Review

Microbiota—myeloid cell crosstalk beyond
the gut

Sayeh Gorjifard and Romina S. Goldszmid"

Inflammatory Cell Dynamics Section, Cancer and Inflammation Program, Center for Cancer Research, National Cancer Institute,
National Institutes of Health, Bethesda, Maryland, USA

RECEIVED MAY 10, 2016; REVISED JULY 8, 2016; ACCEPTED JULY 11, 2016. DOI: 10.1189/jlb.3R10516-222R

ABSTRACT

The gut microbiota is a complex and dynamic microbial
ecosystem that plays a fundamental role in host physi-
ology. Locally, the gut commensal microbes/host sym-
biotic relationship is vital for barrier fortification, nutrient
absorption, resistance against intestinal pathogens, and
the development and maintenance of the mucosal
immune system. It is now clear that the effects of the
indigenous intestinal flora extend beyond the gut, rang-
ing from shaping systemic immune responses to meta-
bolic and behavioral functions. However, the underlying
mechanisms of the gut microbiota/systemic immune
system interactions remain largely unknown. Myeloid
cells respond to microbial signals, including those de-
rived from commensals, and initiate innate and adaptive
immune responses. In this review, we focus on the
impact of the gut microbiota on myeloid cells at
extraintestinal sites. In particular, we discuss how
commensal-derived signals affect steady-state myelo-
poiesis and cellular function and how that influences the
response to infection and cancer therapy.
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Introduction

The human microbiota refers to the complex communities of
bacteria, fungi, archea, and viruses that inhabit the human
body. This dynamic microbial ecosystem forms a symbiotic
relationship with the host and shapes its physiology [1, 2]. An
estimated 100 trillion microbial cells colonize all surfaces of the
body that are exposed to the environment, such as the skin,
oral cavity, genitourinary, gastrointestinal, and respiratory
tracts, outnumbering the host cells by at least 3-10 times [3-6].
The collective microbial genomes, referred to as the micro-
biome, are estimated to contain 100 times more genes than the
human genome, representing an integral part of our genetic
landscape [6, 7].

Abbreviations: Abx = antibiotics, BM = bone marrow, CDP = common
dendritic cell precursor, CMP = common myeloid progenitor, CpG-ODN =
CpG-oligodeoxynuclectide, CT = cholera toxin, CTX = cyclophosphamide,
DC = dendritic cell, GF = germ-free, GMP = granulocyte-macrophage
progenitor, GPR = G-protein-coupled receptor, HSC = hematopoietic stem
cell, HSPC = hematopoietic stem and progenitor cell,
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Our partnership with this diverse microbial community has
been appreciated for almost as long as the discovery of bacteria
themselves, dating back to the pioneer work of Antonie van
Leeuwenhoek in the 1680s. In his letters to the Royal Society of
London, van Leeuwenhoek described his observations about little
animals—“animalcules”—present on tooth-surface scrapings and
other parts of the body from himself and other individuals of
different age and health status [8]. Ever since, scientists have been
interested in the consequences of the microbial /host relationship,
and the development of GF animals—born and raised free of
microorganisms—during the first half of the 20th century has
allowed investigators to uncover many of them [9]. However, the
renewed interest in the microbiome research field ignited by
recent technological advances and lower costs of sequencing
techniques, together with the development of bioinformatics tools,
has furthered our understanding of the role of the microbiota in
health and disease [10-14].

The vast majority of commensal microbes includes bacterial
cells residing in the gut and dominated by members of the phyla
Bacteroidetes and Firmicutes [15]. Recent studies suggested that
the human gut microbiota can be classified in 3 enterotypes,
mostly based on species composition [16]. Nevertheless, much
like fingerprints, each individual’s microbiota is unique, and its
composition is determined by a plethora of factors, including the
mode of delivery, diet, lifestyle, use of Abx, and host genetic and
environmental factors [17-22].

Whereas the role of the gut microbiota on nutrient absorption
has long been recognized, new studies reveal a much farther
reach of the gut microbiota on the host’s physiology, ranging
from metabolic to behavioral and cognitive functions, and a
critical role in the development of the immune system [23-25].
In fact, for over millions of years of coevolution, the microbiota
and host immune system developed an interdependent re-
lationship, where the innate and adaptive arms of the immune
system rely on their microbial partners for proper maturation
and function, while the immune system stabilizes and contains
the microbial ecosystem [24, 26-28]. Changes in the microbiota
composition—commonly referred to as dysbiosis—have been
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linked to numerous disease states, many of which are mediated
by altered host immune and inflammatory responses [2, 29]. The
role of commensal microbes in shaping the immune response
within the intestinal microenvironment has been studied
extensively [30]; however, the mechanism by which gut
commensals regulate systemic immunity is only beginning to be
uncovered. Myeloid cells are equipped to sense microbial-derived
products, they play an instrumental role in host defense, and they
are a major component of the tumor microenvironment, thereby
performing a key role in the host/commensals dialogue. In this
review, we will discuss the distant effects of the gut microbiota on
myeloid cell development and function during steady state and
response to infection and cancer therapy.

MPs

MPs, e.g., monocytes, macrophages, and DCs, are major effector
cells in inflammatory and immune responses [31]. These
myeloid cells derive from committed precursors in the BM and
populate virtually all lymphoid and nonlymphoid tissues, where
they play crucial roles in the maintenance of homeostasis, the
initiation of innate and adaptive immunity, the resolution of
inflammation, and tissue repair. Although MPs and neutrophils
share several phenotypic and functional characteristics (e.g.,
exceptional phagocytic activity and microbicidal mechanisms),
even within the individual subpopulations, they are heteroge-
neous and developmentally and functionally distinct [32-35].
Rather than redundant, they act in concert to eliminate potential
insults and restore tissue integrity while minimizing collateral
damage to self [36]: tissue resident macrophages conduct local
surveillance and maintain homeostasis, whereas neutrophils and
monocytes are rapidly recruited to inflamed tissues and perform
effector functions in pathologic settings [31, 33]; DCs are unique
in their ability to prime naive antigen-specific T cells and guide
their effector choice [32]. Neutrophils, macrophages, DCs

and monocytes can also exert immunosuppressive functions
[32, 33, 37].

