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Abstract

Antibiotic administration can disrupt the intestinal microbiota and down-regulate innate immune 

defenses, compromising colonization resistance against orally acquired bacterial pathogens. 

Vancomycin-resistant Enterococcus faecium (VRE), a major cause of antibiotic-resistant 

infections in hospitalized patients, thrives in the intestine when colonization resistance is 

compromised, achieving extremely high densities that can lead to bloodstream invasion and sepsis. 

Viral infections, by mechanisms that remain incompletely defined, can stimulate resistance against 
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invading bacterial pathogens. We report that murine norovirus infection reduces the density of 

VRE in the intestinal tract of mice with antibiotic-induced loss of colonization resistance. 

Resiquimod (R848), a synthetic ligand for Toll-like receptor 7 (TLR-7) that stimulates antiviral 

innate immune defenses, restores expression of the antimicrobial peptide Reg3γ and reestablishes 

colonization resistance against VRE in antibiotic-treated mice. Orally administered R848 triggers 

TLR-7 on CD11c+ dendritic cells, inducing interleukin-23 (IL-23) expression followed by a burst 

of IL-22 secretion by innate lymphoid cells, leading to Reg3γ expression and restoration of 

colonization resistance against VRE. Our findings reveal that an orally bioavailable TLR-7 ligand 

that stimulates innate antiviral immune defenses in the intestine restores colonization resistance 

against a highly antibiotic-resistant bacterial pathogen.

INTRODUCTION

The emergence of antibiotic resistance among bacterial pathogens is outpacing the 

development of antibiotics that circumvent resistance mechanisms (1, 2). Enterococcus 
faecalis and/or Enterococcus faecium are nearly ubiquitous inhabitants of the human 

intestine but, in terms of frequency, minor contributors to the intestinal microbiota of 

antibiotic-naïve individuals (3). In the past two decades, increasing vancomycin resistance 

among enterococci has become a challenge in clinical settings where these bacterial strains 

cause systemic infections, leading the Centers for Disease Prevention and Control to 

categorize vancomycin-resistant E. faecium (VRE) as a serious public health threat (1, 4, 5). 

VRE expands to very high densities in the gastrointestinal tract of patients after antibiotic-

induced disruption of microbiota-mediated colonization resistance (6, 7). Intestinal 

domination by bacterial species, such as VRE, precedes bacteremia and leads to poor 

outcomes in patients (8–11).

Commensal bacteria can directly inhibit colonization by potentially invasive pathogens by 

consuming limited nutrients or secreting bactericidal or bacteriostatic factors (12, 13), or 

indirectly mediate colonization resistance by stimulating host-derived immune defense 

mechanisms (12, 13). Indirect colonization resistance is driven by commensal members of 

the microbiota signaling through innate immune receptors such as Toll-like receptors (TLRs) 

and nucleotide-binding oligomerization domain receptors to tonically stimulate immune 

defense pathways leading to expression of antimicrobial proteins, such as the antibacterial 

C-type lectin regenerating islet-derived 3γ (Reg3γ), a murine ortholog of human HIP/PAP 

(14, 15). Antibiotic-mediated disruption of the intestinal microbiota results in loss of direct 

and indirect colonization resistance, increasing host susceptibility to intestinal damage and 

systemic infections caused by VRE and other antibiotic-resistant pathogens (9, 16–19). 

Whereas reconstitution of the microbiota by fecal transplantation from antibiotic-naïve 

donors has cured patients of recurrent Clostridium difficile infections (20), the complexities 

and risks of fecal transplantation limit its therapeutic potential as a treatment for VRE 

elimination from gastrointestinal tract (21).

In addition to diverse populations of commensal bacterial species, the mammalian intestinal 

tract also hosts a broad variety of viruses that comprise the host’s microvirome (22, 23). 

Immune stimulation by viruses induces antibacterial defense mechanisms (24), suggesting 
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that tonic signaling by viruses or virus-derived molecules could augment microbiota-driven 

colonization resistance. For example, enteric infection with murine norovirus (MNV) limits 

colonic inflammation after Citrobacter rodentium infection (25), and reovirus infection of 

the small intestines of neonatal mice induces production of interleukin-22 (IL-22), a 

cytokine that induces expression of Reg3γ by intestinal epithelial cells (26). However, 

specific viral-derived ligands that drive antibacterial defenses have not been identified, and 

thus, it remains unclear whether such ligands can enhance immune-mediated colonization 

resistance.

Here, we show that MNV infection partially restored anti-bacterial immune defense in 

antibiotic-treated mice and vital titers inversely correlated with the density of intestinal VRE 

colonization. Oral administration of resiquimod (R848), a synthetic molecule that mimics 

virus-derived single-stranded RNA and stimulates TLR-7 and TLR-8 (27), reestablished 

colonization resistance in antibiotic-treated mice and markedly reduced intestinal 

colonization with VRE. R848 acted through TLR-7–expressing CD11c+ dendritic cells and 

IL-23 to induce IL-22, leading to the induction of Reg3γ. Our studies demonstrate that 

imidazoquinolines used for the treatment of clinical papilloma virus infections (28–31) also 

enhance colonization resistance against an antibiotic-resistant bacterial pathogen.

