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PERSPECTIVE

Bacterial-modulated host immunity
and stem cell activation for gut
homeostasis
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Although it is widely accepted that dynamic cross-talk
between gut epithelia and microorganisms must occur to
achieve gut homeostasis, the critical mechanisms by
which gut–microbe interactions are regulated remain
uncertain. In this issue of Genes & Development, Buchon
and colleagues (pp. 2333–2344) revealed that the reaction
of the gut to microorganisms is not restricted to activating immune systems, but extends to integrated responses essential for gut tissue homeostasis, including
self-renewal and the differentiation of stem cells. Further
investigation of the connection between immune response and stem cell regulation at the molecular level in
the microbe-laden mucosal epithelia will accelerate our
understanding of the regulatory mechanisms of gut homeostasis and of the pathogenesis of diseases such as
chronic inflammatory diseases and colorectal cancers.

The gut epithelia of all metazoan organisms harbor
complex microbial communities (Hooper and Gordon
2001). Due to the high diversity of microorganisms,
gut–microbe interactions are biologically complex and
dynamic, and are dictated by the number and identity of
the contacting microorganisms. As an adaptation to the
ever-changing nature of gut environments, metazoan gut
epithelia have evolved to possess subtle yet efficient
means to achieve immune and cellular homeostasis by
sensing beneficial and/or deleterious conditions imposed
by microbial populations (Ha et al. 2005a,b, 2009a,b;
Bischoff et al. 2006; Zaidman-Remy et al. 2006; Nehme
et al. 2007; Ryu et al. 2008). Not surprisingly, many
immune and cellular deregulatory diseases, including
chronic inflammatory disease and cancers, are frequently
found in the gut epithelia. However, the exact molecular
mechanisms by which immune and cellular homeostasis
occurs in microbe-laden gut epithelia have yet to be fully
elucidated. Research in this direction has been hampered
[Keywords: Intestinal stem cell; proliferation; gut microbiota; JAK–
STAT; JNK; pathogenic bacteria]
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by the fact that gut–microbe interactions take place in live
organisms and therefore can only be interpreted meaningfully in vivo. Recently, the Drosophila genetic model has
been demonstrated to be an efficient tool for the analysis
of the microbe-induced signaling pathways that link
microorganisms and corresponding gut cell physiology
(Ha et al. 2005a,b, 2009a,b; Bischoff et al. 2006; ZaidmanRemy et al. 2006; Nehme et al. 2007; Ryu et al. 2008).
Global analyses of the bacterial-modulated gut responses
Two recent large-scale studies provided a global view of the
bacterial-modulated gut responses that occur during different gut–microbe interactions (Buchon et al. 2009a;
Cronin et al. 2009). In a study conducted by Buchon et al.
(2009a), global gut response was examined at the transcriptional level during infectious gut–microbe interactions.
This type of gut–microbe interaction was achieved by oral
ingestion of a high dose of Erwinia carotovora carotovora15 (Ecc15), whose infection is usually nonlethal and noninvasive when hosts are equipped with adequate dual
oxidase (DUOX)-dependent reactive oxygen species (ROS)
immunity (Ha et al. 2005a). Therefore, this experimental
setting revealed the integrated host response to nonlethal
bacteria. Under these conditions, many host genes involved in stress response, cell growth, wound repair, and
development were found to be induced. Alternatively,
Cronin et al. (2009) conducted a genome-wide in vivo
Drosophila RNAi screen to identify genes involved in host
response during pathogenic gut–microbe interactions.
Cronin et al. (2009) used the lethal pathogen Serratia
marcescens Db11, which normally kills the host within
a week (Nehme et al. 2007). It is well known that this bacterium passes through the gut and enters the body, thus
inducing both gut immunity and systemic immunity, both
of which are therefore believed to be required for maximum host resistance to this pathogen (Nehme et al. 2007).
Using a gut-specific silencing technique, Cronin et al. (2009)
demonstrated that multiple genes involved in proteolysis,
transport, stress response, immune response, growth,
wound repair, and cell death play crucial roles in the gut
for better host resistance against the lethal S. marcescens
infection. In sum, these two studies demonstrated that gut
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reaction to nonlethal or lethal bacteria is not restricted to
immune activation, but extends to integrated responses
involving diverse aspects of gut cell physiology.
