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Humans are infected with a variety of acute and chronic pathogens over the
course of their lives, and pathogen-driven selection has shaped the immune
system of humans. The same is likely true for mice. However, laboratory mice
we use for most biomedical studies are bred in ultra-hygienic environments,
and are kept free of specific pathogens. We review recent studies that indicate
that pathogen infections are important for the basal level of activation and the
function of the immune system. Consideration of these environmental expo-
sures of both humans and mice can potentially improve mouse models of
human disease.

Bystander Infections in Mouse Models

Recent work suggests that specific pathogen-free (SPF) husbandry has broad and unexpected
effects on the immune system of mice [1,2]. As their name indicates, SPF mice are free of
specific pathogens. The list of organisms tested varies from facility-to-facility and room-to-
room, but the organisms usually include both disease-causing pathogens and opportunistic
and commensal organisms that do not cause disease in healthy mice. Mice raised in SPF
conditions represent the benchmark for studies of the immune system. However, SPF mice
may have immune systems that are immature compared with wild rodents or mice infected with
specific pathogens [1,2]. In particular, this raises the concern that the immune system of SPF
mice is less representative of that of adult humans. This advocates for an expansion of our
definition of the normal microflora in mice to include a broader range of bacteria, viruses,
parasites, and fungi. It also indicates that as a research community we need to redefine what
we consider to be the ‘normal’ or baseline immune response in mice. Finally, we must consider
the history of their microbial exposure to recapitulate human disease phenotypes and immune
responses in mice.

Human and mouse physiology is influenced by the microbiome. Wide ranges of disease states
are associated with microbiome changes. For example, nutrition and obesity, hematopoiesis,
inflammatory bowel disease, cancer, and rheumatoid arthritis are all associated with micro-
biome alterations [3,4]. In all cases, these studies focus on the changes in the gut microflora,
illustrating the profound effect intestinal bacteria and viruses have on a diverse set of disease
phenotypes. However, it isimportant to note that the microbiota can refer to all host-associated
microorganisms in multiple tissues, not just the gut. Moreover, some members of the micro-
biota are potentially pathogenic under predisposing conditions, and thus classified as path-
obionts [5].

Less well studied are the effects of the pathogenic or opportunistic elements of the microbiome,
including bacteria, viruses, parasites, and fungi, on immune responses to other pathogens.
Recent work is beginning to uncover the significant influences of bystander infections on
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immune responses [6]. The metagenome, or the sum of host and microbial genes, drive
phenotypes in the host [7]. We now appreciate that human and mouse physiology is not solely
determined by genotype. However, we still need further investigation into the effects of
bystander infections on disease states to define mechanisms.

In this review, we summarize recent work that indicates that bystander infections change
mouse immune responses, and drive some of the observed differences between disease
models in mice and humans. We explore the hypothesis that some mouse models of human
diseases could be improved through understanding the contribution of bystander infections to
immune cell function and immune responses.

Mice As Model Organisms

The mouse model is the cornerstone of biomedical research. The use of genetically inbred
strains reduces variability. Researchers can easily manipulate the mouse genome, especially
with the implementation of clustered regularly interspaced short palindromic repeats (CRISPR)
technology. Mice are easy to breed and economical to house in animal facilities. Through the
use of SPF husbandry, microbial exposures can be controlled, further reducing variability.
Experimentation in mice has promoted an explosion of knowledge in immunology and other
biomedical fields.

Despite the significant advances we have made in understanding the immune system from
mouse studies, there is increasing concern over the utility of mouse models. Some emphasize
the numerous differences between mouse and human immune systems, including differences
in the balance of leukocyte subsets, Toll-like receptors, antibody subsets, and defensins [8].
Another major concern is that many therapeutics that have shown efficacy in mice have not
translated into treatments for human diseases such as cancer and autoimmunity [9,10].
Genomic comparisons of mice and humans revealed significant overlap in transcriptional
programs, but also expose noteworthy differences [11-14]. It has also been suggested that
there is an overreliance on mice as a model system, and that there should be more emphasis on
human immunology [15]. However, mice are still the foundation of basic research, and offer too
many advantages to discard. The concemns raised emphasize the need for a better under-
standing of all the elements that drive variation between mice and humans. More research on
factors that contribute to the basal state of the immune system in mice and humans is critical to
understanding interspecies and interindividual variation.

