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Abstract
There is growing interest in understanding the effects of host-microbial interactions on host
physiologic processes. Much of the work in this arena is logically focused on the interaction at
mucosal surfaces as this is a primary site of interaction. However, there is ample evidence to
suggest that the effects of the microbiota have a much farther reach including the systemic
immune system. While there are some similarities to effects at mucosal surfaces (i.e. reduced
numbers of adaptive immune cells, diminished innate responses), there are some important
differences that we highlight such as the response to immunogens and bacterial antigens. We
propose that understanding the details of how specific components of the microbiota influence the
systemic immune system likely will have significant impact on our understanding the
pathophysiology of a variety of autoimmune diseases.
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1. Introduction
Intestinal contents contain bacteria that increase in number along the cephalocaudal axis
(~103/gram in the duodenum to ~1012/gram in the distal colon) (1, 2). Colonization of the
intestine with bacteria occurs shortly after birth and is influenced by the route of delivery (3,
4). Human infants and mouse pups delivered vaginally are initially colonized with
predominantly Lactobacillus and Prevotella species, prominent vaginal commensals. In
contrast, infants delivered by Cesarean section are predominantly colonized with
Staphylococcus species, prominent skin commensals. While on a milk-based diet, the
intestinal diversity of mouse pups and human infants narrows to harbor mostly lactate
producers. After weaning, the diversity increases to resemble that of the mother’s colon,
reflecting dietary change to solid food (4, 5). While there are differences at the species level
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the most prominent genera in adult human intestine are similar to that in adult mice and
include Bacteroidetes, Lachnococci, Rhuminococci, Lactobacilli, and Prevotellae (6, 7).

Since 1989 when the hygiene hypothesis was first published (8), much attention has been
paid to how exposures to microbes influence immune activity. While some studies suggest
the benefits of exposure to environmental microbial products by reducing the incidence of
atopy (reviewed by Finlay in this issue (ref), (9)), other microbial exposures, particularly
EBV infection, are associated with autoimmune disease (reviewed in (10)). Certainly,
genetic variations also influence immune reactivity, and thus, host microbe interactions in
these contexts.

Typically, commensals and pathogens are largely kept at bay through mucosal barriers and
its immune mechanisms (reviewed by Eberl in this issue (ref)) creating systemic immune
ignorance except under circumstances of innate deficiencies in the mucosal immune system
(11, 12) or breaches in mucosal barrier functions. Nevertheless, numerous studies have
demonstrated a substantial effect by the presence of gut commensals on the development of
the systemic immune system and its function, which will be the focus of this review.

2. Role of commensals in development of the systemic immune system
Analysis of the germ-free mouse has greatly aided our understanding of the role of microbes
in immune development. Like mucosal immunity, the systemic immune system is
profoundly affected by the absence of commensal bacteria. Not only is the anatomy affected,
but also the function of the innate and adaptive immune responses.

2.1 Immune organs
Studies in germ-free mice demonstrated the effect of bacterial colonization on the
development of secondary lymph organs. Spleens and peripheral lymph nodes (LNs)1 of
germ-free mice are hypoplastic, and mesenteric lymph nodes (MLNs) are often absent.
Medullary cords are thinner, and germinal centers are reduced in number and size. The
primary immune organs, thymus and bone marrow have normal appearing architecture (13,
14).

2.2 Cellular populations
Commensal microbes affect the numbers and function of B cells, T cells, and innate immune
cells.

2.2.1 B cells—Bone marrow and splenic B cell numbers are greatly reduced in germ-free
mice. The lack of commensal organisms greatly impairs the basal production of IgA
(reviewed by MacPherson in this issue (ref)) as well as IgG and IgM. The effects of the
microbiota are not just on B cell development in the local mucosa and regional lymph nodes.
The effect is systemic as in the bone marrow of 8–12 week old germ-free mice fed an
antigen-free diet, compared to conventionally housed2 mice, demonstrate 2-, 5-, and 17-fold
reductions in IgM+, IgG+, and IgA+ B cells, respectively, in the bone marrow (despite no
obvious alterations in architecture). The spleen of germ free mice contained significant
reductions (50–75%) in the number of IgM+ and IgA+ B cells (but not IgG+ B cells) versus

