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ABSTRACT 

Commercially available C57BL/6 mice are widely in biomedical research 

laboratories. We used whole genome sequencing to identify a homozygous copy 

number variant that disrupts the function of DOCK2 in a commercially available 

C57BL/6 mouse substrain (C57BL/6NHsd). This strain of C57BL/6 mice, from 

Harlan-Sprague (acquired by Envigo Biosciences), exhibits several striking 

immune phenotypes that have also been described in the context of Dock2 

deficiency including the loss of marginal zone B cells, decrease in plasmacytoid 

dendritic cells and invariant NKT cells. To our knowledge this allele has been 

introduced into four independently generated knockout mice (Siae-/-, Cmah-/-, Irf5-

/- and Nod2-/-) during backcrossing into the C57BL/6 strain. Given the widespread 

use of the C57BL/6NHsd substrain across the world, it is likely that this allele has 

been introduced into other gene targeted mice. As a result, published studies 

where C57BL/6NHsd mice have been used as controls, as experimental animals, 

or for backcrossing into the C57BL/6 background will need to be reinterpreted as 

this mutation may be alter or be responsible for phenotypes ascribed to other 

genes. 

We built on this finding by identifying a 3-5 fold expansion of memory 

phenotype CD8+ T cells in DOCK2 deficient mice that correlates with increased 
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resistance to intracellular infection. Bone marrow chimera and adoptive transfer 

studies indicate that these cells arise in a cell intrinsic manner following thymic 

egress. In addition, close inspection of their transcriptional profile, TCR repertoire 

and cell surface marker expression shows that Dock2-/- naive CD8+ T cells 

directly convert into “virtual memory” cells bypassing the effector T cell stage. 

This phenomenon also occurs in the context of a restricted TCR repertoire as 

DOCK2 deficient T cells expressing the OT1 transgene show a similarly dramatic 

expansion of their memory compartment. Direct conversion to memory is 

associated with TCR hypersensitivity to ex vivo weak agonist peptide and in vivo 

self-peptide triggering. Collectively, these findings suggest that DOCK2 sets the 

threshold for entry into the “virtual” memory compartment by negatively 

regulating tonic TCR triggering.  
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Chapter 1: Introduction 

1.1 History of mouse models 

Although dogs are man’s best friend, the mouse’s ubiquitous geographic 

distribution  has  earned  it  the  title  of  man’s  closest  companion   (Masopust, 

Sivula, and Jameson 2017) . Our closest companion, however, doesn’t inspire 

the  same  level  of  affection  humanity  has  bestowed  upon  dogs.  In  fact,  the 

term mouse originates from the ancient Sanskrit word Mush which means “to 

steal”   (Vandenbergh  2000)  This  isn’t  surprising  as  the  presence  of mice  has 

enormous  negative  economic  impact  on  civilization  to  this  day.  For  instance, 

the  rice  lost  to  rodents  can  feed  over  half  a  billion  people   (Stenseth  et  al. 

2003) . 

In  biomedical  science,  the  mouse  has  gone  some way  to  repaying  its 

debt  to  humanity.  The  winding  path  it  took  to  the  modern  laboratory  bench 

started  in  China,  where  it  was  bred  by mouse  fanciers  as  early  as  307 AD. 

Western  European  scientists  like  Robert  Hooke  (early  17th  century)  and 

Louis­Theodore  Colladon(19th  century)  also  sporadically  used  mice  for 

researching  biological  systems.  Interestingly,  Gregor  Mendel  initiated  his 

experiments on the segregation of mouse coat colors before switching to peas 

as  his monastery’s management  balked  at  breeding  such  foul  animals  in his 

small room   (Vandenbergh 2000) . 
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One of the laboratory mouse’s biggest breaks arrived at the turn of the                         

20th century when mice from Japan were imported by English and American                       

mouse fanciers  (Vandenbergh 2000� Gondo 200�� <ang et al. 2011) . Abbie                     

Lathrop, who first tried her luck in the poultry business, started with pair of                           

waltzing mice before eventually housing over 11,000 mice. Her small Granby,                     

MA farm initially limited its target market to people interested in keeping                       

“fancy” mice as pets. After sometime, however, she noticed that the number of                         

orders she was getting dramatically exceeded the demand of such a small                       

market. To her surprise, the biggest buyers of mice from her facility were                         

scientists interested in using her carefully bred mice for experiments. Abbie                     

Lathrop’s contribution to biomedical science goes beyond Must breeding mice.                   

She kept meticulous records and closely monitored her colony for any                     

phenotypic irregularities. Her observation that some mice were getting lesions,                   

which were later diagnosed by Leo Loeb as malignant, led to her being listed                           

as an author on 10 publications in prominent Mournals with Loeb. In fact, a                           

collaborative effort between Lathrop and Loeb was the first to show that                       

different strains of mice have varying rates of tumorigenesis and removal of                       

both ovaries reduces the instances of mammary tumors in mice  (Steensma,                     

.yle, and Shampo 2010) . 

William Castle, the founding director of the %usey Institute in %oston,                     

was one of many prominent scientists who took advantage of mice supplied                       

by the Abbie Lathrop’s farm. Inspired by the rediscovery of Mendelian                     
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genetics and building on the work Lucien Cuenot, Castle studied the                     

inheritance of coat color in mice. His work was the first to experimentally show                           

that the departure from Mendelian ratios seen when mice heterozygous for a                       

lethal allele are crossed to each other is because a quarter of the progeny, i.e                             

homozgous for the lethal allele, die during embryonic development  (3aigen                   

2003� Snell and Reed 1993) . 

In addition to his scientific contributions, William Castle is probably                   

best known for the caliber of spectacular trainees that came from his lab.                         

Clarence Little, a Massachusetts native, trained at the Castle lab before                     

becoming the 3resident of the 8niversity of Maine. At only 33, he was the                           

youngest university president at the time. After leaving Maine and spending                     

four controversial years as president of the 8niversity of Michigan, Little went                       

on to use funds he raised from wealthy Detroit area families (Ford and                         

Jackson families) to establish the Jackson Laboratory in %ar Harbor, Maine.                     

Here, he generated several homozygous inbred strains of mice, including the                     

widely used C�7%L strain in 1921  (Crow 2002� Linder and Davisson 2012) .                       

His efforts were immensely valuable as genetically identical inbred mice                   

greatly aided the conducting of controlled and reproducible experiments. CC                   

little, together with Ernest Tyzzer, further went on to use such mice to show                           

that tumor reMection is a trait inherited in a manner consistent with it being                           

controlled by multiple dominant and recessive alleles  (Masopust, Sivula, and                   

Jameson 2017� 3aigen 2003) . 
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George Snell, a 1obel laureate from Castle’s lab, made enormous                     

contributions by performing the earliest experiments demonstrating MHC               

restriction with his studies on histocompatibility. His most powerful tools were                     

congenic strains that only differ at one H2 locus. Snell generated such mice by                           

crossing two inbred strains and then iteratively backcrossing them to their                     

parents. During backcrossing, he astutely observed that there was a strong                     

linkage between a mutation that visibly deformed the tail and altered its the                         

appearance and the ability to reMect a tumor. %y following the segregation of                         

this genetic marker as opposed to technically cumbersome and laborious                   

tumor reMection, Snell was able to rapidly narrow down and discover the                       

Histocompatibility (H)   locus.  (.lein 2001� 3aigen 2003)   

 

1.� 0odern mouse models 

 

The aforementioned experiments clearly show how much value can be                   

extracted from the humble mouse by biomedical researchers. However, any                   

aspiring mouse biologist should temper this with a through understanding of                     

the limitations of modeling any human condition in mice.  

 

 

 

 

� 



1.�.1 /imitations of modern mouse models

The fact that there are no shortage of therapies that work spectacularly                       

well in inbred mice but fail in equally grand fashion in humans is proof that                             

mouse models are far from perfect. Indeed, the mouse is very different from                         

humans. For instance, the temperature in which mice are housed, 2��C,                     

although comfortable to humans, is much lower than their nesting temperature                     

of 32�C. 1ot surprisingly, chronic exposure to such environmental stress has                     

far reaching consequences for resting mouse physiology, metabolism and                 

immune competence  (.arp 2012) . Consistent with this, recent studies have                   

shown dramatic differences between mouse and human transcriptional               

response to inflammatory insult  (Seok et al. 2013� Godec et al. 201�) . 

Diseases are frequently induced and their progression accelerated so                 

that mice can rapidly show symptoms that are superficially similar to those                       

seen in humans. For instance, the mouse models for multiple sclerosis (MS)                       

faithfully reproduce C1S immune cell infiltration and demyelination  (McCarthy,                 

Richards, and Miller 2012) . However, it seems unlikely that simple                   

peptide�protein plus adMuvant inMections can truly represent the complex                 

etiology underlying human MS. The generation of atherosclerosis requires an                   

aggressive genetic deletion that is not seen in humans, raising questions                     

about the translatability of findings in this model to humans. Attempts to model                         

tumorigenesis by transplanting tumors also suffers from such reductionist                 
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thinking that doesn’t take into account the unpredictable route incipient tumors                     

take in humans  (Masopust, Sivula, and Jameson 2017� .arp 2012) . Modeling                     

human infectious disease is also very challenging as pathogens have                   

exquisitely adapted to their hosts. For example, mouse models of                   

Tuberculosis infection don’t cause latency or organized granulomas, two                 

cardinal features of human disease, with mycobacterial counts progressively                 

increasing until the mouse succumbs to infection  (%arry et al. 2009) .  

The genetic homogeneity of inbred strains makes any colony                 

particularly vulnerable to dramatic spread of the same set of communicable                     

diseases. Fear of such an an event, combined with a desire to make                         

experimental studies reproducible across institutions, has pushed researchers               

to house mice in ever more controlled facilities away from environmental                     

microbes. Commensal and pathogenic microbes that colonize mammals play                 

vital in immune system development and homeostasis. For instance, the 1OD                     

mouse develops diabetes in the context of certain microbial flora  (M. S.                       

Anderson and %luestone 200�) and a single microbial species (SF%) is                     

sufficient for the development of Th17 cells in the gut  (Ivanov et al. 2009) .                           

Thus, it is not unreasonable to argue that such isolation has negatively                       

affected the mouse’s ability to model the human immune system. In fact,                       

Stephen Jameson and David Masopust elegantly compared pet store and                   

feral mice with commonly used lab strains. 1ot surprisingly, their studies                     

showed dramatic differences in innate and adaptive immune cell                 
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compartments that was reminiscent of the difference between neonates and                   

adult humans  (%eura et al. 201�) .   

 

1.�.� $dYantaJes of modern mouse models 

 

Despite the aforementioned limitations, the laboratory mouse has an                 

impressive resume. It is the most widely used model organism, with millions of                         

them powering research in an impressive range of disciplines Scientists                   

primarily working with mouse models have won over 2 dozen 1obel prizes.                       

.ey insights regarding MHC restriction, ;­inactivation and immune cell                 

differentiation�development have been gleaned from the mouse.  

Compared to other larger mammals, housing mice is relatively                 

inexpensive. As a possible consequence of their evolution in closely knit                     

family groups, they also aren’t susceptible to inbreeding depression (loss of                     

viability due to inbreeding)  (Masopust, Sivula, and Jameson 2017) . This                   

prolific breeding capacity makes it possible to rapidly obtain a sizable colony                       

from a single breeding pair in a short amount of time. Their relatively short                           

lifespan, about 2 years, allows the study of disease progression throughout                     

their entire lives. 

Mouse models are valuable in clinical settings when they are Mudiciously                     

used with an understanding that they don’t fully recapitulate human disease.                     

Researchers in these environments must be careful to tailor their model to the                         
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specific functional questions they are asking. For example, mice are widely                     

used to validate drug targets and determine safe drug doses and                     

combinations prior to entering clinical trials. This is especially valuable in rare                       

diseases where small patient populations make large scale testing in humans                     

unfeasible  (Vandamme 201�) . 

The mouse is extremely valuable because of its remarkable similarity to                     

human metabolism and anatomy, although there are some key differences.                   

This isn’t surprising as the mouse and human genome share !90� of the                         

same genes, diverging from a common ancestor about �� million to 7� million                         

years ago  (Masopust, Sivula, and Jameson 2017) . The importance of the                     

mouse to the biomedical world is underlined by the fact that it was the first                             

mammal to have its genome sequenced, making studies in this animal                     

genetically tractable  (Mouse Genome Sequencing Consortium et al. 2002) . As                   

will be discussed below, the presence of numerous well characterized inbred                     

strains, informative spontaneous mutations and our ability to easily modify the                     

its genome has made the mouse an invaluable addition to biologists’ tool box. 

� 



1.� InEred strains of mice

7aEle 1: Common inbred strains of mice (adapted from  (Lutz, Linder, and                       
Davisson 2012) ) 

6train  .ey )eatures 

12933�J,  
129�S1�SvImJ 

Gene targeting, spontaneous testicular tumors 

A�J  Widely used in immuno­oncology, cleft palate 

A.R�J  High leukemia incidence 

%AL%�c  Th2 skewed immune response (Watanabe) 

C�7%L��J  %ackground strain for mice carrying mutations�transgenes,           
Th1 skewed immune response (Watanabe) 

C�7%L��1  ES cells used for gene targeting by the International                 
.nockout Mouse Consortium  

D%A�1J  Model for rheumatoid arthritis and immune mediated             
nephritis  

D%A�2J  Less prone to getting atherosclerotic lesions, model for               
glaucoma research  

1OD 
1=W�LacJ 

Type 1 diabetes 

1=%�%11J  Lupus like disease 

SWR  Aged mice have high incidence of tumors 

The presence of numerous strains that are very different from each                     

other gives researchers a lot of flexibility in choosing the ones that best fit their                             

experimental goals (See table 1). Immunologists, in particular, have taken                   

advantage of mice that get polygenic diseases, allowing mapping of                   
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quantitative trait loci to identify candidate susceptibility genes  (Ermann and                   

Glimcher 2012� M. S. Anderson and %luestone 200�� <amanouchi et al.                     

