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Abstract

The Collaborative Cross (CC) and the Diversity Outbred (DO) stock mouse panels are the most
powerful murine genetics tools available to the genetics community. Together, they combine the
strength of inbred animal models with the diversity of outbred populations. Using the 63 CC
strains or a panel of DO mice, each derived from the same 8 parental mouse strains, researchers
can map genetic contributions to exceptionally complex immunological and infectious disease
traits that would require far greater powering if performed by genome-wide association studies
(GWAS) in human populations. These tools allow genes to be studied in heterozygous and
homozygous states and provide a platform to study epistasis between interacting loci. Most
importantly, once a quantitative phenotype is investigated and quantitative trait loci are identified,
confirmatory genetic studies can be performed, which is often problematic using the GWAS
approach. In addition, novel stable mouse models for immune phenotypes are often derived from
studies utilizing the DO and CC mice that can serve as stronger model systems than existing

ones in the field. The CC/DO systems have contributed to the fields of cancer immunology,
autoimmunity, vaccinology, infectious disease, allergy, tissue rejection, and tolerance but have thus
far been greatly underutilized. In this article, we present a recent review of the field and point out
key areas of immunology that are ripe for further investigation and awaiting new CC/DQO research
projects. We also highlight some of the strong computational tools that have been developed

for analyzing CC/DO genetic and phenotypic data. Additionally, we have formed a centralized
community on the CyVerse infrastructure where immunogeneticists can utilize those software
tools, collaborate with groups across the world, and expand the use of the CC and DO systems for
investigating immunogenetic phenomena.
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INTRODUCTION

Variation is the blessing and bane of every population geneticist’s existence. Genomic
variation within a population is the underlying mechanism that leads to differential genetic
phenotypes, and yet the extent of genetic variation within the population is a daunting
barrier when studying genetic traits in humans. Genetic researchers must choose their
genetic models by balancing between the feasibility of genetically homogeneous populations
and highly variable human populations. If a trait exists in low diversity populations, it can
be mapped with reasonable numbers of study subjects, but limited diversity populations
also lack relevant traits to study. Although highly variable human populations contain
highly relevant traits, powering is often insufficient to yield causal variants with confidence.
Strategies to facilitate mapping of traits have focused on attempts to limit genetic diversity
within study populations: adopting multigenerational human family and twin studies;

the study of consanguineous human populations; the adoption of model genetic systems
(Drosophila, C elegans, Saccharomyces budding and fission yeast, bacterial and plant
models); and inbred mouse models. Mapping traits in model organisms is facilitated by
allowing researchers to control the environment of study subjects, to focus on small readily
editable genomes, and to reap the cost benefits and fast progress afforded by short life
cycles.

Mice are one of the most widely used species for biomedical research worldwide, with
inbred BALB/c and C57BL/6 mice being two of the most utilized strains (Festing, 2014;
Taylor & Alvarez, 2019). The development of inbred strains of mice pioneered by Clarence
Little allowed reproducible analysis of /in vivo traits for the first time due to the strain
genetic homogeneity. This allowed an unlimited number of subjects that were essentially
identical twins. The production of multiple independent inbred strains gives the ability to
confirm the heritability of complex traits like disease susceptibility (Anderson & Bluestone,
2005; Little & Tyzzer, 1916). These analyses revealed many single genes with large
phenotypic effects such as the endogenous germ line—encoded AKV-1 locus in AKR mice
(Chattopadhyay, Rowe, Teich, & Lowy, 1975). Inbred strain information is also cumulative;
once the existence of a trait in a strain is noted, it remains constant. Thus, the information
accumulates over time with additional investigations.

The strength of inbred strains is also their weakness; any strain only samples a small part of
the genetic repertoire of the species and thus limits the number of traits that can be studied at
one time. During inbred model development, virtually all loci become homozygous, creating
genetically identical mice. The inbreeding process could potentially lead to the selection

of genetic backgrounds that are convenient for laboratory use, with favorable breeding and
behavior characteristics, at the expense of traits that increase fitness in the wild population
(Miller et al., 1999). Several studies have discussed the drawbacks of utilizing inbred mice,
particularly if it is only one strain and more generally, the “dogmatic standardization” of
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animal-based biomedical research (Miller, 2016; Saul, Philip, Reinholdt, Center for Systems
Neurogenetics of Addiction, & Chesler, 2019; Tuttle, Philip, Chesler, & Mogil, 2018; Voelkl
et al., 2020).

Meanwhile, in human genetics, where formal genetic analysis is difficult, population-based
tools such as genome-wide association studies (GWAS) were developed. These can infer
association with a gene (or a single nucleotide polymorphism with a trait in a population).
However, there are limitations to these analyses as well. When studying genetics in outbred
human communities, researchers lack the level of experimental control that is present

when studying genetic model systems. In addition, the extensive variation present when
studying genetic traits in outbred human populations requires the recruitment of so many
study subjects that most research groups lack the funds and infrastructure to research the
genetic causes of complex traits. Human GWAS, now being powered at over a million study
subjects, are outside the reach of only the largest research consortia (Jansen et al., 2019; Lee
et al., 2018). Unlike formal genetics where co-segregation of a marker and a trait can be
followed through generations, GWAS at best involve hypothesis generation.

To improve the rigor, reproducibility, translational success of animal research, and better
investigate complex traits, the use of mouse models that allow for implementation of
controlled heterogenization containing the breadth of mouse genetic diversity should be
considered. The difficulty in the identification of quantitative trait loci by conventional
genetics spurred efforts to develop new methods to address the problem (Churchill et

al., 2004). To meet this need, a panel of recombinant inbred mice, the Collaborative

Cross (CC), and a genetically heterogeneous outbred stock, the Diversity Outbred (DO),
were created from eight inbred laboratory founder strains. The eight founder strains, A/J,
C57BL/6J, 129S1/SvimJ, NOD, ShiLtJ, NZO/HILtJ, CAST/EiJ, PWK/PhJ, and WSB/EiJ,
encompass 37.8 million single nucleotide polymorphisms (SNPs) and 6.9 million insertions/
deletions and structural variants, making them an incredibly powerful tool for investigation
of complex traits and examining genotype-phenotype interactions (Keane et al., 2011; Saul
etal., 2019). The CC and DO founders are fully sequenced and paired with the computation
tools needed to map traits without sequencing a single nucleotide. The CC and DO mice
represent the ideal experimental balance between genetic homogeneity and variability.