Bacterial-modulated intestinal stem cell activation
One of the integrated responses is the repair of gut cell
injury by intestinal stem cells (ISCs). ISCs have long been
believed to be involved in the repair process of gut cell
injury. Fly gut epithelia are similar to mammalian gut
epithelia in that they possess an instinctive self-renewal
program (Casali and Batlle 2009). In the adult midgut, the
entire population of epithelial enterocytes (ECs) is replaced in about a week (Micchelli and Perrimon 2006).
This cellular homeostatic event is ensured by the presence of ISCs residing underneath the ECs (Micchelli and
Perrimon 2006; Ohlstein and Spradling 2006). The discovery of midgut ISCs and their proliferation and differentiation program have led to analyses of the essential
signaling pathways that affect stem cell regulation. The
cellular organization of midgut epithelia is extremely
simple when compared with the mammalian counterpart
(Micchelli and Perrimon 2006; Ohlstein and Spradling
2006). Absorptive ECs and secretory enteroendocrine (EE)
cells are two major differentiated cell types derived from
undifferentiated ISC daughter cells known as enteroblasts (EBs). ISCs are the only dividing cells, and their
self-renewal is known to be maintained by Wnt signaling
(Lin et al. 2008). ISCs give rise to two daughter cells that
are initially identical, but one of them rapidly becomes
the Delta-expressing ISC and the other becomes the EB
with Notch signaling activation. Subsequently, depending on the intensity of the notch signaling, EBs can
differentiate into either ECs or EE cells (Micchelli and
Perrimon 2006; Ohlstein and Spradling 2007). Because
the gut epithelial lining acts as the frontline barrier to the
external environment, it is likely that the ISC division
rate is controlled by sensing the surrounding signaling
rather than by operation at a default rate. Indeed, experimental epithelial injury induced by feeding damaging
agents or expressing apoptotic genes triggers faster ISC
division (Amcheslavsky et al. 2009). Importantly, recent
studies further demonstrate that more physiologically relevant signals such as those produced by different types of
gut–microbe interactions are also involved in determination of ISC activity (Buchon et al. 2009a; Chatterjee and Ip
2009; Cronin et al. 2009; Jiang et al. 2009). These findings,
together with the genome-wide information regarding
diverse gut responses to microorganisms, have made it
possible to dissect the regulatory signaling pathways of
ISCs under ever-changing microbial environments.
JAK–STAT (Janus kinase–signal transducers
and activators of transcription) pathway in
bacterial-modulated intestinal stem cell activation
The work of Buchon et al. (2009b) in this issue of Genes &
Development, together with the two aforementioned
recent works (Cronin et al. 2009; Jiang et al. 2009),
demonstrates that JAK and STAT signaling, previously

known to be involved in diverse biological processes
including tissue damage repair and regeneration (Agaisse
and Perrimon 2004), are involved in bacterial-modulated
stem cell regulation. Buchon et al. (2009a) showed previously that essential genes involved in the regulation of
the JAK–STAT pathway, such as unpaired (Upd) gene
products (cytokine-like ligands for JAK–STAT signaling
activation), are induced in the gut following Ecc15 ingestion. Additionally, these gut–microbe interactions
also resulted in increased ISC division (Buchon et al.
2009a; Chatterjee and Ip 2009). Given that the JAK–STAT
pathway is involved in a variety of processes related to
the physiological homeostasis of cells and that tissue
damage associated with microbes can activate this signaling (Agaisse and Perrimon 2004), Buchon et al. (2009a)
postulated that activated JAK–STAT signaling may induce replenishment of epithelial cells injured during gut–
microbe interactions through ISC activation. Buchon
et al. (2009b) and two other research groups (Cronin
et al. 2009; Jiang et al. 2009) further linked the two distinct
microbe-induced responses, Upd–JAK–STAT activation
and stem cell activation, by showing that microbe-induced Upd and subsequent JAK–STAT pathway activation are essential for stem cell division, as evidenced by
the presence of cells double-positive for phospho-histone
H3 (marker for dividing cells) and escargot (marker for
ISCs and EBs). Furthermore, JAK–STAT signaling is shown
to be required for EC differentiation, possibly by inducing
Delta and stimulating Notch signaling (Jiang et al. 2009).
