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The gut-resident constituents of the microbiota protect the mucosa from invasive pathogens
through engagement of both innate and adaptive branches of the immune system. They are
also likely to provide systemic protection from pathogens, by enhancing host robustness and
tolerance to the invasive microbes and by inducing immune responses that prevent their
growth. These properties of commensal microbiota, particularly the capacity of some bac-
teria to induce diverse types of antigen-specific immune responses, raises the prospect that
they could be deployed as vaccine vectors to generate effective local and systemic immunity
to viral and bacterial pathogens.

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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t has long been known that the commensal

microbiota contributes to development and
priming of immune system cells. During the
past decade, there have been major advances
in our understanding of how gut-resident mi-
crobes communicate with both innate and
adaptive arms of the immune system (Hooper
et al. 2012). Much of the dialogue ensures that
commensal species can replicate within their
niches without causing harm to the host (Ayres
2016). This process of host tolerance to mi-
crobes often provides the added benefit of resis-
tance to pathogens, providing a first line of
innate defense until adaptive responses can be
mustered to clear the offending organisms. For
example, commensal microbes in the gut induce
innate lymphoid cells to produce interleukin
(IL)-22, which, in turn, promotes barrier func-
tion through epithelial cell regeneration and
production of antimicrobial peptides, limiting
attachment and growth of adherent-invasive
Escherichia coli or Citrobacter rodentium (Fig.
1) (Sonnenberg et al. 2011; Hooper et al. 2012;
Longman et al. 2014). Commensal microbes
also induce B- and T-cell responses that regulate
the levels of different microbial constituents,
either through direct interactions (e.g., by way
of opsonized secreted IgA or T-cell killing of
infected cells) or, indirectly, by antigen-specific
responses that engage downstream innate effec-
tor functions (e.g., recruitment of neutrophils
that kill pathogenic and nonpathogenic organ-
isms) (Fig. 1) (Honda and Littman 2016). En-
gagement of both innate and adaptive immune
responses by microbiota offers the potential for
utilizing individual bacterial species or consortia
of select strains to develop microbiome-based
vaccination strategies. In this article, I will spec-
ulate on how the microbiota may provide protec-
tion from pathogenic microbes and will propose
applications toward infection control.

INTESTINAL BACTERIAL CROSS TALK WITH
THE HOST IMMUNE SYSTEM

It is currently thought that only a small subset
of gut-resident bacteria has direct influence on
the immune system. Many of these bacteria can
readily be identified because they are coated

with IgA or IgG. These are likely bacterial
species that can be engaged by the antigen
presentation machinery in the lamina propria,
after which they elicit diverse T-cell response
programs. Flavell and colleagues showed that
mice colonized with IgA-coated bacteria from
inflammatory bowel disease patients are ren-
dered sensitive to chemically induced colitis
(Palm et al. 2014). However, the IgA™ fraction
of bacteria from healthy donors did not have
such propensity. Similarly, the IgA™ microbiota
from undernourished children was enriched for
IgA-coated species (particularly Enterobacter-
iaceae) that were colitogenic in gnotobiotic
mice, but the IgA™ fraction from healthy control
donors was largely protective (Kau et al. 2015).
These results are consistent with the notion
that gut bacteria can elicit diverse immune
responses, and indicate that their ability to in-
duce bacteria-specific IgA does not need to re-
flect either pro- and anti-inflammatory barrier
immune responses.

It is becoming appreciated that commensal
microbes induce dominant Ty 1, Ty17, or Treg-
cell responses in gut-associated mucosal tissues.
In skin, CD8 T-cell responses are elicited by
Staphylococcus epidermidis and, while similar
responses have not been investigated in detail
in the intestine, they clearly do exist, as shown
recently in mice colonized with microbiota
from pet store animals rather than from mice
in specific pathogen-free facilities (Naik et al.
2015; Beura et al. 2016). In addition, some bac-
teria and helminths induce distinct cytokine
responses by epithelial and myeloid cell subsets,
resulting in activation of distinct subsets of
innate lymphoid cells (Sano et al. 2015; Howitt
et al. 2016). Together, these responses contrib-
ute not only to local barrier enforcement or
wound healing, but also to systemic immune
system modulation that can have either benefi-
cial or detrimental outcomes. For example,
bacteria that induce local production of IL-22
by type 3 innate lymphoid cells (ILC3) and the
differentiation of Ty17 cells have important
roles in protection of mucosal surfaces from
pathogenic invasive microbes, but in some set-
tings can provoke local or systemic autoim-
mune disease (Honda and Littman 2016).

