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Abstract 

NK cells play an essential role in host defense against MCMV infection. Although the 

control mechanism in C57BL/6 mice has been extensively studied, mechanisms utilized 

by NK cells to recognize MCMV in other genetic systems are mostly unknown. Previous 

work has shown that NK cells mediate H-2k dependent MCMV control in MA/My mice. 

This dissertation was designed to identify the H-2k linked resistance locus (Cmvr) and to 

better understand the role of interaction between NK cells and H-2 Cmvr in MCMV 

control.  

First, the essential role of H-2k was confirmed in the H-2 congenic MA/My.L-H2b strain. 

Further, a panel of intra-H2 recombinant congenic strains was produced and Cmvr was 

precisely mapped to a 0.3-Mb interval in the H-2 D subregion. Since NK Ly49 receptors 

recognize MHC class I proteins, the class I Dk gene was considered an excellent relevant 

positional candidate. Finally, Dk transgenic mice were generated and studied for innate 

MCMV immunity. We proved that Dk alone is sufficient to confer NK cell dependent 

MCMV resistance.  

Since MCMV infection efficiently downregulates H-2k class I proteins, inhibitory Ly49 

receptors that recognize MHC class I deficiency were brought to our attention. 

Interestingly, we found that a receptor for MHC-I Dk, Ly49G2, was responsible for NK 

mediated MCMV control in H-2k congenic R7 and Dk transgenic mice. In support of this 

finding, selective expansion and activation of the Ly49G2+ subset was only found in Dk 

expressing mice. Thus, NK cell recognition of MCMV infected cells may involve a 

Ly49G2-Dk interaction. 
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This dissertation identifies Dk as the H-2k Cmvr locus and determines a critical role for 

the inhibitory Ly49G2 receptor in virus immunity by acting through a particular class I 

allele, Dk. This finding has important implications for how the MHC shapes NK 

immunity. 
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Chapter I  

Natural killer cells and their role in virus immunity 

1. NK cells in humans and mice  

NK cells are the third largest lymphocyte population that differs from T and B cells in 

their ability to lyse target cells without initial priming. NK cells primarily participate in 

innate immunity and also play important roles in bridging innate and adaptive immune 

systems. Due to these features, NK cells are recognized as ‘multitasking’ cells (1). By 

discriminating self and non-self, NK cells can eliminate transformed and virus infected 

cells and reject bone marrow (BM) transplantation through cytolytic function (2, 3). 

Since NK cells can secrete cytokines (IFN-γ, TNF and GM-CSF) and chemokines, they 

also play a role in tissue inflammation and activation of dendritic cells (DCs) to prime 

adaptive lymphocytes (4, 5). In addition to these activities, NK cells are also implicated 

in immunopathology, such as autoimmunity (6) and viral hepatitis (7).    

Both human and mouse NK cells develop and differentiate mainly in the BM and migrate 

to the periphery after maturation (8). Mature NK cells are primarily located in the spleen, 

liver, lung and blood. Although NK cells only constitute 2-15% of leukocyte population 

in the peripheral tissues, they can immediately respond to a stimulus and perform effector 

functions within minutes. Indeed, resting NK cells constitutively express mRNA pools of 

IFN-γ (9), perforin and granzyme B (10). This allows them to bypass transcription and 

initiate translation of these effector proteins upon activation. Through receptor/ligand 

recognition, NK cytotoxicity can be induced by cytokines (type I IFNs, IL-12, IL-15 and 
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IL-18), immune complexes, adhesion molecules, stress-induced ligands as well as 

pathogen or tumor ligands (11). When NK cells are activated by target cells, cytotoxic 

granules carrying effector proteins, perforin and granzymes, are released onto the surface 

of bound targets so that these cytotoxic proteins penetrate the cell membrane and induce 

programmed cell death. 

