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SUMMARY

Microbial exposures can define an individual’s basal immune state. Cohousing specific pathogen-

free (SPF) mice with pet store mice, which harbor numerous infectious microbes, results in global 

changes to the immune system, including increased circulating phagocytes and elevated 

inflammatory cytokines. How these differences in the basal immune state influence the acute 

response to systemic infection is unclear. Cohoused mice exhibit enhanced protection from 

virulent Listeria monocytogenes (LM) infection, but increased morbidity and mortality to 

polymicrobial sepsis. Cohoused mice have more TLR2+ and TLR4+ phagocytes, enhancing 

recognition of microbes through pattern-recognition receptors. However, the response to a TLR2 

ligand is muted in cohoused mice, whereas the response to aTLR4 ligand is greatly amplified, 

suggesting a basis for the distinct response to Listeria monocytogenes and sepsis. Our data 

illustrate how microbial exposure can enhance the immune response to unrelated challenges but 

also increase the risk of immunopathology from a severe cytokine storm.

In Brief

Cohousing of laboratory mice with pet store animals changes the immune system and alters 

responsiveness to future challenges. Huggins et al. demonstrate that microbial exposure results in 

alterations to immune cells, serum cytokines, and microbiome composition. This study shows that 

cohousing alters the ability to detect pathogens through pattern-recognition receptors.
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INTRODUCTION

Mice are one of the most important and heavily used tools in biomedical research, due in 

part to their well-decoded genetics and their ability to model complex physiological systems 

in humans (Müller and Grossniklaus, 2010). The availability of an extensive array of 

transgenic and knockout mouse strains, as well as the ease of manipulating the genome to 

generate novel strains as needed, has made the mouse increasingly valuable for studying 

functions of the immune system (Doudna and Charpentier, 2014). However, environmental 

pathogen exposure is an important difference between human and laboratory mouse biology 

that must be considered when using mouse models to evaluate the fitness of the immune 

system. Humans and mice are naturally exposed to both commensal and pathogenic 

microbes on a daily basis from birth. Laboratory mice, in contrast, are often housed under 

specific pathogen-free (SPF) conditions. While SPF housing has been instrumental in 

increasing experimental reproducibility, it has also further distanced the mouse model from 

humans (Masopust et al., 2017). The immune system of adult humans has been trained and 

shaped in the context of each infection and vaccination experienced, while the SPF mouse 

experiences limited microbial exposures (Foster, 1959). How these interactions between host 

and microbe might impact future immune responses to acute infection is unknown and 

prompted the current investigation.

Recent studies have highlighted notable differences in composition and function of the 

immune systems of SPF mice and mice with increased exposure to naturally transferred 

murine microbes (Beura et al., 2016; Reese et al., 2016). Natural pathogen transfer by 

cohousing laboratory mice with “dirty” pet store mice shifts the murine immune system to 

more closely resemble that seen in adult humans exposed to microbes through infection and 

vaccination (Beura et al., 2016). The T cell compartment of SPF laboratory mice is 

dominated by naive cells, whereas the majority of T cells in cohoused and pet store mice 

have an effector or memory phenotype and corresponding functional capacity. SPF mice 

have few nonlymphoid tissue-resident T cells, while they are abundant in cohoused mice. 

Finally, transcriptomic analysis of cells from the blood indicates the basal immune system of 

an SPF mouse most closely resembles a neonatal human, whereas the cohoused mouse gene 

expression signature correlates with that of adult humans (Beura et al., 2016).

Currently, it is poorly understood how natural microbial exposure alters the immune 

response to future challenges. Microbial exposure can increase resistance to bacterial and 

parasitic pathogens (Beura et al., 2016), but the basis for improved control, or whether it 

extends to other infectious challenges, is unknown. Our ability to incorporate spontaneous 

microbial exposure allows us to qualitatively address the cumulative effects of natural 

infections on future immunity. We have leveraged this mouse model where exposure to 

multiple naturally acquired infections generates an experienced immune system–mimicking 

a critical aspect of human biology–to investigate the immune response following a systemic 

inflammatory stimulus. Our data demonstrate substantial differences in the acute immune 

response after exposure to monomicrobial (using Listeria monocytogenes [LM]), 

polymicrobial (using the cecal ligation and puncture [CLP] model of sepsis), or sterile 

(using the classical model of lipopolysaccharides [LPS] endotoxin or Pam3CSK4 challenge) 

stimuli. Surprisingly, these differences either improved immunity for the host (Listeria 
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monocytogenes) or caused a dramatic reduction in survival (CLP and LPS). Our 

investigation also identified changes in the microbiome as well as the expression and 

activation of two pattern-recognition receptors (PRRs), Toll-like receptor 2 (TLR2) and 

TLR4, following cohousing. A muted response to TLR2 ligands and an exaggerated 

response to TLR4 ligands indicate a role for infectious history in “training”‘ the innate 

immune system. Thus, our results show that an experienced immune system can 

differentially induce an acute inflammatory response that ultimately benefits or harms the 

host based on the type of challenge.

RESULTS

Normalizing Microbial Exposure Creates a More Inflammatory Host Environment

Mice from pet stores carry a number of pathogens normally absent from standard SPF 

laboratory strains of mice (Beura et al., 2016). After cohousing for 60 days, C57BL/6 (B6) 

mice acquire many of the microbes carried by the pet store mice based on serological assays 

(Figure 1A). Importantly, this physiological microbial exposure resulted in global changes to 

the immune status of the cohoused mice. Inflammatory serum cytokine and chemokine 

levels were elevated in long-term cohoused B6 and pet store mice, relative to SPF B6 mice. 

For example, the pro-inflammatory cytokines IL-1β, IL-6, IFNγ, and tumor necrosis factor 

(TNF) were notably higher in the serum of cohoused B6 and pet store mice after 60 days 

(Figure 1B). Similar increases were seen for IL-2, IL-5, IL-9, IL-10, IL-13, IL-15/IL-15R, 

IL-17A, IL-18, IL-22, IL-23, IL-28, G-CSF, GM-CSF, CCL3, CCL4, CCL5, and CXCL10 

(Figures 1C and S1). Collectively, these data demonstrate that physiological microbial 

exposure establishes elevated systemic inflammation, marked by the presence of numerous 

cytokines and chemokines in the serum.

Given the increase in serum cytokines, we next defined the cellular immune composition of 

cohoused and pet store mice. While the total blood cell numbers were not different among 

SPF B6, cohoused B6, and pet store mice (Figure 2A), cohousing altered the composition of 

circulating immune cells. The frequency and number of circulating CD4 and CD8 T cells 

were not changed compared to SPF B6 mice (Figures 2B and 2C), but consistent with 

previous data, physiological microbial transfer resulted in increased frequencies of CD44hi 

and KLRG1+ and decreased frequencies of CD62L+ CD4 and CD8 T cells (collectively 

indicating increased frequencies of effector and effector memory T cells [Wherry et al., 

2003] and long-lived effector memory T cells [Olson et al., 2013]) in the blood of cohoused 

B6 and pet store mice (Figure S2) (Beura et al., 2016). These data indicate a transition of 

naive T cells to antigen-stimulated T cells as a result of microbial exposure. The innate 

immune cell compartment was significantly expanded following cohousing, with increases 

in both the frequency and the number of circulating monocytes and neutrophils (Figures 2D 

and 2E). In contrast, B cells and natural killer (NK) cells showed modest reductions in the 

blood after microbial exposure (Figures 2F and 2G). Collectively, these data demonstrate 

that physiological microbial exposure establishes numerous elevated cytokines and 

chemokines in the serum as well as increased circulating phagocytes.
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Cohoused Mice Demonstrate Increased Resistance to Listeria Monocytogenes Infection

Previous data showed cohoused B6 and pet store mice display an increased ability to clear a 

systemic infection by virulent Listeria monocytogenes—a common bacterium used to assess 

immune fitness in laboratory mice—at day 3 post-infection relative to SPF B6 mice (Beura 

et al., 2016). While the mechanism of enhanced Listeria monocytogenes protection was 

undefined, it is possible that Listeria monocytogenes fails to establish infection in the 

cohoused mice because the increased circulating monocytes and neutrophils in these mice 

could mediate very early resistance, similar to that shown following murine 

gammaherpesvirus 68 infection (Barton et al., 2007). To more fully define Listeria 
monocytogenes resistance after cohousing, we measured the bacterial burden at early time 

points post-challenge. Both SPF and cohoused B6 mice had similar Listeria monocytogenes 
burdens in the spleen and liver during the first 8 h after infection, suggesting the initial 

establishment of bacterial infection was not impacted by cohousing (Figure 3A). While the 

early bacterial burden was not different, cohoused B6 mice more rapidly and effectively 

controlled the Listeria monocytogenes infection. The cohoused B6 mice began to show signs 

of controlling Listeria monocytogenes in the liver at 24 h post-infection. However, 72 h were 

needed to observe a significant decrease in Listeria monocytogenes burdens in the spleens of 

cohoused mice. By this time point, bacterial loads reached 5190- and 3704-fold lower than 

SPF B6 mice in the spleens and livers, respectively.