For the most part, MPs are short lived and are constantly
replenished by BM-derived precursors. However, the traditional
view in which all tissue resident MPs originate from circulating
monocytes and therefore, depend on input from BM stem and
progenitor cells, has recently changed. Studies in mice showed
that Langerhans cells in the skin and tissue resident macrophage
populations (e.g., in spleen, liver, lung, kidney, and brain) derive
from embryonic precursors, are long lived, and capable of self-
renewal throughout the adult life [38—41]. Although certain
resident populations are exclusively of embryonic origin (e.g.,
microglia in the brain), tissues such as the intestinal lamina

(continued from previous page)

BD = inflammatory bowel disease, Jax = The Jackson Laboratory, LDC =
lung dendritic cell, LOS = late-onset sepsis, MP = mononuclear phagocyte,
MPP = multipotent progenitor, Nod1/2 = nuclectide-binding oligomerization
domain-containing protein 1/2, PAMP = pathogen-associated molecular
pattern, PD-L1 = programmed death ligand 1, PRR = pattern recognition
receptor, pTh17 = pathogenic effector Th17 cells, RNS = reactive nitrogen
species, ROS = reactive oxygen species, SAA = serum amyloid A, SCFA =
short-chain fatty acid, SPF = specific pathogen-free, Tac = Taconic Farms,
TV = trivalent-inactivated vaccine
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propria and the dermis, rely entirely on monocyte replacement,
whereas others show macrophages of mixed origin. In addition,
circulating monocytes can contribute to the resident pools
following pathologic conditions.

MYELOPOIESIS

In an oversimplified view, MPs develop within the classic
hierarchical hematopoiesis tree in the following sequence of
events: long-lived, self-renewing HSCs give rise to shortlived
HSCs and MPPs and together, constitute the HSPC population;
MPPs differentiate into common lymphoid progenitors that

would give rise to lymphoid progeny, and into CMPs. CMPs give
rise to GMPs, megakaryocyte-erythrocyte progenitors, macro-
phage and DC progenitors, and CDPs. GMPs give origin to
neutrophils and other granulocyte populations and to mono-
cytes. Circulating monocytes can further differentiate into
macrophages and monocyte-derived DCs in different tissues,
particularly under inflammatory circumstances [42]. In addition
to the BM, increased numbers of circulating HSPCs during
inflammation can generate extramedullary myelopoiesis in
peripheral tissues, such as liver, lung, and spleen [43-46].

Myelopoiesis is tightly regulated by transcription factors and
extrinsic signals to ensure homeostasis maintenance during
steady state and to provide a rapid cell output to meet the
increased demand of pathologic conditions, such as infection,
inflammation, and cancer [42, 43, 47-49]. The latter is
commonly referred to as “demand adapted” or “emergency”
hematopoiesis [42]. However, in addition to cytokine, chemo-
kine, and myelopoietic growth factor receptors, both mouse and
human HSPCs express PRRs, such as TLRs [42, 50-54], and can
directly sense pathogens via binding of PAMPs. Therefore, rather
than a compensatory mechanism, dysregulated myelopoiesis
may represent the initial step of inflammatory and stress
responses [43, 45].

MICROBIOTA REGULATION
OF MYELOPOIESIS

Several lines of evidence demonstrate that the hematopoietic
compartment directly participates in the response to infection
and that different infectious stimuli shape the appropriate
myelopoietic response needed to fight the specific pathogens
[46, 52, 55-57]. Thus, it is plausible that the same cells may sense
signals derived from the distant gut microbiota. Systemic
administration of LPS has been shown to induce HSPC
mobilization and homing to the spleen [58], as well as
proliferation and enhanced self-renewal capacity of HSCs in the
BM [59], suggesting that commensal-derived products can reach
the BM and modulate myelopoiesis.

In the 1970s and early 1980s, several studies in dogs and mice,
using Abx and GF animals in the case of rodents, implicated gut
commensal microbes in the regulation of BM granulopoiesis,
with a particular emphasis on the role of gram-negative bacteria
and endotoxin levels [60-64]. These observations were later
confirmed by Tada et al. [65], who observed decreased numbers
of granulocytes in the BM and blood of kanamycin-treated mice,
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whereas lymphocyte subsets were not affected. In the same study,
the authors reported an overall reduction in the number of
mononuclear cells and in particular, granulocytes, in the BM of
GF mice. Goris et al. [63] observed decreased levels of splenic
and BM progenitor cells forming GM-CFU colonies in polymyxin-
treated and GF mice compared with SPF animals. However, in a
different study, GF animals displayed normal levels of M-CSF-
responding progenitors in the BM but reduced levels in the
spleen, as evidenced by similar or lower numbers of monocyte/
macrophage colonies (M-CFU), respectively [66]. In the latter
study, association of GF mice with a complete flora or with
Escherichia coli alone was sufficient to correct the defect observed
in GF mice, pointing to the role of gram-negative bacteria in
regulating myelopoiesis.

In the current microbiome era, studies with newly available
and more sophisticated tools highlight again the preponderant
role of the gut microbiota in regulating myelopoiesis. In line with
earlier observations, Khosravi et al. [67] have recently reported

that GF mice show a global defect in MPs and neutrophils in the
BM, spleen, and liver. Splenic resident F4/80™ macrophages are,
for the most part, derived from embryonic precursors, whereas
F4/80'° populations derive from BM HSCs [38, 68]. Interestingly,
in the spleen of GF mice, both populations were reduced in
number, suggesting that the commensal microbiota affects
myeloid cell progenitors of both embryonic and BM origin [67].
The proportion and differentiation potential of HSCs, MPPs, and
CMPs were not affected in GF mice compared with SPF animals;
however, the proportion of GMPs was significantly reduced in
BM from GF mice (Fig. 1). In addition, GMPs from GF mice gave
rise to lower numbers of granulocyte and monocyte/macrophage
colonies in response to G-CSF or M-CSF, respectively. Similar to
BM GMPs, splenic precursors from GF animals yielded fewer
neutrophils and monocytes. Further analysis of the commensal
bacteria-derived signals involved in the regulation of myelopoiesis
revealed that oral treatment of GF mice with SCFAs—end-
products of bacterial fermentation of dietary fibers that have
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Figure 1. Microbiota regulation of steady-state myelopoiesis and neutrophil homeostasis. HSPCs and myeloid progenitors express PRRs that enable
them to sense bacteria-derived products directly. Commensal-derived signals modulate myelopoiesis, mostly by affecting GMP frequencies and
differentiation potential. The gut microbiota promotes granulopoiesis, at least in part, through the local induction of IL-17 production and
increased plasma levels of G-CSF. The absence of gut commensal microbiota leads to reduced numbers and differentiation potential of GMPs,
leading to reduced neutrophil, monocyte, and macrophage numbers in the BM and peripheral tissues. Bacterial metabolites, such as SCFAs,
modulate DC differentiation by increasing the numbers of CDPs. Commensal microbes also regulate neutrophil function in the BM through direct
recognition of microbial-derived peptidoglycan via the Nod1 receptor. Circulating neutrophil aging is driven by microbiota-derived signals via