1Abbreviations: APC, antigen presenting cell; CCP, cyclic citrullinated peptide; DC, dendritic cell; GPI, glucose-6-phosphate
isomerase; IBD, inflammatory bowel disease; MLN, mesenteric lymph node; LN, lymph node; PAD, peptidylarginine deiminase;
PSA, polysaccharide A; RA, rheumatoid arthritis; SCFA, short-chain fatty acid; SFB, segmented filamentous bacteria; SPF, specific-
pathogen free; TNBS trinitrobenzene sulphonic acid.
2For the purpose of this review, the terms conventionally housed or SPF housed will be used interchangeably to reference mice that
have intact commensal microbiota.
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conventional mice. By 52 weeks of age, IgM+ B cells numbers in both the bone marrow and
spleen are similar in germ free and conventionally housed mice, while the defects in IgG+ B
cells in the bone marrow and IgA+ B cells in the bone marrow and spleen persist (14, 15).
When splenocytes from germ-free mice are cultured ex vivo, IgM is secreted but IgG is
undetectable (16). These studies suggest that commensal microorganisms influence B cell
maturation and class switching, although the effect may be indirect due to microbial
influences on T cell populations. Future studies will need to address the specific cellular and
molecular mechanisms that direct these effects.

2.2.2 T cells—A recent study indicates that exposure to the microbiota does not affect T
cell populations in the thymus (15). In one study using transgenic mice designed to limit the
repertoire of TCR genes, thymically derived Treg cells had TCR gene usage that was found
to be distinct from that used by Tregs in the colon. Furthermore, Foxp3+ thymocytes could
not be created by retroviral transduction of colonic Treg TCR genes into Rag1−/− mice (17).
These data suggest commensal microbiota do not influence thymically derived TCR usage.
However, one recent study suggests that Treg cells with TCRs directed against the members
of the commensal microbiota develop in the thymus (18). This is clearly an area where
additional studies will be useful to better understand these discrepant results.

Peripheral development of T cells is greatly affected by microbiota. Multiple studies have
demonstrated that the absolute number of splenic T cells is diminished up to 50% in germ-
free mice, but in contrast to mucosal sites, the ratio of naïve and memory T cells is
unaffected (15, 19–21). Specifically, the microbiota exerts considerable effects on the CD4+
T helper cell population. The profile of splenic and cord blood T cells is skewed towards
IL-4 producing Th2 cells in both germ-free mice and human neonates (21, 22). Specific
bacteria can affect the development of Th subsets. Three of the best-studied examples are
the effect of Bacteroides fragilis on Th1 cells, segmented filamentous bacteria (SFB) on the
development of Th17 cells, and Clostridia species on regulatory T cells.

Bacteroides fragilis is a gram-negative anaerobe that colonizes the lower gastrointestinal
tract of humans and mice whose immunomodulatory properties have been well
characterized. Its zwitterionic capsular polysaccharide A is immunodominant (23–25). As
noted above, germ-free mice have hypoplastic follicles and reduced numbers of CD+ T cells
in the spleen. Upon colonization with B. fragilis, and specifically exposure of the host to
PSA, CD4+ T cell numbers in the spleen increase to that of conventionally housed mice and
lymphocyte follicles form. The mechanism for this increase in CD4+ T cell repopulation
was shown to be due to DC internalization of PSA and activation in the intestine and
migration to mesenteric lymph nodes. Additionally, the skewed Th2 profile of germ-free
mice was corrected by colonization with B. fragilis in a PSA-dependent manner. B. fragilis
and PSA alone were sufficient to induce an expansion of CD4+ IFN-γ+ Th1 cells in germ-
free mice, restoring the Th1/Th2 balance to that of conventionally housed mice (21). In
contrast, in the intestinal mucosa PSA induces an expansion of CD4+ Foxp3+ IL-10-
producing T cells in a TLR2-dependent manner, resulting in protection from experimental
colitis (26, 27). Therefore, mucosa-microbial interactions can be distinct from the effects of
the microbiota on systemic immunity even for the same microbial antigen.