2. Functional control through interaction between NK cell surface receptors and 

their MHC class I / class I like ligands 

Although NK cells resemble T cells in their cytolytic and cytokine secreting functions, 

they differ from T cells by expressing a repertoire of germ-line encoded receptors that do 

not require somatic recombination (12). NK cells express both activating and inhibitory 

receptors. Upon ligation, activating receptors signal through adaptor molecules bearing 

tyrosine-based activation motif (ITAM) (including FcεRIγ, CD3ζ and DAP12) or YXXM 

motif (DAP10), while inhibitory receptors engaged by their ligands can dampen 

activation signals using their tyrosine-based inhibitory motif (ITIM) to modulate NK cell 

responses. In other words, a balance between activating and inhibitory signals determines 

NK cell activation status. 

Diverse NK cell surface receptors include activating and inhibitory members encoded by 

clustered gene families located in the natural killer gene complex (NKC) and leukocyte 

receptor complex (LRC). Inhibitory NKG2/CD94, Ly49 and KIR cell surface receptors 

recognize MHC class I proteins as their ligands. These NK receptor-ligand interactions 

are important in tolerizing NK cells to self-MHC class I expression and for alerting NK 

cells when cells in the body have altered or missing MHC class I expression. For 
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example, Ly49A delivers an inhibitory signal when binding to Dd or Dk (13). One the 

other hand, the activating receptors, which bind to MHC-I related ligands, are also critical 

for tumor surveillance and viral recognition. For example, the NKG2D receptor 

recognizes stress- or transformation- induced class I like proteins REA1, H60 and 

MULT-1 in mice or MICA and MICB in humans (14); the Ly49H receptor is activated 

by a MCMV encoded MHC-I homolog, m157 (15, 16).  

Among NK receptors, Ly49 and KIR are diverse and polymorphic receptors due to their 

specificity for MHC class I and class I-like proteins, although Ly49s are C-type lectin 

receptors while KIRs belong to the immunoglobulin superfamily. To date, 14 Ly49 

receptors have been discovered in the well-characterized B6 and 129 strains and most of 

them are inhibitory receptors (17, 18). Since inhibitory Ly49s and KIRs are engaged by 

self MHC I ligands, they are critical in monitoring NK cell responses; they can lyse cells 

with aberrant class I expression without attacking normal cells. The abilities of self MHC 

antigens to inhibit NK killing of certain tumors were first noted by Kärre and colleagues 

(19, 20). Based on their findings, the ‘missing self’ hypothesis was later proposed that 

NK cells express receptors that receive an inhibitory signal upon binding to self MHC-I 

molecules on the target. Thus, NK cells can recognize and eliminate abnormal cells with 

no or downregulated MHC-I expression due to a release of inhibition, a phenomenon 

often seen in transformed or virally infected cells (21). This hypothesis is further 

supported by experiments showing that NK cells reject tumor cells and BM cells lacking 

a MHC-I transgene (22, 23) or MHC class I deficient (β2m-/-) hematopoietic transplants 

(24). Karlhofer and colleagues first formally demonstrated that an inhibitory Ly49 

receptor (known as Ly49A) on NK cells is responsible for ‘missing-self’ attack by 
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sensing lack of class I Dd expression on tumor cells (13). However, since NK cells can be 

activated to lyse some targets with normal MHC I expression, the ‘missing-self’ 

hypothesis was later modified to “NK cells patrol for abnormal cells that lack MHC class 

I or that overexpress ligands for activating NK cell receptors” (12).  

Similar to other lymphocytes, NK cells learn to sense abnormal (transformed, infected or 

stressed) cells but tolerate normal cells. Several studies have shown that self MHC-I 

interaction with NK KIR or Ly49 receptors enables NK cells in human and mouse to 

acquire full functional competence, while NK cells without receptors for self MHC-I 

ligands are rendered hyporesponsive (25-28). For example, Ly49A+ NK cells from mice 

expressing its ligand Dd are more potent IFN-γ producer upon crosslinking of activation 

receptors, such as NK1.1, and have better capacity to kill MHC-I deficient cells or tumor 

cells than those from H-2b mice that do not express Dd. In support, NK cells from class I 

deficient mice (e.g. β2m-/-) respond poorly to in vitro stimulation or to the tumor targets. 