2007) ) 

 

1.� InformatiYe spontaneous sinJle mutations  

 

Mutations arising randomly in inbred mouse colonies have provided                 

valuable insights into human disease. These changes are rarely complete loss                     

of function, usually generating hypomorphic or hypermorphic alleles that more                   

closely mimic human disease  (%runeau et al. 2001) . The high degree of gene                         

conservation between mice and humans makes murine mutations that have                   

phenotypic manifestations particularly valuable. For example deafness in mice                 

with the pirouette  (Odeh et al. 2010) and hurry­scurry  (Longo­Guess et al.                       

200�) mutations led to the discovery of causative genes in human hearing                       

loss while retinal degeneration 3 (RD3)  (Friedman et al. 200�) and RD12                       

(3ang et al. 200�) mouse strains have pointed to genes responsible for early                         

childhood blindness. A more detailed review is provided in  (Davisson et al.                       

2012) .  

Random mutations in the mouse genome have also initiated studies that                     

have showed how complex biological systems work. The scurfy mouse, a                     

spontaneous mutant that arose at the Oak Ridge 1ational Laboratory,                   

provided the first clues about < chromosome sex determination. Since it was                       
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the first ;­linked mutation discovered  (%runkow et al. 2001� Chatila et al.                       

2000) , researchers saw that most of the affected mice were males.                     

Importantly, karyotyping of the very few affected female mice showed that they                       

were all ;O, carrying only 39 chromosomes. The finding that ;O and ;; mice                           

were female strongly suggested that the < chromosome was sex determining.                     

This argument was further bolstered by the later studies showing that ;;<                       

mice were all male  (L. %. Russell 2013) . %uilding on the discovery that ;O                           

mice are females, Mary Lyon hypothesized that a single ; was enough for                         

survival and went on to use the mottled mouse mosaicism of coat color                         

pattern to confirm random x­inactivation  (Gartler 201�� Lyon 19�1) . 

The 1ude mouse, discovered by a Scottish farmer who was alarmed at                       

the sight of a hairless rodent, carries a spontaneous mutation in the  )RUNKHDG                         

%R[ 1� gene affecting thymic epithelial cell development  (G. Anderson and                     

McCarthy 201�) . This immunocompromised mouse was the first recipient of                   

xenografted human tissue. ;enografts of patient derived tumors are especially                   

valuable for testing novel drugs because they maintain original tumor                   

characteristics such as architecture, vasculature, gene expression and               

malignancy  (Tentler et al. 2012) . 

Random germline mutations are an extremely rare event. A recent long                     

term study that observed mice over 20 generations has shown that the                       

germline mutations come up at a an extremely rare frequency of 1 in � x 10 9                               

bp per generation  (8chimura et al. 201�) . In addition, severely deleterious                     
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alleles will be rapidly selected against. Thus, genetic engineering of mice is                       

critical to unlocking their full potential in the laboratory.  

 

1.� Classical Jenetic manipulation of mice  

 

Genetic manipulation of mice has a very long history. ;­rays were first                       

shown to cause heritable changes in the genome with irradiated mice. The                       

word “transgenic” was first coined to describe a mouse generated by                     

pronuclear inMection of D1A into fertilized mouse eggs  (Gordon and Ruddle                     

19�1) . This was quickly followed by gene targeting approaches that utilized                     

homologous recombination to target a specific locus or gene  (Thomas and                     

Capecchi 19�7) .   

The systematic generation of engineered mice on industrial scale that                   

followed this landmark paper has ushered in an era during which gene                       

function has been uncovered at an unprecedented rate. It has allowed the                       

production of recombinant products, such as anticoagulants and therapeutic                 

antibodies, that have revolutionized the management of numerous diseases. It                   

has also allowed scientists to study the effect of single genes in the disease                           

pathogenesis with relatively minimal effort  (Vandamme 201�) .   
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1.�.1 )orZard Jenetics  

 

Generating randomly mutated mice in an unbiased manner followed by                   

attempts to identify genetic basis of phenotypes seen in these mice has been                         

very lucrative. This was initially done in a systematic manner at the Oak Ridge                           

1ational Laboratory, motivated by studies to understand the effects of                   

radiation on mammalian organisms  (L. %. Russell 2013) . However, ;­rays                   

cause complex chromosomal rearrangements making attempts to identify               

single gene driven contributions challenging. The discovery of the D1A                   

alkylating agent 1­ethyl­1­nitrosourea (E18), also at Oak Ridge, opened the                   

door for high efficiency genome wide in vivo screens  (W. L. Russell et al.                           

1979� Cordes 200�) . E18, a potent mutagen with germline mutagenesis rates                     

of approximately in 1 in 10 �  bp, is particularly valuable as it results in single                             

base pair substitutions  (Concepcion et al. 200�) .  

Sequencing of the human genome and the identification of §20,000                   

genes required the use of high throughput models to test the function of these                           

genes. As a result, large scale E18 mutagenesis proMects were initiated 20                       

years after the initial discovery of this approach. Dominant phenotypes were                     

identified by administering E18 to generation 0 (G0) males and carefully                     

screening G1 progeny  (de Angelis et al. 2000� 1olan et al. 2000) . However,                         

because E18 causes 1000; fold more recessive mutations than dominant                   
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ones, some studies have laboriously used a three generation crossing                   

strategy to generate homozygous mutant G3 mice  (Gondo 200�) . 

Such E18 based screens were used to identify a mouse model for                       

familial adenomatous polyposis, a precursor of colon cancer  (Su et al. 1992) .                       

&ORFN , a gene that controlled circadian rhythm, was first discovered via an                       

E18 screen  (Vitaterna et al. 199�� .ing et al. 1997) . Immunologists have also                         

used E18 screens to identify numerous genes including ones involved in                     

innate sensing  (Jiang et al. 200�, 200�) , maintaining tolerance to self                     

(Vinuesa et al. 200�) and immune cell development  (Miosge et al. 2002) . (See                         

(%eutler, Du, and ;ia 2007� 1elms and Goodnow 2001)  for more details). 

1.�.� 5eYerse *enetics

The mouse is very valuable as it allows complimenting of random                     

mutagenesis with designed genetic modifications followed by a careful                 

examination of the resulting phenotype. This approach is so high­yield that it                       

has led to the establishment of industrial scale efforts to target every single                         

protein coding gene, generating thousands of knockout and conditional alleles                   

(Gondo 200�� Skarnes et al. 2011) .   

The first efforts to introduce foreign D1A into the mouse used                     

retroviruses to infect mouse embryos. Although foreign genetic material                 

introduced in such a manner was successfully integrated into the genome and                       
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passed on to progeny, its expression was silenced  (Jaenisch 197�� Jaenisch                     

and Mintz 197�) . A few years later, germline transmission and stable                     

expression of foreign genetic material was first accomplished by pronuclear                   

inMection of D1A into a fertilized mouse egg  (Gordon and Ruddle 19�1) . Since                         

then, several viable alternative gene delivery methods such as lentiviruses                   

and transposons have resulted in significant improvements in frequency of                   

transgenic founders and greater throughput (reviewed in  (R�licke 2012) ). An                   

important point to keep in mind when working with mice generated through                       

random transgene insertion is that any observed phenotype can be influenced                     

by disruption and�or increased function of an endogenous gene as well as                       

differences in transgene copy number. In addition, transgene insertion can                   

also cause large deletions and complex rearrangements at sites of integration.                     

For instance, we have observed that transgenic mice expressing Cre under                     

the control of the Lck promoter (Tg(Lck­cre)1Cwi) have an expansion of                     

memory phenotype CD� cells that is not seen in mice where the Cre                         

transgene is integrated at a different locus (unpublished data). 

Gene targeting via homologous recombination allows precise targeting               

of specific loci and isn’t plagued by the undesired effects of random naked                         

D1A integration. .ey in establishing homologous recombination as way to                   

precisely edit mammalian D1A was optimization of techniques for isolating                   

and long­term culture of embryonic stem (ES) cells without loss of                     

pluripotency  (Evans and .aufman 19�1� Martin 19�1) . This was quickly                   
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followed by another landmark study showing that cells cultured in such a way                         

can be mixed into a new host’s blastocyst followed by implantation into                       

pseudopregnant females to give rise to somatic and germ cells  (%radley et al.                         

19��) . %uilding on these findings, two labs independently made gene­targeted                   

mice using homologous vectors inMected to cultured ES cells  (Thomas and                     

Capecchi 19�7� Doetschman et al. 19�7) . As rates of insertion through                     

homologous recombination are relatively low in post­fertilization embryos               

(Hagmann et al. 199�) , correctly targeted cells need to be selected for                       

expression of drug resistance genes and screened by 3CR and southern                     

blotting. Care should also be taken so as to not affect adMacent genes and only                             

make the smallest possible genetic alteration 

The mouse geneticist
s toolbox was greatly expanded by the discovery                     

of site specific recombinase systems, the Cre­Lox3 system being the most                     

popular  (Gu et al. 199�) . In this system, lox3 sites are engineered so that they                             

flank a genetic region of interest. This allows the intervening region to either                         

be excised or inverted by Cre recombinase, a 3� kDa enzyme from                       

bacteriophage 31. Importantly, having carefully chosen promoters�control             

elements drive Cre expression allows conditional modification of the                 

intervening region in a timely or spatially controlled manner  (%ouabe and                     

Okkenhaug 2013) . This system is so powerful that more �00 different Cre                       

transgenic mice have been generated.  

1� 



This approaches for making genetically engineered mice have been                 

widely used over the past 3 decades. Recently, however, newer methods of                       

mutant generation have come online that have greatly reduced the cost and                       

time of making such mice (see discussion, Chapter �).  

 

1.�.� %acNcrossinJ Jene enJineered mice  

 

8ntil recently, most ES cells used for gene targeting were of 129 Origin                         

because of relative ease of culturing them without loss of pluripotency and                       

high efficiency germline transmission of mutant alleles  (R�licke 2012� van der                     

Weyden et al. 2011� .awase et al. 199�� Seong et al. 200�) . Mutant 129 ES                             

clones were usually combined with C�7%L�� blastocysts and implanted into                   

pseudopregnant females. This results in chimeric mice, with contributions                 

from ES cells of both strains. The chimeric mice with germline transmission of                         

the mutant allele are then selected and backcrossed into the required                     

background strain.   

The simplest thing to do at this point would be to maintain the mutated                           

allele in the 129 background. However, 129 mice aren’t widely used in the lab                           

because they don’t breed well and have anatomical and behavioral                   

problems. (Rivera and Tessarollo 200�) . In addition, adoptive transfers into                 

C�7%L�� mice, the most widely used strain in immunology, would not be                       

possible because of immunological reMection. As a result, it is common                     

17 



practice to backcross gene targeted and�or transgenic mice into the C�7%L��                     

background with each generation halving the genetic contribution of the                   

parental ES 129 cell line, beyond the loci linked to mutant�selected allele.                       

Consequently, 10 generations of backcrossing into the C�7%L�� background                 

results in congenic mutant mice that are over 99.9� C�7%L��. 

The dominance of C�7%L�� as the background mouse of choice for                     

gene targeting has raised questions as to whether a single strain can                       

accurately depict the breadth of genetic variation seen in human populations                     

(Rivera and Tessarollo 200�) . As will be further discussed below, the                     

background context in which a mutant allele exists also has maMor                     

consequences on the observed phenotype. 

1.�.� (ffect of EacNJround

There are a lot of genetic differences underlying the phenotypic                   

heterogeneity observed in various inbred strains. Thus, it isn’t surprising that                     

some genetically engineered mice show discordant phenotype�genotype             

pairings with genetic modifiers present in the background acting either                   

independently or in epistasis with the mutant allele. For instance, flanking                     

genes from parental ES cell line that are retained during backcrosses                     

sometimes make interpretation of data from gene targeted mice challenging                   

(Eisener­Dorman, Lawrence, and %olivar 2009) Valor et al. elegantly                 
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demonstrated this by using microarray data from several mutant lines to show                       

that the genes with the most significant changes in expression are on the                         

same chromosome as the knocked out genes  (Valor and Grant 2007) .   

%ackground modifiers unlinked to mutant allele can also result in                   

differences among distinct strains carrying the same mutation. The p�3                   

knockout allele on the C�7%L�� background shows much lower rates of tumor                       

incidence compared to the 129 background  (Harvey et al. 1993) . CD�Į                     

dendritic cell development, while defective in %atf3 ­�­ 129 mice, is restored in                       

knockout C�7%L�� mice because of a compensation by the related A31 factor,                       

%atf.  (Tussiwand et al. 2012)   

Even more dramatic strain­dependent phenotypes are seen in TGF­ȕ                 

and EGFR deficient mice. TGF­ β loss is embryonic lethal after only one                       

generation of backcrossing into the C�7%L�� background while %AL%�c and                   

mixed 129 ; CF1 background TGF­ȕ knockout mice phenocopy this �0� and                       

20� of the time, respectively  (.allapur, Ormsby, and Doetschman 1999) .                   

Similarly, loss of EGFR in 129�Sv background results in death mid­gestation                     

while the same allele in a 129�Sv x C�7%L�� background results in some mice                           

surviving until birth. Interestingly, such mice on a 129�Sv x C�7%L�� x MF1                         

background survive upto 20 days after birth  (Sibilia and Wagner 199��                     

Threadgill et al. 199�) .   

%ackground dependent phenotypes can certainly be a concern for any                   

biologist attempting to rapidly reap the rewards of publishing a novel mutant                       
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allele. However, they are potentially very informative as they are reflective of                       

what happens with most human mutations in diverse populations. Thus,                   

attempts to discern the underlying basis of such discordance should not be                       

discouraged.  