Conceptually, utilizing the CC and DO is equivalent to performing GWAS in which common
variants are used to identify genes associated with a trait (phenotype) of interest within a
particular genomic region. Humans have a large number (~85 million) of SNPs, and mice
are known to have about half of this number. A major advantage of both the CC and the DO
models is that the genomes of the parental founder strains have been sequenced and all the
SNPs (except de novo mutations) among the founder strains have been identified. Originally,
the goal of the CC project was to produce a set of 1000 strains (Collaborative Cross
Consortium, 2012); however, challenges with full inbreeding and reproductive capacity have
limited this to 63 finished CC lines. Regardless, these genetic models have been able to
attack two classes of questions not accessible with GWAS. The first is the ability to replicate
a genotype with only homozygous effects with multiple complexes having known genetic
backgrounds. The second is the potential to identify interacting genes, which can be attacked
using crosses between two different CC stains selected for shared haplotypes, allowing one
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region to remain homozygous while introducing heterozygosity to much of the remainder of
the genome. Although GWAS can quantify genetic contributions to a complex phenotype,
replication is difficult. Further, although many alleles have been identified by GWAS that
contribute to a phenotype, most have not proven useful due to either a low frequency or
relatively small contribution to the phenotype. Two clear examples are type 1 diabetes and
Ankylosing spondylitis, where only MHC association has produced actionable information
on risk, which was already identified by conventional means. Although this review describes
many different and creative uses of the CC and DO populations, the basic roadmap in Figure
1 demonstrates a common theme that many of the studies follow to discover novel genetic
influences on complex traits and the creation of new disease models.

In this review, we will briefly describe the history of the CC and DO mice and set out some
of the contributions these models have made to our understanding of the immune system,
focusing on four areas summarized in Table 1, namely allergy, autoimmunity, cancer, and
infectious disease. Finally, we will describe the overall methodology on how to apply these
mouse strains to immunological problems, focusing on the informatics and quantitative trait
locus (QTL) mapping. We will not discuss the rapidly growing literature on using these mice
in toxicology and pharmacogenetics, where they have already been extraordinarily useful.

ORIGINS OF CC AND DO MICE

The CC and DO mice stem from the same origin. Geneticists have struggled to map genes in
relatively slow-reproducing eukaryotic species. Since the early days of Morgan’s fly house,
the identification of recombination between genes located on the same chromosome by gene
mapping has been a priority. The long mammalian generation time and the difficulty in
obtaining wide genetic diversity have hobbled mouse genetics in particular. Both the CC and
DO models can ameliorate that problem. CC mice are based on the same fundamental
concept of traditional recombinant inbred strains. This idea is not new; much of the
theoretical groundwork was laid out by Haldane and Waddington (1931). The mathematics
of the consequence of inbreeding on recombination and allele fixation provides a critical
understanding of the genetics of recombinant inbred lines.

Surprisingly, it took the conflation of two things to allow the idea of the CC and DO models
to reach fruition. The first was the establishment and success of the Jackson Laboratory
(Jax), now the center of mouse genetics. Spurred on by its founder Little (inbred mice) and
pushed by Snell (congenic mice), Jax provided a place where long-term mouse experiments
could be pursued. The gold standard for inbreeding is 20 generations, which requires at
least 6 years with conventional mouse breeding. When starting from outbred animals that
carry many deleterious alleles, many incipient lines become extinct after a few generations
of inbreeding. Thus, an institution with both the commitment and facilities for large-scale
classical mouse genetics is required. Second, someone has to think of performing the
experiment to produce the lines. Don Bailey at Jax achieved this. He produced a panel

of recombinant inbred lines made between C57BL/6 and BALB/c. When analyzing the
modest number of coat-color genes, the most interesting finding for immunologists was the
identification of many minor histocompatibility loci that were instrumental in understanding
MHC restriction (Bailey, 1971). A major advantage of Rl lines is that the information is
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permanent and cumulative, unlike F2 mice where each mouse is unique and ephemeral.
Each new trait tested adds to the power of the mapping in the RI panel, as each strain can
be repeatedly tested for new traits. Because RI lines and CC mice remain heterozygous

for several generations, this allows recombination between genetic marks multiple times.
These multiple opportunities for detectable recombination result in separation of relatively
closely linked genes and provide a much-improved resolution. The outcome of this is an
approximately 4-fold expansion of the measured map distance. Two loci that might be
mapped as only 5 cm apart (separated in only 5 of 100 F2 progenies tested) would increase
to 20 cm or one-fifth in the resulting RI strains.

Ben Taylor joined the Jackson Lab and realized the power of RI lines. He began

developing a variety of different sets of RI strains, with different parental lines to

take advantage of the known genetic diversity among inbred strains. This resulted

in the development of more than a dozen RI strain pairs. Currently, there are

412 Rl lines available from Jax including 56 from the CC [https://mice.jax.org/?
linkbuilder=1&stock Type=Recombinant%20Inbred%20(RI). PubMed lists more than 60,000
references related to Rl mice. Clearly, this was a good idea, as noted by Silver (1995).

How are RI lines used? Most simply stated, the pattern of phenotypes among RI lines is
compared to known alleles (or SNPs). In other words, any genetic loci where the parental
strains differ can be used to probe the locations of the genes encoding them. In principle,
any trait where the two parents differ can be mapped to a specific chromosome. This

is accomplished by comparing the phenotype of each of the RI strains with the parental
phenotype. As is the case with the parents, the RI strains are new inbred strains, but all their
genes must come from one or the other parental strain. For simple sets, like the original
Bailey CXB lines (of which there are only 9), by inspection, one can compare the phenotype
of the trait in question with all other mapped traits. If the pattern is identical to a known trait,
then the assumption is that the genes are linked. With a small set of strains, the sweep length
(defined as the distance from the known locus) is relatively large; however, using larger sets,
the sweep grows smaller, although chance matches remain possible with small strain sets.
Indeed, even the distance can be estimated using strains with known recombination points.
Currently, most of the existing two-parent RI panels have been extensively genotyped using
high-density SNP chips and the recombination points are well defined on each chromosome.
Presumed linkage can be further confirmed using consomic mouse strains, as well as by
predicting phenotypes of other RI strains from independent panels.

A major limitation of conventional Rl models is that the trait of interest must differ between
the two parental strains of the RI lines. Many traits cannot be mapped because they do not
differ between relevant parental inbred strains. Further, the existing RI panels are derived
from relatively closely related strains, and thus the polymorphisms among them are limited.
Nearly 20 years ago, a group of mouse geneticists led by Churchill and Threadgill (Churchill
et al., 2004) began working on establishing superior RI panels. Here, they envisioned not
two but eight parental strains that were not limited to common inbred mice; however, they
proposed including strains derived from wild mice of other Mus subspecies. These additions
resulted in the ability to capture more than 95% of the natural genetic variation in mice.