Thus, MHC class I molecules are not only important to regulate NK cell responses but 

also essential for NK cell education through interaction with their cognate NK inhibitory 

receptors. However, the mechanisms of NK cell education by self MHC class I proteins 

during development are yet to be revealed. 

3. Role of NK cells in virus infection 

NK cells provide the firstline defense against a variety of virus infections (29). Humans 

deficient in NK cells are more susceptible to viral infections, particularly herpes virus 

infections (30). NK cell sensing of virus infection includes both nonspecific and specific 

responses. Virus induced type I IFNs and other innate cytokines, such as IL-12 and IL-
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18, are important to induce NK cytotoxicity, IFN-γ production and proliferation (31). On 

the other hand, specific recognition of viral signatures is achieved by NK surface 

inhibitory and activating receptors, some of which directly bind viral proteins on the 

targets (29). For example, the B6 Ly49H receptor recognizes MCMV glycoprotein m157 

displayed on infected cells; NKp46 recognizes haemagglutinins of influenza and Sendai 

viruses. Moreover, inhibitory NK receptors can sense downregulation of MHC class I 

proteins which commonly occurs during virus infection. By producing cytokines and 

performing cytotoxicity toward infected targets, NK cells are able to rapidly control virus 

spread and replication. 

Murine cytomegalovirus: a model pathogen for genetic analysis of disease resistance 

1. MCMV features  

Cytomegalovirus is a prevalent viral pathogen. It infects more than half of the world 

population (32). CMV infection in healthy adults usually does not cause any symptoms, 

but it is a threat to immuno-compromised or immuno-suppressed individuals and can 

cause severe morbidity and mortality (33-35). Congenital CMV infection also poses a 

problem to the developing fetus and may cause disabilities or even death (36, 37). 

Although transplacental transmission is not reported in MCMV infection, HCMV and 

MCMV infections share many biological features: 1) highly restricted host specificity; 2) 

broad tissue tropism and target cell types (38, 39); 3) causing acute, latent and recurrent 

infection. Moreover, genomes for these viruses have highly significant sequence 

similarity and share gene counterparts not only involved in viral replication but also in 

immune evasion (40, 41). For these reasons and also because HCMV is tropic for human 
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tissues, MCMV infection of mice has been used as a model to study HCMV. 

CMV, a beta-herpesvirus, carries a large dsDNA genome (~230 kb in length). Genome 

analysis and mutagenesis shows that only 1/3 of predicted HCMV gene products are 

essential for viral replication (41). Due to highly conserved MCMV genome compared to 

HCMV (40, 41), it can be estimated that a large percentage of the total 170 gene products 

encoded by MCMV are also committed to modulate cellular and host immune responses 

to infection rather than the tasks of viral replication. Indeed, many MCMV glycoproteins 

have been reported to modulate host defense to infection, including both innate and 

adaptive immune responses (37, 41). The retention of these immuno-evasion proteins, 

referred as immunoevasins, also reflects pressures at work which have shaped MCMV as 

it has evolved along with its host. Thus, MCMV infection of mice offers an excellent 

model to study host genetic variations that influence virus control and the interplay 

between host defense and viral evasion. Indeed, the MCMV model has been adopted to 

genetically dissect and identify innate resistance components using a forward genetic 

approach based on ENU mutagenesis (42). 

MCMV encodes three glycoproteins, m04/gp34, m06/gp48 and m152/gp40, and they are 

expressed during the early phase of viral replication to interfere with MHC class I antigen 

presentation. Glycoprotien gp48 binds tightly to MHC-I molecules and relocates them to 

lysosomes for degradation (43); gp40 retains MHC-I complexes in the ER-Golgi 

compartment (44); gp34 forms a stable complex with class I on the cell surface (45) and 

was shown to inhibit Kb- but not Db- restricted CTL recognition (46). In a more 

comprehensive study by Holtappels et al., gp34 was found to positively regulate CTL 
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responses (restricted by either H-2d or H-2b class I alleles) by antagonizing the inhibitory 

role of gp40; this positive regulation is completely counteracted by the negative regulator 

gp48 (47). Nonetheless, CTLs can not mount effective response to WT infected targets in 

large part due to abrogated surface MHC-I expression (46, 47). In fact, CD8 T cells 

control an MCMV mutant lacking these three genes 10 fold more effectively than wild 

type (WT) MCMV in the salivary gland (48). Since NK cells recognize MHC class I 

deficiency, class I downregulation by MCMV apparently renders infected cells open to 