IFNγ plays an important role in the response to intracellular bacteria and effective clearing 

of Listeria monocytogenes (Harty and Bevan, 1995; Lertmemongkolchai et al., 2001). 

Because basal IFNγ levels are elevated in cohoused B6 mice (Figure 1B), we next examined 

the cellular source of IFNγ before and after Listeria monocytogenes infection. We saw a 

significant increase in the frequency and number of IFNγ-producing cells in the spleen of 

cohoused B6 mice before and 24 h after Listeria monocytogenes infection (Figure 3B). In 

particular, IFNγ-producing CD4 and CD8 T cells were increased in cohoused mice 24 h 

post-Listeria monocytogenes infection (Figures 3C and 3D). The increase was not 

ubiquitous, as IFNγ-producing NK cells, a well-established early producer of IFNγ during 

Listeria monocytogenes infection, were not elevated in cohoused mice after Listeria 
monocytogenes infection (Figure 3E). Surprisingly, despite the increased frequency of IFNγ
+ cells in the spleen, the amount of IFNγ detectable in the serum of Listeria monocytogenes-

infected cohoused mice remained constant throughout the 72 h after infection (Figure 3F). In 

contrast, there was a rapid and robust increase in serum IFNγ of Listeria monocytogenes-
infected SPF mice. As a result, SPF mice had ~100 times more IFNγ in the serum 24 h after 

systemic virulent Listeria monocytogenes infection than was measured in cohoused mice. A 

similar trend was seen for TNF and IL-6 (Figure 3F). Moreover, the overall serum cytokine 

and chemokine milieu detected in SPF mice was markedly different 24 h after Listeria 
monocytogenes infection (Figure 3G). There was little change, in contrast, seen in cohoused 

mice when comparing serum cytokine and chemokine levels before and 24 h after Listeria 
monocytogenes infection. Whether these observations are influenced by increased amounts 

of cytokine produced in the tissues (as opposed to the circulation) in cohoused mice remains 

to be determined. Collectively, the data in Figure 3 show that cohoused B6 mice exhibit 

enhanced resistance to Listeria monocytogenes infection, compared to SPF mice with 

remarkably stable, yet heightened, circulating cytokine and chemokine levels.
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Cohoused B6 Mice Exhibit an Exacerbated Cytokine Response and Increased Mortality to 
CLP-Induced Polymicrobial Sepsis

The data obtained from SPF and cohoused B6 mice after Listeria monocytogenes infection, 

as well as previous data following parasitic infections, suggest that a host with significant 

microbial exposure can deal with subsequent infections more efficiently (Beura et al., 2016). 

However, the duration, magnitude, and impact of an inflammatory response is pathogen 

dependent (Haring et al., 2006), and we reasoned the acute response in SPF and cohoused 

B6 mice could be similarly influenced by the infecting pathogen(s). To further explore how 

cohoused mice respond to newly acquired infections, we evaluated the acute response to a 

systemic polymicrobial infection by gut commensals generated using the CLP model of 

sepsis (Rittirsch et al., 2009).

One feature of the CLP model is the ability to modulate the severity of inflammation and 

mortality based on the amount of cecum ligated and the number and/or size of punctures 

(Rittirsch et al., 2009). Our version of the CLP model induces a septic state in SPF B6 mice 

defined by modest weight loss that recovers by day 7 post-surgery and ~20% acute mortality 

(Cabrera-Perez et al., 2015; Condotta et al., 2015, 2013; Danahy et al., 2019), which is 

consistent with clinical rates (Figures 4A and 4B) (Levy et al., 2012). Interestingly, 

cohoused mice exhibited significantly increased mortality (~75%) compared to SPF mice 

(~20%) following CLP. Cohoused mice that survived also took longer to regain the weight 

lost following CLP surgery. The physiological microbial exposure during cohousing alters 

the cecal microbiome, and this may cause exacerbated microbial release following CLP 

surgery; however, there was no difference in bacteremia 24 h post-CLP (Figure 4C). Both 

SPF and cohoused B6 mice had similarly significant reductions in numbers of CD4 and CD8 

T cells in the blood by 2 days after CLP-induced sepsis (compared to pre-CLP numbers) that 

recovered within 1 week (Figure 4D), suggesting the increased morbidity and mortality in 

the cohoused mice was not caused by a substantial deviation in the characteristic acute 

lymphopenia during CLP-induced sepsis (Cabrera-Perez et al., 2016, 2017, 2014, 2015; 

Condotta et al., 2015, 2013; Danahy et al., 2017; Duong et al., 2014; Gurung et al., 2011; 

Jensen et al., 2018a,b; Sjaastad et al., 2018; Strother et al., 2016; Unsinger et al., 2009).

The acute hyperinflammatory response during sepsis induces a variety of pathophysiological 

events (e.g., fever, shock, vasodilation, and organ failure) stemming from the rapid and 

robust production of multiple pro-inflammatory cytokines that must be controlled to prevent 

an unbridled response and death (Hotchkiss and Karl, 2003). The early cytokine storm is 

likely due to an innate response by a variety of cells within the immune system to multiple 

pathogen-associated molecular patterns (PAMPs) expressed by the invading microbe(s), as 

well as the damage-associated molecular patterns (DAMPs) released from dying cells 

(Chousterman et al., 2017). Consistent with our recent data (Danahy et al., 2017), a transient 

but relatively modest spike in serum IFNγ was detected in SPF B6 mice after CLP surgery 

(Figure 4E). This was also observed for IL-1β, IL-6, and TNF—cytokines of crucial 

importance to sepsis pathophysiology (Chousterman et al., 2017)—as well as several other 

cytokines and chemokines (Figure 4F). In striking contrast to what we saw in the Listeria 
monocytogenes-infected cohoused mice, the magnitude of this response was markedly 

increased in cohoused mice subjected to CLP surgery (Figures 4E and 4F). The exacerbated 
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cytokine storm observed in cohoused mice following CLP surgery, which correlated with the 

increased morbidity and acute mortality, contrasted to a muted cytokine response and 

improved bacterial clearance in Listeria monocytogenes-infected cohoused mice (Figure 3).

Cohousing of Mice Alters Gut Microbiome Composition

Given the established role for the composition of the gut microbiota in human health and the 

host resistance to infection (Thiemann et al., 2017), we sought to characterize the changes to 

the microbiome that occur during the cohousing process. Across SPF, cohoused, and pet 

store mice, a mean Good’s coverage of 99.1% ± 0.1% was observed, with a range from 224 

to 660 operational taxonomic units (OTUs) identified in individual samples. No differences 

in alpha diversity parameters were observed due to origin or cohousing (Figure 5A; p = 

0.905 and 0.196 for Shannon and Abundance-based Coverage [ACE] indices, respectively). 