Th17 cells develop under the control of the transcription factor RORγt, which is
preferentially expressed in the small intestine lamina propria and thymus. Signals from IL-6
in the presence of TGF-β stimulate expression of RORγt in immature T cells and result in
their differentiation so that they produce IL-17 (28). The majority of Th17 cells appear to
develop within the small intestine lamina propria. Shortly after birth, Th17 cells are
undetectable in mice, but increase in number as the mouse ages in a conventional
environment. At weaning, they represent the majority of IL-17 producing cells in the lamina
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propria. This finding correlates with bacterial colonization of the mouse. In support of this
hypothesis, Th17 cells are substantially diminished in germ-free mice. After reintroduction
of fecal contents from conventional mice, Th17 cells begin to appear in conventionalized
mice about two weeks after colonization, and plateau in numbers by six weeks after
colonization (29). Using antibiotics and mice from two vendor sources, specific colonization
of mice with SFB, an as yet unculturable gram-positive bacteria with a minimal genome
belonging to Clostridiales (30), were sufficient to stimulate differentiation of Th17 cells
within the lamina propria (31). The relationship of additional commensal bacterial species
and Th17 development is an area that needs further refinement as SFB do not colonize
humans.

Furthermore, commensal bacteria, and specifically SFB, are required for the development of
systemic Th17 responses. In the K/BxN mouse model of spontaneous inflammatory arthritis,
autoantibodies to glucose-6-phosphate isomerase (GPI) and autoreactive T cell responses are
required to initiate disease. Arthritis does not occur in mice housed under germ-free
conditions as anti-GPI antibodies, B cells, and germinal center formation are significantly
decreased. Additionally, germ-free mice have decreased follicular T helper cells. While the
number of activated T cells in the spleens of the germ-free and K/BxN mice is similar, T
cells have diminished responsiveness to antigen challenge with GPI. In this model, 30–50%
of Th17 cells circulate from the small intestine under conventional housing conditions, but
are absent in germ-free mice. Colonizing germfree K/BxN mice with SFB re-establishes
arthritis, and using antibiotics to eliminate SFB in conventionally housed mice prevents
disease (32). Similar results were obtained in the experimental autoimmune
encephalomyelitis mouse model of multiple sclerosis (33).

Regulatory T cells are also affected by the presence of specific members of the intestinal
microbiota. Studies have shown that the majority of Tregs reside within the gut. In germ-
free animals, Treg cells are present in normal to increased numbers in the lamina propria of
the small intestine but are reduced in the colon. Colonization of germ-free mice with a
cocktail of 46 species of Clostridia resulted in increased numbers of colonic Tregs to that of
conventionally housed mice while small intestinal levels of Tregs remained unchanged.
Interestingly, three weeks after colonization of germ-free mice with this Clostridia mixture,
the number of Treg cells found in the lung, liver, and spleen significantly increased to levels
of conventionally housed mice (34), suggesting a systemic effect of this commensal genus
on Treg development. Additional studies using a human fecal sample treated with
chloroform and gavaged into germ-free mice confirmed that 17 Clostridia strains could
expand the Treg population in mice (35).

2.2.3 Innate immunity—Initial studies suggested that macrophages, DCs, neutrophils,
and NK cells in the spleen and LNs are unaffected in germ-free mice (13, 36, 37), but later
studies demonstrated that while the total numbers of cells and their subsets were unaffected,
function is altered (38, 39). These studies reveal that commensal organisms are required to
prime the innate immune system.

Neutrophil function is altered by in the presence of microbial products. Neutrophils isolated
from the bone marrow of germ-free mice or mice treated with broad-spectrum antibiotics
have reduced ex vivo killing of the pathogens Staphlyococcus aureus and Streptococcus
pneumonia. The mechanism was linked to microbial peptidoglycan from commensal
microbiota that circulates systemically. After interaction with Nod1, peptidoglycan
stimulates neutrophil killing of bacteria. Priming neutrophils from germ-free mice with
peptidoglycan restored their capacity to opsonize bacteria (38).
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Priming of the innate immune system also affects the activity of DCs and NK cells.
Microbial stimulation of splenic DCs from germ-free mice fails to produce IL-15, type I
IFNs, IL-6, TNF-α, IL-12, and IL-18. However, DCs are not globally unresponsive, as they
can increase expression of CD86, Ccl5, and Fpr1. The lack of type I IFNs and IL-15
production by DCs further impairs NK cell function, demonstrated by a lack of IFN-γ after
poly(I:C) injection and uncontained systemic murine cytomegalovirus infection in germ-free
mice. Transfer of NK cells from germ free-mice into conventionally housed mice
demonstrated that the defect of NK cell function in germ-free mice was cell extrinsic as
injection of poly(I:C) resulted in normal levels of IFN- γ production in the transferred cells
from germ-free mice (39).