1.�.� 'ifferences EetZeen C��%/ strains

As discussed earlier, the C�7%L strain was established by C.C. Little in                       

the 1920s. In 1937, the C�7%L strain was further split into two substrains                         

C�7%L�10 and, the currently widely used, C�7%L��. This substrain was                   

maintained in the Jackson labs, hence the name C�7%L��J. The next fork in                         

the history of this strain came when C�7%L��J mice were transferred to the                         

1IH and maintained as separate colony (C�7%L��1) in 19�1. Mice from this                       

1IH colony were then transferred to several commercial vendors and                   

independently maintained as C�7%L��1Crl, C�7%L��1Hsd, C�7%L��1J and             

C�7%L��1Tac.  (Song and Hwang 2017) 

Although new mutations are rare and only a quarter of them are fixed by                           

continuous sibling mating, the independent maintenance of C�7%L��               

substrains has resulted substantial genetic drift  (=urita et al. 2011) (Mouse                     

3henome Database). Interestingly, such genetic drift has very important               

phenotypic implications. For example, C�7%L substrains give differing results                 

when tested in mouse models of autism and other neuropsychiatric disorders                     
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(Lutz, Linder, and Davisson 2012) . All C�7%L��J mice carry an arginine to                       

leucine change in the leucine­rich repeat domain of  1/5 )DPLO\ 3\ULQ 'RPDLQ                       

&RQWDLQLQJ �� which results in defective neutrophil recruitment to sites of                     

inflammation.  (8lland et al. 201�) Most C�7%L��J mice also have in­frame                     

deletion in  1LFRWLQDPLGH 1XFOHRWLGH 7UDQVK\GURJHQDVH� which results in               

glucose intolerance in this substrain  (Freeman et al. 200�) .  

C�7%L��1 mice have also accumulated impactful mutations. The vision                 

research community Must recently became aware that this strain, widely used                     

for crosses and gene targeting, has a single nucleotide deletion in the  &UXPEV                         

�� &HOO 3RODULW\ &RPSOH[ &RPSRQHQW gene resulting in retinal degeneration                   

(Mattapallil et al. 2012) . C�7%L��1 mice also have reduced responses to                     

psychostimulant inMection because of a single nucleotide nonsynonymous               

changed in the  &\WRSODVPLF )05� ,QWHUDFWLQJ 3URWHLQ �  gene  (.umar et al.                       

2013) . As part of this thesis, we have also identified a mutation that is                           

restricted to mice from one commercial vendor of C�7%L�1 mice, Envigo                     

%iosciences (previously Harlan Sparague Dawley)  (MahaMan et al. 201�) . This                   

allele, a duplication around exon 2� and 29 of Dock2 in C�7%L��1Hsd mice,                         

has been backcrossed into multiple gene targeted mice over the past decades                       

and results in dramatic immune phenotypes (see chapter 2). 

21 



1.� 'edicator of CytoNinesis � �'2C.��

DOC.2 activates the Rho GT3ase Rac by allowing the transition from                     

the inactive GD3­bound state to the active GT3­bound state. 3ublished work                     

has shown that DOC.2 permits close spatial control of Rac activation by                       

localizing to cell membrane through interactions with 3I33 and phosphatidic                   

acid (Fukui et al. 2001� 1ishikimi et al. 2009, 2013). GT3 bound RAC1                         

subsequently promotes actin polymerization aiding cytoskeletal           

rearrangements required for lymphocyte movement (Fukui et al. 2001�                 

Terasawa et al. 2012� Gotoh et al. 200�), T cell interstitial motility                       

(1ombela­Arrieta et al. 2007), plasmacytoid dendritic cell cytokine secretion                 

(Gotoh et al. 2010), and TCR activation (Sanui et al. 2003� Le Floc’h et al.                             

2013). DOC.2’s role in CD�� TCR activation has been studied using                     

relatively strong stimuli, i.e. anti­CD3 or cognate antigen. These studies have                     

concluded that DOC.2 as a negative regulator of TCR clustering and immune                       

synapse formation. A single study. used a weak agonist against the MHC­II                       

restricted 2%� TCR transgene to show a defect in the proliferative response of                         

stimulated Dock2­�­ CD�� T­cells (Sanui et al. 2003). However, it is likely that                         

DOC.2’s role in regulating lymphocyte proliferation independent of the TCR                   

complicates interpretation of this experiment (Wang et al. 2010). In contrast,                     

work from our lab suggests that DOC.2 sets the threshold for TCR activation                         

(see chapter 3). 
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Chapter �: /andinJ on '2C.� 

  Whole genome sequencing has revealed the presence of a homozygous 

copy  number  variant  that  disrupts  the  function  of  Dock2  in  a  specific 

commercially available  C�7%L�� mouse  substrain  (C�7%L��1Hsd).  This   'RFN� 

variant  has  been  inadvertently  introduced  into  multiple  gene­targeted 

mice  in  a  homozygous  state  when  they  were  backcrossed  into  this 

particular  C�7%L��  background.  This  mutant   'RFN�  allele  has  also  been 

previously  reported  in some  sub­lines  of   ,UI�  knockout  mice  and  was 

presumed  to  have spontaneously  arisen  in  the  original  colony  of  knockout 

mice.  However,  we  now  report  that  this  mutant   'RFN�  allele  has  been 

inadvertently  introduced into  at  least  two  other  independently  generated 

mutant  mouse  lines, engineered  to  be  deficient  in  Siae  and  Cmah  that 

were  also  backcrossed  using  this  C�7%L��  substrain.  Given  the 

widespread  use  of  this  C�7%L�� mouse  line  across  the world,  this mutation 

may be  responsible  for phenotypes assumed  to  be  caused  by  the  deletion 

of  a  number  of  specific  targeted genes.  This  particular  strain  of  C�7%L�� 

mice  from  Harlan­Sprague  (acquired  by  Envigo  %iosciences)  exhibits  several 

striking  immune phenotypes  that  have also  been  described  in  the  context  of 

Dock2  deficiency  including  the  loss  of  marginal  zone  %  cells,  decreased 

plasmacytoid  dendritic  cells  and  a  decrease  in  invariant  1.T  cells.  Contrary 

to  what  has  been  previously  reported,   6LDH  and   &PDK   mutant  mice  that 

lack  the   'RFN�  mutation  exhibit  normal  %  cell  development  and  do  not 

lack  marginal  zone  %  cells.  3ublished  studies  with  hematopoietic

32 



phenotypes  where  these  commercially  available  C�7%L�� mice  have  been 

used  as  controls,  as  experimental  animals,  or  for  backcrossing  into  the 

C�7%L�� background will need to be reinterpreted in light of these findings. 
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�.1 I1752'8C7I21 

Over the last three decades, gene targeting technology has become a                     

powerful tool for functional analysis of immune genes in vivo. It has become a                           

common practice to backcross gene­targeted mice for a10 generations into                   

the C�7%L�� background to facilitate comparisons between gene­targeted               

mice as well as for adoptive transfer experiments. However, numerous                   

C�7%L�� sublines are in use across the world  (=urita et al. 2011) , and the                           

potential effect of variability among these C�7%L�� sublines on immune                   

phenotypes is often not considered.  

We had previously described defects in % cell development in mice with                       

altered sialic acid physiology (Cariappa et al. 2009) . Mice with a germline loss                       

of either  6LDH  (sialic acid acetyl esterase) or  &PDK (cytidine                   

monophosphate­1­acetylneuraminic acid hydroxylase) were found to lack             

marginal zone % cells and exhibited hyperactive % cell receptor signaling                     

(Cariappa et al. 2009) . Given that these mice generate presumably altered                     

forms of sialic acid that are not recognized by key regulatory Siglecs                       

expressed on % cells (such as CD22�Siglec­2 and Siglec­G), the defects in %                         

cell development observed in these mice were presumed to arise from                     

perturbations in Siglec function  (3illai, Cariappa, and 3irnie 2009� Cariappa et                     

al. 2009) . In addition, the observed phenotypes were largely compatible with                     

previous studies of Siglec function  (3illai, Cariappa, and 3irnie 2009� MahaMan                     

and 3illai 201�) . 1otably, both  6LDH ǻex2�ǻex2 and  &PDK  knockout mice were                     
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originally generated by collaborators at the 8niversity of California at San                     

Diego and had been backcrossed into a specific commercially­obtained                 

C�7%L�� background for ten generations  (Hedlund et al. 2007� Cariappa et al.                       

2009) . We found that Siae deficient mice unexpectedly lost their aberrant %                       

cell development phenotype upon backcrossing for 13 additional generations                 

into the C�7%L��J (Jackson Laboratories) background. We created an                 

independent knockout line of Siae deficient mice in the C�7%L��1                   

background, and these mice exhibited no defects in % cell development. 

Given these discrepant results, we re­examined the genetic basis of                   

aberrant % cell development in  6LDH  ǻex2�ǻex2 mice using genetic crosses,                     

S13 arrays and whole genome sequencing. These studies revealed that the                     

defects in % cell development were not linked to  6LDH�  which is present on                           

chromosome 9, but instead to a gene encoding a guanine nucleotide                     

exchange factor,  'RFN� , on chromosome 11. Whole genome sequencing                 

revealed a duplication of exons 2� and 29 of  'RFN� . Surprisingly, an identical                         

mutation in  'RFN� had been previously reported in two different colonies of                       

,UI� 
���  mice  (3urtha et al. 2012) . Given that the same mutation in  'RFN� was                           

identified in multiple gene­targeted mouse colonies despite different ES cell                   

lines being used to generate these mice, it appeared that it was most likely                           

introduced during backcrossing into the C�7%L�� background. Furthermore,               

the presence of C�7%L��1 S13s in close linkage with the duplication                     
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suggests that it arose in a C�7%L��1 subline. Indeed, we were able to find this                             

'RFN� variant ( 'RFN� +VG ) in the homozygous state in the colony of                     

C�7%L��1Hsd mice maintained at Harlan Sprague Laboratories (now Envigo                 

%iosciences). We also identified the  'RFN� Hsd  variant in a colony of  &PDK                       

knockout mice that had been backcrossed into C�7%L�� mice obtained from                     

Harlan Laboratories. Examination of a range of other commercially available                   

C�7%L��J and C�7%L��1 mice revealed only wild type  'RFN� . It is therefore                       

likely that the  'RFN� Hsd  variant arose within the C�7%L��1Hsd mouse colony                     

at Harlan Laboratories. This study raises concerns that many other lines of                       

gene­targeted mice bearing hematopoietic phenotypes may have been               

inadvertently compromised by backcrosses involving the use of C�7%L��1Hsd                 

mice. 

�.� 5(68/76 

�.�.1 7he loss of marJinal ]one % cells and enhanced C'� � memory 7                         

cell phenotype oEserYed in  Siae  ǻe[��ǻe[� mice is not linNed to the loss                         

of 6iae 

We have previously reported that  6LDH  ǻex2�ǻex2 mice, which were                   

backcrossed into the C�7%L�� background for 10 generations (henceforth                 
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referred to as 110­ 6LDH mice), show a profound loss of marginal zone (M=) %                           

cells  (Cariappa et al. 2009) . In subsequent studies, we noted that 110­ 6LDH                       

mice also exhibit a marked increase in CD� � CD�� � CD122 hi                   

memory­phenotype (M3) cells in the blood and spleen (Figure 1A).                   

Surprisingly, both the defect in M= % cell development as well as the                         

enhanced CD� � M3 cell phenotype were completely lost upon further                   

backcrossing of 110­ 6LDH mice into the C�7%L��J background for an                   

additional 13 generations (henceforth referred to as 123­ 6LDH mice) (Figure                   

1%). To further determine whether the loss of Siae  SHU VH  was responsible for                           

any of the 110 phenotypes, we generated an independent line of Siae                       

deficient mice ( 6LDH tm1a�tm1a ) using an ES cell clone bearing a                   

gene­targeted allele of Siae ( 6LDH tm1a(E8COMM)Wtsi  � MGI ID� ���2�07) in                     

the C�7%L��1 background (Figure 2) . These mice also exhibited normal                     

numbers of M= % cells and no increase in CD� � M3 cells, confirming that the                             

loss of Siae  SHU VH  was not responsible for the phenotypes previously                       

observed in 110­ 6LDH  mice (Figure 1%).  
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)iJure 1:  Siae �deficient mice e[hiEit a EacNJround  dependent increase in    �                

C'�� 03 cells and a loss of marJinal ]one % cells .  �$�  The proportion of                             

CD�� M3 cells in the spleens of one to three month old 110  6LDH  mice with                             

age  matched C�7%L��J controls are shown.  �%�  CD�� M3 and marginal zone                       

% cells in 110  6LDH , 123  6LDH , Siaetm1a�tm1a and C�7%L��J mice.  
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)iJure � :  $ schematic of the tarJetinJ Yector used to Jenerate the                       

(8C200 Jene tarJeted allele�  Siae�tm1a�(8C200�:tsi� is shoZn.  Three             

gene targeted embryoinc stem cell clones (D07, E0�, H07) were obtained from                     

E8COMM and checked for appropriate homologous recombination using a                 

Southern %lot with flanking �’ and 3’ probes as shown above. The D07 clone                           

exhibited allelic imbalance suggesting that the D07 ES cell line was sub clonal                       

and was excluded from further analysis. The E0� clone was inMected into                       

C�7%L�� blastocysts. 
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�.�.� 7he phenotypes oEserYed in 11�� Siae mice are inherited in a                     

0endelian fashion and linNed to a locus distinct from  Siae 

To begin to identify the genetic locus responsible for the anomalous                     

phenotypes observed in 110­ 6LDH mice, we did a test cross to assess the                         

inheritance pattern. 110­ 6LDH x C�7%L��J mice (F1) were generated and                   

backcrossed to 110­ 6LDH mice. We found that the increase in CD� � M3 cells                         

was a Mendelian recessive trait and segregated independently of  6LDH  (Figure                     

3A). In addition, analysis of these mice showed a 100� linkage between the                         

loss of M= % cells and an increase CD� � M3 T cells, suggesting that a single                               

genetic locus was likely responsible for both these phenotypes (Figure 3%).                     