The predominant phyla in all fecal communities were Bacteroidetes and Firmicutes, and the 

relative ratios between these did not differ among groups (Figure 5B). The relative 

abundances of Proteobacteria were, however, significantly greater in pet store and cohoused 

communities compared to SPF (post hoc p ≤ 0.006), while SPF communities had greater 

abundances of Verrucomicrobia (p ≤ 0.014). Some studies suggest Proteobacteria may 

increase the risk of bacterial translocation and sepsis (Mai et al., 2013). At the genus level, 

communities predominantly comprised Barnesiella, Bacteroides, Prevotella, and 

Lactobacillus (Figure 5B). Communities from SPF mice had significantly greater relative 

abundances of Barnesiella and Alistipes than cohoused or pet store mice (post hoc p = 0.019 

and p ≤ 0.006, respectively). In contrast, cohoused and pet store mice communities had 

significantly greater abundances of Bacteroides, Phocaeicola (phylum Bacteroidetes), and 

Parabacteroides (p ≤ 0.038, p ≤ 0.026, and p ≤ 0.039, respectively). Overall, bacterial 

communities were significantly different in SPF mice compared to cohoused and pet store 

mice (Figure 5C; ANOSIM R = 0.883 and 0.952, p ≤ 0.001), but cohoused and pet store 

mouse communities were similar (ANOSIM R = 0.135, p = 0.033, at Bonferroni-correct α = 

0.017). SourceTracker analysis revealed a significantly greater similarity to pet store mouse 

communities than SPF communities (p < 0.0001) among cohoused mice (Figure 5D). Lastly, 

cecal contents from SPF and cohoused mice were applied to a TLR4 reporter cell line 

(HEK-Blue hTLR4) to assay the ability of the differing microbial communities to stimulate 

this innate pattern-recognition receptor. While there was no increase in abundance of gram-

negative bacteria in the cohoused mice compared to SPF (p = 0.441), the cecal contents from 

cohoused mice did display a significantly higher ability to stimulate TLR4, compared to the 

SPF cecal contents (Figure 5E), suggesting an increased endotoxin content in the cohoused 

cecal material. Thus, the composition of the microbiome following cohousing was 

differentially able to activate the immune system.

Our data show cohousing SPF laboratory mice with pet store mice skews the composition 

and maturational status of the host immune system, but it also leads to a shifting of 

microbial communities in the gut. To assay the relative contribution of these changes toward 

the heightened sensitivity of cohoused mice to sepsis, we isolated the cecal contents from 

either SPF or co-housed mice and directly injected them into new hosts to induce an 

intraperitoneal polymicrobial infection (Figure 5F). Injection of cohoused cecal contents 

resulted in higher mortality compared to SPF cecal contents when transferred to both SPF 
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and co-housed recipients (Figure 5G), suggesting the composition of cohoused mice 

microbiota induces a more severe septic shock. However, the microbial composition does 

not solely explain the differences between SPF and cohoused mice. Injection of SPF cecal 

slurry into cohoused recipients resulted in elevated IL-1β, IFNγ, and TNF 6 h post-transfer, 

compared to SPF cecal slurry into SPF recipients (Figures 5H and S3). Our earlier results 

illustrate that cohoused mice have elevated serum cytokine levels prior to challenge (Figure 

1). Importantly, following the cecal slurry transfer, IL-1β, IL-6, IFNγ, and TNF were each 

increased significantly over their baseline levels in both cohoused and SPF recipients (Figure 

S3A). Thus, the differences in cytokine levels following the cecal slurry injection between 

SPF and cohoused hosts cannot simply be attributed to elevated baseline levels. Similar 

results were observed when injecting a cohoused cecal slurry into SPF and cohoused 

recipients, with increased cytokine production in cohoused recipients compared to SPF 

recipients.

Thus, microbial transfer through cohousing results in an increased sensitivity to sepsis even 

when the cecal transfer is normalized between the two groups. These results suggest that 

while the makeup of the gut microbiome does contribute to the severity of sepsis, maturation 

of the immune system also plays a major role in determining the cytokine response and 

disease outcome.

Increased Prevalence of TLR2+ and TLR4+ Immune Cells after Normalizing Microbial 
Exposure

The findings presented in Figure 5 suggest there were contributions of both the cecal 

microbiota and the immunological experience of the mice in dictating susceptibility to 

sepsis, complicating interpretation. Hence, we moved to models that measured the response 

to isolated TLR agonists. TLRs are important pattern-recognition receptors for recognizing 

bacterial and viral pathogens to mobilize the innate immune response during infection 

(Beutler, 2009; Kawasaki and Kawai, 2014). Triacylated and diacylated lipopeptides found 

in gram-positive bacteria such as Listeria monocytogenes are recognized by TLR2/TLR1 

and TLR2/TLR6 heterodimers, respectively (Akira et al., 2001; Takeda and Akira, 2001a,b; 

Takeda et al., 2003). TLR4 recognizes LPS present in the cell walls of gram-negative 

bacteria, and both TLR2 and TLR4 have been implicated in inducing septic shock (Heipertz 

et al., 2018; Lima et al., 2015; Oliveira-Nascimento et al., 2012). These surface receptors are 

primarily expressed by circulating innate immune cells (especially phagocytes) and serve to 

activate the primary immune response (Kawai and Akira, 2011). A qPCR analysis of splenic 

adherent myeloid cells (Inaba et al., 2009; Steinman et al., 1979) revealed elevated 

transcription for multiple components of both the TLR2 and TLR4 signaling pathways in 

cohoused mice relative to SPF mice. Both Tlr2 and Tlr4 transcripts, but not other TLRs, 

were upregulated in cohoused mice compared to SPF mice (Figure 6A). Additionally, 

mRNAfor CD14, a co-receptor for TLR4 binding to LPS, as well as the downstream 

signaling adaptor MyD88, were elevated in the splenic phagocytes following cohousing. 

These data provide more evidence to suggest cohousing alters the ability of the immune 

system to recognize and respond to pathogens.
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Given the increased frequency and number of circulating monocytes and neutrophils after 

cohousing (Figure 2B), we examined blood cells from SPF and cohoused mice for TLR2 

and TLR4 expression as a potential mediator of increased pathogen responsiveness in the 

cohoused mice. Indeed, cohoused B6 and pet store mice have an increased frequency and 

total number of TLR2+ and TLR4+ cells circulating in the blood, compared to SPF B6 mice 

(Figure 6B), but no change in the expression levels of TLR2 or TLR4 as measured by mean 

fluorescence intensity (MFI; Figures 6B and S4). The frequency of circulating CD14+ cells 

is also elevated in cohoused B6 and pet store mice (Figure 6C). Following cohousing, 

monocytes contribute the largest increase in TLR2+ (Figure 6D) and TLR4+ cells (Figure 

6E), as well as a slight, but significant, increase in the number of TLR2+ neutrophils. Both 

of these cell populations were also numerically expanded in cohoused B6 and pet store mice 

(see Figures 2D and 2E). Interestingly, we also noted a modest but significant increase in the 

number of CD8 T cells expressing TLR4 in the cohoused B6 mice (Figure 6E). Thus, these 

data suggest microbial exposure augments the capacity of the immune system to recognize 

infection through increased expression of pattern-recognition receptors.

Physiological Microbial Exposure Sensitizes Mice to TLR4, but Not to TLR2, Agonist-
Induced Sterile Inflammation

Direct injection of live, virulent Listeria monocytogenes establishes an active infection. 

Similarly, the CLP model of sepsis relies on the disruption of the protective barrier 

maintained by the intestinal epithelium, releasing a mixture of live microbes into the 

peritoneum. Injection of the endotoxin LPS is another common model of sepsis, which 

instead induces a sterile inflammation that mimics the activation of the innate immune 

system during a septic event (Remick et al., 2000). In contrast to plentiful data obtained 

from LPS endotoxemia models, there is little information regarding the sterile inflammatory 

response to a purified TLR2 agonist. With the increase in TLR2+ and TLR4+ immune cells 

(especially monocytes and neutrophils) in mice after physiological microbial exposure, we 

were interested to see the effect of purified TLR2 or TLR4 agonist challenge in SPF and 

cohoused B6 mice. Similar to the data obtained with CLP-induced polymicrobial sepsis, 

cohoused B6 mice demonstrated an increased susceptibility to LPS challenge and 

succumbed rapidly to doses (10 and 5 mg/kg intravenous [i.v.]) that were tolerated by SPF 

mice (Figure 7A). Examination of the serum after LPS administration found a rapid increase 

in IL-6 and IFNγ in both SPF and cohoused B6 mice, but the amount was significantly 

higher in cohoused B6 mice (Figure 7B). This effect was dose dependent, and titration of 

LPS to 5 mg/kg and 1 mg/kg i.v. reduced cytokine production after challenge. Interestingly, 

while all SPF and co-housed mice survived after a 1-mg/kg i.v. LPS challenge, there was 

still an increase in cytokine production at 6 h in cohoused B6 mice relative to B6 SPF 

