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Abstract

The mammalian intestinal tract is colonized by trillions of beneficial commensal bacteria that are

anatomically restricted to specific niches. However, the mechanisms that regulate anatomical

containment remain unclear. Here we identify that interleukin (IL)-22-producing innate lymphoid
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cells (ILCs) are present in intestinal tissues of healthy mammals. Depletion of ILCs resulted in

peripheral dissemination of commensal bacteria and systemic inflammation, which was prevented

by administration of IL-22. Disseminating bacteria were identified as Alcaligenes species

originating from host lymphoid tissues. Alcaligenes was sufficient to promote systemic

inflammation following ILC-depletion in mice, and Alcaligenes-specific systemic immune

responses were associated with Crohn's disease and progressive HCV infection in patients.

Collectively, these data indicate that ILCs regulate selective containment of lymphoid-resident

bacteria to prevent systemic inflammation associated with chronic diseases.

Colonization of the mammalian gastrointestinal tract by commensal bacteria is essential for

promoting normal intestinal physiology (1-3). In healthy mammals, commensal bacteria are

anatomically restricted to either the intestinal lumen, the epithelial surface or within the

underlying gut-associated lymphoid tissues (GALT) (1-5). Anatomical containment is

essential to limit inflammation and maintain normal systemic immune cell homeostasis (1,

2). Loss of containment and subsequent dissemination of commensal bacteria to peripheral

organs promotes inflammation and is a hallmark of multiple chronic human infectious and

inflammatory diseases including progressive human immunodeficiency virus (HIV)

infection, hepatitis virus infection and inflammatory bowel disease (IBD) (6-10). Therefore,

understanding the pathways that promote anatomical containment of commensal bacteria

required to prevent systemic inflammation may provide novel targets for treatment and

prevention of chronic human diseases.

Studies in murine models identified a critical role for the cytokine IL-22 in regulating

intestinal immunity, inflammation and tissue repair (11, 12). CD4+ T cells and innate

lymphoid cells (ILCs) are sources of IL-22 (11-14), however, whether T cell- or ILC-

derived IL-22 contributes to the anatomical containment of commensal bacteria and

prevention of systemic inflammation in the steady state has not been investigated. To

address this issue, we sought to identify the IL-23-responsive cell populations that express

IL-22 in intestinal tissues and GALT of healthy human donors. Following ex vivo

stimulation with recombinant (r) IL-23, a population of IL-22+ cells was found in intestinal

samples from healthy human donors that lacked expression of lineage markers CD20, CD56

and CD3 (Fig. 1A), and was CD127+, CD45-intermediate (CD45INT) and RORγt+ (Fig.

1B), a phenotype consistent with ILCs in humans (11, 14). IL-22+ cells in the mesenteric

lymph node (mLN) of healthy human donors also exhibited an ILC phenotype (Fig. S1A,

B). Examination of tissues from healthy non-human primates revealed an analogous

population of IL-22+ cells that exhibited an ILC phenotype in rectal tissues (Fig. 1C, D) and

inguinal LN (Fig. S1C, D). A population of IL-22+ cells was also constitutively present in

intestinal tissues or mLN from naïve mice that lacked expression of lineage markers CD3 or

NK1.1 (Fig. 1E and S1E), but were CD127+, CD45INT, RORγt+ and CD90.2 (Thy1)+ (Fig.

1F and S1F), indicating they were ILCs (11, 14). The presence of IL-22-producing ILCs in

mice was independent of commensal bacteria, as their frequencies were similar in

conventional versus germ-free mice (Fig. S2A, B). Collectively, these data identify that

ILCs are a dominant IL-23-responsive, IL-22-producing cell population constituently

present in the intestine and GALT of healthy mammals.

To test whether ILCs contribute to the anatomical containment of commensal bacteria in the

steady state, control or anti-CD90.2 monoclonal antibody (mAb) was administered to naïve

Rag1-/- mice to deplete ILC populations. Prior to depletion, Rag1-/- mice exhibited a

population of IL-22-producing CD90.2+ ILCs in the intestine and mLN (Fig. S2C, D).

Strikingly, while peripheral tissues from isotype-treated or anti-NK1.1 mAb-treated Rag1-/-

mice were sterile, spleen and liver from anti-CD90.2 mAb-treated Rag1-/- mice contained

culturable bacteria and significantly increased levels of LPS in the liver at days 3, 14 and 28
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post-depletion (Fig. 1G-I and S3A-D). Collectively, these data indicate a requirement for

ILCs in the anatomical containment of commensal bacteria under steady-state conditions.