Infection History and Variation in Immune Responses

In humans, interindividual variation in immune responses can be driven by nonheritable
influences. In a study of monozygotic twins, it was found that nonheritable factors contribute
significantly to variation in cell populations, cytokine responses, and serum proteins between
individuals [16]. Moreover, genetically identical twins diverge in immune measurements with
age, suggesting that environmental factors drive variation. Within this data set, human cyto-
megalovirus seropositivity was analyzed, and among the twin pairs that were discordant for
human cytomegalovirus status, there was increased variation between the individuals in the
parameters measured. While this is just one example of a potential environmental variable, it
implicates microbial exposure as a long-term modulator of immune responses.

Because infectious diseases are one of the most important causes of mortality in the human
population, it is likely that polymorphisms associated with the immune response to infection are
under selective pressure. MHC genes, innate immune response genes, and interleukin (IL)
genes exhibit evidence of natural selection [17]. Moreover, growing evidence suggests that
certain loci associated with inflammatory bowel disease, and probably other human diseases,
were targets of pathogen-driven selection [18]. The extent and mechanisms by which common
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variants in genes interact with the environment to contribute to disease risk remain incompletely
understood. Recent work indicates that many single nucleotide polymorphisms in human
dendritic cells and monocytes only display functional variability upon stimulation [19,20]. This
implies that critical genes may be missed in analyses when they are only examined at baseline
without infectious exposure.

The evolution of the immune system was largely shaped through interactions with pathogens.
While recent studies have focused on disease-susceptibility loci that were driven by balancing
selection, it is likely that the functional outcome of a gene requires exposure to pathogens. In
this case, even humanized mice carrying human genes, cells, tissues, or organs may still fail to
recapitulate human disease. However, a combination of particular genotypes and housing
conditions, including bystander infections, could allow the development of a model that closely
mimics the phenotype observed in humans.

Evidence That Bystander Infection Changes Immune Response

Infection Modulates Genetics

Genetic ablation of a gene in mice does not always lead to concordance in phenotype
compared with genetic deficiency in humans [21-24]. In many cases, immunodeficient mice
are more susceptible to a wide range of infections, whereas genetically deficient humans are
susceptible to a smaller subset of pathogens. The question is whether this is actually due to
disparate functions of these genes in mice and humans, or whether it is due to differences in
nonheritable factors between the two species.

A recent example illustrates that an environmental factor changes genetic immunodeficiency in
mice. Genetic deficiency in mice of the Hoil-1 gene (Rbck1) led to greater susceptibility to
Listeria monocytogenes challenge, in addition to other pathogens [25]. However, humans with
mutations in Hoil-7 have varying amounts of hyperinflammation and immunodeficiency. Inter-
estingly, Hoil-1 ~~ mice were protected from lethal Listeria challenge by chronic y-herpesvirus
infection. y-Herpesvirus infection promoted a hyperinflammatory state in these mice, similar to
what is seen in humans with deficiency in Hoil1. These data indicate that a particular compo-
nent of the virome, the viral component of the microbiome [26], modulates a genetic immu-
nodeficiency. Moreover, it implies that the difference between the phenotype in mice and
humans may reflect a difference in the virome between barrier-raised mice and humans, and
suggests that modifying the pathogen exposure of mice enhances agreement between mouse
and human phenotypes.

In line with these observations, the contribution of a gene to disease phenotypes sometimes
requires particular environmental factors that may be lost in mouse barrier facilities. Mice
harboring a mutation in Atg16/1, a Crohn’s disease-susceptibility gene, displayed Paneth cell
abnormalities similar to Crohn’s disease patients when they were raised in a conventional
barrier facility [27]. However, Atg16/7-mutant mice embryonically rederived into an SPF facility
did not have Paneth cell abnormalities. Infection of the mice in the enhanced barrier facility with
murine norovirus, an intestinal pathogen, restored the Paneth cell abnormalities [28]. These
data indicate that mutant mice raised in clean barrier facilities may not display the same
phenotype as humans with similar mutations, due to a lack of pathogens. It also suggests that
highly prevalent disease-susceptibility alleles in the human population may be linked to infre-
quent disease phenotypes through infection.