It is important to stress that this strategy does not allow recessive lethal or sterile alleles,
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as all input mice are fertile and viable. This approach allows sampling of a much larger

area of the mouse genome. The initial plan was to produce 1000 CC strains. However,

the appetite for the strains was much larger than the ability to produce them, even with

the job distributed over several sites and continents (Asia, North America, and Australia).
Difficulties with inbreeding and incompatibilities among the parental strains ultimately

led to a much smaller panel. Currently, only 63 strains have made it to completion and

are distributed by UNC and Jackson Labs (see: http://www.cshio.unc.edu/Ccstatus/index.py?
run=AvailableLines.information).

The advent of rapid low-cost sequencing led the Cambridge mouse genetics group (https://
www.sanger.ac.uk/data/mouse-genomes-project/) to provide nearly complete whole-genome
sequencing of the eight progenitor strains of the CC. This sequence analysis allowed
accurate design of high-density SNP chips (initially by the original mouse universal
genotyping array, or MUGA, which contained approximately 10,000 SNPs, but denser

now with the GigaMUGA containing 143,259 genetic markers) allowing the assignment of
blocks of parental DNA (haplotype maps) in each of the CC strains. Thus, in any CC line,
it is possible to assign the origin of each segment of a chromosome to a parent. Like the
smaller, simpler RI strain sets, it is the pattern of the phenotypes seen that provides the
information. Obviously, this works best with all-or-none phenotypes; however, the major
advancement was the ability to map quantitative differences. These QTL are much more
challenging to map in a conventional setting, requiring large F2 panels from multiple
crosses. R/qtl, an important tool, and R/qtl2, its successor, provide a straightforward way
to map such quantitative variations (Broman et al., 2019; Broman, Wu, Sen, & Churchill,
2003). These tools are the basis for much of the current utility of the CC and DO models,
and the process for conducting genetic linkage analysis with this software will be discussed
below.

A limitation of the CC lines is the confined number of genotypes that can be interrogated
due to the relatively few strains completed. This is further complicated by the fact that all
combinations of alleles tested must be non-lethal and allow fertility. As the CC developed,
many of the same investigators who conceptualized the CC realized that a complementary
approach was needed, namely the DO stock (Svenson et al., 2012). These mice are
essentially a mirror image of the CC mice. Although derived from the same eight strains
by a series of F1 crosses like the initiation of the CC mice, continued outbreeding produces
unique individual mice, each with a different genotype. The DO model allows for the
interrogation of combinations of alleles not present in the CC mice. These mice can be
readily phenotyped in relatively large numbers. The principal disadvantage is that unlike
CC mice, each DO mouse is genetically unique; therefore, analyzing replicates of each DO
genotype is not possible. Additionally, each mouse must be individually genotyped using
a large SNP array such as the GigaMUGA.. Fortunately, for the genetics community, the
software (R/qtl2) that allows analysis of the CC mice also facilitates analysis of the DO
mice.
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USING CC MICE TO DESCRIBE NATURAL VARIATION OF IMMUNE
PARAMETERS AMONG STRAINS

Allergy

The CC mice have been used to probe relatively complex normal phenotypes. There is
substantial variability among the CC/DO founders in the basal levels of baseline immune
cell percentages and quantities (Collin, Balmer, Morahan, & Lesage, 2019; Phillippi et al.,
2014). In pre-CC mice, phenotypic differences in the immune cell subset were even more
diverse than in the parental strains (Phillippi et al., 2014). Wide ranges in the abundance of
splenic T, B, NK, and myeloid populations were detected among strains. Such diversity has
long been observed in F2 populations, where individual F2 mice often have more extreme
phenotypes than either parent. Intercrossing CC strains results in further immune cell
diversity, which is evident in the high variation of T cell subset percentages and differential
expression of activation markers and cytokines (Graham et al., 2017). The development
and functionality of NK cells were also further investigated in a panel of established CC
lines (Dupont et al., 2021). Variation in NK cell numbers, differentiation mechanisms, and
functional capacity were observed between CC strains. Genomic loci associated with these
phenotypes were identified. Collectively, these studies support the use of CC models to
evaluate mechanisms of immune function in different disease contexts.

The DO and CC populations have been emerging as useful tools for gene discovery and
model development in response to potential allergens. Matsushita et al. (2021) provide a
template on how to proceed from phenotype to specific causal gene discovery. The authors
investigated mast cell trafficking/function and IgE response, utilizing a screen of 47 CC
mouse strains for passive cutaneous anaphylaxis, Strongyloides venezuelensis expulsion,
and the corresponding IgE response then a single analysis was used to connect the three
related phenotypes. All three phenotypes were correlated, suggesting a shared mechanism,
and QTL effects were analyzed for each phenotype to identify shared peaks. This approach
improves the rigor of analysis, focusing on QTL peaks that are shared across related
mechanisms of interest. The authors confirm that their major significant peak is present

in each of the independent genome scans, and critically, they show that the strain effects
are shared across phenotypes. QTL effects allow for quick informatic identification of the
unique strain-specific SNPs within the locus without the need for comprehensive whole-
genome sequencing. They identified SNPs within the Sp140 gene that result in differential
expression and RNA splicing in the gene, which contribute to CC strain susceptibility

to IgE-mediated allergen response and S. venezuelensis expulsion. Sp140 has previously
been shown to be involved in immune functions related to autoimmunity and response to
infection, further supporting their results (Ji et al., 2021; Karaky et al., 2018).

The genetics of food allergies have remained poorly understood, beyond a requirement for
IgE responses. The CC mice have provided an entrée into the potential mechanisms. Among
47 CC strains tested for development of IgE response induction and passive cutaneous
anaphylaxis mentioned above, CC027 showed the most extreme allergy phenotype for both
readouts; this is corroborated by additional studies on food allergy susceptibility (Orgel

et al., 2019; Smeekens, Orgel, Kesselring, Bagley, & Kulis, 2020). A screen of 16 CC
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strains identified CC027 as the only strain that reproducibly developed an oral allergy to
peanuts, further showing that this strain exhibits a Th2-skewed immune response (Orgel

et al., 2019). Interestingly, FcRe (CD23) expression has been suggested to regulate IgE
production and lower overall circulating levels of IgE by sequestering IgE via cell surface
binding (Ford, Sturgill, & Conrad, 2009). Analysis of CD23 in CC and parental mice
showed that IgE levels could be dissociated, suggesting that IgE levels may be regulated by
a different mechanism (Phillippi et al., 2014). Additionally, a published abstract from Todd
et al. (2020) investigated Th2-associated cytokine response and group 2 innate lymphoid cell
(ILC2) recruitment to the lungs after Alfernaria extract exposure in 44 CC strains and 6 of
the parental lines. Differential immune activity was reported among CC strains, including
IL-5, IL-13, and TSLP expression levels. However, there was no observed correlation
between thymic stromal lymphopoietin and I1L-5/IL-13. From this, they concluded that
TSLP expression is not a primary driver of Th2 cytokine production, which had been
suggested previously (Soumelis & Liu, 2004; Soumelis et al., 2002).