Since the proportion of CD�� M3 cells in blood could be easily measured, we                           

used this trait for mapping the pathogenic locus. We also found that � of 1�                             

mice that lacked both copies of the Siaeǻex2 allele had an abnormal CD��                         

M3 population, suggesting that Siae had no contribution to these observed                     

phenotypes (Figure 3C).  
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)iJure  �:  7he  constellation  of  hematopoietic  phenotypes  oEserYed  in 

11�  Siae��mice are 0endelian� recessiYe 	 unlinNed to  Siae�

�$�   (110 Siae  î  C�7%L��J)  F1  animals  have  a  normal  CD��  M3  cell 

compartment.  8pon  subsequent  backcrossing  to  the  110 Siae  background, 

Siae  does  not  segregate  with  the  altered  CD��  M3  cells  (n 13). 

Approximately  equal  number  of  mice  with  (n 79)  and  without  (n 77)  the 

phenotype  (��0�  and !�0� CD� M3 cells respectively) are observed.   �%�   A 

strong correlation between  loss of marginal zone % cells and  increase in CD� 

M3  is  observed.   �C�   a2��  of  Siae���  (wildt ype)  mice  obtained  from  an 

intercross  between  heterozygous  110  6LDH   mice  exhibit  normal  CD��  M3 

cells. 
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Figure 3 (Continued) 
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�.�.� $ Jenetic marNer on chromosome 11 seJreJates Zith the                   

phenotype  

The 110­ 6LDH whole genome S13 arrays yielded an average call rate of                       

99� with 9�.7� homozygosity. 3ublicly available S13 array data from various                     

129 substrains and C�7%L�� sublines were used for comparison (Didion et al.                     

2012) . �3�,��7 S13s showed a 100� call rate across all the arrays. Given                         

that the  6LDH ǻex2  allele was generated in an R1 ES cell that is derived from                             

the 129;1�SvJ x 129S1�Sv F1­.itl��! background (1agy et al. 1993) , it was                     

not surprising that all the S13s (27� of 27�) in a � Mbp region surrounding the                               

6LDH locus (chr9�3�0221��­�10�00��) that differed from the C�7%L��               

reference genome were of 129 origin (Figure �A). Surprisingly, all these 129                       

origin S13s were retained in the 123­ 6LDH  mice, suggesting that 13 additional                       

generations of backcrossing into C�7%L��J mice had had no further effect on                       

reducing the 129 contribution on chromosome 9 (Figure �). Considering that                     

a17.�� of the �3�,��7 S13s calls analyzed in the whole genome S13 array                         

were different between the 129 and C�7%L�� backgrounds and the fact that                       

we did not find any genomic region containing two or more  FRQWLJXRXV S13s                         

of 129 origin outside of the chromosome 9 locus containing  6LDH , we                       

recognized that it was extremely unlikely that a mutation in the gene­targeted                       

ES cell clone of 129 origin had been retained in the 110­ 6LDH  mice. 
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)iJure �: $ 613 on chromosome 11 seJreJates Zith increase in C'�                       

memory  phenotype 7 cells �$�  Whole genome S13 array revealed 399                     

S13s that differ between 110 Siae and C�7%L��J. 27� S13s (blue triangles)                     

on chromosome 9 in the  6LDH  locus are shared by 129 strains. 123 S13s (red                             

triangles) appear to be of C�7%L��1 origin.  �%�  Linkage between candidate                     

S13s and CD�� M3 expansion in the progeny of test crosses (n 1�)                       

described in Figure 2A. A S13 on chromosome 11 (rs29391�27) was found to                         

segregate with the CD� memory phenotype (n 1�).  �C�  This observation was                     

validated in a larger cohort (n 1��). 
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Figure � (Continued) 
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)iJure �: 7here is no difference 1 1� and 1�� mice on chromosome �                         

S13s on chromosome 9 of 129 origin in the  6LDH  locus                     

(chr9�3�0221�� �10�00��) in 110  6LDH  and 123  6LDH  mice. The genotypes of                 

individual S13s tested are listed. 
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All (123 of 123) S13s on the remaining 110­ 6LDH chromosomes that                     

differed from the C�7%L��J allele, matched the C�7%L��1 consensus allele                   

(shared between C�7%L��1Tac, C�7%L��1ci and C�7%L��1Crl), suggesting             

that the pathogenic locus could have arisen from a C�7%L��1 strain used                       

previously for backcrossing before we obtained the mice from the 8niversity of                       

California at San Diego. We next tested the genetic linkage to a few randomly                           

chosen candidate C�7%L��1 S13s in the (C�7%L��1 ; C�7%L��J) test                   

crosses (Figure 3A, %). Fortuitously, a S13 of C�7%L��1 origin, rs29391�27,                     

on chromosome 11 (chr11��09�2�22) was linked to the increase in CD� � M3                       

cells in the blood of 1� mice (Figure 3%). The linkage to rs29391�27 was                           

validated in a larger cohort of 1�� mice and estimated to be at a distance of                               

about �.3 cM (Figure �%).  

�.�.� $ reJion on chr11:������1������11�� is tiJhtly associated Zith the                   

11� �Siae� phenotype 

We next performed whole genome sequencing of an 110­ 6LDH  mouse                   

that exhibited the phenotypic changes described. Single end sequencing was                   

performed for �� cycles on a 1extSeq�00 instrument, yielding a total of                       

a�0Gbp of sequence data. 93.9� of the reads mapped to the reference                       

mouse genome (��.�2� of the reads mapped to unique sites on the genome).                         
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A mean coverage depth of 1�.33 fold was obtained. The GAT. variant calling                         

pipeline was used to identify positions on chromosome 11 that differed from                       

the reference genome (Figure �)  (Mc.enna et al. 2010) . This analysis                     

confirmed the results of the whole genome S13 array (for S13s with                       

adequate sequencing coverage) and also revealed a few additional S13s that                     

were not covered by the S13 array that differed between 110­ 6LDH and                       

C�7%L��J. All the protein coding variants (3 of 3) that we observed within 2�                           

Mbp of rs29391�27 on chromosome 11 were previously reported S13s                   

present in one or more inbred mouse strains (rs2�0�17�01, rs�2�1�21 and                     

rs�2����7). As structural variants could not be ruled out on the basis of this                           

analysis, we used a panel of S13s that differed between 110­ 6LDH and                       

C�7%L��J to analyze mice shown in Figure � that showed discrepant                     

phenotypes with respect to rs29391�27. This allowed us to progressively                   

narrow the pathogenic genetic locus to a � Mbp region on chromosome 11                         

(Ichr11�30��2213­3��21130) (Figure 7). 
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)iJure �: Variants in the 110 Siae genome (relative to the C�7%L��J reference                       

genome, GRCm3��mm10 assembly) are depicted as a density plot (per                   

million bp). 
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Figure � (Continued) 
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)iJure �: 3athoJenic locus narroZed doZn to chr11:������1� ����11��.               

Mice with suspected informative crossovers were used to progressively                 

narrow the pathogenic locus to chr11�30��2213 3��21130. The rows depict                 

the percentage of M3 CD�� T cells in individual mice with their respective                         

S13 genotypes. 
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Figure 7 (Continued) 
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�.�.� $  'RFN� duplication on chromosome 11 accounts for the oEserYed                     

11� �Siae� phenotype  

A focused examination of the whole genome sequence in the                   

chr11�30,��2,213­3�,�21,130 region revealed a a2­fold increase in coverage               

in a 23.� .bp region encompassing exons 2� and 29 of the  'RFN�  gene                           

(Figure �A). This was reminiscent of a previously published report identifying                     

a duplication involving exons 2� and 29 of  'RFN� in  ,UI� ­�­ mice (3urtha et al.                           

2012) . Indeed, the presence of an identical duplication in  'RFN� was                     

confirmed in 110­ 6LDH mice using a previously reported 3CR designed to                     

identify this duplication (Figure �%)  (.ei <asuda et al. 2013) . Sequencing of                       

the 3CR product revealed that the breakpoint in the  'RFN� duplication                     

(chr11�3�329��3­3�30��2�� GRCm3��mm10 assembly) was identical in  ,UI� ­�­             

and 110­ 6LDH mice (Figure 9). As  &PDK ­�­ mice also lack M= %                       

cells (Cariappa et al. 2009) , we looked for the presence of the  'RFN� Hsd  allele                         

in two  &PDK ­�­  mice. The  'RFN� Hsd allele was present in 3 of 3  &PDK ­�­  mice                             

analyzed (Figure �%). This duplication has been demonstrated to be a                     

loss­of­function allele as it results in a frameshift mutation and                   

nonsense­mediated decay of  'RFN�  mR1A (3urtha et al. 2012) .  
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)iJure �: $ Jenomic seJment encodinJ e[ons �� and �� of 'ocN� is                         

duplicated in 11� 6iae and Cmah � mice.  (A) An abrupt increase in coverage                       

depth within the putative pathogenic locus on chromosome 11 mapped by                     

S13s ecompasses exons 2� and 29 of Dock2 in the 110 Siae genome. (%)                         

3CR detection of Dock2 duplication in 110 Siae, Cmah � , 123 Siae and                 

C�7%L��J mice. 
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Figure � (Continued) 
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)iJure �: Identical duplication of 'ocN� is present in 11� 6iae and I5)� �                        

mice. (A)Sequence of the Dock2 duplication from an 110 Siae mouse                   

obtained with Sanger sequencing of the 3CR amplicon, and the previously                     

published Dock2 duplication sequence from IRF� � (<asuda et al. Int. Immunol.                     

2�, 29�±30�, 2013). (%) 3airwise alignment of the Dock2 duplication from                     

110 Siae and IRF� �  mice. The breakpoint is indicated by an arrow. A low                         

complexity sequence at the site of the breakpoint is shown in lower case. 
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�.�.� 7he mutant 'ocN� allele Zas introduced Ey EacNcrossinJ into                   

C��%/��1Hsd mice   

Given that the same duplication was seen in three independently                   

gene­targeted mice, it confirmed our suspicion that the mutant  'RFN� allele                     

was inadvertently introduced during backcrossing. As previously noted, the                 

S13s flanking the duplication were of C�7%L��1 origin (rs29�732�� at                   

chr11�33���3�7, rs29�1�10� at chr11��33����2), suggesting that this             

duplication arose in a C�7%L��1 substrain. Indeed, a survey of several                     

commercially available C�7%L��1 substrains showed the presence of a                 

duplication in exons 2� and 29 of Dock2 with an identical breakpoint in �� of                             

�� C�7%L��1Hsd mice (Harlan Sprague Dawley, acquired by Envigo                 

%iosciences in 201�) analyzed (Figure 10A and Figure 11). We henceforth                     

refer to this allele as  'RFN� Hsd . The  'RFN� Hsd  allele was not detected in any                           

of the other C�7%L��1 strains analyzed viz. C�7%L��1Tac, C�7%L��1Crl,                 

C�7%L��1J (Figure 11). This Dock2 duplication was also not observed in the                       

C�7�%L�1J genome published by the Mouse Genomes 3roMect (Wellcome                 

Trust Sanger Institute) (<alcin et al. 2012) . Thus, the  'RFN� Hsd  allele appears                     

to be a copy number variant that has been fixed in the C�7%L��1Hsd strain                           

and may have been introduced into numerous other gene­targeted mouse                   

lines during backcrossing. 
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)iJure 1�: 7he 'ocN� duplication is present in the C��%/��1Hsd strain�                     

Zhich e[hiEits multiple characteristics of 'ocN� deficiency.  (A) 3CR                 

detection of Dock2 duplication in C�7%L��1Hsd mice and other C�7%L��1                   

sublines (C�7%L��1Tac and C�7%L��1J). (%) Sequences of the Dock2                 

duplication breakpoint (arrow) from C�7%L��1Hsd, 110 Siae and IRF� � mice.                 

A low complexity sequence at the site of the breakpoint is shown in lower                           

case. (C) 3roportion of CD�� M3 cells, marginal zone % cells, invariant 1. T                           

cells and plamsmacytoid dendritic cells C�7%L��1Hsd, C�7%L��1Tac and               

C�7%L��J mice. 
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Figure 10 (Continued) 
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)iJure 11 'ocN� duplication is found at a Yery hiJh allele freTuency in                         

the C��%/��1Hsd strain. (A) �0 C�7%L��1Hsd and other C�7%L��1                 

sublines were genotyped for the Dock2 duplication using a previously                   

described 3CR (<asuda et al. Int. Immunol. 2�, 29�±30�, 2013) and (%)                       

phenotyped for the expansion of CD�� M3 T cells in the blood. 
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Figure 11 (Continued) 
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Consistent with this, both  6LDH  ǻex2�ǻex2 and  &PDK ��� mice were generated                     

from ES cells of 129 origin and backcrossed into the C�7%L�� background at                         

8CSD using mice obtained from Harlan Laboratories (personal               

communication from AMit Varki). The  ,UI� ���  mice were generated from a E1�.                       

ES cell (129OlaHsd background) and backcrossed into the C�7%L��                 

background before being distributed to various investigators by laboratory of                   

Tadatsugu Taniguchi  (Takaoka et al. 200�) . However, the Dock2 duplication                   

was found only in two of three colonies derived from the original  ,UI� ���  colony,                           

which led the investigators to believe that the Dock2 duplication arose                     

spontaneously within a subline of  ,UI� ­�­ mice  (3urtha et al. 2012) . Like the                         

110­ 6LDH mice, C�7%L��1Hsd mice exhibit an expansion of CD� � M3 T cells                       

(Figure 10C and Figure 11). C�7%L��1Hsd mice also exhibit other phenotypes                     

that have been previously observed in the  'RFN� ­�­ mice  (Fukui et al. 2001) .                         

%oth  'RFN� ­�­  and C�7%L��1Hsd mice exhibit splenic lymphopenia as well as                     

a profound loss of marginal zone % cells, invariant 1.T cells and                       

plasmacytoid dendritic cells (Figure 10C)  (Fukui et al. 2001� .unisaki et al.                       