Disease phenotypes are also driven by complex interplays between bystander infections and
the commensal microbiota. The bacterial sensor Nod2 is associated with Crohn’s disease in
humans [29], and mice deficient in Nod2 displayed small intestinal abnormalities [30]. These
intestinal abnormalities were dependent on expansion of Bacteroides vulgatus in the intestinal
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microbiota. Importantly, infection of Nod2~~ mice with the helminth parasites, Trichuris muris or
Heligmosomoides polygyrus, protected mice from intestinal abnormalities and prevented the
colonization of Bacteroides species [31]. Parasite infection promoted the colonization with
Clostridiales, which were protective in mice against small intestinal abnormalities. Notably, the
pathogenic nature of Bacteroidales was only found in Nod2~~ hosts, indicating that a particular
blend of genetic and bacterial factors combines to lead to inflammatory disease. Interestingly,
helminth-positive humans with higher egg burden also had expansion of Clostridiales and
reduced Bacteroidales. Given the association between helminth infections and reduced
inflammatory bowel disease, this is notable. Only under certain genetic conditions is the
pathogenic nature of a commensal bacteria revealed. Moreover, helminth infections tip the
balance in favor of the host by promoting outgrowth of Clostridiales in the intestines, leading to
protection from disease in a normally genetically susceptible background. These data suggest
that disease phenotype requires not only genetic deficiency, but also perturbed microbiota. It
also suggests that to understand the complex nature of disease phenotypes in humans, and to
account for variability between human populations in disease susceptibility, we will have to
consider the differences in pathogen exposure between diverse populations.

Bystander Infections Alter Basal Immune Activation

Work in specific experimental systems is beginning to address the mechanisms underlying
bystander infection-driven changes on immune responses. Much of the earlier work, reviewed
elsewhere [6], was mostly correlative. However, recent work implicates both innate and
adaptive mechanisms for bystander infection-mediated changes in immune responses.

Bystander infections alter the cytokine environment in the host, which has consequences for
subsequent immune responses. One or more herpesviruses chronically infect virtually all
humans, and are constituents of the virome [26,32]. Importantly, herpesvirus latency and
reactivation change the host immune response to other pathogens [33-35]. Herpesvirus latent
infection induces a chronic, low-level production of interferon-v, tumor necrosis factor-«, and
interferon-B, increased activation of macrophages, and arming of natural killer cells [33,36-38].
These cytokines and activated cells may be important for herpesvirus-mediated cross-protec-
tion against bacterial challenge. They may also be important for effects observed on bystander
T cells in herpesvirus-infected mice that were challenged with an unrelated virus [39]. Interest-
ingly, helminth infection of a herpesvirus-infected animal led to production of IL-4 and IL-13,
which subsequently induced herpesvirus reactivation from macrophages [40], demonstrating
that new pathogens can influence the status of pre-existing infections. In addition to IL-4/IL-13,
there are other cytokines that regulate viral gene expression of y-herpesvirus [36,41,42],
indicating that this mechanism of sensing host immune signals may be utilized by herpesviruses
and other pathogens. This example illustrates that a component of the virome alters the host
immune system, and that infection with multiple pathogens can create a complex cytokine
milieu with the potential to alter immune responses to unrelated stimuli.

Co-infection alters the inflammatory environment, leading to changes in T-cell responses to
secondary challenges. Intestinal bacteria influence the generation of T-cell subsets by stimu-
lating innate immune sensors and producing fatty acids [3,4]. Recent work suggests that
chronic viral and parasitic infections also change the T-cell responses to unrelated antigens.
Differentiation of unrelated memory T cells is altered by chronic viral, protozoan, and helminth
infections [43]. Moreover, activation and proliferation of virus-specific CD8* T cells are impaired
in mice infected with an intestinal helminth [44]. While it was previously shown that certain
intestinal helminths alter the microbiota [45-48], importantly, Osborne et al. [44] demonstrated
that the effects of helminth infection were independent of changes to the gut microbiota. The
authors determined that Ym1, a chitinase-like molecule produced by alternatively activated
macrophages, impairs virus-specific T-cell responses. Significantly, these findings and the
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findings described earlier for helminth—herpesvirus co-infection both implicate macrophages as
important cells in innate immunomodulation of virus—helminth co-infection [40,44]. Macro-
phages may play a key role in sensing different types of infections, and modulating T-cell
responses to unrelated antigens through cytokine production.