(Figure 7C). These data show that similar to the live polymicrobial infection seen during 

CLP, co-housed mice robustly respond to the LPS challenge with rapid pro-inflammatory 

cytokine production and increased mortality. In contrast to the LPS challenge, injection of 

the TLR2/TLR1 agonist Pam3CSK4 (10 mg/kg i.v.) was well tolerated in both SPF and 

cohoused B6 mice (Figure 7D). Analysis of the global inflammatory response 6 h after the 

Pam3CSK4 challenge did reveal some cytokines (e.g., IL-1β, IL-10, IL-15/IL-15R, IL-17A, 

IL-18, and IL-28) and chemokines (e.g., CCL5, CCL7, CXCL5, and CXCL10) that were 

elevated in the cohoused mice (Figure 7F), but SPF mice had higher amounts of IL-6 and 
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IFNγ in the serum than did cohoused mice (Figure 7E), much like what we saw in the 

Listeria monocytogenes-infected mice (see Figure 3F). We also find that the TLR3 agonist 

poly I:C (10 mg/kg i.v.) induces elevated IL-6 and IFNγ in cohoused mice, but the adjuvant 

was well tolerated by both SPF and cohoused hosts (data not shown). Collectively, these data 

(when combined with the data in Figure 6) suggest the increased presence of TLR-

expressing immune cells following physiological microbial exposure affects the composition 

and magnitude of an inflammatory response to systemically administered TLR agonists. 

However, there is also differential responsiveness, such that the TLR2 ligands induce 

somewhat muted cytokine responses, whereas TLR4 ligands induce dramatic increases in 

systemic pro-inflammatory cytokines. These distinct responses to TLR stimulation may 

explain the different responses of cohoused mice to Listeria monocytogenes and sepsis, 

which are major drivers of TLR2 and TLR4, respectively.

DISCUSSION

Animals (including humans) are exposed to commensal and pathogenic microbes throughout 

their lives, and this physiological microbial exposure has a profound impact on immune 

competency and overall health (Huggins et al., 2019). The use of laboratory mice housed 

under SPF conditions in the vast majority of immunology research has been an important 

step to improve experimental consistency, but these unusually clean living conditions have 

inadvertently left the laboratory mice with an underdeveloped immune system—far different 

from the immune system found in adult humans. The recent description of a mouse model of 

physiological microbial exposure introduced the important effects of the environment on the 

basal immune state (Beura et al., 2016). The data presented herein have extended those 

initial findings to demonstrate that microbial exposure alters the inflammatory state of the 

immune system. Former SPF laboratory mice develop elevated profiles of numerous 

inflammatory cytokines after microbial transfer through cohousing with outbred pet store 

mice. In addition, the cellular composition of the immune system is altered after cohousing 

to favor increased circulating monocytes and neutrophils expressing TLRs. These changes 

dramatically altered the responsiveness to future unrelated immune challenges. Intriguingly, 

the nature of the specific challenge determines whether previous microbial exposure 

enhances or inhibits effective immune function, pathogen clearance, and ultimately survival 

of the host. Specifically, cohoused mice demonstrate enhanced bacterial clearance after 

Listeria monocytogenes infection but are more susceptible to death from polymicrobial 

sepsis and LPS.

Recent studies have drawn attention to the idea that the innate immune system is capable of 

forming long-term memory in response to stimulation. Mechanisms of this altered 

responsiveness, or “trained immunity,” include changes in expression of pathogen-sensing 

receptors, signaling proteins, and innate cell numbers (Foster et al., 2007; Netea et al., 

2016). In the cohoused mouse model, laboratory mice are exposed to a variety of viral, 

bacterial, and parasitic microbes, resulting in the activation of innate immune cells through 

pattern-recognition receptors. Signaling through pattern-recognition receptors induces stable 

changes in histone methylation (Quintin et al., 2012). Here, we demonstrate that following 

cohousing, the “trained” immune system contains increased numbers of TLR2- and TLR4-

expressing cells. Furthermore, transcriptional studies by Beura et al. (2016) identified 
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elevated Myd88 mRNA transcripts in cohoused mice, a critical downstream signaling 

component utilized by most TLRs, including TLR2 and TLR4 (Beutler, 2009; Kawai and 

Akira, 2011; Kawasaki and Kawai, 2014; Netea et al., 2016). We confirm that Myd88 is 

elevated in cohoused mice (Figure 6A) and also show elevated CD14 expression (Figure 

6C). Thus, innate stimulation through pattern-recognition receptors can be regulated through 

prior microbial experience to unrelated organisms. The benefit of these changes is illustrated 

through enhanced host protection to Listeria monocytogenes, but at the cost of increased 

sensitivity to cytokine storms during polymicrobial sepsis, leading to poorer survival rates. 

Further studies are required to understand the full landscape of innate changes induced 

through cohousing and how they potentially synergize to shape the responsiveness to future 

challenges.

TLR expression on immune cells present in neonatal cord blood is reduced relative to adult 

blood (Kollmann et al., 2009; Pedraza-Sánchez et al., 2013). Furthermore, neonatal T cells 

and monocytes have a reduced functional capacity to produce cytokines following 

stimulation (Chipeta et al., 1998; Gasparoni et al., 2003), and the ability of immune cells 

obtained from infants to produce IFNγ, TNFα, IL-2, and IL-4 is significantly reduced 

compared to cells from adults (Härtel et al., 2005). Neonatal blood monocytes are reduced in 

number compared to adults, and they are less responsive to TLR4 stimulation. This work 

goes on to demonstrate that neonatal cord blood exposed to malaria in utero causes an 

elevation in circulating monocytes and responsiveness to TLR4 agonist stimulation. These 

differences in TLR expression between neonatal and adult humans are consistent with our 

findings, as we noted substantial increases in the frequency of circulating TLR2+ and TLR4+ 

cells in cohoused mice (see Figure 6) but, intriguingly, not other TLRs (Figure 6A). Thus, 

our study provides additional rationale for using the cohoused murine system to identify the 

extent that microbial exposure contributes to age-associated differences in the immune 

system. One hypothesis for the correlation among increasing age, elevation in serum 

cytokines, and TLR expression (especially in humans) is the increase in microbial exposure 

through vaccination and natural infection. The cohousing model offers an appealing and 

unique opportunity to study the impact of physiological microbial exposure on the immune 

system in a manner that complements studies using neonatal cord blood and adult human 

blood.

Cohoused mice are able to more rapidly clear Listeria monocytogenes infection than SPF 

mice (Figure 3A) (Beura et al., 2016). Our data show SPF and cohoused mice had similar 

bacterial burdens in both the liver and spleen at 8 h after Listeria monocytogenes infection. It 

was not until 48–72 h post-infection that a reduction in pathogen burden became apparent in 

the cohoused mice. We observed increased IFNγ production, particularly from CD4+ and 

CD8+ T cells, after cohousing. Interestingly, the number of NK cells did not increase in 

cohoused mice (Figure 2G), and they were not elevated in their production of IFNγ (Figure 

3E) as might be expected following immune “training” (Netea et al., 2016). Whether this is 

an indication that specific pathogens are required to train NK cells will require further study. 

However, since memory T cells can make IFNγ in response to early inflammatory cues in an 

antigen-independent manner, it is possible that the elevated numbers of antigen-experienced 

T cells in cohoused mice could lead to improved clearance of Listeria monocytogenes and 

other intracellular bacteria (Berg et al., 2003, 2005; Lertmemongkolchai et al., 2001). These 
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data indicate that the enhanced adaptive immune response may be stimulated via increased 

TLR expression following microbial exposure. TLR stimulation alerts the host to respond to 

infectious challenges and recruits T cells to the site of the infection through inflammatory 

signals (Akira et al., 2006). In humans and mice, prior infectious experience can regulate 

TLR expression and overall immune responsiveness. Humans infected with Plasmodium 
have increased responsiveness to TLR agonists (McCall et al., 2007). TLR expression 

increases in a feedback loop where IFNγ production enhances TLR expression and allows 

the host to more effectively respond to future infectious challenges (Franklin et al., 2009). 

