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In his timeless 1926 classic Microbe Hunters, Paul de Kruif color-
fully describes the herculean efforts of some of the greatest 19th-
century microbiologists and immunologists — Robert Koch, Louis 
Pasteur, and Élie Metchnikoff, among others — in establishing the 
concept that microorganisms and the host immune system live in 
a constant struggle against each other (1). These pioneers from 
medicine’s “heroic age” (circa 1860–1910) laid the groundwork for 
what became the leitmotif of 20th-century microbiology research: 
a molecular dissection of microbial pathogenesis and its intersec-
tions with the immune system. However, even at the beginning of 
the 20th century, there were some who argued that the notoriety 
enjoyed by “pathogenic” bacteria was diverting attention from 
much-needed studies on commensal organisms (2).

Relevance of the microbiota to human health
In part because of the confluence of emerging and re-emerging 
technologies (e.g., high-throughput sequencing and the use of 
gnotobiotic animal models), tremendous advances have been 
made over the past decade toward a better understanding of how 
human health is influenced by the microbiota — the trillions of 
bacteria, viruses, fungi, and Archaea that colonize humans and, 
in fact, outnumber human cells in the body 10- to 100-fold. The 
prevailing view that has arisen from these studies is that, rather 
than waging a continual battle with each other, the host and its 
microbiota exist in a carefully negotiated state of détente in which 
each side requires the other. The host provides an ecologic niche 
and nutrient source for the microbiota, and, in turn, the commen-
sal organisms contribute to host physiology by aiding in proper 
development of the intestine, processing of nutrients, protec-
tion from exogenous pathogens, and maturation of the immune 
system (3–8). If, however, this delicately balanced system is per-

turbed, a state termed “dysbiosis” may result: the composition of 
the microbiota may become dysregulated, potentially predispos-
ing the host to a number of diseases marked by aberrant immune 
responses (e.g., inflammatory bowel disease, multiple sclerosis, 
asthma, type 1 diabetes, cancers) (9–16). In the hope that these 
dysbiotic microbial communities will provide insight into disease 
pathogenesis and uncover novel treatment modalities, numerous 
studies have examined differences in the microbiota of patients 
with or without a given disease process. Remarkably, virtually all 
of these studies have demonstrated differences in the microbiota 
between patient groups.

Nevertheless, because these investigations are typically 
designed as case-control studies rather than prospective inves-
tigations, it remains unclear whether the documented bacte-
rial associations are a direct cause — or a consequence — of the 
underlying disease process. Although the case-control approach is 
typically correlative in nature, it has been used to identify candi-
date organisms that may affect disease susceptibility and immune 
responses. In one study, for example, patients with Crohn’s dis-
ease who had decreased levels of Faecalibacterium prausnitzii in 
resected ilea had increased rates of postoperative disease recur-
rence (17). Using mouse models, the authors demonstrated that 
a product secreted from F. prausnitzii increased colonic levels of 
IL-10 and provided protection against chemically induced colitis; 
these results bolstered their claims that this organism has anti-
inflammatory activities (17). In more recent work, investigators 
revealed that patients with untreated rheumatoid arthritis had 
higher fecal levels of Prevotella copri than healthy controls (18). 
Moreover, mice orally administered P. copri had more severe dis-
ease in a chemically induced colitis model, a result suggesting that 
increased abundance of P. copri exacerbates inflammatory condi-
tions (18). However, in the case of both F. prausnitzii and P. copri 
in mouse models, the addition of the organism in question had 
far-reaching effects on the composition of the microbiota. Thus it 
remains unclear whether the observed results are directly attribut-
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fewer lymphocytes overall, but their effector T cells are skewed 
toward a Th2 phenotype. Remarkably, within 2–3 weeks after a 
GF animal is given back its normal flora, these defects are largely 
corrected (24). The microbiota is needed not only for the ontog-
eny of the immune system but also for its maintenance: antibi-
otic-treated animals have an immature immune system similar 
to that of GF animals, with decreased numbers of lymphocytes 
and diminished cytokine expression (24, 25). Our laboratory has 
demonstrated exquisite host specificity between the source of the 
microbiota and its ability to induce maturation of the small-intes-
tinal immune system. In contrast to gnotobiotic mice that were 
colonized with a normal mouse microbiota and had a small-intes-
tinal immune system comparable to that of specific pathogen–free 
(SPF) mice, gnotobiotic mice colonized with a normal microbi-
ota from either humans or rats had an immature small-intestinal 
immune system that was indistinguishable from that of GF mice 
(8). Taken together, these data indicate that animals and their 
microbiota have coevolved and that a constant dialogue between 
the two is needed for maintenance of the immune system.