It was recently proposed that some acute bacterial infections produce an ‘immunologic scar’
that persists long after the bacterial infection is resolved [49]. Infection of mice with the
gastrointestinal pathogen, Yersinia pseudotuberculosis, provoked local immunological dam-
age in the gut by inducing remodeling of the mesentery, increased lymphatic leakage in
mesenteric adipose tissue, and reduced migratory dendritic cell accumulation in lymph nodes.
Interestingly, antibiotic treatment of mice partially restored mucosal immunity, suggesting that
Y. pseudotuberculosis infection promoted changes in the microbiota that sustain tissue
damage after the pathogen was cleared [49]. Another group found that acute infection of
Toll-like receptor 1-deficient mice with Yersinia enterocolitica drove alterations in microbiota
composition that persisted after Yersinia clearance [50]. This group also observed increased
inflammation in tissue months after pathogen clearance. Together, these studies have impli-
cations for how we explain the association of inflammatory bowel disease or other autoimmune
diseases with acute infections, and they indicate that in a susceptible genetic background,
acute infections promote permanent changes in the microbiota leading to chronic diseases.

These examples highlight the complex interactions between the host immune system and
pathogens, and the diverse mechanisms that govern these interactions. In some cases,
bystander infections alter the T-cell response to viral pathogens, and thus change the course
of infection. In other cases, infection damages lymphatic architecture and increases inflam-
mation in mesenteric adipose tissue. Infections alter macrophage and dendritic cell phenotypes
and organization, which subsequently impairs secondary immune responses to unrelated
antigens [44,49,51]. There are examples where gut microbiota changes are critical for the
effects of bystander infections, and other examples where those changes are not essential for
the effects observed [44,49,50]. Future work will be needed to identify paradigms of bystander
infection-mediated changes to immune responses. The effects will likely depend on the type of
pathogen, and will comprise both innate and adaptive arms of the immune response.

Does Pathogen Exposure Humanize the Mouse Immune Response?

The data described thus far indicate that altered microbiome, as well as infection with chronic
and acute pathogens, change immune responses to unrelated pathogens. Now the question is
whether these changes are relevant to the comparison between mice and humans. Do
laboratory mice that are infected with a diverse set of pathogens have immune responses
more similar to human immune responses (Figure 1)? Two recent studies provide evidence that
the answer is yes.

The first study compared the immune response of laboratory mice from an SPF facility with the
immune responses of mice caught in the wild or mice purchased from a pet store [2]. While
laboratory mice lack differentiated memory T cells, feral and pet store mice have many more
differentiated memory T cells in lymphoid and nonlymphoid tissue, similar to adult humans. In
addition, the T-cell phenotype in pet store mice could be transferred to barrier-raised laboratory
mice through cohousing, suggesting that a transmissible agent affects the differentiation state
of T cells. Approximately 20% of the cohoused mice died during the first 2 months of
cohousing. Serological testing of pet store and cohoused laboratory mice revealed immune
responses to a number of pathogens, suggesting that the T-cell phenotype changes and
mortality could be due to pathogen exposure. The authors compared gene expression data of
peripheral blood mononuclear cells (PBMCs) from pet store and laboratory mice with human
cord PBMCs and adult PBMCs [52]. They found that the gene signature of pet store mice
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Figure 1. Bystander Infections Alter Systemic Immunity and Mature the Immune System. Specific pathogen-
free mice infected with a combination of pathogens or cohoused with pet store mice have altered basal immune activation
that changes vaccine response or resistance to pathogen challenge. This alteration in systemic immunity matures the
immune responses and enhances correlation between the mouse and adult human immune systems.

PBMCs was similar to that observed in adult human PBMCs. While there was an overlap in both
innate and adaptive immune pathways between pet store and adult humans, the most
noteworthy overlap was in pathways related to interferon response. There was also a significant
overlap in gene signatures between the laboratory mice with neonatal PBMCs, with significant
enrichment of a naive lymphocyte signature in both groups. The pet store mice and laboratory
mice cohoused with pet store mice had reduced bacterial and parasite burden when chal-
lenged with L. monocytogenes and Plasmodium berghei, respectively, and increased effector
CD8* T-cell response to lymphocytic choriomeningitis virus challenge [2]. These data suggest
that mice with diverse environmental exposures have more mature immune responses, similar
to human adults, whereas laboratory mice have immature or neonate-like immune systems.
These data also imply that transmissible pathogen(s), rather than age alone, may influence the
maturity of the immune system.