We sought to test whether depletion of ILCs and subsequent bacterial dissemination elicited

systemic immune activation in the steady state. In comparison to isotype mAb-treated

Rag1-/- mice, examination of peripheral organs from anti-CD90.2 mAb-treated Rag1-/- mice

revealed hepatic inflammation characterized by foci of neutrophils, increased spleen size

and weight and elevated serum levels of IL-6 and tumor necrosis factor α (TNFα) at days 3,

14 and 28 post depletion (Fig. 1J-N). Further, anti-CD90.2 mAb-treated Rag1-/- mice that

were administered oral antibiotics to deplete intestinal commensal bacteria (15) did not

exhibit peripheral dissemination of culturable bacteria or systemic inflammation (Fig. S4A-

H), collectively implicating a critical role for ILC-mediated containment of commensal

bacteria to prevent systemic inflammation in lymphocyte-deficient mice.

To test whether ILC-mediated anatomical containment of commensal bacteria was

dependent on IL-22-IL-22R interactions, naïve Rag1-/- mice were treated with isotype or

anti-IL-22 mAb. Anti-IL-22 mAb-treated mice but not isotype mAb-treated mice exhibited

culturable bacteria in the spleen and liver (Fig. 2A and B), and significantly increased levels

of hepatic LPS (Fig. 2C). Anti-IL-22 mAb-treated mice also exhibited signs of systemic

inflammation (Fig. 2D and E), indicating that neutralization of IL-22 in Rag1-/- mice is

sufficient to promote bacterial dissemination and systemic inflammation.

To determine whether therapeutic delivery of exogenous IL-22 could restore anatomical

containment of commensal bacteria in ILC-depleted mice, anti-CD90.2 mAb-treated Rag1-/-

mice were treated with either PBS control or rIL-22. ILC-depleted mice that received rIL-22

exhibited decreased amounts of culturable bacteria in the spleen (Fig. 2F) and significantly

decreased levels of hepatic LPS (Fig. 2G) as compared to control anti-CD90.2 mAb-treated

mice. Examination of intestinal epithelial cells from anti-IL-22 mAb or anti-CD90.2 mAb

treated Rag1-/- mice demonstrated a significant reduction in expression of the IL-22

regulated anti-microbial proteins Reg3b, Reg3g, S100a8 and S100a9 (11-13, 16, 17), which

could be restored with delivery of rIL-22 to ILC-depleted mice (Fig. 2H-K). Collectively,

these data indicate that ILCs are critical in promoting IL-22-dependent pathways that limit

pl dissemination of commensal bacteria and systemic inflammation.

Peripheral dissemination of intestinal commensal bacteria is commonly associated with

impaired intestinal epithelial barrier integrity, resulting in the translocation of commensal

bacteria from the intestinal lumen (1, 2, 5, 6, 18-20). However, both isotype and anti-

CD90.2 mAb-treated Rag1-/- mice exhibited no significant differences in levels of serum

FITC following oral administration of FITC-dextran (21), fecal albumin or intestinal

expression of the tight-junction proteins claudin-1 or claudin-2 (Fig. S5A-D), and also did

not exhibit histological signs of intestinal inflammation (Fig. S5E). Further, the mLN of

control and anti-CD90.2 mAb-treated mice contained equivalent frequencies of

macrophages and dendritic cells, while anti-CD90.2 mAb-treated mice contained

significantly higher frequencies of neutrophils in the mLN (Fig. S5F-H), suggesting that

depletion of ILCs does not result in a global impairment of intestinal epithelial barrier

integrity and that disseminating bacteria may not originate from the intestinal lumen.

Metabolic profiling (22) of bacterial colonies from the liver or spleen of anti-CD90.2 mAb-

treated Rag1-/- mice identified that the disseminating bacteria were Alcaligenes spp. (Fig.

S6A), a genus of gram-negative bacteria that reside within the Peyer's patches (PPs) and

mLN of healthy humans, non-human primates and mice (4, 23). 16S-directed PCR

confirmed the presence of Alcaligenes spp. in liver and spleen from anti-CD90.2 mAb-

treated, but not isotype-treated Rag1-/- mice (Fig. S6B) and pyrosequencing of 16S rDNA
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tags demonstrated that samples from the intestinal lumen of untreated Rag1-/- mice

contained multiple phylogenetic groups of commensal bacteria, whereas cultures from the

liver and spleen of ILC-depleted Rag1-/- mice exhibited a homogenous population of

Alcaligenaceae (Fig. 3A). Analysis of these sequences identified the species as Alcaligenes

xylosoxidians (also referred to as Achromobacter xyloxoxidans). To interrogate the origins

of the Alcaligenes spp., tissues from naïve mice were analyzed by fluorescent in situ

hybridization (FISH) using Alcaligenes-specific probes. Consistent with a previous report

(4), Alcaligenes spp. were found in the interior of PPs and mLN of healthy mice (Fig. 3B, C

and S7). Collectively, these results indicate that loss of ILCs results in selective

dissemination of lymphoid-resident Alcaligenes spp. to peripheral tissues.