RESULTS

Enteric viral infection reduces intestinal VRE colonization

Antibiotic-mediated loss of colonization resistance enables VRE to undergo a marked 

expansion in the gut (6, 7). Although viral infection and consequent stimulation of the 

immune system can enhance defense against bacterial pathogens (24, 25), it is unclear 

whether enteric viruses can restrict expansion of VRE after antibiotic treatment. To address 

this question, ampicillin-treated C57BL/6 mice were inoculated with either MNV (MNV-

CW3 strain) or vehicle control, and 3 days after viral infection, the mice were inoculated 

with ~106 colony-forming units (CFUs) of VRE via oral gavage (Fig. 1A). Ampicillin 

administration depletes indigenous intestinal bacterial communities but does not inhibit 

VRE growth (fig. S1A) (32). As previously reported (32), ampicillin-treated mice became 

densely colonized with VRE, whereas colonization resistance in ampicillin-naïve control 

mice prevented intestinal VRE colonization (Fig. 1B and fig. S1B). Infection of ampicillin-

treated mice with MNV-CW3 modestly reduced VRE density in the ileum (fig. S1B), with 

the VRE burden inversely correlated with MNV-CW3 titers (Fig. 1B), although inhibition of 

VRE in the MNV-CW3 group did not reach statistical significance (fig. S1B). Ampicillin 

treatment reduced expression of IL-22 in innate lymphoid cells (ILCs) isolated from the 

Peyer’s patches (PPs), and MNV-CW3 infection restored IL-22+ ILCs to levels comparable 

to ampicillin-naïve control mice (Fig. 1, C and D, and fig. S1C). The total number of IL-22+ 

ILCs recovered from the mesenteric lymph nodes (mLNs) of MNV-CW3–infected mice 

increased compared to ampicillin-treated mice (Fig. 1E). Furthermore, MNV-CW3 infection 

partially restored the expression of Reg3g mRNA transcripts in the ileum, although 

induction of Reg3g did not reach levels observed in ampicillin-naïve mice (Fig. 1F). Partical 

restoration of the IL-22/Reg3g axis in ampicillin-treated mice by MNV-CW3 infection 
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suggests that viral stimulation can recalibrate intestinal immune defenses after antibiotic-

mediated loss of colonization resistance.

Loss of commensal bacteria can impair the establishment of enteric viral infections (33, 34) 

and may explain why some ampicillin-treated mice inoculated with MNV-CW3 had low 

viral titers in the ileum and elevated VRE density (Fig. 1B). Indeed, it has been reported that 

MNV-infected, antibiotic-treated, and germ-free mice have substantially lower viral titers 

than conventional mice (25, 35). To avoid variability caused by poor viral infectivity, we 

sought to identify a specific viral ligand that could be administered to faithfully activate 

intestinal immune defenses and provide colonization resistance against antibiotic-resistant 

pathogens.

The TLR-7 ligand R848 reestablishes Reg3γ expression in antibiotic-treated mice

Our previous work demonstrated that administration of bacterial lipopolysaccharide (LPS) 

or flagellin to antibiotic-treated mice inhibits VRE expansion by stimulating the TLR-4 or 

TLR-5 signaling pathway, leading to the induction of Reg3γ (36, 37). TLR-7, an 

intracellular innate immune receptor, detects short, single-stranded RNA motifs derived 

from RNA viruses such as norovirus and also signals via the MyD88 adaptor protein (38). 

MNV-CW3 infection significantly elevated expression of Tlr7 mRNA transcripts in the 

ileum compared to both ampicillin-treated and ampicillin-naïve mice (fig. S1D). To 

investigate whether engagement of TLR-7 with virus-derived molecules could protect mice 

against VRE, C57BL/6 mice were treated with R848 orally, flagellin intraperitoneally, or 

phosphate-buffered saline (PBS) orally for 3 days while receiving antibiotic treatment. To 

allow direct comparisons of data with our previous studies (36, 37), a broad-spectrum 

antibiotic cocktail of metronidazole, neomycin, and vancomycin (ABX) was used to deplete 

intestinal bacterial communities. Upon verification of consistency between studies, 

ampicillin treatment alone was used to disrupt colonization resistance in mice. Reg3γ 
expression was measured in the ileum of untreated and antibiotic-treated mice after 

administration of R848 or flagellin. As previously described (37), antibiotic treatment 

reduced Reg3γ levels to nearly undetectable levels and intraperitoneal flagellin induced 

Reg3γ expression in the ileum of antibiotic-treated mice (Fig. 2A). R848 treatment also 

induced Reg3γ expression in antibiotic-treated mice to levels equal to or greater than those 

observed in untreated control mice (Fig. 2A and fig. S2A). In contrast, oral administration of 

CpG, a single-stranded DNA molecule that binds TLR-9, did not induce Reg3γ in the ileum 

of antibiotic-treated mice (Fig. 2B). Oral administration of other TLR-7/8 agonists, 

including R837, Gardiquimod, and CL907, also did not restore Reg3γ expression in the 

ileum (Fig. 2C), suggesting an ability of R848 to remain immunologically active after oral 

administration.

To determine whether R848 is stimulating intestinal epithelial or bone marrow–derived cells, 

we generated bone marrow chimeric (BMC) mice by reconstituting lethally irradiated 

C57BL/6 mice with wild-type C57BL/6, Tlr7−/−, or Myd88−/− bone marrow. BMC mice 

were treated with antibiotics and R848 or PBS, and Reg3g mRNA expression was 

determined in the ileum. Whereas R848 treatment of C57BL/6 BMC mice induced 

expression of Reg3g mRNA, R848 administration to Myd88−/− (fig. S2B) and Tlr7−/− (fig. 
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S2C) BMC mice did not induce Reg3g expression. These results indicate that R848 induces 

intestinal epithelial Reg3γ expression by stimulating the TLR-7/MyD88 pathway in bone 

marrow–derived, but not epithelial or stromal, cells.

The TLR-7 ligand R848 reduces VRE colonization

To determine whether R848-mediated stimulation of TLR-7 could restore colonization 

resistance against VRE after antibiotic treatment, we challenged untreated or ampicillin-

treated mice with R848 or PBS control orally daily with VRE and quantified VRE in the 

ileum (Fig. 2D). R848 treatment significantly reduced VRE densities in the ileum of 

ampicillin-treated mice compared to ampicillin-treated mice administered PBS (Fig. 2E), 

consistent with the trend observed in MNV-CW3–infected mice (Fig. 1B). R848 did not 

inhibit VRE replication in liquid cultures, suggesting that R848 does not directly inhibit 

VRE growth (fig. S2D). The quantity of Reg3g mRNA transcripts in the ileum of R848- and 

ampicillin-treated mice inversely correlated with VRE density (Fig. 2F). Fluorescence in situ 

hybridization staining of ileal sections with 16S universal bacterial and enterococcus-

specific probes demonstrated that ampicillin treatment reduced commensal bacteria in the 

ileum of both PBS- and R848-treated mice compared to ampicillin-naïve mice (Fig. 2G). 