Another study directly tested whether pathogen exposure changes the basal state of the
immune system. Barrier-raised mice were sequentially infected with three chronic pathogens
and one acute pathogen (co-infected), and were compared with age-matched mice that did
not receive any pathogen infections (mock infected) [1]. Gene expression of PBMCs identified
markedly different expression profiles in the previously co-infected versus mock-infected
mice. The co-infected PBMCs were enriched in interferon response and effector and memory
lymphocyte pathways, while the mock-infected PBMCs were enriched in naive lymphocyte
pathways. When the co-infected and mock mice were challenged with the vaccine strain of
yellow fever virus (YFV-17D), the co-infected mice made fewer antibodies to yellow fever virus,
indicating that altered baseline immune activation changed response to vaccination. Com-
parison of the gene expression data with data from human cord PBMCs and adult PBMCs
[562] revealed that pathways related to type | interferon response in the co-infected gene
signature were enriched in the maternal adult blood gene signature. By contrast, the naive
lymphocyte signature in mock-infected PBMCs was enriched in the human cord blood [1].
These data indicate that diverse microbial exposure alters both innate and adaptive immune
pathways, and possibly matures immune responses. Moreover, comparison of the co-
infected and mock gene signatures with the pet store and laboratory signatures from the
Beura et al. [1] study identified significant overlap between the co-infected mice and the pet
store mice. Taken together, these data suggest that infecting laboratory mice with multiple
pathogens recapitulates the microbial exposure and immune response found in pet store
mice.
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These studies suggest that age alone does not define maturity of the immune system. Both
studies indicate that laboratory mice have immune systems more similar to neonatal humans,
with lower innate immune activation and more naive lymphocytes. By contrast, mice with
diverse microbial exposure have enhanced interferon and effector/memory lymphocyte sig-
natures that are more similar to adult humans. Further studies will be required to fully define
what ‘mature’ and ‘immature’ is for the immune system, and whether it is a continuum or
discrete state. However, both studies implicate innate and adaptive immune changes as being
important. These studies have implications for how we think about mouse husbandry in
laboratories and modeling human disease.

What Is the Normal Microflora of a Mouse?

With the expansion of mouse research there has been a push to make mouse facilities cleaner.
We have eliminated many of the pathogens commonly found in laboratory animals and wild
rodents. Through sentinel monitoring, mouse rooms are tested routinely for a variety of viral,
bacterial, and parasitic pathogens. The pathogens that are routinely monitored depend on the
facility and the room. A subset of these pathogens is summarized in Table 1. The impetus
behind this is a desire to eliminate variables that confound results. Importantly, many of the
immunodeficient strains generated are susceptible to the eliminated pathogens; therefore,
eliminating them enhances survival of immunodeficient mice.

There is significant anecdotal and experimental evidence that particular mouse pathogens that
‘contaminate’ mouse research colonies alter disease phenotypes (Table 1). In some cases,
phenotypes disappear when colonies are positive for particular pathogens. An example of this
is the nonobese diabetic mouse model for type | diabetes. When these mice are bred in SPF
conditions the incidence of diabetes is high, whereas when mice are bred in conventional
facilities the incidence is low or absent [53,54]. Moreover, infection of nonobese diabetic mice
with individual viruses, bacteria, and parasites reduced the incidence of diabetes [54]. By
contrast, researchers at various institutions have noticed that phenotypes are altered when
mouse colonies are rederived into cleaner facilities [28]. However, it is notable that many of
these ‘contaminating’ pathogens are actually normal pathogens that are present in wild mice
[65,56]. In many cases, immunocompetent mice have subclinical infections without significant
pathology. These pathogens likely represent components of the mouse microbiome, and may
influence many aspects of mouse physiology in important ways.