Importantly, depletion of Upd in ECs or of JAK–STAT
signaling pathway potential in progenitor cells is sufficient to produce a high lethality during both nonlethal and
lethal gut–microbe interactions (Buchon et al. 2009b;
Jiang et al. 2009), suggesting that the JAK–STAT-mediated
epithelial cell renewal program acts as an essential part of
the host responses to microorganisms. Interestingly, ISCspecific overactivation of the JAK–STAT pathway also
leads to host lethality in response to pathogenic S.
marcescens infection (Cronin et al. 2009), suggesting that
optimal JAK–STAT activation is required for host survival.
How does the host mount an adequate rate of epithelial cell renewal in the face of constantly variable local
microbial environments? A dose-dependent assay with
pathogenic Pseudomonas entomophila showed that the
extent of epithelial renewal is correlated up to a certain
threshold with the microbial density. However, epithelial
renewal is abolished by a high lethal dose of P. entomophila, which is reminiscent of the response to excess
doses of tissue-damaging agents such as paraquat or
sodium dodecyl sulfate (Buchon et al. 2009b). Furthermore, gut–microbe interactions using avirulent or attenuated P. entomophila mutant strains revealed that the
epithelial renewal rate is also proportional to the degree of
microbial virulence and gut pathology. Interestingly, by
comparing germ-free and conventional animals, Buchon
et al. (2009b) elegantly showed that the routine microbial
contact with commensal microbiota can also activate
the basal level of Upd expression and subsequent epithelial cell turnover through the JAK–STAT pathway at a reduced rate. This result gives us an important clue to
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understanding the beneficial roles of symbiotic microbiota on gut physiology because gut–microbe interactions
routinely take place in all metazoans even in the absence
of infection. Flies lacking the ability to control normal
gut microbiota due to the absence of microbe-controlling
innate immunity (such as immune deficiency [IMD] pathway mutant flies lacking antimicrobial peptide [AMP]
gene expression) or aging harbor an abnormal commensal
community structure in terms of density and possibly
also identity of gut microbes. Strikingly, these flies show
a hyperproliferative state of ISCs and abnormal gut morphology, which could be abolished if put under germ-free
conditions (Buchon et al. 2009b). This observation suggests that the lack of microbe-controlling capacity is not
directly involved in loss of gut homeostasis, but, rather,
that abnormal number and/or structure of the commensal community resulting from loss of microbe-controlling
capacity is the direct cause of loss of gut homeostasis.
These results also support the idea that indigenous gut
microbiota influence host physiology such as gut cell
homeostasis. Taken together, it is likely that epithelial
cell renewal rate is highly dynamic and is adjusted in
response to the state of local microbial burdens.
Notch and JNK (c-Jun NH2 terminal kinase) pathway
in bacterial-modulated intestinal stem cell activation
Interestingly, in addition to the JAK–STAT pathway,
Notch signaling and JNK signaling are also involved in
the microbe-induced epithelial renewal program (Jiang
et al. 2009). When Notch is depleted in the progenitor
cells, the host fails to survive during sublethal pathogenic
gut–microbe interactions. As Notch signaling is required
for ISC differentiation but not ISC mitosis (Jiang et al.
2009), differentiation of the ISCs, not just mitosis, also
appears to be an essential event for host resistance against
pathogens. JNK signaling was shown recently to be required for gut regeneration by promoting ISC cytoprotection and proliferation in old flies (Biteau et al. 2008).
Consistent with these findings, reduced JNK activity in
ISCs leads to depletion of ISCs resulting in host death
during gut–Ecc15 interactions (Buchon et al. 2009b),
demonstrating the essential role of the JNK pathway in
bacterial-induced epithelium renewal. However, JNK
pathway activity is dispensable for ISC mitoses during
interactions with sublethal doses of P. entomophila
(Buchon et al. 2009b; Jiang et al. 2009), indicating that
the JNK activation in ISCs can be co-opted depending on
the nature of contacting microorganisms. Taken together,
these recent advances provide a novel conceptual framework wherein gut–microbe interactions can act as a physiological signal to activate various signaling pathways—including Upd–JAK–STAT, JNK, and Notch signaling—for
the control of stem cell activity and host physiology.