Whereas the loss of colonization resistance resulted in marked expansion of VRE in 

ampicillin-treated mice, R848 treatment markedly reduced the ability of VRE to occupy the 

vacated environmental niche in the intestinal lumen of ampicillin-treated mice (Fig. 2G).

R848 rapidly induces IL-23 and IL-22 expression

Although TLR-7 activation is best known for inducing type I interferon (IFN) and antiviral 

defense mechanisms (27, 39), topical administration of TLR-7 agonists to the skin induces 

expression of IL-23 and IL-22, two cytokines that lead to expression of Reg3γ (40, 41). We 

administered a single dose of R848 (50 µg orally) or PBS and measured the induction of 

Ifnb, Il23a(p19), Il12b(p40), Il1b, Il22, and Reg3g mRNA in the ileum by qRT-PCR 0.5, 3, 

and 6 hours later. Thirty minutes after intragastric administration, R848 induced 

transcription of Ifnb, Il23a(p19), Il12b(p40), and Il1b (Fig. 3A). Expression of Ifnb, 

Il23a(p19), and II1b returned to baseline levels by 3 hours, whereas Il22 transcription spiked 

at 3 hours (Fig. 3A). Reg3g mRNA expression continued to increase in the ileum at 3 and 6 

hours after inoculation (Fig. 3A). The kinetics of gene induction is consistent with IL-23/

IL-1β inducing IL-22, leading to Reg3γ expression by the intestinal epithelium (42–44). De 

novo expression of IL-22 protein by ILCswas analyzed using intracellular cytokine staining 

after ex vivo incubation without addition of exogenous stimuli and demonstrated 

significantly increased frequencies and numbers of IL-22+ CD90+ CD127+ ILCs in the 

mLNs (Fig. 3, B and C) and ileum lamina propria (Lp) (Fig. 3, D and E) after R848 

administration, peaking at 3 hours. CD90+ CD127+ ILCs (figs. S3A and S4, A and B) were 

the dominant source of IL-22 in the mLNs (fig. S3B) and ileum Lp (fig. S3C) compared to 

NK1.1+ CD127neg “classical" natural killer (NK) cells, CD4+ T cells, CD8+ T cells, and γδ 
T cells (fig. S3A).

Induction of IL-22 in ILCs (Fig. 4, A and B) and up-regulation of Il22 mRNA expression in 

the ileum (Fig. 4C) did not occur in Tlr7−/− mice after R848 administration, demonstrating a 

requirement of TLR-7 for IL-22 expression. Ex vivo stimulation with recombinant IL-23, 
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however, induced IL-22 expression in ILCs isolated from both C57BL/6 and Tlr7−/−mice 

(Fig. 4D and fig. S4C), demonstrating that ILCs from Tlr7−/− mice are intrinsically capable 

of producing IL-22 but fail to be activated after R848 treatment. Thus, similar to induction 

of Reg3g (fig. S2C), R848-mediated induction of IL-22 is dependent on the TLR-7 signaling 

pathway.

The kinetics of Ifnb, Il23a(p19), Il12b(p40), and Il1b expression followed by Il22 and finally 

Reg3g induction suggests that R848 signaling may be perpetuated by sequential cell 

populations. To exclude the possibility that R848 directly stimulates IL-22 production by 

ILCs, we generated mixed BMC mice using Tlr7−/− and Il22−/− bone marrow cells as donor 

cells and lethally irradiated C57BL/6 mice as recipients. In these mixed BMC mice, none of 

the donor-derived ILCs has the capacity to both respond to R848 via TLR-7 and produce 

IL-22. Tlr7−/−/Il22−/− mixed BMC mice, along with Tlr7−/−/B6, Il22−/−/B6, and C57BL/6 

BMC mice, were treated with R848, and ILCs from mLNs were assessed for IL-22 

production by intracellular cytokine staining. Flow cytometric analyses were gated on donor-

derived ILCs to exclude radio-resistant, host-derived ILCs (fig. S4D) (45). ILCs from all 

mixed BMC mice underwent comparable induction of IL-22 after R848 administration, 

indicating that R848 stimulates TLR-7 on a cell population that is distinct from ILCs (Fig. 4, 

E and F).

R848-mediated IL-22 production is independent of type I IFN and IL-1 signaling but 
dependent on IL-23

R848 treatment rapidly induced transcription of Ifnb, Il23a, Il12b, and Il1b (Fig. 3A). To 

assess the role of these cytokines in driving IL-22 expression, Ifnar−/− and wild-type 

C57BL/6 mice or Il1r1−/−, Il23a−/−, and C57BL/6 BMC mice were compared after R848 

treatment. ILCs isolated from the mLNs (Fig. 5A) and ileum (Fig. 5B) of Ifnar−/− mice or 

the mLNs (Fig. 5C) and ileum (Fig. 5D) of Il1r1−/− BMC mice treated with R848 produced 

IL-22 comparable to those of control mice. Donor- and host-derived ILCs isolated from 

R848-treated Il1r1−/− BMC mice had similar frequencies of IL-22–producing ILCs as those 

isolated from control C57BL/6 BMC mice (fig. S5, A to C), demonstrating that neither 

extrinsic nor intrinsic IL-1 receptor signaling is necessary for R848-induced IL-22 

production by ILCs. In contrast, ampicillin-treated Il23a−/− BMC mice had significantly 

decreased frequencies (Fig. 5E) and numbers of IL-22–producing ILCs in the mLNs (Fig. 5F 

and fig. S5D) and ileum Lp (Fig. 5G) compared to ampicillin-treated control C57BL/6 BMC 

mice after R848 administration. Induction of Il22 (Fig. 5H) and Reg3g (Fig. 5I) mRNA in 

the ileum was significantly impaired in Il23a−/− BMC mice after R848 treatment, 

demonstrating that IL-23 is necessary for R848-mediated restoration of Reg3γ expression in 

antibiotic-treated hosts.