low

TLR/MyD88 signaling, and absence of commensals leads to reduced numbers of CXCR4™ /I-Selectin'"-aged neutrophils in circulation.
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been shown to be immune modulators [69]—did not change the
frequencies of neutrophils or monocytes in the BM or of F4/80™
resident splenic macrophages. However, oral administration of
PAMPs in the form of heat-killed E. coli or autoclaved cecal
contents from SPF mice was sufficient to recover the granulocytic
and monocytic progeny of BM GMPs from GF mice. Neverthe-
less, a live complex flora was required to restore myelopoiesis
completely, including the expansion of embryonic-derived
F4/80" cells [67].

A previous study showed that in steady-state conditions, MyD88
(a key adaptor molecule for the recognition of PAMPs through
TLR signaling) deficiency also leads to decreased numbers of
neutrophils, monocytes, and macrophages in the spleen and a
reduced myeloid compartment in the BM, mostly as a result of a
reduction in granulocytes [70]. As observed by Khosravi et al.
[67], GMPs obtained from MyD88-deficient BM yielded fewer
granulocytic and monocytic colonies. Although changes in HSPC
proportions in GF mice were not apparent in the study by
Khosravi et al. [67], MyD88-deficient mice showed reduced
numbers and a decreased proliferation rate of HSCs in the BM
[70]. In agreement with the latter observation, reduced absolute
numbers of HSPCs in BM from GF animals were also observed in
a recent study [71]. Thus, MyD88-dependent TLR signaling,
induced by commensal microbes or possibly endogenous ligands
as well, can impact early hematopoietic development and
terminal myeloid differentiation potential (Fig. 1).

In their study, Balmer et al. [71] showed that incrementing
the microbiota degree of complexity leads to consistently
increased numbers of granulocytes, monocytes, and GMPs in
the BM under noninflammatory conditions. However, this
effect reverted after the mice regained GF status, suggesting
that steady-state myelopoiesis is dynamically regulated by the
current levels of microbiota exposure [71]. Transfer of sterile-
filtered, boiled serum from SPF but not GF mice was suffi-
cient to expand the BM myeloid cell pool of GF animals
in an MyD88/Toll-IL-1 receptor-containing adaptor
molecule-dependent manner, indicating that heat-stable,
circulating, commensal-derived products may be responsible
for maintaining steady-state myelopoiesis levels [71].

A “one fits all” model does not seem to apply when it comes to
microbiota control of myelopoiesis. Whereas SCFAs did not
affect the generation of BM monocytes and neutrophils, they
influenced DC hematopoiesis by increasing the number of
macrophage and DC precursors and CDPs in the BM [72]
(Fig. 1).

THE GUT MICROBIOTA MODULATES
NEUTROPHIL HOMEOSTASIS

In addition to granulopoiesis, neutrophil homeostasis in

neonates is dependent on the presence of gut commensals
[73-76]. Reduced and altered microbiota in offspring of Abx-
treated dams was associated with decreased numbers of
circulating and BM neutrophils and lower GMPs in the BM.
Microbiota-derived components, such as LPS via TLR4/MyD88
signaling, induced IL-17 production mainly by group 3 innate
lymphoid cells in the intestine and increased plasma levels of
G-CSF leading to granulocytosis [73]. Neonatal gut mucosal
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colonization also enhanced recruitment and reprogramming of
B cell helper neutrophils to the splenic perimarginal zone,
where they elicited class-switching and antibody production
against highly conserved microbial T cell-independent antigens
[75]. An altered and less-diverse composition of the gut
microbiota enriched in Staphylococcus in neonatal nonobese
diabetic mice, correlated with increased immature granulocytes
in the liver and spleen, also implicating commensal microbes in
neutrophil maturation [76].

Sterile neutropenia induces feedback granulopoiesis charac-
terized by expansion of BM HSPCs and GMPs, along with
increased plasma concentration of G-CSF, IL-17, and IL-
23—cytokines known to be involved in granulopoiesis [77].
Although steady-state granulopoiesis is dependent on the pres-
ence of commensal microbes, as discussed above, Bugl et al. [77]
showed that feedback granulopoiesis in GF mice was not affected.
However, in the same study, TLR4-mediated signaling was shown
to be required for feedback granulopoiesis in SPF animals. A
caveat of this study, however, is that to prevent infection as a
result of their neutropenic status, all mice received amoxicillin in
the drinking water, which would induce changes in the micro-
biota composition of SPF animals. Further studies are needed to
distinguish between a possible masking effect of Abx and the
relative contribution of endogenous versus microbial ligands
triggering TLR4 signaling. Contamination of the “sterile” food of
GF mice with bacteria-derived products (e.g., LPS) may also be a
confounding factor [78].

Although the impact of the microbiota on myelopoiesis has
been clearly established in the studies described thus far, they are
all based on ex vivo analysis of BM or peripheral populations,
which may not necessarily fully recapitulate the physiologic
conditions of a live organism. The zebrafish offers a unique
model to examine the interaction of commensal microbes with
immune cells in real time in a living host. With the use of this
model, direct in vivo visualization showed that the commensal
microbiota establishes and maintains neutrophil homeostasis in a
process involving MyD88 [79] and that it regulates neutrophil
localization and recruitment in response to injury at extraintes-
tinal sites [80]. The latter effect was mediated by microbiota-
induced, host-derived SAA through the NF-«B signaling axis.
Colonization of mice with segmented filamentous bacteria
induces SAA production in the terminal ileum, which in turn,
promotes Th17 differentiation and local IL-17A production [81]
[82]. SAA has also been shown to induce G-CSF expression and
neutrophilia [83], possibly through the induction of IL-17.
Altogether, these findings indicate that SAA is an important
microbial-induced host factor modulating neutrophil develop-
ment and function.