2 Cite this article as Cold Spring Harb Perspect Biol 2018;10:a029355



fggﬁm Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voo’

www.cshperspectives.org

Do the Microbiota Influence Vaccines and Protective Immunity to Pathogens?

Resistance

Systemic immunity

Figure 1. Microbiota-mediated strategies for host-mediated protection from pathogens. (Left) Tolerance induced
by microbiota by way of innate signals mediated by epithelial cells, myeloid cells, and innate lymphoid cells.
Cytokines and growth factors produced by cells such as ILC3 result in more robust epithelial barrier function and
modifications in the mucin layer (e.g., allowing pathogenic bacteria to forage fucose, precluding invasion of host
tissues despite high bacterial load). ILC2 may also participate in promoting tolerance, by responding to microbe-
induced epithelial tuft cell-produced interleukin (IL)-25 with secretion of IL-13, which promotes epithelial
robustness. (Right) Resistance to pathogenic bacteria through induction of microbiota-specific T- and B-cell
responses. Myeloid cells (macrophages/dendritic cells) take up microbial products, transport them to draining
lymph nodes (mesenteric lymph node [MLN]), and present microbiota antigen to naive T cells, activating them
and polarizing them (CD8 T cells are not depicted, but are likely also primed). The T cells then distribute
throughout the body, including the intestinal lamina propria, and limit microbial growth through production
of cytokines and recruitment of neutrophils and other phagocytic cells. The T cells also differentiate into
follicular helper T cells (Tgy), which promote B-cell affinity maturation and isotype class switching, with
production of secreted IgA and other classes of antibody (Ig) that can function systemically. IFN, Interferon.

The best-known and clinically validated ex-
ample of microbiome-based therapy to protect
from a pathogen is fecal microbiome transfer
(FEMT) for Clostribium difficile—mediated coli-
tis. Pamer and colleagues used a mouse mo-
del for C. difficile pathogenesis to show that

Clostridial species (e.g., Clostridium scindens),
endowed with enzymatic capacity to modify
primary bile acids (i.e., bile salt hydrolases),
can prevent germination of C. difficile spores
and thus reduce its vegetative growth. Whether
this is the active principle of FMT remains to be
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determined and, indeed, intestinal epithelial
cell-derived antimicrobial peptides, induced
by ILC3-derived IL-22, as well as interferon ry
(IFN-v)-producing ILC1 may also have critical
roles in restraining C. difficile growth (Abt et al.
2015). Modulation of the host immune re-
sponse may have an influence in therapeutic
efficacy of probiotics in blooms of C. difficile
and other pathogenic bacteria, such as vanco-
mycin-resistant enterococcus and antibiotic-
resistant Klebsiella pneumoniae, but mecha-
nisms of action have not been elucidated.
A detailed discussion of probiotic therapies
that induce colonization resistance through dif-
ferent mechanisms is found in a recent review
(Pamer 2016).

Studies that specifically examined micro-
biota effects on pathogenic microbes have large-
ly been confined to proximal interactions that
can involve competition between microbes,
as postulated for C. difficile control, activation
of host-tolerance mechanisms, or activation of
immune pathways that can contribute to resis-
tance to the infectious agent. Examples of how
microbiota induce tolerance to specific patho-
gens are scarce, and are largely confined to mod-
el systems. For example, a recent publication
described how a peptidoglycan hydrolase pro-
duced by the commensal Enterococcus faecium
can activate host cells to tolerate infection with
Salmonella both in Caenorhabditis elegans and
in mice (Rangan et al. 2016). This tolerance
to high levels of pathogenic microbes was pro-
posed to be the result of enhanced barrier in-
tegrity, which would likely provide protection
from multiple invasive microbes (Fig. 1). This
type of microbiota-triggered host-defense
mechanism seems most likely to be effective at
mucosal surfaces, where high titers of potential-
ly pathogenic microbes can be sustained with
minimal damage to the host. Microbiota-medi-
ated tolerance has also been proposed to extend
beyond intestinal niches, as a mouse commen-
sal with invasive potential was found to protect
animals from muscle wasting following systemic
infection with pathogenic bacteria (Schieber
etal. 2015). Tolerance is often mediated through
activation of innate immune pathways (e.g., in-
flammasome or Toll-like receptor activation