R848 signals via TLR-7–expressing CD11c+ dendritic cells to induce IL-22

CD11c+ dendritic cells express TLR-7 (46), and activation of the TLR/MyD88 signaling 

pathway in dendritic cells can lead to IL-23 secretion and IL-22 production by ILCs (42, 

47). To assess whether dendritic cells responded to R848 to drive IL-22 production, mixed 

BMC mice were made using CD11c.DTR, Tlr7−/−, and C57BL/6 mice as bone marrow 

donors and C57BL/6 mice as recipients. In Tlr7−/−/CD11c.DTR mixed BMC mice, 
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diphtheria toxin (DT) treatment eliminated CD11c+ cells expressing the diphtheria toxin 

receptor, leaving only TLR-7–deficient CD11c+ dendritic cells intact (fig. S6D). ILCs 

isolated from the ileum (Fig. 6, A and B) and mLNs (fig. S6, A and B) of Tlr7−/−/

CD11c.DTR mixed BMC mice had fewer IL-22+ ILCs after R848 treatment compared to 

both B6 BMC and Tlr7−/−/B6 mixed BMC mice. qRT-PCR analysis in the ileum confirmed 

that R848 failed to induce Il22 mRNA expression in Tlr7−/−/CD11c.DTR mixed BMC mice, 

indicating that CD11c+ dendritic cells are critical for R848-mediated induction of IL-22 

(Fig. 6C).

IL-22 is critical for R848-mediated Reg3γ expression and protection against VRE 
colonization

TLR-7–expressing CD11c+ dendritic cells and IL-23 are essential for R848-mediated 

induction of IL-22 (Figs. 5 and 6, A to C). Antibiotic-treated Il22−/− BMC (Fig. 6D) and 

Il12b(p40)−/− BMC mice (fig. S6C) failed to increase Reg3γ expression in the ileum after 

R848 treatment. Next, Il22−/− and C57BL/6 mice were treated with ampicillin and R848 or 

PBS for 3 days followed by inoculation with VRE. R848-treated C57BL/6 mice had reduced 

VRE density in the ileum compared to PBS-treated C57BL/6 control mice (Fig. 6E). R848 

treatment of Il22−/− mice, however, did not reduce VRE density compared to PBS-treated 

Il22−/− mice (Fig. 6E). Thus, IL-22 is essential for R848-mediated colonization resistance 

against VRE. These results demonstrate that stimulation of TLR-7 with an orally 

bioavailable drug reestablishes intestinal innate immune defenses, thereby enhancing 

colonization resistance against a highly antibiotic-resistant pathogen.

DISCUSSION

VRE has emerged as one of the most common causes of bloodstream infection in patients 

undergoing bone marrow transplantation, and recent studies indicate that systemic infection 

is preceded by dense intestinal colonization that results from antibiotic-induced loss of 

colonization resistance (8, 9, 11). Although intestinal domination represents an important 

step toward VRE dissemination into the bloodstream, it also increases the risk of VRE 

transmission to other hospitalized patients. Thus, reducing the density of intestinal VRE 

colonization would reduce the incidence of systemic VRE infections in colonized patients 

and also the rate of VRE transmission between patients. Enteric viruses shape both the 

composition of intestinal bacteria communities and the host’s immune system (25, 48). We 

report that MNV infection partially restores basal immune defenses in the intestine, and 

norovirus titers inversely correlate with intestinal VRE colonization. Development of an 

infectious virus as a therapeutic agent is clinically impractical; therefore, we sought to 

identify a pharmacological agent that could mimic the immunostimulatory properties of 

viruses and reestablish immune-mediated mechanisms of colonization resistance. Our study 

demonstrates that R848, a synthetic molecule that induces antiviral immune defenses, can 

markedly reduce the density of intestinal VRE colonization by signaling through TLR-7 and 

activating IL-22 expression by ILCs to enhance innate antibacterial defense mechanisms.

Colonization resistance is remarkably effective at eliminating exogenously acquired 

bacterial species from the gastrointestinal tract. Antibiotics are often necessary in hospital 
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settings; however, their impact on intestinal commensal bacterial communities can impair 

direct and indirect colonization resistance defense mechanisms. Studies performed roughly 

60 years ago demonstrated that a single dose of antibiotic could render mice nearly a 

million-fold more susceptible to infection by Salmonella typhimurium and implicated 

obligate anaerobic commensal bacteria as essential mediators of colonization resistance (49). 

Therapeutics capable of restoring the host’s natural defenses could be used to supplement 

antibiotic treatment to reduce the risk of infection with antibiotic-resistant bacteria in 

patients. Whereas antibiotic treatment markedly reduces the expression of Reg3γ in the 

small intestine of mice, oral administration of LPS to stimulate TLR-4 or systemic 

administration of flagellin to stimulate TLR-5 can restore murine Reg3γ expression and 

enhance resistance to dense colonization by VRE (36, 37). Our findings demonstrate that 

targeted activation of ILCs is a potential therapeutic intervention strategy against intestinal 

bacterial pathogens.