What has become clear over the past decade is that not all bac-
teria within the microbiota affect the immune system; rather, spe-
cific bacteria have particular immunomodulatory effects (Figure 1).  
Recent efforts have focused on identifying these bacteria with 
immunomodulatory properties, and this area has been extensively 
reviewed (26–30). Our laboratory identified the first such com-
mensal organism, demonstrating that Bacteroides fragilis — via 
production of a single polysaccharide referred to as polysaccha-
ride A (PSA) — is able to restore Th1/Th2 balance in GF mice (31). 
Further work demonstrated that PSA is both protective and thera-
peutic in murine models of colitis and multiple sclerosis via induc-
tion of IL-10–secreting Tregs in a process that requires both TLR2 
and MHCII (32–36). More recently, we and others have indepen-
dently established that B. fragilis also produces glycosphingolipids 
that affect invariant natural killer T (iNKT) cells (37, 38). Although 
other investigators showed that these glycosphingolipids activate 
iNKT cells in vitro (38), we found that they inhibit endogenous 
iNKT cell agonists both in vitro and in vivo (37). These discrep-
ant results may be related to differences in the tested molecules 
resulting from variations in the purification schemes. Moreover, 
we demonstrated that B. fragilis–produced glycosphingolipids 
decrease the number of iNKT cells in the colonic lamina propria 
and that this effect leads to improved outcomes in a murine colitis 
model (37). Figure 2 provides an overview of the multiple immu-
nomodulatory effects conferred by B. fragilis.

Other researchers have found that a group of 46 murine 
Clostridium species as well as a group of 17 human Clostridium 
species can induce Tregs in the colonic lamina propria of mice, 
with consequent protection in murine models of colitis and allergy 
(39, 40). Interestingly, when individually administered to GF 
mice, these Clostridium species had little or no effect on Tregs, an 
observation that indicates that the larger community of organisms 
cooperates in induction of Tregs. While these findings initially 
suggested that Clostridium species were critical for the induction 
of Tregs, it appears that this process may be a function common 
to many commensal bacteria. A recent report demonstrated that 
monocolonization of mice with any of 5 bacterial species — all 
from the order Bacteroidales — results in potent induction of 

able to the administered organism or a consequence of the other 
changes in the microbiota, with F. prausnitzii and P. copri serving 
simply as relevant biomarkers.

In contrast to the capacity of dysbiosis to worsen disease, 
manipulation of the microbiota in patients with disease can 
also ameliorate an underlying disorder. In fact, Metchnikoff was 
among the first who advocated modifying the intestinal flora 
to improve human health (19). Resurgent interest in the use of 
fecal transplants for various disease states (e.g., Clostridium dif-
ficile colitis, inflammatory bowel disease) is based on the idea 
that the more normal transplanted flora will replace the disease- 
promoting microbiota (20–22). Furthermore, antibiotics have 
often been used to produce antiinflammatory effects (e.g., azith-
romycin in patients with cystic fibrosis, sulfasalazine in patients 
with rheumatoid arthritis and inflammatory bowel disease, 
dapsone in patients with neutrophilic dermatoses). It is possi-
ble that the antiinflammatory effects of these antibiotics are 
mediated via alterations in the microbiota. Although no study of 
disease association, candidate organisms, or manipulation has 
yielded definitive data, these clinical studies en masse strongly 
suggest that the microbiota is capable of augmenting the immune 
response and impacting human health.