To determine whether Alcaligenes spp. were sufficient to promote inflammation,

Alcaligenes was administered systemically to Rag1-/- mice. In comparison to isotype-treated

mice, both anti-CD90.2 mAb treated Rag1-/- mice and Rag1-/- mice that received systemic

Alcaligenes spp. exhibited significantly increased hepatic LPS and systemic inflammation

(Fig. S8A-F). Furthermore, whereas germ-free Rag1-/- mice exhibited no increases in

hepatic LPS or systemic inflammation after administration of anti-CD90.2 mAb, germ-free

Rag1-/- mice that were mono-associated with Alcaligenes and treated with anti-CD90.2 mAb

exhibited increased hepatic LPS, increased spleen weight and elevated levels of serum IL-6

and TNFα as compared to isotype-treated monoassociated mice (Fig. 3D-G).

To examine whether decreased expression of IL-22-regulated anti-microbial peptides (Fig

2H-K) impact Alcaligenes, rS100A8/S100A9 (calprotectin) (24) was added to cultures and

found to inhibit the growth of Alcaligenes and limit colony formation in a dose-dependent

manner (Fig. 3H and S9). Furthermore, delivery of rS100A8/S100A9 in vivo significantly

reduced burdens of Alcaligenes in the spleen and liver of anti-CD90.2 mAb treated Rag1-/-

mice (Fig. 3I and J). Collectively, these results suggest that in healthy mice, ILCs promote

anatomical containment of Alcaligenes spp. in part through promoting expression of

calprotectin to limit disruption of systemic immune homeostasis.

To test whether ILCs contribute to prevention of dissemination of Alcaligenes in

lymphocyte-replete mice, CD90-disparate Rag1-/- chimeric mice were generated that permit

the selective depletion of CD90.2+ ILCs without depleting CD90.1+ lymphocytes (Fig.

S10A) (13). Administration of anti-CD90.2 mAb to CD90-disparate Rag1-/- chimeric mice

resulted in peripheral dissemination of Alcaligenes to the spleen and liver at day 3 post

depletion (Fig. 4A, B and Fig. S10B). Chimeric mice exhibited elevated levels of hepatic

LPS and inflammation, increased spleen size, elevated levels of serum IL-6 and TNFα at

days 3, 14 and 28 post-depletion (Fig. 4C-G), and significantly higher frequencies of splenic

Ki-67+ CD4+ T cells, Ki-67+ CD8+ T cells and Ki-67+ CD19+ B cells (Fig. S10C-E).

Splenocyte cultures were restimulated with Alcaligenes-derived antigens and significantly

higher frequencies of IL-6+ CD4+ T cells and TNFα+ CD4+ T cells were observed in ILC-

depleted chimeric mice (Fig. S10F). Anti-CD90.2 mAb-treated chimeric mice also exhibited

significantly elevated serum IgG responses specific for Alcaligenes-derived antigens, but not

luminal-resident Escherichia coli-derived antigens (Fig. S10G) or opportunistic viruses

(Table S1). The inability to culture Alcaligenes at days 14 and 28 was associated with the

development of systemic IgG specific for Alcaligenes spp. (Fig. 4H), indicating that despite

persistent systemic inflammation, the adaptive immune system can limit the presence of live

bacteria in the periphery. Collectively, these data suggest that ILCs are essential to promote

anatomical containment of Alcaligenes to lymphoid-tissues and limit the induction of

systemic inflammation in lymphocyte-replete hosts.

Loss of containment of commensal bacteria and chronic systemic inflammation is associated

with several chronic human diseases (6-8). To determine whether these diseases were also
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associated with a loss of containment of Alcaligenes spp., serum samples from cohorts of

pediatric Crohn's disease patients or chronically HCV-infected adults were analyzed for the

presence of Alcaligenes-specific IgG. In comparison to age-matched controls, serum from

pediatric Crohn's disease patients and plasma from cirrhotic HCV-infected individuals

awaiting liver transplantation exhibited significantly elevated levels of relative IgG specific

for Alcaligenes spp. (Fig. 4I and J). Although further analysis of HCV-infected individuals

with and without cirrhosis demonstrated no correlations between Alcaligenes-specific IgG

levels and patient age or serum alanine transaminase (sALT) (Fig. S11A, B), there were

significant correlations between plasma levels of Alcaligenes-specific IgG and laboratory

measures of liver disease including increased serum bilirubin and international normalized

ratio (INR) of prothrombin time as well as decreased serum albumin and platelets (Fig. 4K-

N).