ROS in bacterial-modulated intestinal stem cell
activation
Several important questions remain to be clarified. One of
the most important questions is how gut–microbe in-

2262

GENES & DEVELOPMENT

teractions act as physiological signals leading to ISC
proliferation and differentiation. It is likely that stem
cell activity is directly proportional to microbial burden
because routine gut–microbe interactions produce basal
Upd–JAK–STAT activity, whereas infectious and pathogenic interactions induce enhanced Upd–JAK–STAT activity (Buchon et al. 2009b; Jiang et al. 2009). In other
words, variations in the degree of tissue damage that
occur due to differences in density and/or virulence of
contacting microbes may determine the strength of signal
activation. Indeed, tissue-damaging chemical agents such
as sodium dodecyl sulfate or dextran sodium sulphate can
provoke Upd–JAK–STAT pathway activation and subsequent stem cell division in a dose-dependent manner
(Buchon et al. 2009b). It is currently unknown how
microbe-induced (or chemical-induced) tissue damage
can be transformed into a physiological signal for stem
cell activation. Much more work is necessary to determine how this occurs. Because high microbial burdens
can induce both gut immune signaling and gut cell
apoptosis, it is conceivable that immune signaling pathways such as IMD–AMP and DUOX–ROS signaling and/
or the apoptosis signaling pathway play an instructive
role in the activation of stem cell signaling. In this regard,
it is important to note that neither Upd–JAK–STAT
signaling nor ISC division requires the IMD pathway to
respond to gut–microbe interactions (Jiang et al. 2009).
The more likely scenario thus involves recently identified signaling pathways leading to microbe-induced ROS
generation (such as Gaq-phospholipase Cb-Ca2+ pathway
and p38 mitogen-activated protein kinase pathway) (Ha
et al. 2009a,b) or microbe-induced ROS themselves.
Notably, flies lacking the ability to produce microbeinduced ROS generation (Gaq mutant flies or DUOX
knockdown flies) or flies exhibiting enhanced antioxidant
potential (either by treatment with antioxidants or by
overexpression of ROS-removing enzymes to deplete
microbe-induced ROS) showed a reduced level of microbe-induced ISC proliferation (Buchon et al. 2009b). It is
not yet clear if ROS act as direct inducers of stem cell
signaling or simply cause tissue damage that would signal
to stem cells via other means (Fig. 1). Although ROS can
lead to cellular apoptosis and tissue damage, it is wellestablished that physical and chemical tissue damage can
also provoke ROS generation (Fig. 1). This reciprocal
relationship between ROS and tissue damage makes it
difficult to clarify the exact mechanism by which ROS
induce stem cell activation. Nevertheless, these observations raise an intriguing possibility that the signaling
pathways leading to ROS generation and/or ROS themselves are somehow involved in stem cell regulation.
That ROS are rapidly produced in response to different
external stimuli including microbial contact and mechanical injury suits the proposed role in the activation
of stem cell signaling (Fig. 1).
It had long been believed that ROS are an inevitable
toxic waste produced by aerobic organisms that accelerate tissue injury when the amounts exceed certain
thresholds. However, it is now generally accepted that
various cells also produce appropriate levels of ROS
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Figure 1. Hypothetical scheme for bacterial-modulated stem cell signaling. It is well-established
that gut–microbe interactions induce different
amounts of DUOX-dependent ROS production
proportional to the microbial load and/or virulence
(e.g., low chronic ROS production in the case of
beneficial/routine interactions and high acute ROS
production in the case of infectious/pathogenic
interactions). Additionally, physical and chemical
tissue damage may also directly induce ROS in
a DUOX-dependent (as shown in zebrafish model)
(Niethammer et al. 2009) and/or DUOX-independent manner. It remains to be elucidated whether
microbe-induced ROS act as direct inducers of
stem cell signaling or simply cause tissue damage
that in turn signals to stem cells via other means.