Identification of commensal bacteria with 
defined immunomodulatory properties
It has been known since at least the 1930s that germ-free (GF) 
mice, which are completely devoid of a microbiota, have a vastly 
undeveloped immune system compared with that of a WT mouse 
with a “normal” microbiota (23, 24). Not only do GF mice have 

Figure 1. Commensal bacteria that modulate the intestinal immune 
system. SFB induces Th17 in the intestinal lamina propria via a mechanism 
that involves host production of serum amyloid A (SAA). B. fragilis has 
pleiotropic effects: it produces a glycosphingolipid (GSL) that inhibits iNKT 
cell proliferation in the colonic lamina propria; in contrast, B. fragilis PSA 
interacts with TLR2 on DCs to induce colonic Tregs. A group of Clostrid-
ium species taken en masse and individual species within the order 
Bacteroidales (Bacteroides caccae, Bacteroides massiliensis, Bacteroides 
thetaiotaomicron, Bacteroides vulgatus, and Parabacteroides distasonis) 
have been demonstrated to induce colonic Tregs, presumably via bacterial 
production of SCFAs.
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Overview of microbe-induced maturation of the 
intestinal immune system
As depicted in Figure 3, many steps are likely to be involved in 
bacteria-mediated development of the immune system. Although 
the specific details have remained largely elusive, the host must 
recognize the bacteria or bacterial product(s), T cells must prolif-
erate within the intestinal system, and the TCR repertoire must 
undergo maturation. Much work has focused on the role of pat-
tern recognition receptors (PRRs) in the detection of bacteria. 
Intestinal expression of PRRs is known to be involved in intestinal 
homeostasis and control of immune-mediated diseases (45, 46).  
However, analysis of the intestinal immune system in mice defi-
cient in MyD88, an adaptor protein for virtually all the TLR path-
ways, or Nod2, an important intracellular sensor for bacteria, 
detected decreases only in numbers of TCRγδ and CD8αα TCRαβ 
intraepithelial lymphocytes (47, 48); these results suggested that 
the MyD88- and Nod2-dependent pathways play only a minor role 
in homeostasis of the mucosal immune system.

Although MyD88-deficient mice had defects only in the intraep-
ithelial lymphocyte compartment, the increase in Tregs mediated by 
B. fragilis PSA requires signaling through TLR2 — a MyD88-depen-
dent pathway — expressed on DCs (36); the discrepancy between 
these results may relate to the fact that B. fragilis typically is not 
present in the murine microbiota and that its modulation of mucosal 

colonic Tregs, though the biological significance of this increase 
remains to be demonstrated (41). Furthermore, 2 research teams 
independently identified a Clostridium-related organism that still 
has not been cultured — designated segmented filamentous bac-
teria (SFB) — as critical for induction of Th17 cells in the small- 
intestinal lamina propria; 1 group also demonstrated that SFB col-
onization increases small-intestinal and colonic Tregs (42, 43). In 
addition to altering the numbers of specific cell types, immuno-
modulatory bacteria can influence the activation threshold of the 
immune system (44).

Given the presence of more than 1,000 bacterial species in 
the human intestine, these limited examples merely serve as 
proof of concept that certain commensal bacteria have specific 
immunomodulatory properties. There are undoubtedly numer-
ous other undiscovered examples that affect the entire panoply 
of immune cells — not just Tregs, Th17 cells, and iNKT cells. 
Moreover, we are still at the very early stages of defining the 
normal viral and fungal constituents of the microbiome. Almost 
certainly, these components of the microbiota also affect devel-
opment of the immune system in ways we do not yet understand. 
Even though at present there are few specifically identified 
examples of immunomodulatory commensal bacteria, several 
patterns have emerged that allow a glimpse into how these 
organisms influence the immune system.

Figure 2. B. fragilis has multiple immunomodulatory effects. B. fragilis–produced PSA induces colonic IL-10–secreting Tregs only after inflammatory 
insults (34, 50) (top panel) and restores the balance of systemic Th1/Th2 cells in GF mice (31) (middle panel), thereby playing a protective role in murine 
models of colitis and multiple sclerosis (32–34, 51). B. fragilis also expresses GSLs, such as α-GalCer, that inhibit iNKT cell proliferation (37) (bottom panel).
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iNKT cells represents one example of bacterial immunomodula-
tion involving multiple mechanisms. Although B. fragilis modu-
lates colonic iNKT cell levels by affecting their local proliferation 
(37), the greater number of iNKT cells in the lungs and colonic lam-
ina propria of GF mice than in those of SPF mice is due to aberrant 
levels of CXCL16, a chemokine important for iNKT cell migration 
and homeostasis (56). Commensal bacteria regulate pulmonary 
and colonic levels of CXCL16 epigenetically by decreasing the 
methylation status of the Cxcl16 gene (56).