200�� Gotoh et al. 200�) . The similarities between  'RFN� ­�­ and                   

C�7%L��1Hsd mice support the notion that the  'RFN� Hsd  allele inactivates                   

the function of  'RFN� by creating a premature stop codon that contributes to                         

nonsense mediated decay of the resultant mR1A.  
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�.� 'I6C866I21 

Striking phenotypes have been discovered in a number of                 

gene­targeted mice that were previously assumed to be the result of the                       

homozygous loss of a specific gene. To clarify the loss of phenotype in  6LDH                           

ǻex2�ǻex2 mice upon additional backcrossing into a C�7%L��J background,                 

we generated an additional mutant allele of  6LDH and also failed to observe                         

any of the previously reported phenotypes. We therefore undertook a series of                       

studies involving conventional genetics, whole genome genotyping and whole                 

genome sequencing to identify a causal mutation on chromosome 11. We                     

then also found this same mutation, a homozygous duplication of two exons of                         

'RFN� that creates a non­functional product, in  &PDK  mutant mice and noted                       

that an identical mutation had been previously found in  ,UI� ��� mice, originally                       

generated in Japan, and assumed to have been a spontaneous mutation                     

(3urtha et al. 2012� Takaoka et al. 200�) . The most parsimonious explanation                     

for a specific mutation being present in three different gene­targeted mice, all                       

derived from different ES cells, two generated originally in California and a                       

third in Japan, is that they had all been acquired by backcrossing into an                           

unidentified mutant C�7%L�� strain.  
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%ecause our S13 arrays showed the presence of specific C�7%L��1                   

S13s we had a high degree of suspicion that this mutation had been acquired                           

from a commercial C�7%L��1 strain. We surveyed commercial C�7%L��1 and                   

C�7%L��J strains and discovered a specific  'RFN� gene duplication that was                     

present only in C�7%L��1 mice obtained from Harlan Laboratories                 

(C�7%L��1Hsd). Intriguingly, the set of 123 S13s outside the  6LDH locus that                       

differed between 110­ 6LDH and C�7%L��J also comprised 97� of the S13                     

alleles (n  12�) from a pool of �3�,��7 S13s analyzed in the whole genome                             

arrays that differ between C�7%L��J and C�7%L��1 sublines but are identical                     

to the consensus 129 alleles. Given that C�7%L��J and C�7%L��1 strains                     

were derived from a common stock of C�7%L�� mice, the differences between                       

C�7%L��J and C�7%L��1 substrains have been so far attributed to genetic                     

drift. In contrast, our analysis indicates that C�7%L��1 mice may have derived                       

some genetic contribution from the 129 strain at a remote time during their                         

history, prior to the divergence of various C�7%L��1 sublines. 

We have verified that the  6LDH  ǻex2�ǻex2 and  &PDK deficient mice                     

were backcrossed into a C�7%L�� background using mice obtained by our                     

collaborators at 8CSD from Harlan Laboratories Inc. between 200�­200�. We                   

have also been informed that C�7%L�� mice from Harlan Laboratories were                     

being routinely used for backcrossing and some other lines generated at                     

8CSD have also have been compromised (personal communication from AMit                   

Varki). Initial reports of  ,UI� ��� mice backcrossed into C�7%L�� background that                     
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bear phenotypes (e.g. lack of type I interferon) attributable to Dock2 deficiency                       

were published in 2007  (Gotoh et al. 2010, 200�� .. <asuda et al. 2007) .                           

Thus, we believe that the  'RFN� copy number variant has been present in the                           

C�7%L��1Hsd colony at Harlan Laboratories for at least a decade. The                     

C�7%L��1Hsd mice were derived by Harlan Laboratories from the breeding                   

nucleus of the C�7%L��1 colony maintained at the 1IH in 19��. Harlan                       

Laboratories Inc was acquired by Envigo %iosciences in 201�. The C�7%L��1                     

subline originated from the C�7%L��J colony at Jackson Laboratory in 19�1                     

(Mekada et al. 2009) . Given that other sublines derived from C�7%L��1 and                       

C�7%L��J strains lack the  'RFN� Hsd variant, it is formally possible that a                       

spontaneous mutation present in the C�7%L��1 founders was expanded at                   

Harlan Laboratories. However, it is more likely that the  'RFN� duplication                     

arose later in the C�7%L��1Hsd colony after it diverged from the 1IH breeding                         

stock and was fixed by the breeding strategies based on continued                     

brother­sister mating that are designed to minimize genetic drift in mouse                     

sublines. Analysis of archived tissues from C�7%L��1Hsd mice will help                   

estimate when the  'RFN� Hsd variant arose, and help assess how many                     

studies have been affected. Despite the relatively large size of the Dock2                       

gene, coding variants of  'RFN� have not been reported in other inbred mouse                         

strains  (Sherry et al. 2001) .  
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The  'RFN� Hsd  variant is particularly significant as it causes                 

wide­ranging hematopoietic phenotypes in a strain of mice that is widely used                       

for immunological studies. Since 2003, the Jackson Laboratory has                 

implemented a Genetic Stability 3rogram in selected mouse strains to limit                     

cumulative genetic drift, including that caused by copy number variation, by                     

regularly rebuilding foundation stocks from cryopreserved, pedigreed embryos               

every few generations  (Taft, Davisson, and Wiles 200�) . Commercial breeders                   

of inbred mouse strains as well as individual research groups maintaining                     

knockout lines over long periods should consider the implications of the                     

choice of their breeding strategies on genetic drift within the colony. 

The recent availability of ES cells from a C�7%L�� background obviates                       

the need for backcrossing but ES cells derived from the C�7%L��1Hsd                     

background should be tested for the presence of the  'RFN� Hsd allele                     

(Skarnes et al. 2011) . Given that Dock2 is expressed primarily in the                       

hematopoietic lineage, immune phenotypes that have been studied in the                   

context of %� mice from Harlan Laboratories should be reviewed carefully. The                       

presence of the Dock2 Hsd allele also affects studies when mutant strains that                       

lack the Dock2 Hsd allele were compared with C�7%L�� mice obtained from                     

Harlan Sprague as controls.

�� 



Loss of function variants of other genes such as  1QW ,  0QUQ� ,  5G� and                         

&\ILS� have been described in one or more sublines of C�7%L�� and have                         

been linked to glucose intolerance, impaired platelet function, retinal                 

degeneration and altered cocaine response respectively  (Mattapallil et al.                 

2012� .umar et al. 2013� Reheman et al. 2010� Freeman et al. 200�) . Loss of                             

function variants of  6FQD are seen in some sublines of C�7%L��1 as well as in                             

ES cells of C�7%L��1 origin but result in no obvious phenotype  (Specht and                         

Schoepfer 2001) . A copy number variant that alters the expression of                     

insulin­degrading enzyme ( ,GH ) and fibroblast growth factor binding protein 3                   

( )JIES� ) genes has been reported to have achieved a high allele frequency in                         

C�7%L��J mice  (Watkins­Chow and 3avan 200�) . While it is difficult to                     

estimate the precise degree of genetic drift that results in deleterious or                       

loss­of­function mutations, subline­specific variants are not uncommon and               

should be considered as a possible cause of phenotypic discrepancies in                     

mouse sublines. Furthermore, the specific substrain of mice used for                   

experiments or for backcrossing should be clearly documented.   
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*eneration of  Siae� NnocNout mice � Siae�tm1a�tm1a �. 

An ES cell clone (E3D0�79B2BE0�) bearing a targeted disruption of the Siae                       

locus ( 6LDH tm1a(E8COMM)Wtsi  � MGI ID� ���2�07) was obtained from the                     

European Conditional Mouse Mutagenesis 3rogram (E8COMM)  (Collins,             

Rossant, and Wurst 2007) . The  6LDH tm1a(E8COMM)Wtsi  allele ( 6LDH tm1a )               

contains a beta­galactosidase reporter and a polyadenylation signal in intron 3                     

of  6LDH . Gene targeting had been initially confirmed using long­range 3CR by                       

E8COMM, and additionally validated by us with a Southern %lot using the                       

non­isotopic %rightStar %iodetect kit (Ambion Inc.) (Figure 2). The ES cells                     

were then inMected into C�7%L�� blastocysts at the Transgenic Core Facility at                       

%righam and Women’s Hospital. The resulting chimeric mice were crossed                   

into C�7%L��1Tac. An  6LDH tm1a  founder was backcrossed for one generation                   

into C�7%L��1Tac and intercrossed to obtain  6LDH tm1a�tm1a homozygous               

mice. 
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*enetic mappinJ 

 

Whole genome S13 arrays were performed at the Microarray Core Facility at                       

the Dana Farber Cancer Institute using the Affymetrix Mouse Diversity Array                     

platform. Analysis was performed using the Affymetrix Genotyping Console                 

version �.2.0.2�. 3ublicly available S13 array data from various 129                   

substrains and C�7%L�� sublines were used for comparison  (Didion et al.                     

2012) . We focused on �3�,��7 S13s that were concordant among all the                       

C�7%L��1 substrains, all the 129 strains and both the 110­Siae mice                     

analyzed respectively. These were intended to represent the ancestral alleles                   

of the 129 and C�7%L��1 strains. Candidate S13s were evaluated using 3CR                       

and Sanger sequencing. Sequencing chromatograms were analyzed using               

Mutation Surveyor v3.2� (Softgenetics). 

 

:hole Jenome seTuencinJ 

 

A whole genome library was constructed using the .apa Hyper3lus kit                     

following manufacturer’s recommendations. %riefly, 1 ȝg of genomic D1A was                   

enzymatically fragmented, end repaired, A­tailed and ligated to Illumina                 

Truseq adapters. 1o library amplification was performed to avoid introducing                   

any coverage bias. The library was sequenced on the Illumina 1extSeq �00                       
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for �� cycles using the 1extSeq �00���0 High Output v2 kit. A total of                           

��7,10�,��0 single­end reads were aligned to the  0XV PXVFXOXV  genome                   

(GRCm3��mm10, December 2011 build) using %owtie2  (Langmead and               

Salzberg 2012) . For a total 93.9�� of reads mapping to the reference                       

genome, ��.�2� of reads mapped to unique sites on the genome, and                       

2�.��� of reads mapped to multiple regions. The GAT. pipeline was used to                         

identify variants  (Mc.enna et al. 2010) . Variants with quality scores � 30 or                         

allele frequency �100� were excluded, yielding 3�,3�0 variants. Variant and                   

read densities were calculated using %EDtools on Galaxy and visualized using                     

the R statistical programming language  (4uinlan and Hall 2010) . 

)loZ cytometry 

Mouse splenocytes or peripheral blood were hemolyzed with AC. buffer,                   

stained with fluorescently conMugated antibodies analyzed on a %D LSR II flow                       

cytometer. The following antibody clones were used in this study� anti­CD122                     

(TM%1 ), anti­CD�� (IM7), anti­CD3 (17A2), anti­CD� (�3­�.7) anti­CD19                 

(�D�) anti­%220 (RA3­�%2), anti­CD21(7E9), anti­IgM (RMM­1), anti­CD1d             

(1%1), and anti­IgD (11­2�c.2a) from %iolegend. 
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*enotypinJ strateJy 

Multiple mice should be tested to check if a mouse colony has been                         

compromised with the Dock2Hsd allele. 

A 3CR screening approach is outlined below. 

1. 3CR screening for the Dock2Hsd variant from genomic D1A

1) Extract genomic D1A from tail clips or splenocytes using .A3A Mouse                   

Genotyping kit (.apa%iosystems, �..73�2) or 4iagen D1easy %lood 	                 

Tissue .it (4iagen, ��9�0�). 

2) 3erform 3CR using .apa2G HotStart ReadyMix (.apa %iosystems,             

�..�701) with the following primers as described by 

*$C C77 $7* $** 7** $$C C$C $$C C 

*$7 CC$ $$* $77 CCC 7$C $*C 7CC $C  

ĺ Cycling conditions� 9��C 3min� (9��C 10sec, �2.��C 10 sec, 72�C 1� sec) x                           

3� cycles� 72�C 1 min. 

A 30� bp product indicates the presence of the Dock2Hsd copy number                       

variant. This 3CR does not distinguish between homozygous or heterozygous                   

variants. In order to distinguish whether the Dock2Hsd variant is homozygous                     

or heterozygous, one could look for the presence of the WT Dock2 mR1A in                           
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the hematopoietic tissues of Dock2Hsd 3CR­positive animals by RT­3CR.                 

Flow cytometric quantitation of marginal zone % cells in the spleen or of CD��                           

memory T cells in the blood as described in this paper can also serve as a                               

surrogate assay for homozygosity and may be used in combination with D1A                       

genotyping. 

7KLV FKDSWHU ZDV SXEOLVKHG LQ FHOO UHSRUWV �  &HOO 5HSRUWV 1� (9)�1901±9 � XQGHU                         

WKH WLWOH�   

SWUiNiQJ iPPXQe SKeQRW\SeV iQ GiYeUVe JeQe�WaUJeWeG PiFe aUe GUiYeQ E\� � � � � � � � � �

a FRQIRXQGiQJ FRS\ QXPEeU YaUiaQW RUiJiQaWiQJ IURP a FRPPeUFiaOO\� � � � � � � � �

aYaiOaEOe�&��%/%��1�VWUaiQ 
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Chapter �: 7C5 and '2C.� 

We previously demonstrated that a loss function  'RFN�  variant was                   

introduced into several knockout mouse strains during backcrossing. In this                   

study, show that loss of DOC.2 results in a 3­� fold expansion of virtual                           

memory cells that correlates with increased resistance to intracellular                 

infection. %one marrow chimera and adoptive transfer studies indicate that                   

these cells arise in a cell intrinsic manner following thymic egress. In addition,                         

close inspection of their transcriptional profile, TCR repertoire and cell surface                     

marker expression shows that  'RFN�  deficient naive CD� � T cells directly                     

convert into virtual memory cells bypassing the effector T cell stage. This                       

phenomenon also occurs in the context of a restricted TCR repertoire as                       

DOC.2 deficient T cells expressing the OT1 transgene show a similarly                     

dramatic expansion of their memory compartment. This direct conversion to                   

memory is associated with TCR hypersensitivity to ex vivo weak agonist                     

peptide and in vivo self­peptide triggering. Collectively, these findings suggest                   

that DOC.2 sets the threshold for entry into the “virtual” memory                     

compartment by negatively regulating tonic TCR triggering.  
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�.1 Introduction 

CD� � T cells are critical effectors of cellular immunity. A cardinal feature                       

of T cell responses is the establishment of long lived memory that rapidly                         

responds during subsequent challenge with the same antigen. The widely                   

held view of memory formation posits that cognate peptide activation drives                     

naive T cell clonal expansion and subsequent contraction leaving behind                   

memory cells that persist following the clearance of an acute infection  (.aech                       

et al. 2003� <u et al. 2017� Akondy et al. 2017) . 