Whereas reestablishing colonization resistance after antibiotic-mediated disruption of the 

microbiota may benefit patients, potential risks also require consideration. The severity of 

microbiota injury can be variable and likely depends on the antibiotic resistance of the 

patient’s baseline microbiota, the antimicrobial spectrum, the route/duration of treatment, 

and the clearance mechanisms of the administered antibiotic. Recovery of the intestinal 

microbiota likely also varies between patients, in part depending on the composition of the 

posttreatment microbiota and re-acquisition of microbes from the environment. Thus, in 

some settings, compromise of colonization resistance may be transient, whereas in other 

settings, damage to the microbiota may be prolonged. Although fecal transplantation has 

successfully treated recurrent C. difficile infections (20), the inability to fully define the 

composition of feces raises concerns in patients with compromised immune defenses. 

Furthermore, recently discovered associations of fecal microbiota composition with a range 

of metabolic and inflammatory diseases raise concerns about the long-term impact of fecal 

transplantation from heterologous donors. Although administration of defined bacterial 

populations to patients after antibiotic treatment may eventually facilitate the 

reestablishment of colonization resistance, the optimal bacterial species and consortia have 

yet to be defined. Thus, a combinational approach of using pharmacological induction of 

colonization resistance by stimulating innate immune receptors during and after antibiotic 

treatment represents a potential approach to reduce the risk of dense colonization by 

antibiotic-resistant pathogens such as VRE.

The risks of innate immune receptor stimulation are not negligible and include potentially 

inducing acute or chronic inflammation and enhancing existing inflammatory diseases. In 

the case of R848 administration, induction of IL-23 and IL-22 in the small intestinal Lp and 

reduction of intestinal VRE colonization must be balanced against the potentially adverse 

effects of increased type I IFN expression. For example, a phase 2a clinical trial reported 

that oral administration of R848 could reduce viral titers of chronic hepatitis C virus but 

only at doses associated with a high frequency of adverse events in patients (50). Induction 

of Reg3γ was inversely correlated with VRE density in R848-treated mice, and Reg3γ can 

directly target Gram-positive bacteria such as VRE (14, 36). However, our studies do not 

exclude the potential role for other antimicrobial peptide induced by TLR-7 activation in 

limiting VRE expansion. Although further studies will be required to determine whether the 
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adverse effects of innate immune activation can be suppressed while preserving the 

beneficial effects, the data presented in this study suggest that controlled amplification of the 

TLR-7/IL-22 pathway will permit restoration of immune-mediated colonization resistance 

and may limit infection by intestinal pathogens in antibiotic-exposed, susceptible 

individuals.

MATERIALS AND METHODS

Study design

The goal of this study was to investigate the ability of viral infection or agonist that 

stimulates receptors associated with antiviral innate immune defense to restore antibiotic-

induced colonization resistance against VRE. A series of BMC mice were made to identify 

the molecular mechanism of action of R848-mediated inhibition of VRE colonization. All 

MNV-infected mice were included in the analyses to avoid bias despite reduced capability of 

MNV to infect ampicillin-treated mice (25, 35). Group sizes were limited in size (n = 3 to 5 

per R848-treated group and n = 1 to 3 per PBS-treated group) to ensure rapid processing of 

tissue and accurate assessment of in vivo immune activity. For in vivo experiments, the 

number of mice is stated in the figure legends. The mice were randomized to different 

groups, but the experimenters were not blinded to group identity.

Mice and generation of bone marrow chimeras

Wild-type maximum barrier C57BL/6, Tlr7−/−, Il1r1−/−, Il12b−/−, and CD11c.DTR mice 

were purchased from The Jackson Laboratory. All knockout mouse strains were derived on a 

C57BL/6 background. Ifnar−/− mice were purchased from B&K Universal and bred in-house 

onto a C57BL/6 background. Il22−/− mice were provided by R. Flavell (Yale University, 

New Haven, CT). Il23a−/− bone marrow cells were provided by D. Littman (New York 

University, New York, NY). All mice were bred and maintained under specific pathogen–

free conditions at the Memorial Sloan Kettering Research Animal Resource Center. Sex- and 

age-matched controls were used in all experiments according to institutional guidelines for 

animal care. All animal procedures were approved by the Institutional Animal Care and Use 

Committee of the Memorial Sloan Kettering Cancer Center. Four- to 6-week-old 

congenically marked C57BL/6 mice were lethally irradiated with 950 cGy using a 137Cs 

source. One day following irradiation, mice received an intravenous injection of 2 × 106 

bone marrow cells harvested from the femurs and tibias of wild-type C57BL/6, Tlr7−/−, 

Il1r1−/−, Ifnar−/−, Il12b−/−, Il22−/−, or CD11c.DTR mice. Mixed BMC mice were generated 

with a 1:1 mixture of 2.0 × 106 bone marrow cells from the femurs and tibias of C57BL/6, 

Tlr7−/−, Il22−/−,or CD11c.DTR mice. The mice were allowed to rest for at least 6 weeks 

after irradiation to allow for reconstitution of the hematopoietic compartment before being 

used for experiments.

Antibiotic treatment, MNV and VRE infection, and R848 treatment

Mice were cohoused for 3 weeks before antibiotic treatment to allow for equilibration of the 

microbiota. Antibiotic administration consisted of metronidazole (0.5 g/liter; Sigma), 

neomycin (0.5 g/liter; Sigma), and vancomycin (1 g/liter; Novaplus) mixed in drinking water 

for 7 days (37) or a targeted regiment of ampicillin (0.25 g/liter; Fisher Scientific) for 72 
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hours and then replaced with regular water for the duration of the experiment. Twenty-four 

hours after cessation of antibiotic water, mice were administered 2 × 106 CFUs of VRE, 

purchased from the American Type Culture Collection (700221), via oral gavage. VRE was 

grown at 37°C in Brain Heart Infusion broth to early stationary phase and diluted in PBS to 

107 CFUs. For norovirus infections, MNV (CW3 strain) was grown and isolated from 

RAW264.7 cells (51), and mice were administered 106 plaque-forming units of MNV-CW3 

by oral gavage. For R848 (InvivoGen) treatment, mice were administered either a single 50-

µg dose via oral gavage or 50 µg of R848 daily starting the day of antibiotic treatment and 

continuing until the day of mouse sacrifice. CpG (ODN 1585, 100 µg), R837 (50 µg), 

Gardiquimod (50 µg), CL907 (50 µg), and poly(dT) (InvivoGen) were administered via oral 

gavage daily for 3 days. For diphtheria toxin treatment, mice received 15 ng of diphtheria 

toxin intraperitoneally, in conjunction with R848 or PBS treatment at days −5, −3, and −1 

before sacrifice.