In a recent elegant study using gnotobiotic zebrafish
colonized with zebrafish-derived bacterial isolates, Rolig et al.
[84] showed that individual commensal species within a
community have a wide range of per-capita, neutrophil-
stimulatory potential that does not necessarily correlate with
the relative abundance. In their association studies, a low-
abundance member dominated the host immune phenotype
via a bacterial-secreted factor. Importantly, in this system,
bacteria—bacteria interactions determined relative abundances
in a given community. Thus, microbiota complexity can be
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an important factor controlling myelopoiesis, and
microbial function, rather than abundance, may be of critical
relevance.

PHYSIOLOGIC CONSEQUENCES OF THE
MICROBIOTA-MYELOID CELL CROSSTALK

The microbiota-dependent changes in myelopoiesis and
granulocyte homeostasis have an impact in the host response to
inflammatory and infectious insults. In their study, Balmer et al.
[71] found a reduced BM pool of neutrophils and myeloid cell
precursors and a decreased turnover of granulocytes in the
blood; however, they did not observe steady-state kinetic
differences in myelopoiesis. This would implicate that the
microbiota controls the initial size of the BM myeloid cell pool
soon after colonization. The reduced initial myelopoietic pool
results in a lower number of cells readily available to fight an
invading pathogen, as evidenced by delayed clearance of
bacteria following systemic administration [71]. In line with
this, reduced steady-state numbers of tissue resident and BM-
derived phagocytes rendered GF and Abx-treated mice sus-
ceptible to acute systemic Lysteria monocytogenes infection,
whereas their ability to mount adaptive immunity following
secondary infection is unaffected or even enhanced, indicating
a defect in the early innate rather than adaptive response

[67, 85].

Likewise, impaired neutrophil homeostasis in neonates is
associated with LOS. The neutropenia in neonates caused by
Abx exposure through their dams resulted in heightened
susceptibility to E. coli serotype K1 and Klebsiella pneumoniae—2
pathogens commonly associated with LOS and infection in
human neonates [73]. Dysregulated neonatal neutrophil
homeostasis has also been linked to increased risk of type 1
diabetes [76].

Among the many consequences of altered microbiota
composition on host physiology is the increased risk of
developing allergic diseases [2]. Two recent studies indicated
that this is mediated, at least in part, through alterations in
steady-state hematopoiesis. With the use of the model of house
dust mite extract-induced allergic airway inflammation,
Trompette et al. [72] showed that SCFAs enhanced DC
precursor hematopoiesis in the BM and altered lung DC
functionality, rendering them impaired in their ability to
induce Th2 cell effector functions. The SCFAs protective
effect was mediated via binding to GPR41 but not GPR43, and
it was characterized by the rapid resolution of the inflamma-
tory response. SCFAs were shown to modulate human
monocyte-derived DCs as well, although the extent of their
effect varies among individual SCFAs [86]. In a report by
Maslowski et al. [87], SCFAs were also necessary to prevent
exacerbated inflammatory responses and for the timely
resolution of inflammation in mouse models of inflammatory
arthritis and OVA-induced airway inflammation. In this case,
SCFA binding to GPR43 was required, and although the
precise mechanism underlying its protective role in allergic
airway inflammation was not elucidated, altered neutrophil
function was the suggested cause for the exacerbated
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inflammatory arthritis. Another study showed that microbiota-
derived signals influenced Th2 cell-dependent allergic
inflammation through the modulation of basophil hemato-
poiesis by limiting the proliferation of basophil precursors in
the BM [88].

Altered myelopoiesis as a result of the lack of commensals
can be beneficial in certain circumstances. For instance,
circulating neutrophil aging is driven by microbiota-derived
signals in a cell-intrinsic, TLR/MyD88-dependent manner.
Reduced numbers of circulating overly activated aged neu-
trophils, in the absence of commensal microbes, ameliorates
inflammation-induced tissue damage in murine models of
endotoxin-driven septic shock and sickle-cell disease
(Fig. 1) [89].

It was also suggested that fluctuations in the amount of
circulating bacteria-derived products absorbed from the gut
could influence the emigration of inflammatory monocytes
from the BM. Sensing low levels of circulating endotoxin
(i.e., LPS) by BM mesenchymal stem and progenitor cells
resulted in their expression of MCP1 and the release of
inflammatory monocytes into the bloodstream [90]. Therefore,
this provides another mechanism by which commensal mi-
crobes may fine tune the systemic innate immune tone
enhancing antimicrobial defenses but not without potentially
detrimental consequences, such as worsening noninfectious
inflammatory conditions.

The microbiota seems to exert its effect on hematopoiesis,
mostly at the level of GMPs in the BM and at sites of
extramedullary hematopoiesis, affecting the monocytic and
granulocytic progenies with a pronounced defect on neutro-
phil homeostasis (Fig. 1). The lymphocytic compartment, on
the other hand, seems to be unaffected. However, how the
host-microbe crosstalk occurs remains ill defined. Neverthe-
less, a large body of evidence suggests that circulating
microbiota-derived products or bacterial metabolites may reach
the BM or extramedullar sites, where they can be directly
sensed by HSPCs and committed myeloid progenitors [67,
71-73, 75, 91, 92]. Alternatively, circulating HSCs can
encounter bacteria or their products in the periphery before
re-entering the BM [93, 94].

MICROBIOTA MODULATION OF MP
FUNCTION: IMPACT ON THE RESPONSE
TO INFECTION

The clear role of the microbiota on steady-state myelopoiesis
and the heightened susceptibility of microbiota-deprived
animals to acute systemic infections [9] begged the question
of whether commensal microbes could also regulate cellular
function. Indeed, during early studies with GF animals, several
groups reported reduced chemotaxis, phagocytosis, lysosomal
content, microbicidal activity, and production of ROS and
RNS in neutrophils and macrophages from GF animals
[95-101].