NK cell attack. However, decreased class I expression may be counteracted by MCMV 

encoded class I homolog, m144, which was shown to contribute to evasion of NK cell 

recognition in vivo (49). Because diverse Ly49 receptors discriminate class I allelic 

determinants (12), m144 is unlikely to be a pan surrogate for various class I ligands to 

inhibit NK cells. Thus, NK inhibitory receptors can still play a role in recognition of 

MCMV-mediated class I downregulation because of host genetic variations. 

2. Genetics of MCMV resistance among inbred mouse strains 

Inbred mouse strains differ greatly in their susceptibility to MCMV infection. Resistance 

to lethal MCMV infection is under complex genetic control of both H-2 and non-H2 

genes (50, 51). H-2k strains, such as C3H and CBA, are generally more resistant than 

those with b or d haplotypes ((50) and Table I); BALB.K (H-2k congenic BALB/c) is 10 

times more resistant than BALB/c (H-2d) or other congenic strains with b or g haplotypes 

as measured by LD50 (a virus dose that causes 50% mortality). A non-H2 effect was 

found in the B6 and B10 strains with 3-4 fold higher LD50 than BALB/c (Table I).  

H-2 and non-H-2 genetic factors also regulate viral replication levels in the major target 
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organs, such as the spleen (53, 54). After i.p. infection with 105 PFU MCMV, resistant 

strains (eg. C3H) start to control viral spread at 1 day post-infection (dpi) and spleen 

virus levels decline rapidly at 2 dpi; BALB.K mice with intermediate resistance only 

begin to control the virus at 2 dpi; spleen virus levels in the susceptible BALB/c continue 

to increase and peak at 4 dpi (54). Thus, mortality rates generally correlate well with the 

spleen virus replication levels at the early phase, day 3-4. By studying virus replication in 

the spleen, Scalzo et al found that most inbred mouse strains are susceptible to MCMV 

infection with at least 100 fold higher viral loads than resistant strains, such as B6 and 

MA/My (55). Later, two additional strains, New Zealand White (NZW) and a wild-

derived inbred strain PKW, were also shown to have better abilities to limit virus 

replication in the spleen (56, 57). 

Major MCMV resistance loci mapped 

In B6 mice, the non-H-2 resistance locus Cmv1 was mapped to the NK gene complex 

(NKC) on chromosome 6 (52) and later identified as a single gene, Ly49H (58, 59). 

Unlike a single locus in B6, genetic linkage analysis of NZB and NZW hybrids revealed 

that multiple loci (together referred to as Cmv2), unrelated to H-2 and NKC, contribute to 

MCMV control in the resistant NZW strain (56). Similar to Cmv1, Cmv4 was also 

mapped to the NKC in PWK using (PWK x BALB/c) F2 offspring (57). It was thought 

that Cmv1 was also responsible for MCMV resistance in the MA/My strain (55). 

However, two major resistance loci that regulate virus replication in the spleen have since 

been mapped to the MHC and NKC (Cmv3) in MA/My (H-2k) (60, 61).  
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Table I. Relative resistance of various inbred and MHC congenic mouse strains to lethal 
infection with MCMV 
 
Strain Background H-2 Relative LD50

a 
   Exp.1b Exp.2b Exp.3c 
      

B10.BR B10 k 34   
B10 B10 b 4.1   
B6 B6 b  4 5 
C3H C3H k 26 14  
BALB.K BALB/c k 10   
BALB/c BALB/c d 1 1 1 
BALB.B BALB/c b 1.3   
BALB.G BALB/c g 1.2   
      

 
aRelative LD50 refers to LD50 of the given strain compared with that of the BALB/c strain 
arbitrarily assigned the value 1.0 
bData are adapted from Ref (51) 
cData are adapted from Ref (52) 
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Role of NK Cells in MCMV resistance 