This increased responsiveness reveals a “double-edged sword” seen in our cohoused model 

system, where the host can respond more effectively to TLR2-triggering bacterial infections 

but is also at a higher risk of pathology from hyper-reactive cytokine responses to TLR4 

ligands. We found increased IFNγ-producing cells in the blood 24 h after virulent Listeria 
monocytogenes infection of cohoused mice. Unexpectedly, the amount of IFNγ and a 

number of other inflammatory cytokines in the serum was relatively unchanged following 

Listeria monocytogenes infection of cohoused mice, though they were markedly elevated in 

SPF mice. One potential explanation for the reduced numbers of circulating cytokines in the 

Listeria monocytogenes-infected cohoused mice is that memory T cells and “trained” innate 

cells may be rapidly absorbing the cytokines as they are being produced to facilitate their 

increased function.

In striking contrast to Listeria monocytogenes infection, CLP-induced polymicrobial sepsis 

results in a dramatic increase in pro-inflammatory cytokines and chemokines in cohoused 

mice relative to their SPF counterparts. For example, there were exceedingly high amounts 

of IL-6 (>20,000 pg/ml at 6 h post-CLP) in the serum of cohoused mice after CLP surgery. 

Previous reports have highlighted the predictive nature of circulating IL-6 levels (i.e., 

increased mortality with increased IL-6) in regard to mortality in preclinical and clinical 

settings (Hack et al., 1989; Remick et al., 2002; Waage et al., 1989). Similar correlations 

between the amount of IL-1β and TNF and survival have also been made, prompting the 

clinical testing of various strategies for neutralizing IL-1β and TNF activity (Zanotti et al., 

2002). Use of the CLP model has led to a vast expansion of knowledge regarding the 

intricate changes within the immune system following a septic event. Recent clinical data 

using agents (e.g., IL-7 and anti-PD-1 mAb) (Shindo et al., 2017, 2015; Spec et al., 2016; 

Venet et al., 2017, 2012; West et al., 2013) to manipulate the number and responsiveness of 

immune cells in sepsis survivors highlight the importance of preclinical experimentation, but 

the success of these new approaches is atypical. Over 100 agents (many targeting cytokines) 

with preclinical efficacy in mouse models of sepsis have been unsuccessful in humans (Fink, 

2014); it is tempting to speculate that the exclusive use of SPF mice in previous preclinical 

studies may have underestimated the severity of the cytokine response following CLP 

surgery.

Laboratory mice cohoused with pet store mice not only encounter numerous different 

pathogenic infections, but also develop changes to the microbiome. The link between 

microbiome composition and immune status has been increasingly appreciated in the past 

decade. Immune cell interactions with the diverse components of the microbiome are critical 

for the development of a healthy immune system (Belkaid and Hand, 2014). Dysbiosis of a 

healthy microbiome results in aberrant immune responses and susceptibility to both 
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autoimmunity and inflammatory diseases (Kamada et al., 2013). Our cohousing experiments 

demonstrate that the gut microbial contents contribute to the heightened immune response of 

cohoused mice during sepsis. Cohoused cecal contents injected into the peritoneum of SPF 

mice induced a more robust cytokine storm, compared to that seen in SPF mice injected with 

SPF cecal contents. However, our data suggest the gut contents do not fully explain the 

phenotype, as cohoused recipients displayed an exacerbated cytokine response after 

injection of either SPF or cohoused cecal slurries. Additional studies are needed to evaluate 

how pathogen exposure and variations in commensal microbes influence the maturation and 

function of the immune system to future infections.

Additionally, we noted similar increases in pro-inflammatory cytokines and increased 

mortality after exposing cohoused mice to LPS—a potent TLR4 stimulant that induces 

sterile inflammation. Bolus injection of endotoxin (LPS) is considered a model of sepsis, 

mostly because of the rapid activation of the innate immune system (Stortz et al., 2017). 

Despite having a number of similarities to CLP-induced sepsis (e.g., lethargy, piloerection, 

and acute leukopenia), there are also a number of important differences, such as the kinetics 

and magnitude of proinflammatory cytokine (IL-6, TNF) production (Remick et al., 2000). 

Another criticism of LPS endotoxemia as a model of sepsis was based on data suggesting 

humans to be significantly more sensitive to the effects of the LPS challenge compared to 

mice (Warren et al., 2010). As expected, this conclusion came (in part) from experiments 

comparing the responsiveness of cells from the blood of adult humans and SPF mice. As 

now evidenced by data presented herein and previously (Beura et al., 2016), there are 

distinct phenotypic and transcriptomic changes within the cells of the immune systems of 

SPF and cohoused mice that indicate their resemblance to the immune systems of neonate 

and adult humans, respectively. It stands to reason that the conclusions drawn by Warren et 

al. (2010) may be the result of comparing the response of the naive, neonate-like immune 

system of SPF mice to that of the matured, microbially experienced immune system of adult 

humans. We posit that the differences noted between mice and humans may be more 

complex than simply a “species-specific” difference, and the underappreciated extent of 

physiological microbial exposure may have played a more significant role.

In conclusion, we find that mice with normal physiologic exposure to microbes exhibit 

increased serum cytokine levels and circulating phagocytes, in addition to phenotypic 

conversion of the CD4 and CD8 T cell compartments. These changes in the basal state of the 

immune system, however, do not lead to a “blanket” improvement in immunity. Instead, 

depending on the nature of the immune insult, previous immune history is either beneficial 

(as in the case of the Listeria monocytogenes challenge) or detrimental (as in the case of 

CLP-induced sepsis). This conclusion differs slightly from previous studies, which have thus 

far shown improved immune responses after diverse microbial exposure (Beura et al., 2016; 

Reese et al., 2016; Rosshart et al., 2017). The data presented herein suggest that the 

cumulative microbial exposure of the host defines the expression and differing activation 

state of individual pattern-recognition receptors. Thus, we cannot exclude the possibility that 

the more robust immunity acquired via exposure to numerous pathogens could decrease the 

incidence of sepsis by rapidly controlling pathogens acquired by normal routes of infection-

even though our data with cohoused mice clearly develop increased severity of experimental 

sepsis in the CLP and LPS models. Using the cohousing system, future studies can be 
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designed to differentiate the specific traits influenced by microbial exposure and show how 

to generate an optimal immune response that minimizes the chances for immunopathology. 

Applying this cohousing system to diseases that, to date, have been poorly modeled in mice 

may open new opportunities in preclinical research.

STAR★METHODS

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for reagents may be directed to and will be fulfilled by the 

Lead Contact, Sara Hamilton (hamil062@umn.edu). This study did not generate unique 

reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Female C57BL/6N (B6; 8–10 weeks of age) mice were purchased from Charles 

River (Wilmington, MA). Female pet store mice were purchased from local pet stores in the 

Minneapolis-St. Paul, MN metropolitan area. All mice were housed in AALAC-approved 

animal facilities at the University of Minnesota (BSL-1/BSL-2 for SPF B6 mice, and BSL-3 

for cohoused B6 and pet store mice). SPF B6 and pet store mice were cohoused at a ratio of 

8:1 in large rat cages for 60 days to facilitate microbe transfer. Littermates were randomly 

assigned to experimental groups. Experimental procedures were approved by the University 

of Minneapolis Animal Care and Use Committee and performed following the Office of 

Laboratory Animal Welfare guidelines and PHS Policy on Human Cancer and Use of 

Laboratory Animals.

METHOD DETAILS

Serology and immune cell phenotyping—Serum was collected prior to and after 60 

days of co-housing for serology and cytokine analysis. Serum was screened using EZ-spot 

and PCR Rodent Infectious Agent (PRIA) array methods (Charles River Laboratories) for 

sendai virus (SEND), pneumonia virus of mice (PVM), mouse hepatitis virus (MHV), 

Minute virus of mice (MVM), mouse parvovirus type 1 (MPV-1), mouse parvovirus type 2 

(MPV-2), mouse parvovirus-NS1 (NS-1), murine norovirus (MNV), Theiler’s murine 

encephalomyelitis virus (GDVII), reovirus (REO), Rotavirus EDIM (EDIM/ROTA-A), 

lymphocytic choriomeningitis virus (LCMV), ectromelia virus (ECTRO), mouse adenovirus 

1 and 2 (MAV1&2), mouse cytomegalovirus (MCMV), polyoma virus (POLY), mycoplasma 

pulmonis (MPUL), enchephalitozoon cuniculi (ECUN), cilia-associated respiratory bacillus 

(CARB), and clostridium piliforme (CPIL). Blood was also collected before and after co-

housing to determine the composition and phenotype of circulating immune cells.

