degree of efficacy as in high-income
countries (Hallander et al. 2002; Grassly et al.
2009; Jiang et al. 2010; Levine 2010; Valdez
et al. 2014). Several interrelated conditions in-
cluding persistent infections, gut inflamma-
tion, malnutrition, and environmental enter-
opathy have been proposed to contribute to
this important public health issue (Levine
2010; Korpe and Petri 2012). Aberrant relation-
ships with the microbiota under these extreme
settings could also contribute to these defects.
Indeed, children from defined low-income ar-
eas of the world have a distinct gut microbiota
compared to those in high-income countries
with the “malnourished microbiota” enriched
in microbes with invasive and/or inflammato-
ry properties (Yatsunenko et al. 2012). Another
phenomenon contributing to microbiota-in-
duced vaccine deficiencies could be associated
with immune defects imposed by defined in-
fections and sustained by the microbiota. For
instance, acute infections can have dramatic
and long-term consequences for tissue-specific
immunity via tissue remodeling, a process that
can be sustained by the microbiota in the gut
(Fonseca et al. 2015). Chronic exposure to
pathogens and malnutrition is also associated
with a phenomenon referred to as “leaky gut,” a
setting leading to increased systemic microbial
translocation and subsequent inflammation
(Brenchley and Douek 2012; Valdez et al.
2014). Such a heightened inflammatory tone
caused by both invasive microbes and en-
hanced microbial translocation may play a neg-
ative role in the proper orchestration of adap-
tive immune responses to vaccines and
preclude the establishment of a healthy mem-
ory pool (Fig. 1). While resolving the environ-
mental challenges underlying immune sup-
pression in parts of the world deprived of
basic infrastructure remains the priority, on-
going work currently exploring the microbiota
of these vulnerable populations (Humphrey
2009) may allow for the development of inter-
ventions aimed at tackling defined classes
of microbes, metabolites, or pathogens to im-
prove vaccine efficacy.

LEARNING FROM THE ENDOGENOUS
ADJUVANTS: THE COMMENSAL
MICROBIOTA AND THEIR PRODUCTS
AS A SOURCE OF PHYSIOLOGICAL
ADJUVANTS?

A critical aspect in vaccine design is that the
antigen administered is able to induce a potent
immune response. However, antigens adminis-
tered alone are not immunogenic, and so must
be coupled to an immunostimulatory compo-
nent, referred to as an adjuvant. The choice of
an appropriate adjuvant is critical, as it can dra-
matically impact the long-term protective ef-
fects of the vaccine (Galli et al. 2009). A concern
and major challenge going forward for the
design of future vaccines is adjuvant safety
(Mutsch et al. 2004). This may provide a unique
opportunity to exploit the resident commensal
microbiota and their products, which have been
shown to possess natural adjuvant properties
(Fig. 1). For example, the DNA of commensals
is critical in regulating effector T-cell responses
in the gut (Hall et al. 2008). Optimal antibody
responses to the seasonal influenza TIV vaccine
as well as to the IPOL polio vaccine require the
presence of gut commensals (Oh et al. 2014).
Specifically, the presence of E. coli species ex-
pressing flagellin were essential, with this com-
ponent able to directly promote plasma cell dif-
ferentiation as well as stimulate lymph node
macrophages to produce plasma cell growth fac-
tors (Oh et al. 2014). It therefore appears that
defined commensals and their products can
promote the development of vaccine-induced
immunity. While the identification of novel
molecular determinants and the underlying
mechanisms of microbiota–host interactions
remains in its infancy, such lines of investigation
appear promising. Indeed, because the micro-
biota has coevolved with its host to finely tune
the unique requirements of the gut, these mi-
crobes may provide highly adapted tissue-spe-
cific adjuvants. Uncovering these pathways and
the microbiota-derived molecules (Donia and
Fischbach 2015; Medema and Fischbach 2015)
involved in these processes may allow for the
development of novel classes of adjuvants capa-
ble of boosting local immunity while preserving
tissue homeostasis.
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FUTURE PERSPECTIVES

Manipulation of microbe function or composi-
tion via diet alteration or microbiota engraft-
ment may soon become a viable approach to
control immunity and, as such, vaccine re-
sponses. This is not only true for the gut micro-
biota but also for all barrier tissues. For instance,
at sites such as the skin or lung, which are char-
acterized by low microbial biomass, subtle alter-
ations in defined nutrients (Scharschmidt and
Fischbach 2013) may have a dramatic impact on
the microbiota composition. Going forward, ra-
tionally designed vaccines that take advantage of
the inherent adjuvant properties of the micro-
biota could have a major impact on the preven-
tion of disease. To the initial question “Can the
microbiota be exploited to improve the efficacy
of vaccines?” the answer is that learning from
our endogenous original adjuvants could be
critical in overcoming the enormous hurdle of
vaccine design against the numerous microbes
that cause chronic infections.
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