There is experimental evidence that these eliminated pathogens have profound effects on the
immune system. Pinworms, for example, are monitored in mouse colonies, because they
strongly alter mouse immune systems. Experimental infections with pinworms led to
increased lymphoma development in nude mice, enhanced autoimmune disease in neonatal
mice given self-peptide, and altered allergic phenotype of mice given oral antigens [57-59].
Enterotropic strains of murine hepatitis virus cause asymptomatic infections in most immu-
nocompetent mice. However, infected mice can have increased epithelial lysis and atrophy of
villi in the small intestines and colon [60]. Murine hepatitis virus infections also promoted
thymic variations, changed T-cell proliferation and cytokine production, altered disease in
autoimmune models, and increased resistance to Salmonella typhimurium [61-69]. Murine
cytomegalovirus (MCMV) is a beta-herpesvirus commonly found in wild mice, but has been
eliminated from many laboratory mouse colonies [55,56]. Mice with latent MCMV infection
were protected from lethal doses of the L. monocytogenes and Yersinia pestis [33]. Moreover,
latent MCMV infection led to a decrease in the naive T-cell pool, an increase in effector
memory CD8" T cells, and a decrease in CD8"* T-cell response to influenza virus, herpes
simplex virus, and West Nile virus challenge [70-72]. Together, these data suggest that this
persistent virus commonly found in wild mice changes immune responses to unrelated
pathogens.
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Table 1. Examples of Organisms Excluded from Mouse Colonies and Their Impact on the Mouse Immune

System
Monitored organisms

Viruses

Lactic dehydrogenase
elevating virus

Lymphocytic
choriomeningitis
virus

Mouse
cytomegalovirus

Mouse hepatitis
virus

Mouse parvoviruses

Bacteria

Helicobacter sp.®

Parasites

Pinworms

Helminths and
other roundworms

Impact on mouse experiments

Reduced the development of autoimmune diseases in
susceptible mice

Impaired host resistance to bacterial infection

Suppressed protective immune responses against nematode
infection

Impaired control of Leishmania major infection

Chronic infection-induced splenic atrophy leading to decreased
vaccine response

Enhanced susceptibility to bacterial infection

Reduced immune response to secondary viral infection
Enhanced tumor susceptibility in immunocompetent mice
Improved control of subsequent retrovirus infection

Immune aging and impaired CD8 response to virus and bacterial
superinfection

Altered host resistance to bacterial/fungal infections
Attenuated disease course of murine multiple sclerosis

Induced autoimmune diseases including myocarditis and
Sjogren’s syndrome in susceptible mice

Induced pulmonary fibrosis in mouse model of sepsis
Increased resistance to Salmonella typhimurium infection
Changed incidence of autoimmune diseases

Altered thymus and T cells

Inhibited tumorigenesis induced by oncogenic viruses and
chemical carcinogens

Altered hematopoiesis

Impaired oral tolerance
Enhanced gallstone formation
Enhanced colitis

Increased hepatitis and hepatic tumors

Enhanced Th2 responses and autoimmune disease in neonatal
mice

Induced lymphoma in athymic mice
Exacerbated allergic reaction to ovalbumin

Altered antiviral immunity

Altered bacterial clearance and inflammation
Altered intestinal microbiota diversity
Decreased protective efficacy of vaccines

Protected mice from autoimmune inflammation and disease

#0nly monitored and excluded from the highest-level barrier facilities.
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A recent study identified a novel protist in mouse intestines that induced gut inflammation
without tissue damage [73]. This parasite was found in multiple animal facilities, but was absent
from mice procured from Jackson Laboratories. Significantly, colonization with this protist
protected mice from S. typhimurium infection. However, colonization exacerbated inflamma-
tion in a colitis model, and increased tumor burden in a colonic tumor model [73]. This work
highlights the often-underappreciated role eukaryotic microbes, termed the eukaryome [74],
play in the microbiome and host physiology. It also demonstrates that there are probably many
species of viruses, bacteria, and parasites that contribute to heath and disease we have yet to
identify in humans and mice.

Perspective

If we accept that humans and mice have some level of ongoing infection from a variety of
pathogens and commensals, then should we change the way we model disease in mice? We
think the answer to this is yes. We described just a few of the examples of mouse ‘pathogens’
that regularly infect wild mice. Given the prevalence of many of these organisms in wild mice,
and the fact that they often do not cause disease in immunocompetent mice, these mouse
‘pathogens’ may be more accurately classified as ‘pathobionts’. Moreover, they likely represent
a major selective force in the evolution of the mouse immune system, much like infectious
diseases in humans. To be clear, we do not propose the end of SPF husbandry or barrier
facilities. However, it is evident that the basal state of the immune system is changed by chronic
and acute infections, and so far we have limited understanding about how these changes
influence immune responses to secondary challenges. To obtain a better grasp of this, we need
more research into the mechanisms underlying these phenomena, both prior to and after
secondary challenge.