2.3 Microbial exposure early versus late in life
The hygiene hypothesis suggests that microbial exposures early in life influence immune
development and alter risk for disease later in life (8). Yet, very few studies address the role
of early colonization on systemic immune development. Mucosal transcriptome analysis
demonstrates “normalization” of the mucosal system in germ-free mice 8–16 days after
colonization (40). Colonization of germ-free mice by co-housing with conventionally raised
mice at one or three weeks of age continue to have elevated IL-10 and TGF-β in the sera and
unaffected splenic cellular populations, similar to germ-free controls (41). This provocative
result suggests that very early colonization with commensal organisms has lasting effects on
systemic immunity. More studies will be required to better investigate how the timing of
specific microbial colonization affects systemic immunity.

3. Effect of Commensals on Systemic Responses to Antigen
Germ-free mice can mount a robust immune response following immunization with purified
antigen (42–44), but mice with a depleted microbiota resulting from treatment with broad-
spectrum antibiotics are unable to mount a sufficient immune response to pathogen due to a
lack of innate cell priming (45–48). These data point to the crucial role for APCs to be
persistently activated at mucosal surfaces in order to mount appropriate immune responses
to pathogens. Once the adaptive immune system has been educated by antigen, it can react
independently of the presence of commensal microorganisms.

3.1 Immunization
Though immunization of germ free mice with T-dependent and T-independent antigens
initially leads to a delayed IgM response, this is followed by greater numbers of antigen-
specific IgG producing B cells in the spleen (42, 44). Immunization of antigen-free mice
compared to germ-free mice and then conventional mice with dinitrophenyl-keyhole limpet
hemocyanin results in greater T cell responses when T cells and APCs from the spleens of
the immunized mice are stimulated ex vivo. This study demonstrates that the lower the
antigenic load in the mouse, the greater the ability of the APCs to generate more T cell
proliferative responses. The source of T cells did not have an impact (43).

Why is there an apparent hyper-responsiveness of the B and T cells to immunogen in the
absence of microbiota? One possibility is that without the diversification of the T and B cell
repertoire by the presence of commensal microorganisms during development, and without
bystander activation of immune cells to microbial products in the environment (e.g. skin
flora), immunization with a single antigen leads to a hyper-focused immune response.
Studies using monocolonized germ-free mice and/or conventionally housed mice treated
with broad-spectrum antibiotics would address this hypothesis and aid in our understanding
of how microbes in our environment shape immunization.
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3.2 Infection
One major purpose of the intestinal microbiota is to provide local resistance to colonization
by pathogens (46, 48). In addition it also provides systemic resistance to infections by
mechanisms that are now only begun to be understood. This later concept was nicely
demonstrated by multiple studies with influenza A. Broad-spectrum antibiotic treatment of
mice prior to influenza A infection results in greater mortality and morbidity. In the first
study, TLR activation in the gut was associated with improved innate responses that
activated T cells for clearing the influenza infection (47). A second study demonstrated that
innate type I IFN responses by macrophages required the presence of commensal organisms
in order to effectively activate CD8+ T cells for clearance of influenza A and lymphocytic
choriomeningitis virus infections (45). These data are in accordance with previous studies
(38, 39) demonstrating the need for innate cell priming by commensal organisms for optimal
immune function.

4. Role of commensal bacteria in autoimmunity
Numerous recent studies show associations between the composition of the microbiota and
risk for autoimmune disease. Many studies of large human cohorts have identified shifts in
bacterial phyla and species diversity when comparing healthy controls to diseased
individuals (49–51). However, direct links between microbes and human disease have not
been made. Therefore, animal models have been utilized in an attempt to study the
interaction between microbes and their host. In this setting, the hypothesis that microbial
alterations lead to autoimmune disease can be tested.