These studies highlight the consistency of CC mouse models, expanding the potential
application of these discovered models to address new questions, collectively emphasizing
the cumulative nature of information discovered in CC mice. Even without utilizing the
developed tools to determine contributing loci, CC screens can be useful to identify extreme
ends of response. For instance, knowledge of Thl versus Th2 immune dominance may be
useful in other settings, such as vaccine development, where one can consider leveraging
the published CC models to maximize the broad response range expected in the human
population.

Autoimmunity and Inflammatory Disease

The CC and DO mice are an ideal model for the study of autoimmune diseases, which have
numerous known genetic susceptibilities (Richard-Miceli & Criswell, 2012). To date, the
most prominent discovered genomic regions that associate with disease onset and severity
are within MHC [either human leukocyte antigen (HLA) or mouse (H2) loci] (Matzaraki,
Kumar, Wijmenga, & Zhernakova, 2017). Most of the autoimmune disease-associated MHC
genes have a large influence on phenotypes, and they were discovered without the necessity
of complex genetic tools.

Mouse models of autoimmune conditions can vary in their design. Disease can be induced
by delivery of an external stimulus, use of genetic models that are fully penetrant, or a
combination of heritable susceptibility with a mode of induction. What these models have
clearly shown is that genetic background plays a dominant role in autoimmunity onset,

and some strains require more manipulation than others to induce autoimmune disease. For
example, C57BL/6 mice require multiple manipulations to break self-tolerance compared to
single manipulations in BALB/c mice (Peeva, Gonzalez, Hicks, & Diamond, 2006; Peeva
et al., 2003). This is compared to the NOD strain that spontaneously develops autoimmune
diabetes (Anderson & Bluestone, 2005). Both C57BL/6 and NOD are founders in the

DO and CC models and provide an excellent setting for recombination and isolation of
susceptibility loci.
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Despite their potential for investigating complex traits with genetic influence, to date, there
have been limited studies on autoimmunity in the DO and CC mouse models. DO mice
have been used to characterize silicosis and silica-induced autoimmunity (Mayeux et al.,
2018). The DO mice in this study show a diverse response to the silicosis challenge, in both
silicosis pathology within the lungs and subsequent autoimmune development evidenced
by glomerulonephritis and auto-antibodies. Interestingly, the authors note that non-silica—
exposed mice show a high prevalence of anti-nuclear antibodies (ANA), a common feature
of multiple autoimmune diseases including lupus and Sjogren’s syndrome, but no other
associated markers of autoimmunity were detected in naive mice. The authors suggest that
baseline elevation of ANA levels could be due to the prevalence of lupus susceptibility

loci within some of the DO founder strains (C57BL/6, NOD, 129S1). This is consistent
with the human population in which a significant portion will have positive ANA without
disease (Satoh et al., 2012). However, despite the impressive work presented in this paper,
the authors did not report loci or alleles governing susceptibility to either silicosis or silica-
induced autoimmunity. This leaves the field open for future researchers to utilize the high
phenotypic variation of the DO model to discover genetic loci involved in environmentally
induced autoimmunity.

Without the need for large CC or DO screens, CC strains can also be individually
investigated as models for autoimmune and inflammation-mediated diseases. During
development of the CC strains, it was noted that CC011 was particularly prone to rectal
prolapse, and upon necropsy, these mice consistently exhibited signs of colitis. Rogala et al.
(2014) established the CCO011 strain as a spontaneous colitis mouse model. By backcrossing
CCO011 with C57BL/6J, they performed high-density SNP mapping using the MegaMUGA
genotyping array and identified four susceptibility loci that contributed to the severity of
colitis. Interestingly, their analysis also showed that regions of residual heterozygosity in the
CCO011 strain have a variable impact on the phenotype, which is an important consideration
when using CC models.

Screening of CC strains without QTL analysis has also been conducted for nonatopic asthma
models. Two recent papers have shown strain-dependent response to O3 (Smith et al., 2021;
Tovar et al., 2022). The authors then identified CC003 and CC039 as particularly susceptible
to developing an inflammatory response to O3 compared to CC017. The authors performed
ATAC-seq and RNA-seq on alveolar macrophages from CC017 and CC003 both pre- and
post-O3 exposure and identified 80 genes with basal differences in chromatin accessibility
correlated with expression of genes upon O3 exposure. This work highlights that CC strains
can be used to tease out gene-environment interactions that depend on genetic background.

Overall, the CC and DO mouse populations have great unrealized potential for the study

of autoimmune disease and could be a boon for discovering novel susceptibility loci

and related genes/pathways, model development, and development and evaluation of new
therapeutic interventions. There is a rich history of recombinant inbred mouse model use for
autoimmunity (Vyse & Todd, 1996), and the expanded genetics of the CC and DO models
may be useful in locus identification and causal gene discovery.
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The use of the DO and CC models has been expanding in the fields of cancer development,
metastasis, and tumor immunology. Winter et al. (2017) describe a comprehensive study

to examine host intrinsic genes that contribute to prostate cancer metastasis. Though the
authors did not perform any evaluation of the immune compartment directly, they did lay
out a roadmap of how DOF1 models can be utilized for cancer studies. After crossing

DO mice with TRAMP mice to obtain a spontaneous prostate cancer model, they used

QTL analysis to look for associations with metastasis in 493 DOF1 mice. Although they
were unable to identify putative causal non-synonymous SNPs, they were able to utilize
expression QTL (eQTL) mapping after performing RNAseq on 195 randomly selected
tumors. Utilizing eQTL mapping, the authors identified multiple genes located within
metastasis-associated genomic loci that had dysregulated expression. The eQTL results were
supported with patient data showing a correlation of prostate cancer gene expression and
patient outcome. Finally, the authors validated two of these genes (RWD Domain Containing
4 and Centromere Protein U), showing that their over-expression within prostate cancer cell
lines enhanced their metastatic potential.

Immune-regulated development of spontaneous tumorigenesis has also been observed in

a CC mouse screen. Wang et al. (2019) performed a screen for spontaneous tumor
development in 18 CC lines. The authors found that of these lines, only five remained
completely tumor-free over the study period of ~400 days (011, 026, 042, 051, 061). Most
interestingly, three CC lines (013, 041, 036) showed a greater than 50% prevalence of
spontaneous tumor generation, with thymic or splenic lymphomas being the most common
among them and CCO036 developing tumors in 100% of mice. The CC036 line also
developed gastric tumors in ~40% of mice, with females exhibiting a higher frequency
than males. The authors performed QTL analysis using gastric tumor frequency as the
phenotype and conducted RNAseq on collected tumors. The QTL analysis indicated a locus
on chromosome 3 that likely involves the NfxB gene. RNAseq and IHC on collected tumor
tissue highlighted dysregulation of inflammation, particularly in CC036 mice, supporting
NfxB as a driver of gastric tumor formation.