Recent studies expanded on these initial observations and
uncovered some of the mechanistic pathways. For instance,
Abrams and Bishop [96] observed a marked reduction in
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infiltrating neutrophils in the peritoneal cavity of GF mice
following the induction of sterile peritonitis. An effect that
could not be attributed to the lower number of steady-state
circulating neutrophils, as in their model, inflammation elicited
similar numbers of neutrophils in circulation. Follow-up studies
using GF rats showed that whereas the influx of neutrophils to
the site of inflammation was significantly impaired, the in vitro
chemotactic response was not affected. Karmarkar and Rock
[102] have recently suggested a plausible explanation to this
phenomenon, so as to stem from defective neutrophil extrav-
asation from the bloodstream into the inflamed tissue. They
observed that GF mice displayed a marked reduction in the
neutrophil recruitment to the peritoneal cavity in response to
diverse stimuli, including microbial components and sterile
ligands. The number of circulating neutrophils following
zymosan-induced inflammation was even increased in flora-
deficient animals, prompting the authors to speculate that an
impaired ability of neutrophils to extravasate into the inflamed
tissue was responsible for the reduced influx (Fig. 2). With the
use of conditional MyD88 knockout animals to delete MyD88

expression at the time of the inflammatory challenge, they
showed that microbiota-derived signals via a MyD88-dependent
pathway are required to precondition the neutrophil inflam-
matory response to zymosan-induced peritonitis, whereas
MyD88 signaling was dispensable during the actual challenge.
Addition of LPS to the drinking water was sufficient to restore the
neutrophil response. Although the precise mechanism of the
defective neutrophil extravasation was not elucidated, these results
are consistent with the notion that microbiota priming is required
for myeloid cell response to further inflammatory stimuli.

The antimicrobial capacity of neutrophils was shown to be
dependent on recognition of microbiota-derived peptidoglycan
from Gram-negative bacteria via the PRR Nod1l but not Nod2 or
TLR4 [92] (Fig. 2). In this study, Clarke et al. [92] found that
during colonization, peptidoglycan translocates from the gut,
increases in circulation, and accumulates in the BM, where it
primes neutrophils for optimal oxidative and nonoxidative
bacterial killing mechanisms. Ex vivo killing of Staphylococcus
aureus and Streptococcus pneumoniae was impaired when
BM neutrophils were obtained from GF, Abx-treated, or
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Figure 2. Microbiota modulation of myeloid cell function at extraintestinal sites: impact on response to invading pathogens. The preconditioning of
neutrophils by microbiota-derived signals is required for their extravasation from the bloodstream into the inflamed tissue and for their optimal
production of ROS and RNS and bactericidal activity. The microbiota provides tonic signals needed for macrophage bacterial killing capacity. Gut
commensal microbes also calibrate macrophage and DC responsiveness to viral infections through chromatin remodeling of antiviral genes that
constitutively express histone marks of transcriptionally activated genes (H3K4me3). IL-12, produced by the microbiota-calibrated DCs, leads to NK
cell activation. Migratory and antigen-presenting capabilities of lung DCs are modulated by the microbiota as well. In the absence of commensal
microbes, there is a reduced influx of neutrophils, macrophages, and DCs to sites of inflammation and infection, and the cells display impaired

functions, leading to delayed pathogen clearance.
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NodlI-deficient animals. Systemic administration of a Nod1
ligand was sufficient to restore the ability of BM neutrophils to
kill S. pneumoniae. Consistent with impaired innate priming,
Nod]l-deficient mice were unable to control S. pneumoniae early
sepsis. The ability of Nodl ligand to promote neutrophil
microbicidal activity directly was also confirmed on human
blood neutrophils [92]. In line with these findings, GF mice
also display increased bacterial burden following systemic
challenge with S. aureus [67].

Early innate resistance to lung infection with the bacterial
pathogen K. pneumoniae was also impaired in microbiota-
depleted mice [103]. In this case, the defect was ascribed to
reduced ROS-mediated bacterial killing by alveolar macrophages
and required Nodl- and Nod2- but not TLR-dependent
signaling. Intragastric administration of Nod1/Nod2 ligands to
Abx-treated mice could restore their ability to control early
bacterial burdens; however, the same ligands administered
intranasally had no effect. This suggests a role for the indigenous
intestinal, rather than upper-airway, microbiota and further
supports that peptidoglycan translocated from the gut can
modulate systemic innate immunity. Although this study showed
impaired ex vivo bacterial killing capacity of alveolar macro-
phages, in vitro assays showed no difference in the ability of
IFN-y-primed peritoneal macrophages from GF mice to kill
L. monocytogenes [67]. It is possible that not all macrophage
populations are functionally regulated by the microbiota to the
same extent or that some but not all bactericidal mechanisms are
affected. Furthermore, different experimental conditions (e.g.,
in vitro IFN-y priming of macrophages) may account for the
differences observed in those studies.

Other examples of the systemic effect of the gut microbiota on
MP function during infection have been provided by studies
showing the increased susceptibility of GF and Abx-treated
animals to respiratory and systemic viral infections [9, 104-106]
(Fig. 2). Disruption of the microbiota composition by means of
Abx treatment led to impaired early innate immunity to
influenza A virus infection, which in turn, resulted in diminished
virus-specific adaptive-immune responses, subsequent delayed
viral clearance, and increased host mortality [104, 106]. The
impaired antiviral response in Abx-treated mice was shown to be
a result of reduced constitutive expression of pro-IL-13 and pro-
IL-18 in the lung, along with decreased numbers and migratory
and antigen-presenting capabilities of lung CD103" DCs [104].
Weakened host-protective immunity to influenza virus infection
was also linked to reduced expression of antiviral-associated
response genes, including Ifnb, IFN regulatory factor 7, Myxovirus
(Influenza virus) Resistance 1 (Mx1), and Statl, in lung
macrophages from infected, Abx-treated mice [107]. Intranasal
and intrarectal administration of TLR ligands was sufficient to
reestablish the anti-viral immunity in Abx-treated mice [104],
and loss of commensal bacteria in the upper respiratory tract, as
well as in the gut, was observed following Abx treatment [107].
Therefore, the relative contribution of the local microbiota
versus the distal effect of intestinal commensals remains to be
determined.