Mammals have evolved multiple immunologic and physiologic mechanisms to promote the

anatomical containment of commensal bacteria to intestinal sites including promoting

physical barriers (via epithelial cell tight junctions), biochemical barrier (via production of

mucus layers and anti-microbial peptides) and immunologic barriers (via IgA-mediated

immune exclusion, intra-epithelial lymphocytes and innate pathways involving

phagocytosis, TLR-mediated sensing and oxidative bursts) (1, 2, 18, 19, 25). The

demonstration that depletion of ILCs results in the selective dissemination and survival of

Alcaligenes spp. in peripheral tissues of mice indicates that in addition to established

pathways that non-selectively maintain intestinal barrier function, more discriminatory

processes may have evolved to promote the selective anatomical containment of

phylogenetically-defined communities of lymphoid-resident commensal bacteria (Fig. S12).

It is remarkable that Acaligenes spp. has recently been identified to be a dominant

lymphoid-resident commensal species colonizing the PPs and mLN of mammals (4).

Moreover, peripheral dissemination of Alcaligenes spp. have been reported in patients with

HIV infection, cancer and cystic fibrosis (26-29). The identification of a pathway through

which IL-22-producing ILCs can prevent dissemination of lymphoid-resident Alcaligenes

spp. and limit systemic inflammation highlights the selectivity of immune-mediated

containment of defined commensal bacterial species and could offer novel therapeutic

strategies to limit inflammation associated with multiple debilitating chronic human

diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

CFU colony forming unit

GALT gut associated lymphoid tissue

HIV human immunodeficiency virus

IBD inflammatory bowel disease

IL interleukin

ILC innate lymphoid cell

ILF isolated lymphoid follicle

INR international normalized ratio

LPL lamina propria lymphocytes

mLN mesenteric lymph node

PPs Peyer's patches

r recombinant

SI small intestine

spp. species

Th T helper

TLR toll-like receptor
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Figure 1. Innate lymphoid cells are resident in intestinal tissues of healthy mammals and limit
bacterial dissemination and systemic immune activation in naïve mice

(A, C and E) The frequency of live IL-22+ cells was examined by flow cytometry from ex

vivo IL-23-stimulated cells from (A) intestinal tissues from healthy humans, (C) the rectum

of healthy rhesus macaques (E) or the small intestine lamina propria of naïve C57BL/6

mice. (B, D and F) The gated live IL-22+ populations from (B) humans, (D) rhesus

macaques or (F) mice were stained with the indicated markers (open blue histogram) and

compared to negative population controls (human and rhesus macaques: CD20+ CD56+,

solid grey histograms; mice: CD19+ B cell populations, solid grey histograms). (G-N) Naïve

C57BL/6 Rag1-/- mice were administered an isotype control or anti-CD90.2 mAb starting on
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day 0 and sacrificed on day 3, 14 or 28. Colony forming units (CFU) present in

homogenates from the (G) spleen and (H) liver of antibody treated mice. (I) LPS

concentrations in homogenates from the liver of antibody treated mice. (J) H&E stained

histological sections of the liver of antibody treated mice. Bar, 5 μm. Spleen (K) size and

(L) weight from antibody treated mice. Bar, 5 mm. Serum concentrations of (M) IL-6 and

(N) TNFα from antibody treated mice. All data are representative of 3 independent

experiments of 3 individual mice per experiment, 5 total individual human donors or 2 total

individual Rhesus macaques. Data shown are the mean ± SEM. Statistics compare days post

depletion versus isotype using the Student's t test. * p < 0.05, ** p < 0.01, *** p < 0.001.