Given that tissue damage can also provoke ROS
generation and that ROS can act both as cytotoxic
molecules and signaling second messengers, one
can speculate that both mechanisms are involved
in stem cell signaling but are in operation in
a context-dependent manner depending on spatial
and temporal ROS concentration. See the text for
more details about the putative redox-sensitive
signaling modulation.

intentionally in response to external stimuli through
members of the NOX/DUOX family of NADPH oxidases
to control biological processes (Rhee 2006). The key
aspect is that the effects of ROS depend on their local
concentration. ROS at high levels are involved in senescence and apoptosis, whereas ROS at low levels function
as signaling molecules to mediate essential biological
processes including cell proliferation, migration, differentiation, and gene expression. Recently, NOX activity
has been found to be dynamically modulated during
embryonic stem cell proliferation and differentiation,
suggesting that ROS plays a role in stem cell regulation
(Haneline 2008). Exogenous application of low concentrations of H2O2 ranging from 1 to 10 nM can lead to the
differentiation of embryonic stem cells to contracting
cardiomyocytes (Sauer and Wartenberg 2005). Furthermore, application of 100 nM H2O2 has been shown to
promote the proliferation of stem cell-derived cardiomyocytes (Buggisch et al. 2007). Although it may be premature
to draw a direct parallel between mammalian embryonic
stem cells and Drosophila ISCs, these studies strongly
suggest in principle that NOX/DUOX-dependent ROS can
directly intervene in stem cell signaling pathways.
ROS in the modulation of signaling pathways
At present, it is unclear how ROS modulate stem cell
regulation, but the mechanism by which ROS participate
in signaling for cell proliferation and differentiation via
JAK–STAT and JNK pathways is relatively well-established (Fig. 1). Specifically, because ROS are highly reactive and diffusible molecules that can act as intracellular messengers, they are able to transiently modulate
a variety of signaling pathways through oxidative inactivation of critical redox-sensitive signaling proteins

harboring low-pKa cysteine residues (Rhee et al. 2000;
Rhee 2006). It is interesting to note that the oxidation of
essential cysteine controls the ‘‘on–off’’ state of protein
activity through a reversible reaction that is reminiscent
of protein phosphorylation used for the activity modulation of signaling molecules. One of the best-known redox
control mechanisms is the ROS-mediated inhibition of
protein tyrosine phosphatases (PTPs) that contain a redox-sensitive low-pKa cysteine residue in the active site
(Kwon et al. 2004). Indeed, numerous important signaling
molecules are phosphorylated by tyrosine kinases and
dephosphorylated by PTPs, and oxidative inactivation of
PTPs leads to a shift in equilibrium toward increased
tyrosine phosphorylation and subsequent signaling activation. The JAK–STAT pathway can also be controlled
in such a way (Fig. 1). In mammalian epithelial cells, it
has been shown that virus-induced ROS activate STAT3
through inducing an imbalance in favor of cellular tyrosine kinases over PTPs, which results in increased net
phosphorylation and activation of signaling (Liu et al.
2004). In Drosophila, PTP 61F has been identified as
a regulator of dephosphrylation of JAK and/or STAT (Baeg
et al. 2005). Loss of PTP 61F results in an increase in JAK–
STAT signaling via enhancement of the phosphorylation
of JAK and STAT. Therefore, it will be interesting to
investigate whether PTP 61F is under redox control
during various gut–microbe interactions. Other important signaling pathways involved in stem cell regulation,
such as the JNK and Wnt pathways, can also be under
redox control through redox-sensing thioredoxin (TRX)
family protein members (Fig. 1). The TRX protein family
is a key component of redox regulation conserved
throughout prokaryotes and eukaryotes, attesting to its
importance as signaling regulators (Eklund et al. 1991). In
the case of redox-modulated JNK signaling, the reduced
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form of TRX associates with apoptosis signal-regulating
kinase 1 (ASK1, an upstream mitogen-activated protein
kinase kinase kinase for JNK) and keeps it inactive, which
means that JNK signaling is inactive in the absence of
ROS (Junn et al. 2000). Upon signal-induced ROS production, TRX is oxidized and changes its conformation,
which leads to the dissociation of ASK1 from TRX,
resulting in ASK1 self-activation and subsequent JNK
activation (Fig. 1; Junn et al. 2000). A similar mechanism
is used for the redox-based control of Wnt signaling. In
this case, nucleoredoxin (NRX), a member of the TRX
family, acts as a redox-sensing protein. In the normal
state, reduced NRX binds to Dishevelled (Dvl) and blocks
Wnt/b-catenin signaling (Funato et al. 2006). When
signal-induced ROS are produced, ROS oxidize NRX,
which in turn dissociates from Dvl. Freed Dvl leads to
the activation of Wnt/b-catenin signaling (Fig. 1; Funato
et al. 2006). Taken together, it can be stated with reasonable certainty that signaling cascades involved in stem
cell regulation—such as JAK–STAT, JNK, and Wnt signaling pathways—are redox-controlled, at least in some
cellular context.