Quantification of VRE burden and MNV-CW3 titers

Intestinal contents from the ileum were weighed and resuspended in 1 ml of PBS. Tenfold 

dilutions were plated on BBL Enterococcosel agar (Becton Dickinson) plates [supplemented 

with vancomycin (8 µg/ml; Novaplus) and streptomycin (100 µg/ml; Fisher)] and incubated 

for 48 hours at 37°C for the specific detection of VRE.

MNV-CW3 quantification was assessed using TaqMan qPCR analysis. RNA was isolated 

from the ileal tissue using mechanical homogenization and TRIzol isolation (Invitrogen) 

according to the manufacturer’s instructions. Complementary DNA (cDNA) was generated 

using the QuantiTect Reverse Transcription Kit (Qiagen). The forward and reverse primers 

used were CACGCCACCGATCTGTTGTG and GCGCTGCGCCATCACTC, respectively. 

The MNV probe was CGCTTTGGAACAATG. RT-PCR was carried out using TaqMan PCR 

Master Mix (Applied Biosystems) in 10-µl reaction mixture volumes according to the 

manufacturer’s instructions, and reactions were run on an RT-PCR system (StepOne Plus; 

Applied Biosystems). All samples were assessed in triplicate, and the results were 

standardized to total RNA per sample.

Isolation of cells from the mLNs and intestine

Lymphocytes were isolated from the mLNs by mechanical disruption through 100-µm cell 

strainers. Single-cell suspensions were obtained from the ileum Lp by longitudinally cutting 

the ileum and then washing out content in PBS. Intestinal tissues were incubated at 37°C 

under gentle agitation in stripping buffer [PBS, 5 mM EDTA, 1 mM dithiothreitol, 4% fetal 

calf serum, and penicillin/streptomycin (10 µg/ml)] for 10 min to remove epithelial cells and 

then for another 20 min for the IEL. Supernatants containing the IEL fraction were passed 

through 100-µm cell strainers and resuspended in 40% Percoll. The remaining tissue was 

digested with collagenase IV (1.5 mg/ ml; 500 U/ml) and deoxyribonuclease (20 µg/ml) in 

complete medium [Dulbecco’s modified Eagle’s medium supplemented with 10% fetal 

bovine serum, penicillin/streptomycin (10 µg/ml), gentamicin (50 µg/ml), 10 mM Hepes, 0.5 

mM β-mercaptoethanol, and L-glutamine (20 µg/ml)] for 30 min at 37°C under gentle 

agitation. Supernatants containing the Lp fraction were passed through a 100-µm cell 
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strainers and resuspended in 40% Percoll. Samples were then centrifuged for 20 min at 600g 
to obtain IEL and Lp cell fractions.

Ex vivo cytokine detection and flow cytometry

For direct ex vivo cytokine detection, cells isolated from the mLNs or ileum were cultured in 

a 96-well plate in complete medium and BFA alone (GolgiPlug, eBioscience) for 3 hours at 

37°C. After incubation, cells were surface-stained in FACS buffer (PBS, 2% bovine serum 

albumin, 0.2 mg of sodium azide, 2 mM EDTA) using a standard flow cytometric staining 

protocol with fluorescently conjugated antibodies specific to CD3ε, CD4, CD5, CD8α, 

CD19, CD45.1, CD45.2 CD90.1, CD90.2, CD127, Gr-1 (clone RB85), CD11b (Invitrogen), 

γδTCR (eBioscience), and NK1.1 (BioLegend). After staining for surface antigens, cells 

were stained for intracellular cytokines using intracellular cytokine fixation buffer 

(eBioscience) and fluorescently conjugated antibodies specific for IL-22 (clone 1H8PWSR, 

eBioscience). Cell viability was assessed with LIVE/DEAD Aqua stain (Invitrogen). 

Samples were collected by an LSR II flow cytometer (Becton Dickinson). All flow 

cytometry data were analyzed by FlowJo version 9.7 (Tree Star).

Tissue isolation, RT-PCR, and Western blot analysis

RNA was isolated from ileum using mechanical homogenization and TRIzol isolation 

(Invitrogen) according to the manufacturer’s instructions. cDNA was generated using the 

QuantiTect Reverse Transcription Kit (Qiagen). RT-PCR was performed on cDNA using 

TaqMan primers and probes in combination with TaqMan PCR Master Mix (Applied 

Biosystems), and reactions were run on an RT-PCR system (StepOne Plus; Applied 

Biosystems). Gene expression is displayed as fold increase over wild-type control mice, 

unless otherwise stated, and normalized to Hprt.

The extracted protein samples were run for the presence of Reg3γ and β-tubulin protein as 

described in (37). Briefly, identical amounts of protein were loaded on a 4 to 12% SDS-

PAGE (polyacrylamide gel electrophoresis) gel and transferred to a nitrocellulose 

membrane, and rabbit polyclonal Reg3γ-specific antiserum or mouse anti–β-tubulin 

antibodies (Santa Cruz Biotechnology) were used to detect Reg3γ and the loading control 

protein. Original blot images are shown in Fig. S7. Bands were quantified using the ImageJ 

software, and the relative density values are listed in table S1.