CD� T cell memory cell formation that is not accompanied by effector                         

cell differentiation but sharing most conventional memory transcriptional and                 

functional traits has also been extensively documented  (Jameson 2002�                 

Ananda W. Goldrath et al. 200�� Hamilton and Jameson 200�� Cheung, <ang,                       

and Goldrath 2009) . Cognate antigen independent memory cells are also                   

found in the sterile environment of human fetal spleen and cord blood  (=hang                         

et al. 201�� Jacomet et al. 201�� Van .aer 201�) suggesting that this is an                             

evolutionary conserved bonafide naive T cell differentiation pathway. This                 

phenomenon, initially uncovered by adoptively transferring naive T cells into                   

lymphopenic settings such as neonatal and irradiated mice  (A. W. Goldrath                     

and %evan 1999� Ernst et al. 1999� Min et al. 2003) , requires a combination of                             

common Ȗ­chain cytokine (mainly by IL­7) and self peptide TCR triggering  (J.                       

7� 



T. Tan et al. 2001) . These and other studies suggested that a transient                     

increase in “survival” signals drive such memory cell differentiation  (Sprent                   

and Surh 2011) . Consistent with this idea, there is a direct correlation between                         

homeostatic conversion to memory and the strength of tonic self peptide                     

signaling that a T cell is receiving  (.ieper, %urghardt, and Surh 200�) .  

Recently, several studies have described cognate antigen­independent             

CD� � T cell memory that arises without any apparent lymphopenia  (White,                     

Cross, and .edl 2017� Haluszczak et al. 2009) . In mice, this type of memory                           

can be divided into two categories� “innate” and “virtual” memory. Innate                     

memory cells arise in the thymus and are dependent on IL­� production from                         

3L=F � 1.T cells  (Lee, Jameson, and Hogquist 2011) . Virtual memory cells                   

arise in the periphery requiring common Ȗ­chain cytokines (mainly IL­1� and                     

IL­�)  (Sosinowski et al. 2013� Akue, Lee, and Jameson 2012� Fiege, %urbach,                       

and Shimizu 201�) and self­peptide TCR triggering  (White et al. 201�) , in a                         

manner reminiscent of lymphopenia induced memory cells. These cells are                   

also seen in germ free mice consistent with their dependence on homeostatic                       

signals for generation and survival. %ystander virtual memory cells also                   

provide innate­like protection in the of context intracellular infection  (White et                     

al. 201�) similar to conventional memory T cells in mice  (R. E. %erg et al.                             

2003� Chu et al. 2013) and humans  (.im et al. 2017) . Interestingly, very little is                             
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known about negative regulators of the CD� � T cell virtual memory                     

compartment  (Fiege, %urbach, and Shimizu 201�) .   

DOC.2, a hematopoietic restricted guanine exchange factor (GEF),               

activates the Rho GT3ase Rac by catalyzing the transition from the inactive                       

GD3­bound state to the active GT3­bound state. DOC.2 ensures spatially                   

controlled activation of Rac by localizing to cell membrane via DHR1 domain                       

mediated interactions with 3I33 and polybasic amino acid cluster based                   

interactions with phosphatidic acid  (Fukui et al. 2001� 1ishikimi et al. 2009,                       

2013) . GT3 bound RAC1 subsequently drives actin polymerization enabling                 

cytoskeletal rearrangements required for lymphocyte chemotaxis  (Fukui et al.                 

2001� Terasawa et al. 2012� Gotoh et al. 200�) , T cell interstitial motility                         

(1ombela­Arrieta et al. 2007) , plasmacytoid dendritic cell cytokine secretion                 

(Gotoh et al. 2010) , and TCR activation  (Sanui et al. 2003� Le Floc’h et al.                             

2013) . In CD� �  T cells, these studies used relatively strong stimuli, i.e.                         

anti­CD3 or cognate antigen, to identify DOC.2 as a negative regulator of                       

TCR clustering and immune synapse formation. In addition, Sanui et al. used                       

a weak agonist against the MHC­II restricted 2%� TCR transgene to show a                         

defect in the proliferative response of stimulated  'RFN� ���  CD� � T­cells  (Sanui                     

et al. 2003) . However, it is likely that DOC.2’s role in regulating lymphocyte                         

proliferation independent of the TCR complicates interpretation of this                 

experiment  (Wang et al. 2010) . 
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In an earlier study, we used the inheritance pattern of expanded                     

memory T cells in the blood to identify a loss function  'RFN� allele                         

(Dock2 hsd�hsd ) in several independently generated knockout mice. We               

further went on to show that this allele was introduced during backcrossing                       

into the commercially available C�7%L��1Hsd substrain  (MahaMan et al. 201�) .                   

In this study, we show that the memory phenotype cells expanded in the                         

absence of  'RFN�  are polyclonal virtual memory cells. Interestingly, the                   

differentiation of these cells is not dependent on the presence of a polyclonal                         

repertoire as they are also seen in OT1 transgenic Dock2 hsd�hsd  mice. In                       

addition, bone marrow chimera and adoptive transfer studies suggest that                   

these cells arise in a cell intrinsic manner following thymic egress. Importantly,                       

a close inspection of their surface phenotype, transcriptional profile and TCR                     

repertoire suggests that Dock2 hsd�hsd naive T cells are directly converting                   

into memory cells in the absence of cognate antigen stimulation. Importantly,                     

such direct conversion to memory is associated with hyperresponsiveness to                   

self peptide­MHC in lymphoreplete and lymphopenic environments as well as                   

ex vivo TCR triggering with weak peptide agonists. Collectively, these findings                     

suggest that the absence of DOC.2 lowers the threshold of self­peptide                     

triggering required to enter the virtual memory cell compartment   
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�.� 5esults 

�.�.1 $Esence of 'ocN� results in e[pansion of Yirtual memory 7 cells 

In an earlier study, we identified an approximately 3 fold expansion of                       

memory phenotype cells in mice carrying spontaneous loss of function                   

mutation in the guanine exchange factor DOC.2 ( 'RFN� KVG�KVG )  (MahaMan et                   

al. 201�) . This expansion isn’t specific to this particular allele of  'RFN�  as it is                             

also present in gene targeted Dock2 deficient mice  (Fukui et al. 2001) (Figure                         

12A). The increase in  'RFN� KVG�KVG memory phenotype cell percentage is                   

also mirrored by a similar increase in total numbers of such cells (Figure 12%).                           

It is important to note that these cells lack surface expression of 1.1.1 but                           

express both CD�Į and CD�ȕ (Data not shown).  
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)iJure 1�: 'ocNhsd�hsd mice haYe an e[panded Yirtual 7 cell                   

compartment and are resistant � A) The proportion of CD�� memory                   

phenotype cells (M3) in the spleens of Dock2hsd�hsd, DockFukui�Fukui and                   

WT mice as measured by flow cytometry. (%) 1umber of splenic naive                       

(CD��loCD122 ), memory phenotype, M3 (CD��hiCD122�) and total T cells in                   

indicated mice. (C) 3ercentage and ratio of virtual memory (VM)                   

(CD��hiCD�9dlo) T cells relative to true memory (TM) (CD��hiCD�9dhi) T                   

cells among total splenic T cells from indicated mice as assessed by flow                         

cytometry. (D) CD� T cells stimulated for four hours with 3MA Ionomycin or                       

IL 12�IL 1� were analyzed for interferon Ȗ production by intracellular staining.                 

(E) Listeria (LM10�3S) infected mice were sacked at indicated time points                 

followed by measurement of bacterial CF8s in the liver. Representative or                     

pooled data from experiments done twice with groups of 3 or � mice is shown.                             

Data was analyzed for statistical significance by unpaired two tailed Student’s t                     

test using 3rism (Graph3ad Software). 
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Figure 12 (Continued) 
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Recent studies have identified cognate antigen independent memory               

cells that arise in unmanipulated lymporeplete mice.  (White, Cross, and .edl                     

2017� Haluszczak et al. 2009� Akue, Lee, and Jameson 2012) . Such “virtual”                       

memory cells can be distinguished from conventional “true” memory cells by                     

their low expression of CD�9d  (Haluszczak et al. 2009) . Thus, we used                       

surface staining of Dock2 KVG�KVG splenic T cells to show that the maMority of                         

expanded memory phenotype cells phenotypically resemble virtual memory               

cells (Figure 12C). Although there is a slight increase in true memory cell                         

percentages, the ratio of virtual to true memory is significantly increased in the                         

absence of DOC.2 (Figure 12C).   

�.�.�  'RFN��KVG�KVG �Yirtual memory cells are functional and their  �              

presence correlates Zith protection from intracellular infection  

A key feature of true memory cells is rapid cognate antigen independent                       

production of interferon (IF1)Ȗ that is protective following intracellular bacterial                   

infection  (R. E. %erg, Cordes, and Forman 2002� R. E. %erg et al. 2003�                           

SoudMa et al. 2012� Chu et al. 2013) . Virtual memory T cells can similarly                           

undergo bystander activation and produce protective IF1Ȗ in Listeria infected                   

mice  (White et al. 201�) . Consistent with these studies, a higher proportion of                         

'RFN�+VG  T cells rapidly respond to in vitro polyclonal stimuli                   

(3MA�Ionomycin or IL­12�IL­1�)  by secreting IF1Ȗ (Figure 12D).
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Virtual memory cells extensively traffic to the liver.  (White et al. 201�) .                         

This led us to hypothesize that increased IF1Ȗ production by such cells                       

provides innate like protection in the context of listeria infection, a bacterium                       

that preferentially replicates in the liver. Indeed, the virtual memory expansion                     

in the absence of DOC.2 correlated with increased resistance to intracellular                     

infection as  'RFN� KVG�KVG mice show significantly lower bacterial burden 3                   

days after i.v. infection with LM10�3S (Figure 12E). Importantly, there are no                       

differences between wild type and  'RFN� KVG�KVG liver bacterial CF8s 1�                     

hours post­infection, consistent with published studies showing that the                 

protective effect of CD� derived IF1Ȗ doesn’t manifest itself until 3 days after                         

infection  (R. E. %erg et al. 2003) .  

�.�.�  'RFN��KVG�KVG �memory phenotype 7 cells arise a hematopoietic  �              

intrinsic manner folloZinJ thymic eJress  

Several studies have identified key roles for radioresistant stromal cells                   

in maintaining peripheral T cell homeostasis  (Roozendaal and Mebius 2011) .                   

With this in mind, we attempted to rule out any non­hematopoietic role in                         

behind the expansion of virtual cells by transferring bone marrow into                     

irradiated RAG deficient recipients. This experiments revealed that only                 

recipients of Dock2 KVG�KVG bone marrow have a robust expansion of memory                     
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cells while mice that receive wild type bone marrow have a much smaller                         

virtual compartment (Figure 13A). Mixed chimeras, with wild type and                   

'RFN� 
KVG�KVG  mice bone marrow inMected into same recipient, are not                   

possible due to a severe defect in competitive lymphoid reconstitution seen                     

with  'RFN�  deficient precursors  (.ikuchi et al. 200�) .  

'RFN� 
KVG�KVG virtual memory cells arise in the periphery as there are                     

no mature CD� �  single positive CD�� hi  cells  in the thymus (Figure 13%), in                         

contrast to recently described innate CD� T cells which are initially generated                       

prior to thymic egress  (L. J. %erg 2007� Lee, Jameson, and Hogquist 2011) .                         

Conventional true memory cells are generated following clonal activation,                 

effector expansion and contraction to form long lived memory  (.aech and Cui                       

2012) . Consistent with the lack of expression of CD�9d and markers of early                         

effector activation (CD�9 and CD2�), there is no significant increase in the                       

percentage of cycling naive or memory T cells in DOC.2 deficient mice                       

(Figure 13C 	 13D).  

�.�.�  'RFN��KVG�KVG naiYe 7 cells directly conYert into memory                 

phenotype cells 

In order to get some insight into the mechanism underlying the                     

enhanced generation of  'RFN� KVG�KVG virtual memory cells, we compared the                   
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transcriptional profile of DOC.2 deficient and wild type naive T cells.                     

Interestingly, we found that genes upregulated in  'RFN� KVG�KVG naive T cells                     

are significantly enriched for several gene sets. associated with memory T cell                       

differentiation (Figure 1�A). A more focussed examination of individual genes                   

upregulated in the absence of DOC.2 also revealed that transcription factors                     

associated with memory such as  7FI� and  ,/��5  had higher expression in                       

'RFN� 
KVG�KVG  naive T cells (data not shown). Consistent with direct                   

conversion of such cells to memory T cells bypassing effector T cell clonal                         

expansion, we also didn’t observe any gene sets associated with early T cell                         

activation.  
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)iJure 1�: 'ocNhsd�hsd Yirtual memory 7 cells arise in a hematopoietic                     

intrinsic manner in the periphery (A) %one marrow from either                   

Dock2hsd�hsd or WT mice was inMected into irradiated RAG1 � mice. Recipient                     

mice were examined for spontaneous memory formation 12 weeks after                   

inMection. (%) Thymocytes from indicated mice were examined for the                   

presence of CD� single positive CD��hi memory cells. (C) Splenic T cells                       

were assessed for markers of activation and (D) cell cycle status.                     