Genetic modifiers of polyp formation have also been similarly probed. To examine modifiers
of polyp formation in a mouse Familial Adenomatous Polyposis model (Dorman et al.,
2021), 49 CC lines were crossed to C57BL/6J-ApcMin/+. A large variation in polyp
formation was seen among CC crosses as opposed to consistent detection within each

strain. QTL mapping was performed using the polyp count in three regions of the small
intestine and colon. Candidate genes were identified using QTL regions and the integrative
multi-omics tools BiolnfoMiner and Merge analysis.

A recent paper also describes the creation of a CCF1 model to study host regulation of
immune response in a mesothelioma model. In this paper, the authors describe the creation
of the model by crossing the CC lines with the MexTAg transgenic mouse, which develops
mesothelioma upon asbestos exposure (Robinson et al., 2006). With this model, the authors
aim to utilize genetic mapping and “omics” data to understand modifier genes influencing
immune response to asbestos-induced mesothelioma (Behrouzfar et al., 2021).
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F1 crosses with the DO model have also been employed to investigate mechanisms
regulating response to cancer therapeutics. DO mice have been crossed with human HER2-
transgenic mice to investigate germline loci influencing immune response to human HER?2
vaccines (Wei et al., 2020). Susceptibility loci contributing to vaccine-induced anti-HER2
antibody response were identified. A locus shared between HER2-specific total 1gG and
1gG1 suggested that NK cells are a fundamental component of HER2 vaccine response.

An additional study has also been recently published utilizing DOF1 and CCF1 crosses
with C57BL/6 mice to investigate the role of host genetics in therapeutic response

to immune checkpoint inhibitors using implanted C57BL/6-syngeneic B16F0 melanoma
tumors (Hackett et al., 2022). The use of a single tumor line is intended to limit tumor
heterogeneity in this approach. This study shows evidence of germline genetic regulation

of checkpoint inhibitor outcomes and multiple associated loci were identified, with further
focus on the most prominent locus in chromosome 13. CCF1 crosses were used to validate
the genetic drivers that were predicted based on QTL effects. This locus contains the murine
prolactin family, and induction of mild hyperprolactinemia in combination with checkpoint
inhibitors was shown to increase CD8 T cell infiltration in B16F0-bearing inbred C57BL/6
mice, which are resistant to checkpoint inhibitor therapy alone. The CCF1 models described
in this is study may also serve to recapitulate specific immunotherapy response phenotypes
with a syngeneic tumor.

Infectious Disease

The CC and DO mouse models have shown exceptional promise in identifying loci that
contribute to our understanding of the genetic regulation of the differential outcomes to
various infectious diseases caused by viral (influenza, SARS-CoV1, SARS-CoV2, Ebola,
Zika, West Nile, TMEYV, etc.), bacterial (Pseudomonas, Klebsiella pneumoniae, Salmonella
enterica Typhimurium), mycobacterial (TB), fungal (Aspergillus fumigatus, Blastomyces
dermatitidrs), prion, protist (Plasmodium chabaudi), or helminth parasitic pathogens (S.
venezuelensis) (Durrant et al., 2011; Graham et al., 2021; Green et al., 2016; Kamiya, Davis,
Greischar, Schneider, & Mideo, 2021; Kohn et al., 2022; Loré et al., 2020; Manet et al.,
2020; Matsushita et al., 2021; Noll et al., 2020; Perez Gomez et al., 2021; Price et al., 2020;
Schéfer et al., 2021; Smith et al., 2022; Vered, Durrant, Mott, & Iraqgi, 2014; Xiong et al.,
2014; Zhang et al., 2018).

The CC and DO panels have the potential to identify major genetic contributors to microbial
pathogenesis and resistance, regulators of microbial burden, and/or mechanisms involved in
host immune response. The use of the CC and DO mice to interrogate the genetic regulation
of infection has been reviewed multiple times (Abu Toamih Atamni, Nashef, & Iraqi, 2018;
Noll, Ferris, & Heise, 2019; Sarkar & Heise, 2019). Therefore, we will highlight applicable
strategies and particularly impactful outcomes that illustrate the power of the CC and DO
panels for modeling the variations seen in infectious phenotypes in the outbred human
population. In addition, we will outline select research performed with the CC/DO panels
in the interim since those reviews were published, and we will point out additional research
areas where we believe the CC and DO have been underutilized but could be leveraged to
gain new insight. Although the CC panel continues to be employed to study SARS-CoV2,
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due to its significant impact on global health, other infections have also been the focus

of recent CC research, including advances in the study of mCMYV, TMEYV, Borrelia, and
Pseudomonas, where each study has illustrated creative and useful applications of the CC
panel.

NOVEL MODELS FOR CC MICE

The memory NK response to mCMYV infection was examined by testing 34 CC lines
(Jensen, Martin, Tripathy, & Badovinac, 2022). B6 mice are difficult to use for induction of
memory NK responses because they have a high frequency of cells expressing LY49H, the
marker of memory NK cells. The authors screened for a CC strain that retained expression
of Ly49H at a high level but at a lower frequency, thus allowing the upregulation of

the number of memory NK cells to be effectively studied. They confirmed this following
mCMV infection, and thus a new effective model for the mechanistic study of NK memory
was produced.

A small study interrogated 12 inbred CC strains and 2 CCF1 crosses to investigate infection-
associated neurological impairment in Theiler’s murine encephalomyelitis virus (TMEV)
infection (Perez Gomez et al., 2021). Viral burden, neurological function (paralysis scaling
and postural analysis), and immune response (chemokine and cytokine production) were
measured, which identified CC005, CC017, and CC023 as novel models for studying the
genetic influences of infection-induced CNS manifestations. Even though these studies were
too small to provide any substantive genetic information, these new models may lay the
groundwork for an expansion in our knowledge of how viral infections can lead to CNS
disease in a genetic background-regulated manner. They also compensate for the lack of
CNS phenotypic diversity expressed in pre-existing inbred models of multiple sclerosis,
amyotrophic lateral sclerosis, and Parkinson’s disease.