Fluorescence in situ hybridization

The FISH method was adapted from previous publications (52, 53). Briefly, tissue sections 

were deparaffinized with xylene (twice, 10 min each) and rehydrated through an ethanol 

gradient (95%, 10 min; 90%, 10 min) to water. Sections were incubated with a universal 

bacterial probe directed against the 16S ribosomal RNA gene (EUB338: [Cy3]-

GCTGCCTCCCGTAGGAGT-[AmC7~Q+Cy3es]) and an Enterococcus-specific probe 

(Enfm93: [AminoC6+Alexa488]-GCCACTCCTCTTTTTCCGG-[AmC7~Q+Alexa488]) at 

50°C for 3 hours. Probes were diluted to 5 ng/µl in 0.9 M NaCl, 20 mM tris-HCl (pH 7.2), 

and 0.1% SDS before use. Sections were later washed twice in 0.9 M NaCl and 20 mM tris-

HCl (pH 7.2) (wash buffer) for 10 min and counterstained with Hoechst (1:3000 in wash 

buffer) for nuclear staining (32, 54). Images were acquired with a Leica TCS SP5-II upright 
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confocal microscope using a 40× oil immersion lens (numerical aperture, 1.4; HCX PL 

APO) as a series of short Z-stacks. Maximum intensity projection processing of Z-stacks 

was done in Fiji (ImageJ) software.

Statistical analysis

Results represent means ± SEM. Statistical significance was determined by the unpaired 

one-sided Mann-Whitney test unless otherwise stated. Statistical analyses were performed 

using GraphPad Prism software version 6.0. Exact P values are listed in table S1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Norovirus infection inversely correlates with VRE colonization in ampicillin-treated mice
(A) Schematic for antibiotic treatment, norovirus (MNV-CW3) infection, and VRE 

infection. Blue box represents the time mice are receiving ampicillin water. (B) Comparison 

of detectable viral copies of MNV-CW3 in ileal tissue versus VRE CFU in the ileal content. 

L.o.D., limit of detection. Red line represents log-log nonlinear regression fit for Amp + 

CW3 (n = 19). (C to E) Cells isolated from the PPs or mLNs of non–ampicillin-treated, 

VRE-infected mice (No Amp), ampicillin-treated, VRE-inoculated mice (Amp), and 

ampicillin-treated, MNV-CW3/VRE-coinfected (Amp + CW3) mice were incubated in 
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medium in the presence of brefeldin A (BFA) for 3 hours and assessed for IL-22 production. 

Flow cytometric plots gated on live, CD45+, non-T non-B, Gr-1neg CD90+ CD127+ cells. 

Frequency (C) and number (D) of IL-22+ ILCs in the PPs. Individual mice pooled into 

treatment groups. Data are sum of four independent experiments (n = 7 to 12 pooled samples 

per group). (E) Number of IL-22+ ILCs in the mLNs. Data are sum of three independent 

experiments (n = 6 to 10 mice per group). (F) Reg3g gene expression quantified by real-time 

quantitative reverse transcription polymerase chain reaction (qRT-PCR) and displayed as 

fold increase over No Amp mice and normalized to Hprt. Data are sum of four independent 

experiments (n = 15 to 18 mice per group) (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, t test). 

Data are means ± SEM.
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Fig. 2. R848 restores Reg3γ expression and colonization resistance against VRE
(A to C) Mice were treated with ampicillin (Amp) or ABX in their drinking water for 7 days 

and administered daily for 3 days (days 4 to 6 of antibiotic administration) (A) R848 (50 µg) 

orally or flagellin (15 µg) intraperitoneally, (B) R848 (50 µg) or CpG (100 µg) orally, or (C) 

R848, R837, Gardiquimod, or CL907 (50 µg) orally. Protein extracts from the ileum were 

analyzed by Western blotting using Reg3γ-specific antiserum. Data are representative of two 

independent experiments (n = 3 mice per group). (D) Schematic for antibiotic treatment, 

R848 treatment, and VRE infection. Blue box represents the time mice are receiving 

ampicillin water. (E) VRE CFUs in the ileal content of non–ampicillin-treated, (No Amp), 

ampicillin-treated (Amp), and ampicillin + R848–treated (Amp + R848) mice 24 hours after 
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VRE infection. Data are sum of five independent experiments (***P ≤ 0.0001, Mann-

Whitney test; n = 17 to 20). (F) Comparison of Reg3g expression in the ileum of Amp + 

R848–treated mice versus VRE CFU in the ileal content. Reg3g expression relative to Amp 

mice and normalized to Hprt. Black line represents best-fit regression line for Amp + R848 

mice. (G) Bacterial fluorescence in situ hybridization (FISH) staining of ileal sections from 

No Amp, Amp, and Amp + R848 mice. L, lumen; blue, Hoechst; red, universal 16S bacterial 

probe; green, VRE-specific probe.
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Fig. 3. R848 rapidly induces IL-22 production from ILCs and Reg3g in the ileum
A single dose of R848 (50 µg) was administered orally to C57BL/6 mice. (A) Ifnb, Il23a, 

Il12b, Il1b, Il22, and Reg3g gene expression was assessed at 0.5, 3, and 6 hours after R848 

treatment. Gene expression was quantified by qRT-PCR, normalized to Hprt, and displayed 

as fold increase over PBS-treated mice (3 hours after PBS treatment). Data are sum of two 

independent experiments (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, Mann-Whitney test; n = 3 to 

7). (B to E) Single-cell suspensions isolated from the (B and C) mLNs or (D and E) ileum 

Lp cells of R848- or PBS-treated mice were incubated in medium in the presence of BFA 

and assessed for IL-22 production. Frequency (B) and number (C) of IL-22+ ILCs in the 

mLNs. Frequency (D) and number (E) of IL-22+ ILCs in the ileum Lp. FACS plots gated on 

live, CD45+, non-T non-B, Gr-1neg CD90+ CD127+ cells. Data are representative of two 

independent experiments (*P ≤ 0.05, Mann-Whitney test; n = 3). b.d., below detection; SI 