ND, none detected.
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Figure 2. ILCs regulate anatomical containment of commensal bacteria through IL-22-
dependent induction of anti-microbial peptides

(A-E) Naïve C57BL/6 Rag1-/- mice were administered an isotype control or anti-IL-22 mAb

starting on day 0 and sacrificed on day 14. Colony forming units (CFU) present in

homogenates from the (A) spleen and (B) liver of antibody treated mice. (C) LPS

concentrations in homogenates from the liver of antibody treated mice. (D) H&E stained

histological sections of the liver of antibody treated mice. Bar, 5 μm. (E) Spleen weight

from antibody treated mice. (F-K) Naïve C57BL/6 Rag1-/- mice were administered an

isotype control or anti-CD90.2 mAb with PBS control or rL-22 starting on day 0 and

sacrificed on day 14. (F) Colony forming units (CFU) present in homogenates from the

spleen of antibody treated mice. (G) LPS concentrations in homogenates from the liver of

antibody treated mice. Relative fold change of (H) Reg3b, (I) Reg3g, (J) S100a8 and (K)

S100a9 transcript in terminal ileum epithelial RNA from treated mice. All data are

representative of 2 or more independent experiments with a minimum of 3-4 mice per group.

Data shown are the mean ± SEM. Statistics compare treatment versus isotype unless

otherwise noted using the Student's t test. * p < 0.05 ** p < 0.01. ND, none detected.
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Figure 3. Innate lymphoid cells regulate selective anatomical containment of Alcaligenes species
to limit systemic inflammation

(A-C) Naïve C57BL/6 Rag1-/- mice were administered an isotype control or anti-CD90.2

mAb starting on day 0 and sacrificed on day 14. Tissues from the liver and spleen were

homogenized and cultured in LB broth. (A) Pyrosequencing of contents from the intestinal

lumen or tissue cultures from anti-CD90.2 mAb treated Rag1-/- mice. Top right bar

represents sequence frequency. (B) Peyer's patches and (C) mesenteric lymph node (LN)

were analyzed by FISH using probes to identify Alcaligenes spp. (BPA and ALBO) and

epithelial cells (WGA) or DNA (DAPI). Bar, 100 μm. (D-G) Naïve germ-free (GF) or

Alcaligenes monoassociated Rag1-/- mice were administered an isotype control or anti-

CD90.2 mAb starting on day 0 and sacrificed on day 5. (D) LPS concentrations in

homogenates from the liver of antibody treated mice. (E) Spleen weight from antibody

treated mice. Serum concentrations of (F) IL-6 and (G) TNFα from antibody treated mice.

(H) Alcaligenes was cultured in the presence of PBS or recombinant (r) S100A8/S100A9

and colony forming units (CFU) were measured. Naïve Rag1-/- mice were administered an

isotype control or anti-CD90.2 mAb with PBS control or rS100A8/S100A9 on day 0 and

sacrificed on day 5. Colony forming units (CFU) present in homogenates from the (I) spleen

and (J) liver of antibody treated mice. All data are representative of 2 independent

experiments with a minimum of 2-3 mice per group. Data shown are the mean ± SEM.

Statistics compare PBS versus rS100S8/A9 treatments using Student's t test * p < 0.05. ND,

none detected.

Sonnenberg et al. Page 11

Science. Author manuscript; available in PMC 2013 May 21.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 4. ILCs regulate anatomical containment of Alcaligenes in lymphocyte-replete hosts and
Alcaligenes-specific responses are associated with chronic human disease

(A-H) Naïve CD90-disparate chimeric mice were administered an isotype control or anti-

CD90.2 mAb starting on day 0 and sacrificed on day 3, 14 or 28. Colony forming units

(CFU) present in homogenates from the (A) spleen and (B) liver of antibody treated

chimeric mice. (C) LPS concentrations in homogenates from the liver of antibody treated

mice. (D) H&E stained histological sections of the liver of antibody treated chimeric mice.

Bar, 5 μm. (E) Spleen size from antibody treated chimeric mice. Bar, 5 mm. Serum

concentrations of (F) IL-6 and (G) TNFα from antibody treated chimeric mice. (H) Relative

optical density (OD) values of serum IgG specific to Alcaligenes crude antigens in treated
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chimeric mice. All data are representative of 3 independent experiments with a minimum of

3-5 mice per group. Statistics compare days post depletion versus isotype using the Student's

t test. (I-N) Relative serum IgG (OD values per g/mL total serum IgG) specific to

Alcaligenes crude antigens in (I) control (n=13) versus pediatric Crohn's disease patients

(n=18) or (J) control (n=20) versus cirrhotic HCV-infected patients awaiting orthotopic liver

transplantation (n=19). Statistics compare disease status using the Mann-Whitney test.

Relative serum IgG specific for Alcaligenes crude antigen in chronically HCV-infected

individuals (n=27) were correlated with levels of serum (K) bilirubin, (L) international

normalized ratio (INR) of prothrombin time, (M) albumin and (N) platelets. The association

between Alcaligenes-specific IgG levels and clinical parameters were compared by non-

parametric Spearman's rank correlation coefficient.
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