Flow cytometry—The following fluorochrome-conjugated mAb were purchased from 

Biolegend: Ly6C (HK1.4), Nkp46 (29A1.4), MHC II (I:A/I:E) (M5/114.15.2), CD62L 

(MEL-14), CD45.2 (104), CD44 (IM7), Ly6G (1A8), TLR2 (QA16A01), TLR4-MD2 

(MTS510), CD64 (X54–5/7.1, CD14 (Sa14–2) and Tonbo Biosciences: CD8a (53–6.7), CD4 

(RM4–5), IFNγ (XMG1.2), Ghost 780 (live/dead).
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Measurement of serum cytokines and chemokines—Serum cytokines and 

chemokines were quantitated with the ProcartaPlex Cytokine & Chemokine 36-plex mouse 

panel or custom 17-plex panel (CCL5, CCL7, CXCL1, CXCL5, CXCL10, GM-CSF, IL-1β, 

IL-2, IL-5, IL-6, IL-10, IL-15/IL-15R, IL-17A, IL-18, IL-28, IFNγ, and TNF; Invitrogen) 

using a Luminex 200 with Bio-plex Manager Software 5.0.

Listeria infection—Wild-type, virulent Listeria monocytogenes (LM) strain 10403s 

(provided by John Harty, University of Iowa) was grown to log phase in tryptic soy broth 

containing streptomycin. Mice were infected i.v. with 8 × 104 CFU. Bacterial load in the 

spleen and liver was determined at the indicated days post-challenge (Hamilton et al., 2006).

Cecal ligation and puncture—Sepsis was induced by CLP (Rittirsch et al., 2009). 

Briefly, mice were anesthetized using isoflurane (2.5% gas via inhalation) or Ketamine/

xylazine (87.5mg/kg and 12.5mg/kg, respectively, i.p.). The abdomen was shaved and 

disinfected with 5% povidone-iodine antiseptic. Bupivicaine (6 mg/kg s.c.) was then 

administered at the site where a midline incision was made. The distal third of the cecum 

was ligated with 4–0 silk suture and punctured once with a 25-g needle to extrude a small 

amount of cecal content. The cecum was returned to the abdomen, the peritoneum was 

closed via continuous suture, and the skin was sealed using surgical glue (Vetbond; 3M, St. 

Paul, MN). Meloxicam (2 mg/kg) in 1 mL saline was administered at the time of surgery and 

for 3 additional days for postoperative analgesia and fluid resuscitation. Mice were 

monitored daily for weight loss and pain for at least 5 days post-surgery. Sham-treated mice 

underwent the same laparotomy procedure excluding ligation and puncture.

Bacteremia quantitation—Bacterial burden in the blood was assessed at 24 hours after 

CLP surgery. Heparinized blood was collected via cardiac puncture using aseptic techniques, 

serially diluted in sterile PBS, and plated on TSA plates. After overnight incubation at 37°C, 

colonies were counted.

DNA extraction and sequencing—DNA was extracted from single mouse fecal pellets 

using the DNeasy PowerSoil kit (QIAGEN, Hilden, Germany). The V5-V6 hypervariable 

regions of the 16S rRNA gene were amplified and paired-end sequenced using the 

BSF784/1064R primer set (Claesson et al., 2010) by the University of Minnesota Genomics 

center (UMGC; Minneapolis, MN). Sequencing was done using the Illumina MiSeq 

platform (Illumina, Inc., San Diego, CA) at a read length of 300 nucleotides (nt). Raw data 

are deposited in the Sequence Read Archive (Leinonen et al., 2011) under BioProject 

accession number SRP193509.

TLR4 Reporter Cell Assay—Cecal contents were collected and prepared according to 

previously published protocols (Hilbert et al., 2017). Briefly, SPF and CoH mice were 

euthanized and cecal contents harvested and weighed. Samples from individual mice were 

initially mixed with a 5% dextrose solution to create a 40 mg/ml slurry. The cecal slurry was 

then passed through 70 mm filter to remove large particulates. Slurries were then added at 

the indicated concentrations to triplicate wells of 96-well flat-bottom plates seeded with 4 × 

104 TLR4 reporter cells (HEK-Blue hTLR4; InvivoGen [Simons et al., 2007]). HEK-Blue 

hTLR4 were maintained according to manufacturer’s recommendations. After 24 h, 
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conditioned media was collected to measure SEAP activity according to the manufacturer’s 

protocol (QUANTI-Blue Solution, InvivoGen).

Intraperitoneal injection of cecal slurry—Cecal contents from 3–4 donor mice were 

pooled and mixed with 5% dextrose solution to create a 40 mg/ml cecal slurry. The cecal 

slurry was then passed through 70 μm filter and then injected i.p. into recipient mice (0.75 or 

0.5 mg slurry/g mouse in 300 μl) using a 21G needle. Meloxicam (2 mg/kg) in 1 mL saline 

was administered at the time of slurry injection and for 3 additional days for postoperative 

analgesia and fluid resuscitation. Mice were monitored daily for weight loss and pain for at 

least 5 days post-injection.

Quantitative real-time PCR (qPCR)—Myeloid cells were isolated from the spleens of 

SPF and CoH mice by plastic adherence (Inaba et al., 2009; Steinman et al., 1979). Spleens 

(5 SPF and 5 CoH) were prepared into a single cell suspension in 2 mL HBSS, washed, and 

resuspended in 10 mL of complete RPMI. Each cell suspension was added to two 10 cm 

culture dishes and incubated at37°Cfor90 min. Plates were washed twice with 5 mL PBS to 

remove nonadherent cells. Total RNA was isolated from the remaining adherent myeloid 

cells using TRIzol reagent (Invitrogen, Carlsbad, CA), and 1 mg was reverse-transcribed 

using Superscript III (Invitrogen). Resulting cDNA was used as a template for qPCR using 

TaqMan primer/probe sets for Tlr1, Tlr2, Tlr3, Tlr4, Tlr5, Tlr6, Tlr7, Tlr8, Tlr9, Cd14, Ly96, 
Myd88, Ticam2, Traf6, Iraki, and 18 s rRNA (Applied Biosystems).

Bioinformatics—Sequence processing was done using mothur (version 1.33.3) (Schloss et 

al., 2009), as previously described (Staley et al., 2018). Briefly, sequences were paired-end 

join, trimmed for quality, and aligned against the SILVA database (version 123) for 

clustering. A 2% pre-cluster was used to remove sequences likely to contain errors (Huse et 

al., 2010). Chimeras were identified and removed using UCHIME (version 4.2.40) (Edgar et 

al., 2011). Operational taxonomic units (OTUs) were identified at 97% similarity using 

furthest-neighbor clustering and classified against the Ribosomal Database Project release 

(version 14). Alpha diversity (within-sample diversity), measured as Good’s coverage, 

Shannon index, and abundance-based coverage estimate (ACE), was calculated in mothur. 

Differences in beta diversity (between-sample diversity) were calculated using Bray-Curtis 

dissimilarities (Bray and Curtis, 1957). To determine engraftment among CoH mice, 

SourceTracker (version 0.9.8) was used with default parameters (Knights et al., 2011). This 

program uses a Bayesian algorithm to determine the percent of the community in user-

defined sink (co-housed mice) samples that can be attributed to user defined source (SPF 

and pet store mice) samples.