The CC was also recently leveraged to generate a hovel small animal model for louse-
borne relapsing fever (LBRF), a disease reportedly restricted to humans with no known
immunocompetent animal models (Rogovskyy, Rogovska, Taylor, Wiener, & Threadgill,
2021). This understudied disease is a great burden to refugee populations throughout the
world, causing high mortality rates. LBRF, caused by the spirochete Borrelia recurrentis,
has no known animal reservoir and its vector, the human lice tick (Pediculus humanus),
has a limited or an exclusive human host range. Therefore, LBRF is considered a human
pathogen with no reasonable immunocompetent small animal model system, which limits
comprehensive investigation. By screening 11 CC mouse lines, the researchers discovered
that CC strain CC046 showed evidence of B. recurrentis spirochetemia for up to 3 days
after inoculation, and CC strain CC058 harbored low, variable levels of spirochete burden
for up to 10 days. F1 mice derived from a cross of the CC046 x CC058 lines yielded mice
with reproducible infectious loads for 10 days. These results were of sufficient duration for
them to detect initial IgM humoral responses to Borrelia. Therefore, the CC panel facilitated
the development of a mouse model that will facilitate vaccination studies and therapeutic
modalities pertaining to this poorly understood microbe.
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In a more classical use of the CC panel to map susceptibility loci, 39 of the CC mouse lines
were tested to identify loci that alter the severity of Pseudomonas aeruginosa respiratory
infection (Lore et al., 2020). Survival QTLs associated with the age of initial pseudomonas
infection were identified in Dpyd and S1prl, an observation made clinically relevant by the
presence of SNPs in cystic fibrosis (CF) patients within this extended locus. Identifying
genetic modifiers in CF patients using classical GWAS techniques has been hampered by
the large effect size of CFTR mutations that swamp the effect of modifier loci unless
unreasonably large cohorts are studied. This research highlights the strength of the CC
system to identify genetic modifiers of infectious phenotypes that cannot be effectively
interrogated with other genetic approaches (e.g., GWAS, simple 2 x 2 crosses). In another
example of this strength, Maurizio and colleagues used strategies to reveal the loci that have
modest effects on the infectious phenotype by controlling for the effects of the Mx1 locus,
which has very a large effect size on influenza phenotypes (Maurizio et al., 2018). This
may also be applicable in studying Oaslb in West Nile infections, IFN pathway genes in
mycobacterial MSMD infections, and MHC in multiple infectious settings, among others.
Therapeutic strategies have also been used in conjunction with the CC mouse panel to

test the influence of the genetic background by removing the effect of a dominant mouse-
specific effector pathway to model human viral replication with greater fidelity (Manet et al.,
2020). In their work, Manet et al. treated CC mice with monoclonal antibodies to IFNAR,
allowing for a sufficient Zika viral load to study symptomatic Zika virus infection. They
identified multiple CC strains with extreme differences in plasma viral load, as well as
provided novel models for Zika-induced brain pathology.

Interestingly, infectious models using the CC mice have even revealed the host malleability
and genetic regulation of the host transcriptome, in addition to the aspects of the infectious
model itself. The Katze group showed that influenza and SARS-CoV-1 can induce unique
host transcripts. Each mouse background expressed a unique subset of alternatively spliced
transcripts in response to infection with the same pathogen. In addition, these infections
revealed virus-induced host transcripts yet to be annotated in the genome that also vary with
the host genetic background (Xiong et al., 2014). These regions of the genome, including but
not limited to those that code for long non-coding RNAs (IncRNAs), have now been shown
to be under genetic regulation as interferon-regulated expression modules with considerable
effect on infectious outcomes (Josset et al., 2014; Landeras-Bueno & Ortin, 2016; More et
al., 2019; Yang, Lin, Wang, Zeng, & Luo, 2021).

COMBINING THE CC/DO MICE WITH OTHER GENETIC TOOLS TO STUDY
INFECTIONS

Determining the effect of heterozygosity using CC or DO mice crossed with a susceptible
or resistant recombinant inbred line (outside of the parental CC panel) to study gene dosage
effects, recessive phenotypes, or dominant negative alleles is also a great strength of the
system, as is crossing the CC or DO mice to transgenic or CRISPR/Cas modified mice.

CC recombinant inbred inter-crosses (CC RIX) are CCF1 mice that result in outbred mice
with genomic heterozygosity like the DO mice, but they allow researchers to duplicate the
resulting CCF1 mice by re-mating. This feature lets researchers focus on specific allele
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mixtures or avoid those alleles that confound further analysis (e.g., controlling for MHC
variation). Graham, et al. (2021) recently utilized CCF1 mice to identify that the baseline
signature of CD4+ T cells has predictive capacity for viral load and disease severity in
SARS-CoV2 infections. In support of this finding, immune cell phenotypes in the regulatory
CDA4+ T cell compartment have been appreciated in human patients with coronavirus
infections as well (Vick et al., 2021). Another omics-based tool to predict infectious
outcomes was recently developed using DO mice that demonstrated high tuberculosis
susceptibility. Tavolara et al. (2021) used the heterogenous susceptibility of DO mice

to tuberculosis to test a potential diagnostic/prognostic tool. This was accomplished by
performing deep learning on whole slide scans from hematoxylin and eosin (H&E)-stained
lung tissue correlated to gene micro-array results. They found that they could create a model
using a standard tissue strain that was predictive to disease outcomes. This highlights the
potential for creative use of the DO system to design and test clinical tools that rely on a
diverse range of outcomes.

FUTURE OF INFECTIONS IN THE DO/CC SYSTEMS

Although these studies have been fruitful, the CC and DO mice have the potential for
identifying the mechanisms of genetic control in a range of host pathogen interactions
ranging from commensalism, symbiosis, and mutualism to colonization, pathogenesis,
latency, and chronicity. The CC has the potential to elucidate host genetic factors that
counter microbial-derived immune-evasion strategies that alter the infectious outcomes that
emanate from the host-microbe interface. One key area where the CC can be leveraged

is in determining the genetic factors that allow for differentiating between host responses
to pathogenic £ coliand £ colithat are part of the normal gut flora as well as tolerance
induction to other gut, skin, oral, and vaginal flora commensals. Other key areas of
research where the CC/DO panels can be useful include investigations of gut dysbiosis and
the alteration of immunotherapy efficacy observed in probiotic consumption. In addition,
latency, chronicity, and reactivation are critical areas of study that can be aided by the CC
and DO panels for studying multiple microbes from Adenoviruses, Retroviruses, Herpes
viruses (Chicken pox, HSV-1, HSV-2, HSV-3/varicella/Chickenpox/Shingles, EBV/HHV-4,
CMV/HHV-5, HSV-6, HHV-7, Kaposi Sarcoma/HHV8), papovaviruses (BK & JC viruses),
papillomaviruses (HPV), chronic hepatic infections (HBV, HCV, etc.), parvovirus, as well
as fungal, bacterial, and parasitic latency and reactivation (e.g., 7Toxoplasma gondii, with
particular focus on the genetic control of toxo-induced behavioral changes).