Lp, small intestinal lamina propia. Data are means ± SEM.
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Fig. 4. R848 signals through TLR-7 but does not directly act on ILCs to drive IL-22 production
Mice were treated with ampicillin for 3 days and administered PBS or R848 (50 µg) daily 

orally. (A and B) Single-cell suspensions isolated from the mLNs of C57BL/6 or Tlr7−/− 

mice 3 hours after final PBS or R848 treatment were incubated in medium in the presence of 

BFA for 3 hours and assessed for IL-22 production. Frequency (A) and number (B) of 

IL-22+ ILCs. FACS plots gated on live, CD45+, non-T non-B, CD11bneg, NK1.1neg CD90+ 

cells (*P ≤ 0.05, Mann-Whitney test; n = 3). (C) Il22 gene expression in the ileum of 

C57BL/6 or Tlr7−/− mice as quantified by qRT-PCR, normalized to Hprt, and displayed as 

fold increase over PBS-treated C57BL/6 mice (P = 0.1, Mann-Whitney test; n = 3). (D) 

Single-cell suspensions isolated from the mLNs of C57BL/6 or Tlr7−/− mice 3 hours after 

final PBS or R848 treatment were incubated in medium supplemented with recombinant 

IL-23 (rIL-23; 40 ng/ml) in the presence of BFA for 3 hours and assessed for IL-22 

production. (E and F) Cells isolated from the mLNs of C57BL/6, Tlr7−/−/B6, Il22−/−/B6, 

and Tlr7−/−/Il22−/− mixed BMC mice 3 hours after final PBS or R848 treatment were 

incubated in medium in the presence of BFA for 3 hours and assessed for IL-22 production. 

Frequency (E) and number (F) of IL-22+ ILCs. FACS plots gated on donor-derived, live, 
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CD45+, non-T non-B, Gr-1neg NK1.1neg CD90+ cells [n = 3; multiple-comparison two-way 

analysis of variance (ANOVA) test]. Data are means ± SEM.
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Fig. 5. R848-mediated IL-22 production is independent of type I IFN and IL-1 signaling but 
dependent on IL-23
(A and B) C57BL/6 and Ifnar−/− mice were administered PBS or R848 (50 µg) orally and 

sacrificed 90 min later. Number of IL-22+ ILCs in the (A) mLNs and (B) ileum after ex vivo 

incubation in medium in the presence of BFA for 3 hours. Data are representative of two 

independent experiments (n = 3 to 5; Mann-Whitney test). (C to I) C57BL/6, Il1r1−/−, or 

Il23a−/− BMC mice were treated with ampicillin for 3 days and administered PBS or R848 

(50 µg) daily orally. Number of donor-derived IL-22+ ILCs in the (C) mLNs and (D) ileum 

of C57BL/6 or Il1r1−/− BMC mice after ex vivo incubation in medium in the presence of 
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BFA for 3 hours (n = 3 to 4; Mann-Whitney test). Frequency (E) and number (F) of 

donorderived IL-22+ ILCs in the mLNs of C57BL/6 and Il23a BMC mice after ex vivo 

incubation in medium in the presence of BFA for 3 hours. FACS plots gated on donor-

derived, live, CD45+, non-T non-B, CD11bneg CD90+ CD127+ cells. (G) Number of donor-

derived IL-22+ ILCs in the ileum of PBS- or R848-treated C57BL/6 and Il23a BMC mice. 

Il22 (H) and Reg3g (I) gene expression in the ileum of PBS- or R848-treated C57BL/6 and 

Il23a−/− BMC mice as quantified by qRT-PCR and displayed as fold increase over PBS-

treated C57BL/6 BMC mice and normalized to Hprt. Data are representative of three 

independent experiments (*P ≤ 0.05, **P ≤ 0.01, Mann-Whitney test; n = 3 to 6). Data are 

means ± SEM.
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Fig. 6. R848 signals via TLR-7–expressing CD11c+ dendritic cells to induce IL-22, which is 
necessary to reestablish colonization resistance against VRE
(A and B) C57BL/6, Tlr7−/−/B6, and Tlr7−/−/CD11c.DTR mixed BMC mice were treated 

with ampicillin for 3 days, treated with diphtheria toxin, and administered PBS or R848 (50 

µg) daily orally. Frequency (A) and number (B) of IL-22+ ILCs in the ileum of R848-treated 

C57BL/6, Tlr7−/−/B6, and Tlr7−/−/CD11c.DTR mixed BMC mice after ex vivo incubation in 

medium in the presence of BFA for 3 hours. FACS plots gated on live, CD45+, non-T non-B, 

Gr-1neg CD90+ CD127+ cells. Data are representative of two independent experiments (*P ≤ 
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0.05, **P ≤ 0.01, Mann-Whitney test; n = 3). (C) Il22 gene expression in the ileum of 

Tlr7−/−/B6 and Tlr7−/−/CD11c.DTR mixed BMC mice as quantified by qRT-PCR and 

displayed as fold increase over PBS-treated B6 BMC mice and normalized to Hprt. Data are 

representative of two independent experiments (*P ≤ 0.05, **P ≤ 0.01, Mann-Whitney test; 

n = 3). Data are means ± SEM. (D) ABX-treated or untreated C57BL/6 or Il22−/− BMC 

mice were administered PBS or R848 (50 µg) daily orally. Protein extracts from the ileum 

were analyzed by Western blotting using the Reg3γ-specific antiserum. Data are 

representative of two independent experiments. Each lane is for a representative mouse from 

the indicated group. (E) C57BL/6 and Il22−/− were treated with ampicillin for 3 days and 

administered PBS or R848 (50 µg) daily orally. Mice were inoculated with VRE, and CFUs 

in the ileal content were assessed 24 hours after infection. Data are sum of three independent 

experiments (**P ≤ 0.01, Mann-Whitney test; n = 10 to 14).
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