A broad reduction in the expression of IFN response-
associated genes was observed in naive peritoneal macrophages
from Abx mice, and the same cells showed an impaired in vitro
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response to type I and type II IFN, as well as to infection with
influenza virus. Hence, it is possible that preconditioning by
microbiota-derived signals regulates systemic antiviral innate
responses [107]. In accordance with these findings, splenic
DCs purified from GF animals failed to produce IFN-I and to
up-regulate the expression of genes encoding proinflammatory
cytokines, such as [l12, 116, 1118, and Tnf, in response to TL3
and TLR4 stimulation [105]. In vivo, the diminished in-
flammatory cytokine production led to impaired NK cell
activation and enhanced susceptibility to systemic viral in-
fection. The proposed underlying mechanism for these defects
is epigenetic chromatin modifications, as splenic DCs from GF
mice showed reduced activating histone marks (i.e., H3K4me3)
at the promoters of the proinflammatory cytokine genes [105].
Thus, in addition to defective inflammasome activation and
lung DC function, impaired antiviral innate responses result
from lack of systemic microbiota-derived tonic signaling of MPs
(Fig. 2).

IMPACT OF THE MICROBIOTA ON
VACCINE EFFICACY

A major repercussion of the microbiota influence on innate and
adaptive immunity is its potential impact on vaccine efficacy.
This is exemplified by the poor response to oral immunizations
in developing countries, where malnutrition and early-life
exposure to fecal-oral contamination—which leads to altered
microbiota composition—are prevalent [108]. Two recent
studies in mice implicated the gut microbiota, through the
modulation of APC function, in the blunted vaccine response
following systemic [109] and intranasal immunizations [110]. In
a systems biology analysis of immunity induced by the
unadjuvanted TIV in humans, Bali Pulendran and colleagues
[111] found that TLR5 expression strongly correlates with the
magnitude of TIV-specific antibody responses. This interesting
observation prompted them to ask whether there was a causal
link, and if so, what was the role of commensal microbes? In
their recent study, the authors observed a markedly diminished
TIV-induced humoral response in TLR5 deficient, Abx-treated,
and GF mice compared with conventional wild-type animals
following subcutaneous immunization [109]. Similar to the
immune response to influenza infection [104], targeting the
gut-resident microbial community with an Abx that is poorly
absorbed in the gastrointestinal tract was sufficient to impair the
vaccine-induced response. The allowance of the natural re-
constitution of the indigenous flora in GF animals, the oral
gavage of flagellated E. coli, or the coinjection of the TLR5
ligand flagellin with TIV in Abx-treated mice led to increased
TIV-specific IgG antibody responses, therefore, suggesting a
role for the gut microbiota-derived flagellin in modulating
vaccine efficacy [109]. Whereas TLR5/MyD88-mediated sig-
naling on DCs was dispensable for the induction of TIV-specific
antibodies, deletion of MyD88 in macrophages or their de-
pletion abrogated the vaccine-induced response. The require-
ment for TLR5 was also observed for the efficacy of
subcutaneous immunization with another purified viral subunit
vaccine but not with adjuvanted or live-attenuated vaccines,
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indicating that gut-resident commensal microbes act as natural
adjuvants, priming APCs for optimal subcutaneous vaccine
effectiveness.

In a different report, Ruane et al. [110] showed that lung
DC populations induce IgA class-switch and up-regulation of
gut-homing molecules on B cells and induce their migration
to the gastrointestinal tract. CD103" and CD24"CD11b" DCs
(LDCs), but not macrophages, purified from the lungs of
conventional mice, were able to induce IgA class-switch,
whereas the same DC populations obtained from GF or Abx-
treated animals failed to do so. The effect was mediated by
TGF-B produced by LDCs in a MyD88-dependent fashion.
Oral LPS administration or reconstitution of GF mice with
gut microbial flora from conventional animals was able to
restore the ability of LDCs to induce IgA class-switch. After
intranasal immunization with inactive CT, lung IgA™ B cells
up-regulated the expression of the gut-homing molecules
a4B7 and CCRY. The in vivo vaccine efficacy was tested in a
model of CT-induced diarrhea that relies on secretory IgA in
the intestinal lumen for protection. Intranasal immunization
of conventional but not GF animals induced similar levels of
IgA as the oral route of immunization [110]. This study
suggests a crosstalk between the lung and gut immunity in
which signals derived from commensal microbes regulate the
ability of LDGCs to induce mucosal IgA class-switch, modulat-
ing the efficacy of intranasal vaccination. Nevertheless,
although the results presented by Ruane et al. [110] point to
a distant effect of the enteric microbiota, the contribution of
signals originating from the upper-airway tract resident
microbes remains to be determined.

GUT MICROBIOTA INFLUENCE ON
CANCER THERAPY

Cancer has historically been viewed as a disease determined by
genetic and environmental factors; however, it is now clear that

inflammation affects tumor initiation, progression, and dissem-
ination [112]. Approximately 18% of human malignancies can
be attributed to known infectious agents [113]. Recently, several
studies have uncovered a role for commensal microbes in
carcinogenesis, both locally and at distant, nonmucosal sites
[114, 115]. How the microbiota favors cancer development is the
focus of intense research, and a variety of mechanisms has been
proposed [114, 116], including the mobilization and recruitment
of myeloid cell populations that can promote tumor progression.
Fusobacterium nucleatum, which is associated with colorectal
carcinoma in humans, has been shown to increase tumor
multiplicity through the selective recruitment of tumor-
infiltrating myeloid cells in the adenomatous polyposis coli
gene/multiple intestinal neoplasia mouse model of intestinal
tumorigenesis [117]. At extraintestinal sites, gut microbes
promote the development of mammary carcinomas in genetically
prone mice via a neutrophil-mediated mechanism [118], and
microbiota-driven mobilization of myeloid-derived suppressor
cells via TLR5-dependent signaling favors malignant progression
of tumors with ablated p53 and activated K-ras [119].
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As in other facets of the intricate microbiota-host relationship,
there is also a beneficial side when it comes to cancer: intestinal
microbes, through the modulation of myeloid cell function, seem
to be required for the optimal response to cancer chemo- and
immunotherapy [120]. New experimental findings revealed 2
aspects of the microbiota contribution to therapy efficacy: an
adjuvant effect of translocated bacteria following therapy-
induced intestinal epithelial barrier damage and a priming effect
provided by the gut indigenous microbial flora before therapy
(Fig. 3). Initial observations of an adjuvant effect of the gut
microbiota during cancer immunotherapy were made in a mouse
model of adoptive T cell transfer therapy [121]. In that study, the
authors observed that following the total body irradiation
preconditioning regime, intestinal mucosal damage allowed the
translocation of bacteria into the mesenteric lymph nodes and
increased levels of circulating bacterial products, which in turn,
resulted in activation of DCs and increased activity of the
transferred T cells. Abx-treated or TLR4-deficient mice showed
reduced response to therapy and administration of serum from
irradiated mice or ultra-pure LPS-improved therapy effi-
cacy [121].