4.1 Inflammatory bowel disease
Dysbiosis (defined as altered composition of the microbiota) occurs in patients with
inflammatory bowel disease (IBD). Specifically there is loss of members of the Clostridiales
and enrichment for Enterobacteriaceae (49). However, no single species has been identified
to associate with disease.

Animal models of colitis suggest a role of gut microbes in modulating inflammation. In
colitis induced by dextran sodium sulfate (DSS), germ-free mice show a worse response to
this toxin in part due to a lack of anti-inflammatory actions of microbe-derived short-chain
fatty acids (SCFAs) on neutrophils (52). This effect, though, is likely complex and includes
effects of microbes on non-immune cell types such as the maintenance of epithelial stem cell
proliferation (53). Additionally, some bacterial species or their antigens can help protect
mice from experimental colitis even when housed in conventional settings. As mentioned
previously, PSA from B. fragilis can expand local IL-10+ regulatory T cells. This results in
protection of mice from colitis induced by either trinitrobenzene sulphonic acid (TNBS) or
the transfer of CD4+CD45Rbhigh T cells in the presence of Helicobacter hepaticus (26, 27).
Clostridia species that induce systemic expansion of Treg cells also protect mice from
TNBS colitis through the production of IL-10 and TGB-β (35).

In contrast, another commensal organism, Bacteroides thetaiotamicron, causes colitis in a
genetically susceptible mouse model. Mice that are deficient in Il10rb and transgenic for a
dominant-negative Tgfbr2 on CD4 T cells (dnKO mice) develop spontaneous colitis with
100% incidence by four weeks of age. Disease is characterized by diffuse colonic
inflammation with neutrophil and macrophage recruitment, crypt abscesses and dropout, and
epithelial hyperproliferation. Th1 and Th17 cells are expanded in the lamina propria and
mesenteric lymph nodes. Systemically mice have elevated cytokines IL-6, TNF-α, and IFN-
γ. Colitis can be treated with the antibiotics ciprofloxacin and metronidazole. Through a
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series of microbial re-colonization of antibiotic-treated dnKO mice, the commensal bacteria
B. theta was demonstrated to be a causative organism for the initiation of colitis (54, 55).

Dietary changes can also impact the microbiota and modulate the immune responses leading
to colitis in animal models. Mice fed a Western-style diet high in saturated fat results in a
shift of the microbiota leading to increased abundance of Bacteroidetes, decreased
abundance of Firmicutes, and the appearance of Bilophila wadsworthia. Germ-free mice
monocolonized with B. wadsworthia have increased Th1 cytokines in the colon, expanded
Th1 cells in the MLNs and spleen, and DCs from the MLNs and spleen that produce
increased IL-12p40. Finally, colitis in Il10−/− mice and DSS-treated mice is worse in the
presence of this bacterium (56).

Intestinal commensal Clostridiales are known to generate SCFAs by digestion of insoluble
fiber in the host’s diet. SCFAs increase the number and function of colonic regulatory T
cells. In the T cell transfer model of colitis in which naïve T cells are injected into Rag1−/−

recipients, co-transfer of Treg cells decreases the severity of colitis. When the Rag1−/−

recipients were given SCFAs in their drinking water, they demonstrated even less severe
colitis by histology and reduced inflammatory cytokines (57).

4.2 Rheumatoid arthritis
Like IBD, rheumatoid arthritis (RA) likely has multiple pathways that may lead to disease.
One pathway implicates interactions between microbiota and systemic autoimmune disease.
Up to 70% of patients with RA have antibodies to citrullinated peptides termed CCP (58,
59). Citrullination is a natural post-translational modification of the amino acid arginine by
the enzyme peptidylarginine deiminase (PAD). Anti-CCP antibodies have been shown to be
pathologic in an animal model of RA (60), and citrullinated protein is bound with higher
affinity by MHC class II HLA-DR4 alleles that associate with RA (61). Porphymonas
gingivalis is the only known microbe that expresses PAD and citrullinates host proteins (62);
it is a common cause of periodontal disease despite the fact that it is a minor component of
the oral microbiome both in health and disease (63). Interestingly, studies have shown a
correlation between RA, anti-CCP antibodies, and periodontal disease, specifically
colonization of the oral cavity with P. gingivalis (50, 64, 65).