Epigenetic changes — specifically, acetylation of the Foxp3 
gene — have also been implicated in the homeostasis of colonic 
Tregs. In this case, short-chain fatty acids (SCFAs), which are 
common bacterial metabolites, inhibit histone deacetylase and 
lead to an increase in Foxp3 expression (57–59). Although it is 
clear that SCFAs induce colonic Tregs, the specific details are 
a bit murky because of significant differences among studies 
(possibly due to technical differences). One group demonstrated 
that propionate and acetate exerted effects stronger than those 
of butyrate on the induction of thymically derived (i.e., Helios+) 
Tregs in the colon via enhanced proliferation within and traf-
ficking to the colon (59). Two other groups demonstrated that 
butyrate had a greater effect than propionate (acetate being 
inactive) in promoting differentiation of extrathymically derived 
(i.e., Helios– or neuropilin-1–) Tregs, with no discernible effect on 
thymically derived Tregs (57, 58). All 3 studies agree, however, 
that SCFAs act by inhibition of histone deacetylase, which leads 
to increased acetylation and expression of Foxp3. Ultimately, it 
may be that these different SCFAs act slightly differently from 
one another, with butyrate influencing de novo generation of 
colonic Tregs, acetate inducing accumulation of thymically 
derived Tregs in the colon, and propionate performing both 
functions (57). Along these lines, mice colonized with bacteria 
known to induce colonic Tregs have elevated cecal levels of these 
SCFAs. Three Bacteroides species (B. caccae, B. massiliensis, and 
B. thetaiotaomicron) increased levels of acetate and propionate, 
whereas Parabacteroides distasonis and the mix of 17 human- 
derived Clostridium species elevated levels of all 3 SCFAs (39, 
41). Notably, it has not been demonstrated for any of these 

immunity is most prominent during inflammation (49, 50). Although 
in vitro experiments suggested that PSA can induce IL-10 production 
by directly stimulating TLR2-expressing T cells in an APC-indepen-
dent manner (35), the in vivo relevance of this observation is unclear, 
since it is not readily apparent how T cells in the lamina propria inter-
act with a luminal antigen without help from APCs. Recently, it has 
been demonstrated that dendritic cells — specifically plasmacytoid 
dendritic cells — are absolutely required in vivo for PSA-mediated 
IL-10 production (51, 52), clarifying that APCs are, in fact, critical for 
PSA-mediated immunoregulation. In contrast to the TLR2-depen-
dence of PSA, studies on SFB induction of Th17 cells revealed that 
this process is independent of MyD88, and the PRR adaptors toll-like 
receptor adaptor molecule 2 (TRIF) and receptor (TNFRSF)-inter-
acting serine-threonine kinase 2 (RIP2). Similarly, clostridial stimu-
lation of Tregs is independent of MyD88, RIP2, and caspase recruit-
ment domain family member 9 (CARD9) (40). These data indicate 
that PRRs may contribute to recognition of some immunomodula-
tory bacteria but that other, yet-unidentified pathways exist as well.

After the host recognizes the bacteria, the transfer of immu-
nogenic signals to the lamina propria, which eventually leads to 
T cell proliferation, must take place. This dissemination of the 
signal likely involves APCs, as antigen-loaded APCs are known to 
prime and activate naive lymphocytes. Given that intraepithelial 
and lamina propria lymphocytes originate from mesenteric lymph 
nodes and Peyer’s patches (53, 54), the relevant APC-T cell inter-
actions leading to T cell proliferation probably occur in these sec-
ondary lymphoid organs. Ultimately, T cell proliferation is thought 
to lead to the transition from the polyclonal TCR repertoire found 
in infancy to the oligoclonal repertoire found in adulthood (55). It 
remains to be determined whether this oligoclonal repertoire is 
fixed over time and how it is affected by alterations in the microbi-
ota (e.g., as a result of enteric infections or antibiotic treatment).