Two recent studies in animal models showed that changes in
microbial composition and/or systemic translocation of gut
commensal microbes following therapy-induced intestinal
mucosal barrier damage are also needed for the therapeutic
efficacy of CTX, an alkylating anti-cancer drug commonly used
in the clinic [122], and checkpoint blockade immunotherapy
with a mAb against CTLA-4 [123]. CTX is among the
chemotherapeutic drugs that induce the so-called “immunoge-
nic cell death,” leading to the activation of APCs and induction
of anti-tumor adaptive immune responses that contribute to its
efficacy [124]. Viaud et al. [122] showed that translocation of
selective gram-positive bacteria (e.g., Lactobacillus johnsonii and
Enterococcus hirae) following CTX-induced mucositis was re-
quired for the induction of pTh17 cells and memory Th1 cells.
The anti-tumor effect of CTX on established MCA205 sarcomas
was largely reduced in GF animals or mice pre-exposed to Abx
that specifically targeted gram-positive but not gram-negative
bacteria. This blunted response correlated with decreased
accumulation of pThl7 in the spleen and reduced frequencies
of intratumoral Th1 cells.

Among the side-effects of immunotherapy with the anti-
CTLA-4 mAb Ipilimumab, approved for the treatment of
patients with metastatic melanoma, are the immune-related
events commonly occurring at sites in direct contact with
commensal microbes, such as the intestine [125]. This
observation inspired Laurence Zitvogel’s group [123] to assess
whether gut-commensal microorganisms also have an impact
on the anti-cancer therapeutic efficacy of the CTLA-4 blockade.
Whereas SPF mice treated with anti-CTLA-4 were able to
control tumor progression, therapy efficacy was severely
compromised in GF or Abx-treated animals [123]. When the
authors studied the underlying mechanism, they found that
anti-CTLA-4 led to a rapid T cell-dependent increase in
intestinal epithelial cell death and changes in the microbial
composition. Bacteroides spp., in particular, Bacteroides
thetaiotaomicron and Bacteroides fragilis, and the proteobacteria
Burkholderia cepacia were capable of restoring the efficacy of
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oxaliplatin. ROS production by myeloid cells is required for oxaliplatin-induced DNA damage, thus contributing to the early genotoxic effect

of the drug.

anti-CTLA-4 in GF or Abx-treated mice. These commensal
microbes modulated the anti-CTLA-4 efficacy through the
maturation of DCs and their IL-12 production, which in turn,
elicited anti-bacterial Thl T cell responses that contributed to
tumor eradication. Changes in the relative abundance of
Bacteroides spp. were also found in patients following anti-
CTLA-4 treatment, and GF mice reconstituted with the
Bacteroides spp.-enriched microbiota of these patients
responded to the CTLA-4 blockade [123].

Without affecting the integrity of the intestinal mucosa,
treatment of subcutaneously implanted tumors with an intra-
tumoral injection of CpG-ODN combined with systemic
blockade of IL-10 (CpG/anti-IL-10R) leads to tumor eradica-
tion in conventional animals; however, Abx-treated or GF mice
fail to respond [126]. Iida et al. [126] showed that the
impaired response in the microbe-deprived animals was a
result of the inability of tumor-infiltrating myeloid cell
populations to respond to CpG and to produce proinflamma-
tory cytokines, such as TNF and IL-12, necessary to elicit an
effective anti-tumor response. CpG/anti-IL-10R treatment was
inefficient in TLR4-deficient animals, and the blunted
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response in Abx-treated mice could be partially restored by
oral administration of LPS. Animals that produce high levels of
TNF in response to CpG/anti-IL-10R treatment could be
segregated from those that were poor responders based on
their fecal microbial composition. Further microbiota analysis
revealed several bacterial species that positively or negatively
correlated with the TNF response, and in vivo association
experiments confirmed these findings. For example, gavage
administration of the gram-negative A. shaii to Abx-treated
mice restored the ability of tumor-infiltrating myeloid cells to
produce TNF, whereas oral administration of Lactobacillus
Jfermentum to intact animals was sufficient to dampen the
response [126].

The same study showed that microbiota tonic signaling was
also required for the response to chemotherapy with platinum
compounds [126]. GF or Abx-treated animals bearing sub-
cutaneously transplanted EL-4 lymphomas did not respond to
cisplatin or oxaliplatin to the same extent as conventional
mice. The lack of response was attributed to the failure of
tumor-infiltrating, monocyte-derived macrophages and neu-
trophils to produce ROS in response to the platinum salt and
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areduced, early genotoxic effect of the drug. MyD88-deficient
mice and animals lacking the myeloid NADPH oxidase 2,
which is needed for ROS production, also failed to respond to
oxaliplatin, therefore, suggesting that microbial signals

modulate the efficacy of oxaliplatin therapy by systemically
priming myeloid cells to produce the ROS required for the

early genotoxicity of the drug.

A role for the microbiota in spontaneous anti-tumor
responses was also recognized recently [127]. Sivan et al.
[127] took advantage of the known differences in the
microbiota composition of animals obtained from different
vendors, namely Jax (Bar Harbor, ME, USA) and Tac
(Germantown, NY, USA), to study whether the presence or
absence of certain microbes affected anti-tumor immunity.
Indeed, they observed that B16 melanoma tumors pro-
gressed more aggressively in Tac mice compared with
animals obtained from Jax. The slower tumor growth in Jax
animals correlated with enhanced activation of DCs and
increased frequency of tumor-specific CD8" T cells. The
differences could be erased by allowing Jax and Tac mice to
exchange their microbes during cohousing experiments or
by performing fecal transplant. Analysis of the microbiota
composition and its correlation with anti-tumor immunity
revealed Bifidobacterium as the only genus present in the
microbiota of Jax mice showing a significant and positive
association with the anti-tumor response. This association
was confirmed by gavage of Bifidobacterium spp. to Tac
animals, which was sufficient to improve their spontaneous
tumor control. The enhanced response of Jax mice,
Bifidobacterium fed, and microbiota-transplanted Tac animals
to anti-PD-L1 treatment further emphasized the importance
of the commensal-dependent heightened spontaneous anti-
tumor CD8" T cell response [127]. Although the precise
mechanism still needs to be elucidated, gut-resident mi-
crobes, through the activation of APCs, can lead to increased
frequencies of tumor-specific CD8" T cells and consequently,
improved anti-PD-L1 efficacy.