Representative or pooled data from experiments done twice with groups of 3                       

or � mice is shown. Data was analyzed for statistical significance by unpaired                         

two tailed Student’s t test using 3rism (Graph3ad Software). 
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Consistent with a lack of effector activation, TCR sequencing of                   

'RFN� 
KVG�KVG  CD� T cells revealed a very diverse repertoire with no                     

dominant clonal expansions (Figure 1�%). One measure of subtle peripheral                   

self­antigen selection is convergence, the number of unique CDR3 sequences                   

coding for the same amino acid sequence  (Shugay et al. 201�) . Analysis of                         

the  'RFN� KVG�KVG memory T cell repertoire revealed a significantly lower                   

number of unique CDR3 nucleotide sequences that code for the same amino                       

acid sequence compared with wild type memory cells (Figure 1�C). This                     

decrease in convergence suggests that the self­antigen affinity threshold for                   

entering the virtual memory compartment is lowered in the absence of DOC.2                       

allowing more “naive” TCRs to enter this compartment. Further supporting this                     

conclusion, we found that TCR Vȕ expression profile of  'RFN� KVG�KVG virtual                     

memory cells bears remarkable similarity to naive T cells and is quite distinct                         

from wild type virtual memory cells (Figure 1�D). 

In order to determine whether Dock2 KVG�KVG naive T cells have an                     

increased cell intrinsic propensity to convert to virtual memory, we investigated                     

how adoptively co­transferred Dock2 KVG�KVG and WT naive T cells responded                   

to homeostatic signals LQ YLYR . As can be seen in figure 1�,  'RFN� KVG�KVG T                           

cells proliferate at a strikingly faster rate, completely diluting CFSE, than                     

co­transferred WT T cells with concomitant CD�� upregulation when inMected 
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)iJure 1�: 'ocN�hsd�hsd 7 cells directly conYert to Yirtual memory (A)                     

GSEA plots of gene sets enriched in a list of genes upregulated in                         

Dock2hsd�hsd naive (CD��loCD122 ) T cells when compared to WT naive T                     

cells. (%) Clone frequency of individual TCRs of naive (CD��loCD122 ) and                     

M3 (CD��hiCD122�) T cells FACS sorted from Dock2hsd�hsd and WT mice.                     

(C) Comparison of TCR repertoire convergence (number of unique CDR3               

sequences that code for the same amino acid sequence) between                   

Dock2hsd�hsd and WT mice naive (CD��loCD122 ) and M3 (CD��hiCD122�)                 

T cells. (D) Hierarchical clustering of naive (CD��loCD122 ) and M3                   

(CD��hiCD122�) T cells from Dockhsd�hsd and WT mice based on TCR Vȕ                       

usage. (E) 1aive T cells fromCD��.2� Thy1.2� Dock2hsd�hsd and CD��.2�                   

Thy1.1� WT mice were co transferred into irradiated CD��.1� Thy1.2�                 

lymphopenic mice and assessed for CFSE dilution and CD�� upregulation                   

after 1 week. (F) 1aive T cells from CD��.2� Thy1.2� Dock2hsd�hsd and                       

CD��.2� Thy1.1� WT mice were co transferred into unmanipulated               

lymphoreplete CD��.1� Thy1.2� mice and assessed for upregulation of                 

memory markers after 3 weeks. (G) Surface CD� and TCR levels of T cells                           

from Dock2hsd�hsd and WT T cells as assessed by flow cytometry.                     

Representative or pooled data from experiments done twice with groups of 3                       

or � mice is shown. Data was analyzed for statistical significance by unpaired                         

two tailed Student’s t test using 3rism (Graph3ad Software). 
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Figure 1� (Continued) 
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Figure 1� (Continued) 
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into irradiated lymphopenic mice (Figure 1�E). Importantly, this increased rate                     

of conversion to memory is also seen when naive  'RFN� KVG�KVG  T cells are                         

transferred to a lymphoreplete mouse without any irradiation (Figure 1�F).   

Recent studies have suggested that IL­1� and IL­� derived from                   

dendritic cells and i1.T cells respectively control the size of the peripheral                       

memory like T cell compartment  (Tripathi et al. 201�� .urzweil, LaRoche, and                       

Oliver 201�� Akue, Lee, and Jameson 2012� Sosinowski et al. 2013) . The                       

expansion of virtual memory cells in Dock2 hsd�hsd mice, however, is unlikely                     

to be secondary to changes in cytokine producing cells as the number of i1.T                           

cells are reduced  (MahaMan et al. 201�) while there are no obvious changes in                           

CD�Į dendritic cell homeostasis in these mice (Data not shown).  

Surface CD� levels, a proxy for tonic TCR signalling  (Azzam et al. 199�,                         

2001) , were significantly higher on naive T cells from Dock2 KVG�KVG mice                     

(Figure 1�G). In addition, there is lower surface TCR expression in                     

Dock2 KVG�KVG T cells (Figure 1�G). These findings suggested that an                   

increase in self peptide­MHC triggering is associated with the expansion of                     

memory phenotype cells. Interestingly, increased CD� levels are also seen in                     

'RFN� 
KVG�KVG CD� single positive thymocytes suggesting that the such cells                   

are receiving stronger positively selecting signals. However, this isn’t                 
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accompanied with dramatic changes in proportions of thymic precursors (                   

Figure 1�).   

�.�.�  'RFN��KVG�KVG �271 transJenic mice haYe an e[panded memory  �              

phenotype compartment and increased e[ YiYo responses to ZeaN 7C5                   

aJonists  

As our aforementioned experiments implicated tonic TCR signalling in                 

driving the conversion to virtual memory, we generated DOC.2 deficient                   

OT1­TCR transgenic mice (OT1­ 'RFN� KVG�KVG )  to dissect this phenomena in                 

context of a restricted TCR repertoire. OT1­ 'RFN� KVG�KVG  mice were born at                     

mendelian ratios and exhibited no obvious developmental defects. A close                   

examination of T cells in the blood of these mice, however, revealed a striking                           

accumulation of virtual memory cells compared to OT1 mice with normal                     

expression of DOC.2 (Figure 1�A). Thus, the DOC.2 dependent expansion                   

of CD�� T cells is independent of a polyclonal repertoire. Similar our findings                         

in mice that have a diverse repertoire, there is also lower surface TCR (VĮ2)                           

and no increased CD�9 expression in OT1­ 'RFN� KVG�KVG  mice (Data not                   

shown).    

These findings led us to explore the intriguing possibility that DOC.2                     

directly regulates ex vivo TCR triggering in CD� T cells. We designed                       
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experiments to test T cell responses to stimuli across a wide range of affinities                           

by taking advantage of altered peptide ligands for the OT1 TCR transgene.                       

The peptides we chose, in increasing order of affinity, are SIIGFE.L (G�),                       

SII4FE.L (4�) SIITFE.L (T�) and SII1FE.L (1�).  (Salmond et al. 201�) . As                       

a proxy for early TCR triggering, we decided to measure TCR downregulation                       

(Itoh et al. 1999) and CD�9 upregulation  (Cibriin and Sinchez­Madrid 2017) .                     

Consistent with our in vivo findings, ex vivo peptide stimulation of DOC.2                       

deficient T cells resulted in significantly more TCR downregulation when                   

compared to cells from  'RFNV ��KVG littermates (Figure 1�%). Further, the per                     

cell expression of CD�9 is much higher in DOC.2 deficient T cells (Figure                         

1�% and Supplementary Figure 17). Importantly, stimulation of               

OT1­ 'RFN� KVG�KVG  with a very weak ligand, SIIGFE.L (G�), resulted in                   

pronounced increase in the percentage of CD�9 positive cells compared with                     

OT1 T cells  (Figure 1�%). 
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)iJure 1� � CD� expression and proportion of T cell precursors in the thymus. 
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)iJure 1� � OT1 Dock2hsd�hsd mice have an expansion of memory phenotype 

(M3) T cells and show increased ex vivo responses to TCR stimulation (A) The 

proportion  of  CD��  memory  phenotype  cells,  M3  (CD��hiCD122�)  in  the 

spleens  of  indicated  mice.  (%)  TCR  responses  to  ex  vivo  stimulation  as 

measured by CD�9 upregulation and TCR downregulation  following  incubation 

for  four  hours  with  the  indicated  peptides.  FACS  plots  show  representative 

responses to stimulation with 1ȝM of peptide while bar graphs show responses 

across  a  range  of  concentrations.  3eptides  are  arranged,  top  to  bottom,  in 

increasing order of affinity to the OT1 TCR. Representative or pooled data from 

experiments done twice with groups of 3 or � mice is shown. 
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Figure 1� (Continued) 
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)iJure 1�: TCR responses to ex vivo stimulation as measured by CD�9                       

median fluorescence intensity. 3eptides are arranged, right to left, in                   

increasing order of affinity to the OT1 TCR. 
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�.� 'iscussion 

We took advantage of a prominent expansion of CD� � blood memory                     

phenotype cells to identify a loss function  'RFN� variant that was inadvertently                       

introduced into several knockout mice during backcrossing into the                 

commercially available C�7%L��1Hsd substrain. In this study, we show that                   

CD� �  T cell memory expansion is also found  'RFN� knockout gene targeted                       

mice. In contrast to antigen experienced memory cells, the maMority of                     

spontaneously arisen Dock2 hsd�hsd memory T cells have low surface                 

expression of CD�9d similar to virtual memory cells. This, combined with their                       

peripheral origin, lack of activation makers and absence of dominant clones,                     

leads us to conclude that memory phenotype cells seen in Dock2 hsd�hsd                     

mice are virtual memory cells.  

Virtual memory cells rapidly respond to innate cytokine and adaptive                   

TCR triggering conferring substantial protection. This is especially valuable in                   

immunodeficient hosts particularly when the T cell compartment is                 

compromised. For instance, absence of  'RFN� in mice and humans leads to                       

immunodeficiency with increased susceptibility to certain infections  (Liu et al.                   

201�� Dobbs et al. 201�) . However, we find that  'RFN� KVG�KVG mice are more                         

resistant to Listeria infection consistent with increased ex vivo innate like IF1Ȗ                       
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production by T cells from these mice. Interestingly, resistance from infection                     

manifests itself 3 days post infection ruling out most innate mechanisms of                       

protection while being consistent with kinetics of innate protection by memory                     

T cells  (R. E. %erg et al. 2003) . However, T cell depletion and adoptive                           

transfer studies are currently underway to rule out contributions from other                     

cells. Regardless, it is tempting to speculate that the overlap between the                       

replicative niche of this bacterium and extensive trafficking of virtual memory                     

cells to the liver  (White et al. 201�) is responsible for this phenotype. It is                             

possible that DOC.2 loss results in increased susceptibility to pathogens                   

replicating at anatomical sites where virtual memory cells are found at lower                       

frequency prior to infection.   

 

Virtual memory cell generation and maintenance is heavily dependent                 

on TCR and common Ȗ­chain cytokine triggering. However, there is limited                     

understanding of negative regulators of the the virtual memory compartment.                   

In this study, we provide evidence that DOC.2 sets threshold for direct entry                         

into the virtual memory compartment. We show that there is (i) reduced                       

convergence and naive like TCR Vȕ usage in the  'RFN� KVG�KVG virtual                     

memory TCR repertoire suggesting that more “naive” TCRs able to enter this                       

compartment� (ii) a striking enrichment gene sets associated with memory                   

differentiation in genes upregulated in  'RFN� KVG�KVG naive T cells relative to                     

WT naive T cells . 1otably, there is no enrichment of gene sets associated                           
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with effector differentiation� and (iii) an increased propensity of adoptively                   

co­transferred  'RFN� KVG�KVG naive T cells to convert to memory phenotype in                     

response homeostatic signals. In contrast to Dock2 gene targeted mice,which                   

show a substantial T cell lymphopenia  (Fukui et al. 2001) , total T cell numbers                           

are unchanged in  'RFN KVG�KVG mice. As described in our earlier study, we                       

also find a substantial number of T cells in the blood of  'RFN KVG�KVG mice,                           

again contrasting with gene targeted mice. One possible explanation for this                     

discordance is that  'RFN KVG�KVG  is a hypomorphic  allele retaining some                   

residual function. 

The TCR is one source of homeostatic signals promoting virtual                   

memory formation. 3rofiling of  'RFN� KVG�KVG  naive T cell for reporters of tonic                       

signalling, CD� upregulation  (Azzam et al. 2001) and TCR downregulation                   

(Itoh et al. 1999) , suggested that conversion to memory is associated with                       

increased TCR responsiveness. We further probed this in the context of a                       

restricted repertoire by crossing  'RFN� KVG�KVG mice to OT1 transgenic mice.                   

Interestingly, we find the expansion of virtual memory cells is independent of a                         

polyclonal repertoire as there is a robust expansion of cells with memory                       

markers in  'RFN KVG�KVG � OT1 mice whch accompanied with TCR               

downregulation. To directly assess the consequence of DOC.2 loss on TCR                     

triggering, we tested several altered peptide ligands with varying levels of                     

affinity to the OT­1 TCR. These studies revealed a pronounced decrease in                       
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surface TCR levels and a simultaneous increase per cell levels of surface                       

CD�9. Importantly, stimulation with a very weak agonist peptide (SIIGFE.L)                   

results in a pronounced increase in the percentage of cells upregulating                     

CD�9, consistent with our in vivo findings of increased self peptide­MHC                     

triggering. These finding leads us to conclude that increased tonic TCR                     

triggering in the absence of DOC.2 likely drives the direct conversion of naive                         

T cells in to virtual memory cells. As levels of self peptide triggering are                           

associated with increases T cell sensitivity to common Ȗ­chain cytokines,                   

future studies will need to address the effect DOC.2 loss has on responses to                           

such stimuli.  