Another understudied aspect of chronic infection is the genetic control of granuloma
formation and integrity that could be studied using the CC panel. Other fruitful

avenues of investigation include microbial induction of autoimmunity (molecular mimicry),
tissue destruction and cytokine syndromes, as well as models of infectious alteration

of autoimmunity (e.g., segmented filamentous bacteria and arthritis). Microbial-induced
oncological (EBV-Burkitt lymphoma, HTLV-T-cell malignancy, KSHV, HBV/HCV-HCC,
HPV, HIV, and Merkel Cell polyomavirus) and inflammatory states (CMV and colitis, RSV
and asthma, allergy), dissemination and sepsis, vaccine efficacy, age-induced frailty and
infection susceptibility, aging effect on vaccine efficacy, antibiotic and antiviral efficacy,
microbial influences on shaping the immune repertoire, genetic control of susceptibility
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to secondary infections, therapeutic immunosuppression-induced microbial susceptibility
(autoimmunity and oncology therapeutics), modeling of zoonotic transfer from other hosts,
identifying genetic factors that govern longitudinal transfer of infection (maternal transfer)
and sexually transmitted diseases, and developing models of PRION disease. The list of
applications for using the CC/DO mouse panels is nearly endless, ensuring that these robust
genetic tools will be paying research dividends for years to come.

Utilization of the DO and CC Mouse Models

Diving into the CC and DO mouse models is at first glance a seemingly overwhelming jump
that requires well-designed experiments, relatively large numbers of animals, and use of
computational biology tools. We hope to ease some of the stress of entering this realm with
an introduction to the tools required to analyze the genetic data provided by the animals.

As mentioned above, the R/qtl2 package developed by Broman et al. (2019) is the primary
software package that is currently maintained and has a robust and an active community of
members willing to assist users of all levels.

We can make no specific recommendations of computers to use because that will largely

be dependent on the size of the dataset. However, some steps in the process can utilize a
significant amount of computer memory (RAM) and CPU resources. We would advise using
a machine with no less than 8 GB of RAM and at least a modern quad-core processor. All
packages are compatible with Windows, MacOS, or Linux-based operating systems.

Before any analysis can be done, you must install the statistical program “R.” The
appropriate version to download can be found on the R-Project webpage (https://cran.r-
project.org/). Though not necessary, it is highly recommended to also install RStudio,
which adds a friendly user interface to R and allows for more intuitive navigation (https://
www.rstudio.com/products/rstudio/). All commands can be used without having extensive
knowledge of the R programming language, but troubleshooting is much easier with basic
R knowledge; therefore, we recommend becoming generally familiar with the R language.
There are many resources that can be found for learning the basics of R, but the R package
Swirl is free and can provide the user with basic and advanced lessons in utilizing R (https://
swirlstats.com/). Finally, the R/qtl2 and R/qtl2convert packages must be installed within
R. Installation of the R packages can be performed using the command line or the user
interface.

After setting up R and installing the qtl2 and gtl2convert packages, you must determine the
appropriate steps for your data analysis. For more detailed explanations of data types that
can be used with the gtl2 package, refer to Karl Broman’s qtl2 page on R/qtl2 input file
format (https://kbroman.org/qtl2/assets/vignettes/input_files.html). CC and DO experiments
are analyzed differently within the qtl2 package, but they unsurprisingly have many
similarities. In both CC and DO experiments, the researcher must have the SNP genotypes
from founder stains and experimental animals. Fortunately for researchers entering this field,
the CC and DO community has deposited founder data in data repositories such as GitHub
and figshare.
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The CC/DO founder genotypes have been deposited here and have already been processed
for direct input into R/qtl2 (https://figshare.com/articles/dataset/ GM_processed_files_zip/
5404759) (Broman et al., 2019). Analysis of QTL from both CC mice and DO mice without
crosses require founder genotypes of the DO founders. For DO mice, the generation number
is required for estimation of the haplotype block size and must be supplied in an additional
covariate file. The generation number is tracked by Jackson Labs and is supplied with each
litter release, and it can also be found on the Jackson Labs website, Breeding Wave (https://
WwWW.jax.org/jax-mice-and-services/colony-management/breeding/009376-breeding-wave).

During the creation of the control file, the cross type must be supplied. For DO mice, the
“cross type” is “do” and for CC mouse experiments, the “cross type” is “riself8,” as the CC
lines are recombinant inbred lines with 8 founders. Additionally important for the analysis
of CC data is the specification of the breeding funnel that indicates how the crosses were
generated. The CC/DO community has provided the funnel codes and genotyping for the CC
lines in a GitHub repository (https://github.com/rqtl/qtl2data/tree/main/CC), derived from
Srivastava et al. (2017).

If you are performing F1 cross with the DO mice, you must additionally supply the cross
genotypes. This is done by creating a 9™ column in the founder files and pasting the
genotype calls. If this is a backcross to one of the DO founder strains, you can simply

copy this from within the founder files. If this is not a backcross, then you must perform
genotyping on the cross strain and obtain the founder genotypes using GigaMUGA markers
from your cross strain. This can be accomplished by encoding the genotypes utilizing

the same steps necessary for processing experimental DO samples. Karl Broman provides
detailed steps and an R script here (https://kbroman.org/qtl2/pages/prep_do_data.html) under
“Encoding the DO genotypes.” The result will be a series of CSV files for each chromosome
with markers and genotype coded as “A” or “B.” Then, like the backcross, add the new
column as the 9" column in the founder genotypes (Fig. 2).

Once genotyping data are correctly formatted and the control file is completed, the
commands and steps for performing the analysis are described in detail in Karl Broman’s
R/qtl2 user guide (https://kbroman.org/qtl2/assets/vignettes/user_guide.html). The CC/DO
community is also very active in helping users troubleshoot in a Google discussion group
(https://groups.google.com/forum/#!forum/rqtl2-disc).