and production of cytokines such as IL-22)
that reinforce epithelial barriers and /or provide
a source of nutrients, such as fucose, to foraging
bacteria (Ayres 2016).

HARNESSING ADAPTIVE IMMUNE
RESPONSES TO PROTECT FROM
PATHOGENS

Although mechanistic characterization of com-
mensal microbe-guided immune responses is
in its infancy, it is becoming clear that microbial
antigen-specific responses can be matched
to effector functions of the responding cells.
This feature of microbiota-dependent immune
modulation may be amenable to manipulation
for therapeutic or prophylactic vaccination to
provide immunity to pathogens, for enhancing
antitumor immunity, or for reducing auto-
inflammatory responses.

In contrast to innate responses that contrib-
ute to tolerance, resistance to pathogens by
way of their targeting and elimination is most
effectively achieved through adaptive immune
responses. These are expected to target antigen-
ic epitopes encoded by the immunogenic spe-
cies and, potentially, by related pathogenic
species. Recent studies have shown that select
commensal bacteria induce polarized CD4"
T-cell responses directed at antigen encoded
by those bacteria. Thus, segmented filamentous
bacteria (SFB) induces Ty17 cells with spec-
ificity for major histocompatibility complex
(MHC) class II and SFB antigen (Yang et al.
2014). Other intestinal bacteria can induce
Tyl or Treg cell polarization, and those T cells
are likewise specific for the inducing bacterial
antigens. For example, colonic Treg cells in-
duced by Helicobacter hepaticus recognize pep-
tides generated from the bacterium’s proteins
(H Xu and DR Littman, unpubl.). In addition,
the same bacteria that induce these antigen-spe-
cific polarized T-cell responses also induce fol-
licular helper cells that contribute to production
of bacteria-specific secretory IgA as well as other
immunoglobulins (Fig. 1). It is not yet known
whether the Tgy cells elicited by different bac-
teria at diverse sites along the gastrointestinal
(GI) tract have unique properties, but with the
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Figure 2. Microbiota-dependent follicular helper cell-mediated antibody diversification. Model for how indi-
vidual commensal species may induce different types of CD4™ T cells, including follicular helper T cells (Tgg)
that elicit distinct types of antibody responses. Microbe-specific T cells could potentially be engaged to provide
tailored signals to follicular B cells in gut-associated lymphoid tissues, resulting in enhanced diversification and
selective isotype switching. This could be effective in conjunction with vaccination to enhance antiviral and
antitumor antibody responses. Additionally, bacteria engineered to express tumor neoantigens could be used as
vaccines to induce antigen-specific Ty cells with desired cytokine profiles (e.g., T1) for tumor immunotherapy.

MLN, Mesenteric lymph node.

currently available tools it is now possible to
study such cells and determine their influence
on B-cell diversification. Optimization of Try
function could have an impact on vaccine de-
sign, potentially allowing for enhanced immu-
noglobulin gene somatic hypermutation and/
or directed isotype switching. This could be es-
pecially valuable for control of viral infections
by eliciting broadly neutralizing antibodies
(Doria-Rose and Joyce 2015).

Antibodies that neutralize HIV by targeting
conserved epitopes of the viral envelope glyco-
protein require numerous rounds of somatic

hypermutation. While such antibodies can be
detected in infected individuals, they are rela-
tively rare and appear late in the course of
disease. Vaccines that incorporate T-cell epi-
topes encoded by select commensal bacteria
that promote Ty differentiation could poten-
tially accelerate affinity maturation, and may
thus be efficacious in therapeutic and prophy-
lactic applications (Fig. 2).