Mechanistic principles underlying commensal-
mediated immunomodulation
Although the specifics underlying host-commensal interactions 
remain largely enigmatic, some aspects of the downstream mech-
anistic details are beginning to be clarified. The homeostasis of 

Figure 3. A mechanistic model of microbe- 
induced maturation of the intestinal immune 
system. A portion of the small intestine is 
depicted. The majority of the microbiota are lumi-
nal, some organisms reside in the mucus layer, 
and only a few bacteria adhere to the epithelial 
surface. Immunogenic signals from the gut flora 
are recognized by the host (i) and transmitted 
across the epithelium (ii). In a process likely 
involving APCs, these signals reach the second-
ary lymphoid organs, where APC-lymphocyte 
interactions result in lymphocyte proliferation (iii). 
Lymphocytes leave the mesenteric lymph nodes 
(MLN) through the efferent lymphatic vessels, go 
through the systemic circulation, and migrate back 
to the intestine (iv). The resulting intestinal lym-
phocytes disperse throughout the lamina propria 
and intraepithelial layer and reflect the mature 
immune repertoire of the intestinal immune sys-
tem (v). IEL, intraepithelial lymphocyte.
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the hygiene hypothesis. Recent evidence has demonstrated that — 
like numbers of iNKT cells — numbers of colonic CD4+ lymphoid 
tissue inducer–like cells, which are lower in GF mice than in SPF 
mice, are not normalized in GF/a mice (73). Collectively, these 
findings suggest the intriguing possibility that there exists a “tele-
ologic imperative” for certain innate immune cells that represent 
the first line of defense against infection and inflammation — i.e., 
that they are “instructed” early in life and are not subject to the 
plasticity of the microbiota. In contrast, the adaptive immune sys-
tem, which must be able to respond to a changing environment, 
changes in concert with the microbial population.

Context is everything
Although commensal microbes typically live in symbiotic har-
mony with the host, these organisms (e.g., Staphylococcus species, 
Streptococcus species) — when they escape their normal habitats 
and interact with the host in a new context — are among the most 
common causes of infectious diseases. For example, B. fragilis is 
a commensal readily found in the human colon, but it is also the 
most commonly isolated organism from cases of intra-abdominal 
abscesses (74, 75). These rather disparate effects are both medi-
ated by PSA and depend on the context of its interaction with the 
host (30, 35, 76). Moreover, although PSA induces Tregs, it does 
so only under settings of inflammation with virtually no effect on 
Tregs in the healthy state (34, 50). This finding is in stark contrast 
to Clostridium species, which induce colonic Tregs in both the 
healthy and the inflamed state (39, 40). In thinking about poten-
tial pharmaceutical implications, it may be preferable to have 
agents — such as PSA — that exert their effect only when needed 
as opposed to altering the homeostatic immune system and poten-
tially causing untoward effects. In addition to considering whether 
the host is inflamed, the cause and/or type of inflammation may 
also be important in modulating the microbe-induced phenotype. 
For example, SFB induces Th17 cells, which are typically con-
sidered proinflammatory cells. As such, colonization with SFB is 
associated with worse outcomes in murine models of rheumatoid 
arthritis and multiple sclerosis (64, 66). In contrast, using a murine 
model of type 1 diabetes, which reflects an inflammatory process 
different from that of the other models of autoimmunity (77), the 
presence of SFB is associated with disease protection (78). Taken 
together, these studies highlight that the underlying context of 
host-commensal interactions can have a profound impact on how 
microbe-induced immunoregulation manifests in the host.

Parting thoughts
Over the past 25 years, the hygiene hypothesis has evolved to 
suggest that microbial exposures can modulate disease incidence 
and/or severity in genetically predisposed patients (79–81).  
In many of these cases, the differences in phenotype clearly 
result from commensal-induced immunomodulation; however, 
our understanding of how commensal microbes influence the 
ontogeny and maintenance of the immune system is still in its 
infancy: examples of commensal bacteria with defined immuno-
modulatory properties are still limited, only 2 relevant bacterial 
molecules — both from B. fragilis — have been identified thus far, 
and we know virtually nothing about how the nonbacterial com-
ponents of the microbiota affect the immune system. Essentially, 

organisms that microbe-induced SCFA production is critical for 
Treg induction or whether these bacteria have other redundant 
mechanisms for modulating the immune system.