Analyzing CC/DO Data on CyVerse

Adopting the CC or DO mice as an experimental model necessitates the use of complex
computational and bioinformatic tools that continue to evolve and improve over time.
Although experimental benchwork is typically a skill that immunology investigators have
acquired during their training, they often lack the computational training needed to adopt
complex genetic panels like the CC/DO, and this represents a sizable challenge for

many research groups. To minimize the impact of this often daunting task, we have
generated an extensible CC/DO computational community within the NSF-funded CyVerse
cyberinfrastructure that circumvents the need to navigate complex software installations and
the ever-changing software dependencies needed to install and maintain software (Goff et
al., 2011; Merchant et al., 2016). Essential genome reference files for analyzing CC data
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have also been centralized on the CyVerse platform. Placing the CC/DO tool community

on CyVerse allows for growth and evolution of resources so that researchers can keep pace
with the inevitable software changes that will occur in the field. Extensive high-performance
computing (HPC) resources and high-capacity data storage that would be out of reach of
many researchers are now easily accessible. The platform provides the ability to manage
data security with different access privileges for different members of the research group,
which facilitates safe and effective collaboration both in large and small genetics groups

and among complex interdisciplinary teams. Researchers can integrate currently available
software packages into dynamic pipelines and customized workflows that can take CC

and DO data from quality control to analysis and visualization and to publication-ready
figures using CyVerse’s DNA Subway. In addition, all CC parental genomes have been
incorporated into the CyVerse-associated Comparative Genomics (CoGe) interface for
complex comparisons of genomes as well as visualization of genome variation to allow

for robust hypothesis testing (Lyons & Freeling, 2008). The platform also allows for
comparison of the CC genomes to other genomes to investigate evolutionary correlates

and understand synteny of the locus of interest across species, especially when considering
disease-relevant mouse-to-man comparisons (Haug-Baltzell, Stephens, Davey, Scheidegger,
& Lyons, 2017). The intuitive CoGe interface builds upon, rather than supplants, the existing
CC visualization tools like the University of North Carolina’s Collaborative Cross Viewer
(http://cshio.unc.edu/CCstatus/index.py?run=CCV) and the Collaborative Cross Graphical
Genome (CCGG) (https://devel.csbio.unc.edu/GraphicalGenome/index.html), as well as
prior efforts to democratize and simplify the computational aspects of CC projects that
include the gQTL web interface (Vered et al., 2014), Churchill’s QTL Viewer (https://
churchilllab.jax.org), the Diversity Outbred Database (DODB) (https://dodb.jax.org), and the
Mouse Phenome Database (https://phenome.jax.org) at the Jackson Laboratories.

For researchers that require upscaling of computer resources, when HPC needs of additional
memory or CPU capacity outstrip a researcher’s current availability, the CyVerse platform
offers access to Atmosphere/Jetstream?2 cloud computing through the collaborative Extreme
Science and Engineering Discovery Environment (XSEDE) portal and the resources of

the Texas Advanced Computing Center (TACC) at the University of Texas. All the

research input data and output analysis files are stored in the Data Commons area of
Cy\Verse in repositories that can be private, shared among a limited set of investigators, or
made publicly accessible. Hundreds of bioinformatics packages are available in the App
section of CyVerse; however, key CC-specific software packages like R/qtl2, complete with
the availability of onboard RStudio, are accessible in the CC Collection and other CC
researchers can be found in the CC Teams sections of CyVerse. Detailed screen grabs
showing how to get started using R/qtl2 in CyVerse can be found in the supplement (Fig.
S1). Extensive support and educational resources are available on the CyVerse platform,
with dedicated personnel tasked to facilitate the research of investigators, including curated
guides, manuals, tutorials, webinars, coursework, wiki educational resources, blogs, and
direct assistance by trained informaticists (e.g., CoGe Pedia https://genomevolution.org/
wiki/index.php/Main_Page).

Studying complex genetics with the powerful DO mouse panel provides the additional
challenge of SNP mapping of each mouse studied. GigaMUGA, an Illumina/Neogen
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Infinium array, provides SNP genotypes of outbred DO mice. Densely mapping SNPs allows
researchers to determine the haplotypes of the DO mice they are studying. In other words,
the arrays allow researchers to identify the regions of the genomes from each parental

mouse that were inherited by each unique DO mouse. Although the GenomeStudio and
Beeline software packages are available from Illumina, the HaploQA software is commonly
used to infer haplotypes of DO mice (web interface at Jax https://haploga.jax.org by Keith
Sheppard and Dr Gary Churchill) (Morgan et al., 2016; Powers et al., 2020), by running

the Python3 program locally (https://github.com/TheJacksonLaboratory/haploga), or through
incorporation into the CyVerse CC Collection.

CONCLUSIONS

The DO and CC mouse populations have shown they are powerful tools to deepen our
understanding of the genetic regulation of complex traits and tease out gene-environment
interactions. We have described a relatively small body of literature showing the potential
these models have to study the immune system in the settings of infection, autoimmunity/
inflammation, cancer, and immune development. Within these broad fields, the CC and DO
mouse models have primarily served two purposes: identifying genes influencing complex
traits and discovering models of disease processes. In the setting of inflammatory diseases
and infection, the discovery of this model has been particularly fruitful. Utilizing CC
screens, researchers have discovered non-primate models of viral infection and spontaneous
models of inflammatory disease. The creation or discovery of these models serves a dual
purpose in which researchers can use the models to explore pathology and treatment or
discover the genetic underpinnings of the observed traits. We found that within the field
of cancer immunology, researchers are increasingly making use of F1 crosses of either
CC or DO mice. The F1 models are being used to study spontaneous, implanted, and
induced cancers. The models consistently show large variation in measured phenotypes
and have led to the identification of genetic loci contributing to the observed phenotype.
Immune development and autoimmunity are fields that have particularly underutilized
these models. Despite well-known genetic linkages to development and susceptibility in
autoimmune disorders, we found limited literature describing QTL analysis in this field.
Immune development was also surprisingly understudied in these models. As discussed
above, both the CC/DO founder strains and individual CC lines show significant diversity
in baseline immune phenotypes. However, there has been little work on determining the
genetic regulation of how these differences arise.

Our review has demonstrated that the CC and DO mouse lines have already resulted in
impactful discoveries of genetic regulation of immune processes and discovery of novel
disease models. We also have highlighted that the CC/DO community is active and
welcoming to new researchers and has provided a direction toward making this powerful
genetic tool more accessible. The sections for utilizing the models either through the
Cy\Verse system or on a local machine will help reduce difficulties in transitioning to this
model and direct the users to the resources that they may need to conduct successful studies.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Process map for utilizing CC lines to explore complex phenotypes. (A) Official colors

representing the genotypes of DO and CC founders (right) and an example CC line
chromosome showing homozygous haplotype blocks with contributions from the CC/DO
founder lines. (B) Concept map demonstrating potential usage of CC mice to identify new
disease models and dissect genetic underpinning of complex traits. A population of DO
mouse could also be used for phenotype screening and subsequent QTL analysis. Created
with BioRender.com.
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Figure2.

Conceptual demonstration of creation of DOF1 founder files. (A) First 5 genotyped markers
of chromosome 1 from the CC/DO founders. (B) First 5 genotyped markers of potential
cross strain (C57BL/6). (C) Appearance of first 5 markers in final chromosome 1 file with

cross strain as new column “I”. Strain labels added for clarity.
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