The studies mentioned above have focused on the impact of gut-
resident microbes; however, the influence of the microbiota at other
anatomic sites (e.g., skin, lung, oral cavity) remains to be determined.

CONCLUDING REMARKS

The work discussed here offers compelling evidence that gut
commensal microbes regulate myeloid cell homeostatic levels,
provide tonic signaling, and serve as natural adjuvants, greatly
influencing the host’s ability to respond to infection, tumors, and
cancer therapy (Fig. 4). Nevertheless, the extent to which these
experimental findings translate to humans remains to be

determined, and several critical issues need to be addressed
before we can design and perform preclinical and clinical
intervention studies.

Although investigators have started to uncover the molecular
basis of the commensal microbes/systemic immunity crosstalk,
a large proportion of the microbiome research is still only
based on correlation and association of specific bacterial
species with a given immune function. Those associations imply
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that the particular bacteria species (or their products) can
contribute to that said immune function but are not necessarily
the main or solely responsible for it. Functional studies are
restrained by our current limited ability to isolate and culture
species that may be of interest. Furthermore, with the
consideration of the uniqueness of an individual’s microbiota
and that bacteria—bacteria interactions modulate each other’s
metabolic pathways and membership in the overall microbial
ecosystem [128], the functional impact of a particular microbe
may not be the same in the context of 2 distinct microbiota.
Thus, this underscores the importance of microbial tran-
scriptomic analysis to understand the function of the microbial
community as a whole.

Transplant of clinical microbial isolates into mice is a
valuable tool to validate correlation studies. Nevertheless,
the bidirectional nature of the microbiota—host interaction,
in which host genetic and environmental factors play an
import role, should be taken into account. The same
consideration should be made when thinking about fecal
transplants in patients, as what constitutes a healthy micro-
biota in one individual may be inflammatory in another.
Nonetheless, this approach has proven successful in the
treatment of Abx-associated diarrhea caused by Clostridium
difficileinfection [129], where it was shown to work, at least in
part, through the ability of specific bacterial species to
synthesize C. difficile inhibiting metabolites [130]. The
effectiveness of fecal transplant to treat other conditions,
such as IBD, is less consistent [131], and the identification of
bacterial functional pathways to be targeted may prove more
efficient in this case, as well as in other complex inflamma-
tory disorders.

The current knowledge on the role of the gut microbiota in
cancer therapy is mostly based on experimental animal studies
[121-128, 126, 127], and the influence of the microbiota at other
anatomic sites (e.g., skin, lung, oral cavity) remains to be
determined. The gut microbiota-mediated effect on the response
to different therapeutic approaches occurred via the systemic
modulation of myeloid cell function; albeit, distinct bacterial
species were capable of either promoting or suppressing the anti-
cancer response. Although the findings need to be validated in
humans, the results are quite striking and may help explain the
variable response observed in patients. Hence, the gut microbiota
may be a plausible target for adjuvant cancer therapy.

Much of the current knowledge on the role of commensal
microbes in modulating immune responses comes from
studies looking at the bacterial component of the intestinal
microbiota. However, emerging evidence underscores the
contribution of other gut-resident microbes (e.g., viruses,
fungi, and parasites), as well as the interaction among
microbial communities. Interactions among microbes are of
particular relevance, as they may modulate each other’s
metabolic pathways and membership in the overall microbial
ecosystem. Researchers normally work under the assumption
that Abx treatment only disturbs bacterial cells; however, they
may indirectly impact other microorganisms. For instance,
overgrowth of the commensal fungal Candida species is not
uncommon after Abx treatment and in mice, resulted in
elevated plasma concentrations of PGE,; and M2 macrophage
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Figure 4. The gut microbiota modulates the response to systemic infection and cancer therapy via the regulation of myeloid cell development and
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recruitment of neutrophils and inflammatory monocytes to the infected tissues and tumor microenvironment. At the site of infection, inflammatory
monocytes differentiate into inflammatory DCs and macrophages that promote Th1 responses and pathogen eradication. On the other hand, in the
suppressive tumor microenvironment, these cells favor tumor growth. Following chemo- and immunotherapy, myeloid cells can become
proinflammatory and lead to tumor destruction, whereas at the site of infection, immunosuppressive myeloid cell function contributes to resolution
of inflammation. Microbiota tonic signaling allows for the proper differentiation and function of myeloid cells, facilitating pathogen killing and
resolution of inflammation to avoid collateral damage to self, and the efficient response to cancer therapy.

polarization in the lung promoting allergic airway inflamma-
tion [132]. The enteric murine norovirus offers an example of
the relevance of the mammalian virome; it affects intestinal
homeostasis and mucosal immunity directly [133], and its
persistence is influenced by the bacterial microbiota [134].
Another example of trans-kingdom interaction was recently
provided by a study showing that helminth-induced type 2
intestinal responses modulate the bacterial microbiota com-
position, resulting in a protective phenotype in IBD-
susceptible mice [135]. Mice also harbor distinct symbiotic
protozoa that can directly regulate intestinal type 2 immunity
[136]. Further studies are needed to determine if and how
these other microbial communities and their interactions
affect systemic inflammatory and immune responses.
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We have come a long way since van Leeuwenhoek’s time or
the early GF animal studies of the 20th century. Yet, despite
the extraordinary progress made in recent years, we are still
in the early stages toward deciphering the mechanisms
underlying the microbiota—host crosstalk. Nevertheless, the field
is moving at a very fast pace, and the prospects for developing
microbiota-targeted interventions for disease prevention and
cure hold much promise.
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