It is currently unclear how loss of DOC.2 sets the threshold for weak                         

agonist TCR stimulation. One possibility is that the decreased interstitial                   

motility  (1ombela­Arrieta et al. 2007) observed by  'RFN� ���  T cells results in                       

increased TCR­MHC contact duration. It is possible that increases in antigen                     

presenting cell “residency” time results in increased amounts of TCR                   

triggering and concomitant conversion of to memory with weak peptides. A                     

recent elegant study has shown that a cortical actin network restricts the                       

initiation of TCR triggering in the absence of CD2� dependent costimulation                     

(<. ;. Tan et al. 201�) . Given its role in actin polymerization via activation of                             

RAC, it is possible that loss of DOC.2 disrupts this cortical network lowering                         

the threshold for activation. Intriguingly, loss of cortical actin integrity might                     
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also promote the formation of activation promoting TCR and LAT                   

microclusters  (Lillemeier et al. 2010) . With this in mind, it will be interesting to                           

investigate plasma membrane architecture  'RFN� KVG�KVG  mice. Studies on               

the role of RAC in TCR signaling and virtual memory differentiation following                       

egress into the periphery should also be informative as current studies of this                         

GT3ase have been, with the exception of homing, largely focussed on thymic                       

development  (Guo et al. 200�� Dumont et al. 2009) . 

In conclusion, we show a novel role for DOC.2 in restricting the size of                           

the virtual memory T cell compartment most likely by setting the threshold for                         

responses against weak agonists. These findings suggest that efforts to                   

dampen immune responses using a small molecule inhibitor of DOC.2 should                     

tempered with an understanding that this protein has pleiotropic effects on                     

peripheral T cell homeostasis  (1ishikimi et al. 2012) . However, they also point                       

to the possibility of modulating the size of the virtual memory compartment by                         

targeting DOC.2 using such an approach. 

�.� 0aterials and 0ethods 

0ice 
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Dockhsd�hsd mice were purchased from Harlan laboratories and maintained                 

as a separate colony in specific pathogen free environments. C�7%L��J, OT1                     

and RAG1 knockout mice were purchased from Jackson labs.  

%one 0arroZ Chimeras 

%one marrow was isolated from the indicated mice. 3ooled bone marrow was                       

depleted of mature T cells using biotinylated antibody mediated magnetic                   

enrichment. Cells were then resuspended in 3%S and 1x10� cells were                     

transferred to each mouse.   

Cell 7ransfers 

For lymphopenia induced proliferation experiments, mice were irradiated at a                   

dose of �00 cGy. � hours later, a total of 1;10� CFSE labeled naive T cells                               

from Dock hsd�hsd and WT mice were co­inMected into irradiated congenic                   

hosts. 1 week later, transferred cells were recovered and assessed for CFSE                       

dilution and CD�� upregulation.  

For experiments in lymphoreplete mice, a total of 2x10� naive T cells from                         

Dock hsd�hsd and WT mice were co­inMected into unmanipulated congenic                 

hosts. 3 weeks later, transferred cells were assessed for CD�� and CD122                       

upregulation.  

10� 



51$�6eTuencinJ 

R1A was isolated with 4IAGE1 R1A isolation kits according to the                     

manufacturer instructions. R1A­Seq libraries were then prepared using a                 

modified version of a previously published Smart­Seq2 protocol  (3icelli et al.                     

2013) . Libraries were sequence on 1extSeq sequencer using V2 kits (number                     

of cycles). Reads were aligned using RSEM package and differentially                   

expressed genes identified by E%SE4 with 33DE cutoff of 0.9�. TCR                     

repertoire libraries were prepared using commercially available irepertoire kits.                 

VD and J segment assignment and clonotypes identification was performed                   

using previously published Mi;CR pipeline (%olotin et al. 201�). VDJtools was                     

used for post analysis determination of convergence and hierarchical                 

clustering of samples based on TCR Vȕ usage. 

7 cell stimulation 

Ex vivo polyclonal stimulation was performed by incubating T cells in cell                       

stimulation cocktail from ebioscience (cat� 00­�97�­03) for � hours. Cytokines                   

were purchased from peprotech and used at a concentration of 10 ng�ml for                         

1� hours. %rfelding A (cat� 00­��0�­�1) was added for the last � hours of                           

cytokine culture according to manufacturer’s instruction. For OT1­TCR               
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stimulation altered peptide ligands were purchased from anaspec and used at                     

the indicated concentrations to stimulate cells for � hours.  

/isteria Infection. 

Mice were intravenoulsy infected with 2x10� CF8s of LM10�3S. At the                     

indicated times, livers were homogenized with 0.0�� Triton ; in 3%S followed                       

by plating of serial dilutions on %H­Agar plates.  

)loZ cytometry 

The following antibodies were used for surface staining CD� (�3­�.7), CD��                     

(IM7), CD�9d (R1­2), CD122 (TM­ȕ1), IF1­g (;MG1.2), CD�9 (H1.2F3),                 

CD2� (, .i�7 (1�A�), TCR, Vȕ� (MR9­�), VĮ2 (%20.1), CD��.1 (A20), CD��.2                       

(10�), CD90.1 (O;­7), CD90.2 (30­H12)   

Cells were permeabilized for intracellular staining using foxp3               

permeabilization kit (cat�00­��23­00).   
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*eneral 'iscussion 

�.1 'ocN� hsd�hsd  allele: Implications for NnocNout mouse studies. 

In chapter 2, we described how a  'RFN� copy number variant was is                         

responsible for immune phenotypes in two independently generated knockout                 

strains ( 6LDH ���  and Cmah ­�­ )  (MahaMan et al. 201�) . These findings, combined                     

with an earlier publications identifying the same allele in  ,UI� ���  mice, led us to                           

hypothesize that the duplication came from a common source. We ruled out                       

the possibility that the duplication arose in ES cells used for gene targeting as                           

different ES lines were used to generate these mice. Interestingly, S13 arrays                       

and whole genome sequencing identified several C�7%L��1 S13s closely                 

linked to the duplication in Siae ­�­ mice. This suggested that the mutation was                         

introduced during backcrossing into this substrain. Indeed, a survey of                   

commercially available C�7%L��1 strains identified the presence of an                 

identical duplication around exons 2� and 29 of  'RFN�  in C�7%L��1Hsd mice �   

Envigo, previously known as Harlan, is the commercial vendor of                   

C�7%L��1Hsd mice. The company recently conducted an investigation               

identifying this mutation at multiple facilities across the world. The results of                       

this investigation summarized in the table below� 
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7aEle �: Envigo facilities carrying  'RFN� copy number variant. �$GDSWHG IURP                     

(QYLJR SUHVV UHOHDVH� -XQH �����  

/ocation 

'ocN� hsd�hsd 

allele 

Italy  < 

Mexico  < 

1etherlands  < 

8SA, Virginia  < 

8SA, 

Maryland  < 

8SA, 

Michigan  < 

Germany  3ending 

South .orea  3ending 

8SA, 

California  1 

France  1 

Israel  1 

Indiana  1 

Texas  1 
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The presence of this allele in facilities across the world, for at least a 13                             

years, suggests that numerous studies are compromised by using                 

C�7%L��1hsd mice as controls, experimental animals or for backcrossing.                 

8nfortunately, compiling a comprehensive list of suspect studies is not                   

feasible as very few publications clearly document what specific substrain was                     

used during backcrossing or for experiments. Thus, we leave it to individual                       

researchers to test any banked tissue samples and current colonies using a                       

previously published 3CR screening approach  (<asuda et al. 2013) . Following                   

amplification with the primers
 shown below, a 30� bp product indicates the                       

presence of the duplication. This strategy doesn’t distinguish between                 

homozygous and heterozygous mice. We recommend using RT­3CR for                 

'RFN� expression or flow cytometric quantitation of marginal zone % cells in                       

the spleen or of CD�� memory T cells in the blood in combination with the                             

outlined 3CR strategy to identify heterozygous mice. (See section 2.� for                     

details)  


3rimers:  GAC CTT ATG AGG TGG AAC CAC AAC C 

      GAT CCA AAG ATT CCC TAC AGC TCC AC 
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�.� InsiJhts from '2C.� deficiency aEout memory deYelopment and                 

differentiation 

In this study, we provide evidence that DOC.2 sets threshold for direct                       

entry into the virtual memory compartment by increasing affinity to weak                     

agonist TCR stimulation. We suspect that differences in the underlying actin                     

cytoskeleton of DOC.2 deficient T cells drives this conversion. This could                     

work affecting TCR triggering through three ways (i) Decreasing interstitial                   

motility (1ombela­Arrieta et al. 2007) and increasing TCR­MHC contact                 

duration which results in increased amounts of TCR triggering. This could                     

promote concomitant conversion of to memory with weak peptides. (ii) %y                     

disrupting a cortical actin network and lowering the threshold for activation. (iii)                       

Disrupting cortical actin integrity which might also promote the formation of                     

activation promoting TCR and LAT microclusters  (Lillemeier et al. 2010) . With                     

this in mind, it will be interesting to investigate plasma membrane architecture                       

'RFN� 
KVG�KVG mice. Importantly, these findings suggest that it might be                   

possible to increase the size of the virtual memory compartment by targeting                       

DOC.2 using small molecule inhibitors  (1ishikimi et al. 2012) . 

119 



�.� 0odern Jenetic manipulation of mice 

Two maMor advances, availability of ES cells from the C�7%L��                   

background and nucleases for gene editing, have had a transformative effect                     

bringing down costs and time required to generate knockout mice. 

�.�.1 (6 cells deriYed from C��%/�� mice. 

The first attempts to culture pluripotent murine ES cells revealed that                     

there cell lines from C�7%L�� that these differentiated prematurely in culture                     

(R�licke 2012) . As a result, the vast maMority of knockout mice were made                         

using the more permissible 129 substrain. .nockout mice generated in this                     

way were subsequently backcrossed to the C�7%L�� ground as that is the                       

most widely used strain in biomedical laboratories.This approach was not only                     

time consuming, (backcrossing can take years) it can also introduce mutations                     

that confound interpretations of future studies (see chapter 2).  

Luckily advances in ES cell culture have obviated the need for onerous                       

backcrossing  (Seong et al. 200�) . For example, the inhibition of differentiation                     

by targeting ER., FGFR and GS.3 (3­inhibitor culture system) was                   

instrumental in generating germline­competent ES cells from C�7%L��1 mice                 

(.iyonari et al. 2010) . As a result, C�7%L�� ES cells are have largely                         
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displaced cells of 129 origin in proMects involving mouse genetic engineering                     

(Skarnes et al. 2011) . However, care should be taken so that the use of                           

C�7%L�� ES cells research does not reinforce an over reliance C�7%L�� mice                       

as a single strain can not adequately model a diverse and outbred human                         

population  (Rivera and Tessarollo 200�) .  

 

�.�.� 1ucleases for Jene editinJ  

 

Genome editing using nucleases has allowed cost effective and rapid                   

generation of mice with designed gene modification. These molecular tools                   

allow high efficiency gene modification in single cell embryos without the need                       

for cumbersome ES cell culture. This means that researchers can generate                     

mutant mice in one step, in relatively painless process that takes as a little                           

time as a few weeks  (Aida 201�) . One common theme is shared with genome                           

editing tools� double stranded breaks at precisely targeted loci which will be                       

repaired by one of two of endogenous D1A repair pathways. Double stranded                       

break repair via the error prone non­homologous end Moining (1HEJ) can                     

potentially introduce frameshift mutations that result in a gene knockout allele.                     

On the other hand, homology directed repair (HDR) can be used to introduce                         

pinpoint mutations by providing a repair template with homologous arms                   

(Gupta and Musunuru 201�) .   
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Editing mammalian genomes with nucleases got it start with the                   

introduction of =inc finger nucleases (=F1s). =F1s are fusion proteins that are                       

targeted to a particular locus through specific D1A binding domains of zinc                       

finger containing transcription factors fused to endonuclease domain of the                   

bacterial restriction enzyme, Fok1. This approach was first used to make a                       

knockout rat  (Geurts et al. 2009) and subsequently in mice  (Carbery et al.                         

2010) . However, assembling zinc finger domains can be challenge as site                     

selection in the genome is limited  (Gupta and Musunuru 201�) . This system is                         

also plagued by relatively high off target cutting  (3attanayak et al. 2011) .   

 

The next stage in mammalian genome editing came with the use of                       

Transcription activator like nucleases (TALE1s) for gene targeting. Originally                 

discovered in plant pathogens, TALE1s are arrays of 10 to 30 aa that                         

recognize D1A through two adMacent amino acids called repeat­variable                 

di­residue (RVD)  (Aida 201�) . Shortly after the first =F1 based knockout,                     

TALE1s were used to target two genes with more than �0� of the resultant                           

mice being knockouts. Importantly, off target cutting of TALE1s is about 10�                       

of levels seen with =F1s  (Sung et al. 2013) .  

 

Although =F1s and TALE1s were very valuable, mammalian genome                 

editing has been truly revolutionized with the development of CRIS3R�Cas9                   

based approaches  (Liu et al. 2017) . CRIS3R�Cas9 mediated gene is very                     
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efficient with over �0� of gene targeted progeny carrying homozygous                   

mutations. This system allows multiplexed gene targeting by using several                   

20­bp protospacer gR1A sequence to efficiently target it to multiple locations                     

(Wang et al. 2013) . In what is sure to be a critical contribution of biomedical                             

research, Jaenisch and colleagues have also used this system to make mice                       

carrying conditional and reporter alleles  (<ang et al. 2013) .  

In conclusion, changes in the way gene targeted mice are engineered                     

makes unlikely that a confounding mutation will be introduced from a common                       

source. However, this shouldn’t lull researchers into a fall sense of security.                       

Spontaneous mutations arise every generation. Thus, we should all be vigilant                     

in ensuring that the appropriate breeding schemes are used, inbred strains                     

are regularly checked for contamination and littermates used as controls                   

whenever possible. 
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