Location, location, location
Given that the first step of microbe-induced maturation of the 
intestinal immune system likely involves host recognition of the 
bacteria, it is significant — but still unclear — whether the location 
of the bacteria (e.g., mucosa-associated, luminal) is important to 
this process. Intuitively, one might assume that immunomodu-
latory bacteria would need to be close to the epithelial surface to 
interact with the host. Indeed, B. fragilis, SFB, and the immunoreg-
ulatory Clostridium species are all tightly associated with the intes-
tinal epithelium (35, 39, 40, 60). It is unclear whether the consis-
tency within this small sample size should be taken to suggest that 
mucosally associated bacteria are more relevant than luminal bac-
teria for immunomodulation. Although some have suggested that 
biopsy samples are preferable to fecal samples for identification of 
immunoregulatory bacteria (61, 62), all current examples of such 
bacteria identified in screens were isolated from fecal samples (39, 
40, 42, 43). This fact is perhaps not terribly surprising given that 
the fecal bacterial community represents a combination of lumi-
nal bacteria and shed, mucosally adherent bacteria (63). Although 
it has been demonstrated that the intestinal microbiota can affect 
immune responses at distant sites (e.g., in the CNS, joints, and 
lungs) (34, 56, 64–66), recent work has revealed that local micro-
bial colonization is critical for induction of both effector and reg-
ulatory T cells in the skin (67). Using a combination of gnotobi-
otic animals and antibiotic treatment, the investigators elegantly 
demonstrated that colonization of the skin — but not the gut — 
with Staphylococcus epidermidis was sufficient to normalize cuta-
neous levels of Th1 and Th17 cells (67). In short, while we know 
that the gastrointestinal microbiota has the capacity to modulate 
many facets of systemic immunity, we are still learning about how 
local microbial niches are involved.

Timing matters
The hygiene hypothesis, which is supported by epidemiologic 
associations, contends that microbial exposures early in life influ-
ence immune responses later in life (11, 68, 69). In fact, some clin-
ical studies have suggested that even prenatal exposures shape 
development of the immune system (70, 71), potentially because 
of microbes present in the placenta (72). Although the vast major-
ity of the immunologic defects in a GF mouse are corrected once 
the mouse is “conventionalized” by receipt of its normal micro-
biota, there is a time-sensitive window early in life when host- 
microbial interactions are required for the homeostatic control of 
certain immune cell populations. Once this window has closed, 
subsequent manipulation of the microbiota fails to redress the 
initial deficiency, culminating in examples of “original sin.” For 
example, GF mice conventionalized as adults (GF/a mice) have 
high numbers of iNKT cells in the colonic lamina propria and lung 
similar to those in GF mice; in contrast, GF mice conventionalized 
on day 1 of life (GF/n mice) have low levels of colonic and pulmo-
nary iNKT cells similar to those in SPF mice (56). Moreover, GF/n 
mice have better outcomes in models of colitis and asthma than 
do GF/a mice (56), a result lending direct experimental support to 
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our progress in this field has brought us to a point similar to that 
at which studies of pathogens had advanced a century ago, with 
limited, somewhat serendipitous successes. While current work 
is focused on the use of reductionist approaches to gain a better 
understanding of host-commensal interactions, we ultimately 
need to study these connections in a more natural community 
context, in line with that now evident in studies of microbial 
pathogenesis (82–84). Many fundamental questions remain 
unresolved, including how the host integrates multiple coun-
teracting immunomodulatory signals, how immunoregulatory 
signals provided within the gut are transmitted to extraintesti-
nal sites, and how the microbiota can be manipulated in a mean-
ingful manner to positively affect human health. Despite these 
limitations, the early successes in this field have provided con-
ceptual proof of the importance of the microbiota in regulation 
of the immune system and have opened the door for potentially 
unlimited therapeutic applications arising from a better under-

standing of these host-commensal interactions. We are poised 
to make major strides in the coming years. Perhaps the results 
will be described in a sequel to Microbe Hunters that will detail 
the extraordinary efforts of the pioneers in these early days of 
research on the microbiota.
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