To determine the effects of bystander infections on the immune system, disease models and
therapeutics should be assessed after controlled reintroduction of pathogens into laboratory
mice (Figure 2). Primary screens are still needed in SPF mice, where pathogen exposure and
microbiome alterations are monitored and controlled. Appropriate reporting and documenta-
tion of all experimental conditions are essential for reproducibility across institutions and
laboratories [7]. After the primary screen, a secondary screen can be performed where
SPF mice are made ‘dirty’ by exposure to bystander pathogens prior to testing the disease
model, vaccine, or therapeutic. The choice of bystander infections is still open for debate.

Primary screen - SPF Figure 2. Proposed Experimental
Control Design to Test the Effect of Bystan-
der Infection on Disease Models in
. Mice. Primary screens for the effect of
§j mdel mutations in mice should be performed in
Mutant > Pathogen challenge smlar cond|lt|ons culrrently used, with
Vaccine response mice brgql in specific pathogen-free
U Test therapeutic (SPF) facilities that are tested free from
defined pathogens. Following this primary
screen, additional secondary screens are
Secondary screen - introduce bystander infection needed. As part of a secondary screen,
Control SPF mice should be exposed to patho-
gens prior to modeling diseases or testing
w e Phenotype: new treatments. Altered systemic micro-
athogen Disease model biota can be achieved through reintro-
Mutant —>| exposure | > Pathogen challenge | duction of specific pathogens, moving
Vaccine response mice to conventional facilities, or cohous-

ﬁ Test therapeutic ing mice with pet store mice.
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Cohousing mice with pet store mice is one option. However, given the variable nature of pet
store mice, this may contribute to reproducibility issues, even if serology for a set of pathogens
is reported. In addition, laboratory mice cohoused with pet store mice may have increased
mortality upon exposure to pet store mice, thus necessitating larger cohorts of mice [2].
Another option is to define a group of pathogens for the secondary screen. This may include
chronic viruses, such as herpesviruses, bacteria, fungi, and/or parasites. Further work is
needed to define a reasonable set(s) of pathogens. These experiments may be best achieved
through collaboration with other labs with experience in polymicrobial infections.

Given the long-standing correlation between infection and autoimmunity, mouse models of
autoimmunity should be tested with and without bystander infections. For example, herpesvi-
ruses represent an important component of the systemic microbiome with a putative role in the
genes-plus-environment etiology of multiple autoimmune diseases [75-77]. The mouse model
of gammaherpesvirus infection has been shown to exacerbate experimental autoimmune
encephalomyelitis, resulting in disease that more closely resembles human multiple sclerosis
[78,79]. Herpesvirus infection in young children versus adolescents may have different con-
sequences for development of multiple sclerosis [76]. This suggests that timing of infection is
also an important variable, and that mouse models will be important for defining mechanism.
Moreover, herpesviruses are just one example of a virus that may have a role in modifying
autoimmune phenotypes. Many other pathogens, including helminths, bacteria, and other
viruses, may modify autoimmune disease in positive and negative ways [53].

Environmental factors, including the presence of bystander infection and inflammation, may be
important modifiers of tumor progression that we currently fail to model in mice. More basic
research is needed to understand these putative effects. The low rate of translation of findings in
animal models to clinical trials for cancer therapeutics challenges us to assess the limitations of
animal models [9].

Concluding Remarks

If we consider the multifarious infection history of humans and compare it with the infection
history of laboratory mice, it is clear that the ultra-hygienic environment of experimental mice
does not recapitulate the environmental exposures of humans. Work from multiple groups now
indicates that infection history changes the mouse immune system, and alters the way in which
it responds to challenges. Moreover, increasing a mouse’s infection exposure may enhance
correlation between mouse and adult human immune responses. This approach combined
with new efforts to overcome species-specific difference by humanizing mice with genes and
cells from humans could lead to improved models for human disease [80,81] (see Outstanding
Questions).
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