LPS/Pam3CSK4 challenge—A rodent model of endotoxemia was induced by a single 

injection of LPS-EBfrom E. coliO111:B4 (10, 5, or 1 mg/kg body weight i.v.; InvivoGen) 

(Markwart et al., 2014). Similarly, some mice were challenged with a single dose (10 mg/kg 

body weight i.v.) of Pam3CSK4 VacciGrade (InvivoGen).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data shown are presented as mean values ± SEM. GraphPad Prism 8 was used for statistical 

analysis, where statistical significance was determined using two-tailed Unpaired, 

nonparametric Mann-Whitney U test (for 2 individual groups) or group-wise, one-way 

ANOVA analyses followed by multiple-testing correction using the Holm-Sidak method, 

with α = 0.05. * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001. Differences in alpha 

diversity were determined using ANOVA and differences in relative abundances of genera 

were determine by Kruskal-Wallis test using the Steel-Dwass-Critchlow-Fligner procedure 

for pairwise comparisons. Analysis of similarity (ANOSIM) (Clarke, 1993) was used to 

evaluate differences in community composition, and ordination was done using principal 

coordinates analysis (PCoA) (Anderson and Willis, 2003). Correlation of phyla and genera 

abundances with axes positions were done using Spearman correlations. ANOVA and 

Kruskal-Wallis tests were done using XLSTAT software (version 17.06; Addin-soft, 

Belmont, MA). ANOSIM, PCoA, and correlation analyses were done using mothur. All 

statistics were evaluated at α = 0.05 with Bonferroni correction for multiple comparisons.

DATA AND CODE AVAILABILITY

The accession number for the raw 16 s rRNA sequencing data reported in this paper is SRA: 

SRP193509 (Leinonen et al., 2011).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Cohousing elevates basal cytokine and chemokine levels

• Cohousing alters immune responsiveness to new challenges

• Cohoused mice have an altered microbiome composition

• TLR4 expression and LPS sensitivity are increased after microbial exposure
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Figure 1. Physiological Microbial Exposure Creates a More Inflammatory Host Environment
(A) Representative serology from specific pathogen free (SPF) B6, cohoused (CoH) B6, and 

pet store mice detecting the extent of pathogen exposure. Filled squares indicate a positive 

serology result for the indicated pathogen. Each column represents an individual mouse. 

Data are representative of at least 20 independent serology tests conducted.

(B and C) Serum was collected from SPF B6, cohoused B6, and pet store mice after 60 days. 

The concentration of cytokines and chemokines was determined by bioplex.

(B) The number of mice with detectable IL-1β, IL-6, IFNγ, and TNF in the serum are 

indicated for the SPF group.

(C) Radar plot comparing the basal serum concentrations of indicated cytokines and 

chemokines in SPF B6, cohoused B6, and pet store mice. For statistical comparisons, SPF 

mice with undetectable cytokines were given a value of “0.” 10–36 mice/group (pooled from 

3 technical replicates) were analyzed in (B) and (C).

Asterisk (*) refers to statistical differences in the response of cohoused and pet store mice 

relative to SPF. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.005, ****p ≤ 0.001. n.d., none detected.

See also Figure S1.
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Figure 2. Cohoused Mice Have Altered Circulating Immune Cell Composition
(A) Total circulating immune cell counts from the blood of SPF B6, cohoused B6, and pet 

store mice were determined by flow cytometry.

(B–G) Frequency and number (cells/ml blood) of (B) CD4 T cells, (C) CD8 T cells, (D) 

monocytes, (E) neutrophils, (F) B cells, and (G) NK cells. Ten mice per group were 

analyzed, and data are representative of 3 technical replicates.

*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.005, ****p ≤ 0.001.

See also Figure S2.
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Figure 3. Cohoused Mice Are More “Immune Fit” Than SPF Mice in Response to Virulent 
Listeria Infection
SPF and cohoused B6 mice were infected with virulent Listeria monocytogenes (LM; 8 × 

104 CFU i.v.).

(A) Bacterial burden in the spleen and liver was determined after 8, 24, 48, and 72 h. 7–17 

mice/group/time point were analyzed, pooled from >2 technical replicates.

(B–E) The frequency and number of IFNγ-producing cells in the spleen before and 24 h 

after Listeria monocytogenes infection were quantified by intracellular cytokine staining 

flow cytometry. IFNγ-producing (B) total cells, (C) CD4 T cells, (D) CD8 T cells, and (E) 

NKcells were identified. 4–7 mice/group/time point were analyzed, pooled from two 

technical replicates. *p % 0.05, **p % 0.01, ***p % 0.005.

(F) Serum samples from SPF or cohoused B6 mice were obtained at indicated hours 

aftervirulent Listeria monocytogenes infection. The amount of IL-1β, IL-6, IFNγ, and TNF 
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in the serum was determined by bioplex. 4–7 mice/group/time point were analyzed. *p ≤ 

0.05, **p ≤ 0.01, ***p ≤ 0.005 for SPF versus cohoused mice at the indicated time points.

(G) Additional serum cytokine and chemokine levels in SPF (black lines) and cohoused 

(green lines) B6 mice were determined prior to (dotted lines) and 24 h post-Listeria 
monocytogenes infection (solid lines). No line for given a cytokine indicates levels were 

below the limit of detection.

Data in (F) and (G) are representative from two technical replicates.
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Figure 4. Increased Morbidity and Mortality in CLP-Treated Cohoused Mice Correlates with an 
Exacerbated “Cytokine Storm”
(A and B) SPF and cohoused B6 mice underwent sham or CLP surgery. Weight loss (A) and 

survival

(B) were monitored over time. 8–17 mice/group were analyzed, pooled from 2 technical 

replicates. **p ≤ 0.01, ***p ≤ 0.005, ****p ≤ 0.001.

(C) Bacterial CFU in blood at 24 h post-CLP procedure was quantified in SPF and cohoused 

B6 mice. 9 mice/group were analyzed, representative of 2 technical replicates.

(D) The number of total immune cells, CD4+ T cells, CD8+ T cells, CD44+ CD4+ T cells, 

and CD44+ CD8+ T cells per μl blood were determined before (day 0) and after (days 2 and 
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6) sham or CLP surgery. 5–7 mice/group were analyzed, representative of 3 technical 

replicates.

(E) Serum samples from sham- or CLP-treated SPF or cohoused B6 mice were obtained at 

indicated hours after surgery. The amount of IL-1β, IL-6, IFNγ, and TNF in samples was 

determined by bioplex.

(F) Additional cytokines and chemokines in the serum 6 h post-surgery were quantified by 

bioplex. Data in (E) and (F) consist of 4–7 mice/group/time point and are representative of 3 

technical replicates. **p ≤ 0.01, ***p ≤ 0.005, ****p ≤ 0.001 for SPF-CLP versus 

cohoused-CLP at the indicated time points.
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Figure 5. Characterization of the Microbiome in Cohoused Mice
(A) Mean alpha diversity indices (±SE) in mouse fecal samples. Shannon and ACE indices 

are shown on the left and right, respectively. n = 5 SPF, 11 cohoused, and 10 pet store 

samples.

(B) Distributions of abundant phyla and genera in mouse fecal samples. Less-abundant 

genera accounted for a mean of ≤2.2% of the community, among all samples.

(C) Principal coordinates analysis (PCoA) of Bray-Curtis distances (r2 = 0.47). The five 

most abundant genera were correlated with axes position, where positioning near sample 

groups indicates a greater relative abundance of that genus.

(D) Similarity of cohoused B6 mice to SPF B6 and pet store mice, determined by 

SourceTracker.

(E) Cecal contents from SPF or cohoused B6 mice (n = 5of each) were cultured with the 

TLR4 reporter cell line, HEK-Blue hTLR4. TLR4 activation was quantified after 24 h with 

indicated concentration of cecal material. Data are representative of 3 technical replicates.

(F) Cecal contents were harvested from SPF or cohoused B6 donor mice to challenge 

recipient mice in the following combinations: S-S, SPF cecal slurry transferred to SPF 
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recipients (n = 14); S-C, SPF cecal slurry transferred to cohoused recipients (n = 6); C-S, 

cohoused cecal slurry transferred to SPF recipients (n = 14); and C-C, cohoused cecal slurry 

transferred to cohoused recipients (n = 6).

(G) Survival curve of mice after i.p. injection with 0.75 mg/g body weight of cecal slurry as 

indicated in (F).

(H) Serum cytokine levels 6 h post-cecal slurry injection was determined by bioplex.

Data in (G) and (H) are pooled from 2 technical replicates. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 

0.005, ****p ≤ 0.001.

See also Figure S3.
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Figure 6. TLR2 and TLR4 Expression Is Increased after Physiological Microbial Exposure
(A) The qPCR analysis of TLRs and TLR signaling pathway components in the adherent 

myeloid cells isolated from spleens of SPF (n = 5) and cohoused (n = 5) B6 mice. Data are 

representative of 2 technical replicates.