The coevolution of host and microbiome
raises the possibility that some commensals
are selected for their propensity to elicit toler-
ance mechanisms and/or specialized immune
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responses that protect the host from diverse
pathogens. Such a protective immune response
may indeed be carried out by cells designated as
Tyl*, which have been described as having
properties of both Ty1 and Ty 17 cells (Sallusto
2016). These cells produce IFN-y but, unlike
Tyl cells that express the chemokine receptor
CXCR3, they additionally express CCR6, which
is regulated by the Ty17-cell transcription fac-
tor RORyt. Most tellingly, patients with homo-
zygous null mutations in RORC are highly
susceptible to Mycobacterium tuberculosis, and
cannot control bacterial growth after immuni-
zation with bacillus Calmette—Guérin (BCG),
an attenuated strain of Mycobacterium bovis.
Such individuals appear to have normal Tyl
responses to viruses, but are also susceptible to
opportunistic Candida albicans, which is con-
trolled by Ty17 cells (Okada et al. 2015). Ty17
cells induced by bacteria such as SFB do not
produce IFN-v and are thought to protect epi-
thelial barriers but to be generally noninflam-
matory. In contrast, IL-23R /RORyt-dependent
“pathogenic” Ty17 cells, potentially the mouse
equivalent of human Ty1* cells, produce vari-
ous combinations of IL-17, IFN-v, and granu-
locyte-macrophage colony-stimulating factor
(GM-CSF) and have been implicated in multi-
ple autoimmune diseases (Hirota et al. 2011).
It is not yet known whether there are distinct
constituents of the microbiota that induce such
cells under homeostatic conditions. However, in
the context of proinflammatory conditions, as
observed following a blockade of IL-10 signal-
ing, distinct bacterial species guide the differen-
tiation of “pathogenic” T17 cells that contrib-
ute to inflammatory bowel disease (Ahern et al.
2010). It has also been shown that Ty17 cells
induced by gut bacteria can function systemi-
cally in promoting autoimmune diseases, in-
cluding a spontaneous model of arthritis and
myelin protein—induced experimental autoim-
mune encephalomyelitis (Wu et al. 2010; Lee
et al. 2011). Treg cells induced in the large
intestine by colonization with a consortium of
Clostridial species have likewise been shown to
restrain systemic inflammatory processes (Ata-
rashi et al. 2013). These findings suggest that it
may be possible to engineer specific bacterial

strains endowed with desired inductive func-
tions to serve as vaccine vectors. The T cells
would be primed in the intestinal mucosa—
associated lymphoid tissues, most likely the
mesenteric lymph nodes, and could then exert
their protective functions either in the gut or
elsewhere. SFB-specific T cells induced by the
colonizing bacteria can be found disseminated
in lymphoid organs distal to the intestine,
which is consistent with the notion that prim-
ing of microbiota-specific T cells in the gut
mucosa can contribute to systemic immunity.
Whether such primed T cells can also take up
residence in tissues distal to the gut, where they
could exert long-term protective functions, has
not been determined.

CONCLUDING REMARKS

The commensal microbiota’s influence on qual-
ity and quantity of innate and adaptive immune
responses and its role in protection from inva-
sive pathogens suggests that it will have a place
in design of future therapeutic and prophylactic
vaccines. However, the success of such ap-
proaches will require a much deeper mechanis-
tic understanding of how individual microbes
or defined communities achieve their effect.
The key parameters for the establishment of
durable antigen-specific responses will need to
be characterized in animal models, potentially
with human microbiota constituents. As there is
growing evidence that the microbiota contrib-
utes to immune control of tumors, select mi-
crobes could potentially also be used to deliver
neoantigens in vaccination strategies aimed at
targeting tumor cells or the tumor microenvi-
ronment (Fig. 2) (Perez-Chanona and Trinchieri
2016). Although the value of microbiota-based
vaccination remains highly speculative, what is
certain is that many new insights will be gained
from studying immune responses to commen-
sals in the next several years.
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