DUOX-dependent ROS in gut homeostasis
In mouse gut epithelia, bacterial contact is believed to
promote NOX/DUOX-dependent ROS generation to
maintain cellular homeostasis. Specifically, interactions
between gut epithelia and commensal microbes provoke
ROS generation within 30 min, which mediates the
oxidative inactivation of the E3-SCFb-TrCP-dependent protein degradation machinery leading to IkB and b-catenin
stabilization (Kumar et al. 2007; Lee 2008). This mechanism enables microbe-induced ROS to induce reduced
NF-kB signaling and enhanced b-catenin signaling to
achieve anti-inflammatory effects and proliferative stimulation in the host cells, respectively. In addition to
bacteria-derived signals, tissue damage can also promote
ROS production at injury sites in the epithelia of humans,
zebrafish, and plants. Recently, the formation of an H2O2
gradient was observed around the wounded epithelial
barrier of zebrafish, which acts as an essential beneficial
signal by recruiting leukocytes to the site of the injury
(Niethammer et al. 2009). In this system, DUOX was
shown to be responsible for wound-induced ROS generation (Niethammer et al. 2009). In Drosophila, DUOX is
known to be responsible for microbe-induced generation
of ROS during routine and infectious gut–microbe interactions, and DUOX-generated ROS play critical roles
for host defense (Ha et al. 2005a, 2009a). In humans,
DUOX2 is known to be highly expressed in the gastrointestinal tract (Geiszt et al. 2003; Lambeth 2004; El
Hassani et al. 2005). Recently, microbe-induced ROS
were found to be generated in human intestinal Caco2
cells through DUOX2 activity (Ha et al. 2009b). Thus,
NOX/DUOX-dependent ROS generation during tissue
damage or microbial contact appears to be an evolutionarily conserved phenomenon. Interestingly, Buchon et al.
(2009b) found that flies with reduced ROS levels as
a result of the ingestion of antioxidant such as N-acetyl
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cysteine or glutathione exhibit reduced potential for
Upd–JAK–STAT signaling during infectious gut–microbe
interactions. Furthermore, flies with reduced ROS potential due to the lack of DUOX expression—as in the case of
DUOX knockdown flies—suffer severe pathological conditions during routine and infectious gut–microbe interactions, including gut apoptosis and ultimately host
death (Ha et al. 2005a, 2009a,b). Despite the severe tissue
damage, DUOX knockdown flies showed reduced and/or
delayed Upd–JAK–STAT signaling in response to Ecc15
(Buchon et al. 2009b), which suggests that ROS (at the
right time and dose) play a role in the activation of stem
cell signaling via this pathway. In this context, it is
tempting to speculate that in addition to their direct
microbicidal roles, microbe-induced DUOX activation
and subsequent generation of ROS constitute the key
mechanism that leads to amplification of stem cell
signaling. These intriguing and exciting issues could be
addressed in a live gut–microbe interaction model of
Drosophila by taking advantage of the powerful genetic
tools and newly available ROS detection techniques.
Ultimate identification of an intracellular messenger that
links immune response to stem cell regulation in the
ever-changing microbe-laden mucosal epithelia will
greatly accelerate our understanding of regulatory mechanisms involved in gut homeostasis and thereby deregulatory diseases such as chronic inflammatory diseases
and colorectal cancers.
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