In mouse models of inflammatory arthritis, the presence of gut commensals or their antigens
is important to initiate disease. For example germ-free rats develop arthritis at 100%
incidence when immunized intradermally with adjuvant containing heat-killed
Mycobacterium bovis BCG or peptidoglycan from Streptococcus epidermidis, but only at
20% incidence when rats are housed conventionally, suggesting that microbial flora helps
establish systemic tolerance to bacterial antigens (66). Conversely, in spontaneous models of
arthritis due to genetic manipulations, mice housed in germ-free conditions fail to develop
arthritis (32, 67). K/BxN mice develop arthritis due to autoimmune Th17 responses to GPI
only after exposure to SFB (32). SKG mice, which have a mutation in the T cell ZAP-70
signal transduction protein, rely upon fungal β-glucan stimulation of DCs in order to develop
spontaneous arthritis (67).

4.3 Type I diabetes
In a small study of children with type 1 diabetes, compared to age-, sex-, and HLA-matched
controls, an expansion of Bacteroidetes and reduced abundance of lactate- and butyrate-
producing species associated with antibodies to β-islet cells (51), again suggesting an anti-
inflammatory and protective role for microbially produced SCFAs.
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The incidence of diabetes in the non-obese diabetic (NOD) mouse model of type I diabetes
relies upon interaction with gut microbiota. In some colonies, diabetes reaches 100% in
germ-free housing conditions (68), and protection from diabetes in the NOD mouse is
associated with the presence of SFB (69). NOD mice deficient in MyD88 have an altered
gut flora compared to MyD88-sufficient NOD mice with an overrepresentation in the
families of Lactobacillaceae (Firmicutes), Rikenellaceae (Bacteroidetes), and
Porphyromonadaceae (Bacteroidetes). The lack of MyD88 in NOD mice in a conventional
facility did not associate with increased incidence of diabetes. When placed in germ-free
conditions, however, MyD88−/− NOD mice had increased diabetes incidence (70). These
data suggest that interactions of innate signaling with commensal organisms are linked to
autoimmune susceptibility.

5. Conclusions
Studies in germ-free mice have demonstrated that our microbiome significantly impacts
systemic immune function. A model based on the published data discussed above is
presented in Figure 1. Population studies of microbial shifts in individuals with disease lend
support to the animal data.

As the human microbiome project expands our understanding of the microbes that live with
us, we will gain a better appreciation of their role in shaping our systemic immune system.
Many studies have demonstrated how single organisms can modulate systemic immune
responses, but these have been limited to investigations in the germ-free setting or after
broad-spectrum antibiotic treatment. How specific microbes interact with the host in the
natural microbial background will be the challenge of future studies. Additionally, our
knowledge of bacterial metabolites beyond just SCFAs is expanding and these products will
be critical new tools to test the effect of these microbial products on systemic immunity.

Additionally, there are limitations in our understanding of the plasticity of early microbial
influences on immune development. The window of time for systemic immune education
and the length in time of the immune effects from microbial exposure during this window
remains to be addressed.
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Highlights

• Germ-free mice demonstrate hypoplastic secondary immune organs, reduced T
and B cells, and decreased innate responses.

• Germ free mice demonstrate exaggerated responses to immunogens.

• Specific commensal bacteria can stimulate Th1, Th17, and Treg responses.

• Systemic and mucosal responses to bacteria and bacterial antigens are not
necessarily the same.

• Associations have been made between altered intestinal microbiota and risk of
autoimmune diseases.
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Figure 1. Model of microbial influences on systemic immune development
Germ-free mice have hypoplastic secondary immune organs with little B cell differentiation
and Th2 skewed responses. Upon colonization, the architecture of secondary immune organs
is restored. T and B cell responses normalize to represent a more diverse repertoire, which is
dependent upon microbial interactions with innate antigen presenting cells (APC).
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