(B) Frequency and number of TLR2+ or TLR4+ cells in the blood of SPF B6, cohoused B6, 

and pet store mice.

(C) Frequency of CD14+ cells in blood of SPF B6, cohoused B6, and pet store mice.

(D and E) Immune subset quantification of TLR2 (D) and TLR4 (E) expression by CD4 T 

cells, CD8 T cells, NK cells, monocytes, and neutrophils.

Data in (B)-(E) consist of 5–10 mice/group and are representative of 3 technical replicates. 

*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.005.

See also Figure S4.
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Figure 7. Increased Cytokine Production in Cohoused Mice after LPS Injection Correlates with 
Increased Mortality
SPF and cohoused B6 mice were injected with LPS (10, 5, or 1 mg/kg i.v.).

(A) Survival after LPS injection.

(B) Serum samples were obtained at indicated hours after LPS injection, and the amount of 

IL-6 and IFNγ was determined by bioplex.

(C) Additional cytokines and chemokines in the serum 6 h post-LPS injection were 

quantified by bioplex.

(D–F) SPF and cohoused B6 mice were injected with Pam3CSK4 (10 mg/kg i.v.).

(D and E) Survival was monitored (D) and the amount of IL-6 and IFNγ in the serum at the 

indicated time points was determined by bioplex (E).
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(F) Additional cytokines and chemokines in the serum 6 h post-Pam3CKS4 injection were 

quantified by bioplex.

Survival data (A and D) consist of 12–21 mice/group and are pooled from3technical 

replicates. Cytokine data(B, C, E, and F) consist of 4–7 mice/group/time point and are 

representative of 3 technical replicates. *p ≤ 0.05, **p ≤ 0.01 for SPF versus cohoused at the 

indicated time points.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-mouse CD8a (53–6.7) BUV395 3D Bioscience Cat #: 563786; RRID:AB_2732919

Anti-mouse CD4 (RM4–5) APC eBioscience Cat #: 17–0041-82; RRID:AB_469320

Anti-mouse CD45 (30 F11) BV711 BD Bioscience Cat #: 563709; RRID:AB_2687455

Anti-mouse CD45.2 (104) PerCP-Cy5.5 Tonbo Biosciences Cat #: 65–0454-U100; RRID:AB_2621894

Anti-mouse CD44 (IM7) BUV737 BD Bioscience Cat #: 564392; RRID:AB_2738785

Anti-mouse CD64 (X54–5/7.1) BV605 Biolegend Cat #: 139323; RRID:AB_2629778

Anti-mouse Ly6C (HK1.4) APC-eF780 eBioscience Cat #: 47–5932-80; RRID:AB_2573991

Anti-mouse Nkp46 (29A1.4) BV421 Biolegend Cat #: 137612; RRID:AB_2563104

Anti-mouse MHC II (I:A/I:E) BV510 Biolegend Cat #: 107635; RRID:AB_2561397

Anti-mouse Ly6G (1A8) BV785 Biolegend Cat #: 127645; RRID:AB_2566317

Anti-mouse TLR2 (QA16A01) Biolegend Cat #: 153006; RRID:AB_2728206

Anti-mouse TLR4-MD2 (MTS510) Biolegend Cat #: 117610; RRID:AB_2044020

Anti-mouse IFNγ (XMG1.2) PE-Cy7 Tonbo Biosciences Cat #: 60–7311-U100; RRID:AB_2621871

Anti-mouse CD62L (MEL-14) BV786 BD Bioscience Cat #: 564109; RRID:AB_2738598

Anti-mouse CD14 (Sa14–2) BV421 Biolegend Cat #: 123329; RRID:AB_2721526

Ghost 780 Viability Dye Tonbo Biosciences Cat#: 13–0865-T100

Bacterial and Virus Strains

Listeria Monocytogenes Strain 10403s John T. Harty, University of 
Iowa; Hamilton et al., 2006

NCBITaxon: 393133

Chemicals, Peptides, and Recombinant Proteins

LPS (from E. coli O111:B4) InvivoGen tlrl-eblps

Pam3CSK4 InvivoGen tlrl-pms

Critical Commercial Assays

ProcartaPlex Cytokine & Chemokine 36-plex mouse panel Thermo Fisher Scientific EPX360–26092-901; RRID:AB_2576123

Mouse Custom ProcartaPlex 17-plex (CCL5, CCL7, CXCL1, 
CXCL5, CXCL10, GM-CSF, IFNγ, IL-1P, IL-2, IL-5, IL-6, 
IL-10, IL-15/IL-15R, IL-17A, IL-18, IL-28, TNFα)

Thermo Fisher Scientific PPX-17-MXKA3NP

Mouse PCR Rodent Infectious Agent Array Charles River Laboratory N/A

Deposited Data

Raw data (16S rRNA sequencing) Sequence Read Archive BioProject accession #: SRP193509

Experimental Models: Cell Lines

HEK-Blue hTLR4 InvivoGen Cat #: hkb-htlr4; RRID:CVCL_IM82

Experimental Models: Organisms/Strains

Mouse: C57BL/6Ncr NCI Charles River #556

Oligonucleotides

16S rRNA primer set Claesson et al., 2010 BSF784/1064R

TaqManGene Expression Assay (FAM) -Assay ID: 
Mm00446095_m1; Gene Symbol: Tlr1

Life Technologies Cat #: 4453320
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REAGENT or RESOURCE SOURCE IDENTIFIER

TaqManGene Expression Assay (FAM) -Assay ID: 
Mm00442346_m1; Gene Symbol: Tlr2

Life Technologies Cat #: 4453320

TaqManGene Expression Assay (FAM) - Assay ID: 
Mm01207404_m1; Gene Symbol: Tlr3

Life Technologies Cat #: 4453320

TaqManGene Expression Assay (FAM) - Assay ID: 
Mm00445273_m1; Gene Symbol: Tlr4

Life Technologies Cat #: 4448892

TaqManGene Expression Assay (FAM) - Assay ID: 
Mm00546288_s1; Gene Symbol: Tlr5

Life Technologies Cat #: 4453320

TaqManGene Expression Assay (FAM) - Assay ID: 
Mm02529782_s1; Gene Symbol: Tlr6

Life Technologies Cat #: 4453320

TaqManGene Expression Assay (FAM) - Assay ID: 
Mm00446590_m1; Gene Symbol: Tlr7

Life Technologies Cat #: 4453320

TaqManGene Expression Assay (FAM) - Assay ID: 
Mm01157262_m1; Gene Symbol: Tlr8

Life Technologies Cat #: 4453320

TaqManGene Expression Assay (FAM) - Assay ID: 
Mm00446193_m1; Gene Symbol: Tlr9

Life Technologies Cat #: 4453320

TaqManGene Expression Assay (FAM) - Assay ID: 
Mm00438094_g1; Gene Symbol: Cd14

Life Technologies Cat #: 4453320

TaqManGene Expression Assay (FAM) - Assay ID: 
Mm01227593_m1; Gene Symbol: Ly96

Life Technologies Cat #: 4448892

TaqManGene Expression Assay (FAM) - Assay ID: 
Mm00440338_m1; Gene Symbol: Myd88

Life Technologies Cat #: 4453320

TaqManGene Expression Assay (FAM) - Assay ID: 
Mm01260003_m1; Gene Symbol: Ticam2

Life Technologies Cat #: 4448892

TaqManGene Expression Assay (FAM) - Assay ID: 
Mm00493836_m1; Gene Symbol: Traf6

Life Technologies Cat #: 4453320

TaqManGene Expression Assay (FAM) - Assay ID: 
Mm01193538_m1; Gene Symbol: Irak1

Life Technologies Cat #: 4448892

Software and Algorithms

Prism 8.0 Graphpad https://www.graphpad.com/scientific-
software/prism/

FlowJo BD Biosciences www.flowjo.com

FacsDiva BD Biosciences N/A

Mothur (v1.33.3) Schloss et al., 2009 https://www.mothur.org/

UCHIME (version 4.2.40) Edgar et al., 2011 https://www.drive5.com/uchime/

Ribosomal Database Project (version 14) https://rdp.cme.msu.edu/

SourceTracker (version 0.9.8) Knights et al., 2011 https://github.com/danknights/
sourcetracker/releases
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