1. MCMV susceptibility in experimental NK cell deficiency models  

Several NK cell deficiency models have been used to study the role of NK cells in 

MCMV control. Beige mutation in mice (bg/bg) causes a genetic disorder that is 

considered a homolog of human Chediak-Higashi syndrome (CHS). The mutated gene 

was identified as LYST/CHS1 (62, 63) and encodes a cytoplasmic protein that regulates 

vesicular trafficking. Due to disruptive granule trafficking, NK cells in Beige mice and 

CHS patients have defective cytolytic functions (64-68). Consequently, beige mice are 

highly susceptible to MCMV infection with high levels of virus replication in the major 

target organs including spleen, liver and kidney, compared to WT B6 mice (69). Despite 

normal numbers of NK cells, NK cytolytic activities in beige mice are very low in 

response to sublethal MCMV infection (69). Thus, NK cells are critical for efficient 

control of MCMV infection. 

In addition to the beige mouse, a natural killer cell-deficient (NKD) mouse model is also 

utilized to assess the importance of NK cells in MCMV infection. Despite functionally 

normal NKT and T cells, the NKD mouse displays impaired in vivo tumor rejection due 

to the small number of peripheral NK cells and defects in NK cytolytic function (70). The 

genetic deficiency is linked to an unexpected insertion of a Ly49A transgene into a 

transcription factor gene, ATF-2, resulting in arrested NK development in the bone 

marrow (71). Upon MCMV infection, NKD mice exhibit profound susceptibility to 

MCMV induced mortality, uncontrolled virus replication in the spleen and liver and 
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inability to clear the virus (72).  

Similarly, mice deficient in NK effector proteins, such as IFN-γ, perforin or granzymes, 

also show increased susceptibility to MCMV infection, including enhanced virus 

replication in the major organs and/or less resistance to virus induced lethality (72-76). 

Taken together, these NK deficiency models highlight the importance of NK cells and 

their effector functions in virus control. However, these models are not helpful in 

dissecting the mechanisms of NK recognition of virus infection involving receptor-ligand 

interaction. 

2. MCMV resistance (Cmv1) in C57BL/6 mice  

Cmv1 genetic mapping to the NK gene complex 

Scalzo and colleagues first established linkage studies using F2 offspring of B6 (resistant) 

and BALB/c (susceptible) to map the non-H-2 loci for MCMV control on the B6 

background (52). Due to a Mendelian 3:1 segregation of resistance and susceptibility 

traits, respectively, a single dominant resistant locus was designated Cmv1, which maps 

to the NKC on chromosome 6 (52). Since at least four clusters of NK cell surface 

receptor multigene families (i.e. Nkrp1, Clec2, Nkg2 and Ly49) and still other NK lectin-

like receptor genes are found in the NKC (Fig. 1), further attempts were made to 

precisely locate Cmv1 within the NKC (55, 77-79).  

BXD-8, a recombinant inbred (RI) mouse strain derived from an outcross of C57BL/6 

(Cmvr) and DBA/2 (Cmvs) progenitor strains, carries an NKCb6 genotype but rather 

displays MCMV susceptibility (55). By taking advantage of BXD-8, two groups found 
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Figure 1. Gene structure of the C57BL/6 mouse NKC.  Shown is a schematic diagram 

of the gene organization in the C57BL/6 NKC on chromosome 6. Small rectangular 

boxes represent individual genes. Individual genes within the Nkrp1, Clec2, Nkg2 and 

Ly49 gene clusters are named.  
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that Ly49H gene is deleted and accounts for MCMV susceptibility in the strain (58, 59). 

Ly49H is an activating NK receptor expressed in B6 but not in BXD-8 or DBA. Blocking 

of Ly49H receptor in vivo with a specific mAb 3D10 (58) or signaling disruption of 

DAP-12 co-receptor (80) leads to loss of MCMV resistance in B6 mice, as is seen after 

NK depletion with the PK136 mAb. The role of Ly49H is further confirmed by the fact 

that transgenic expression of Ly49H in MCMV susceptible strains confers MCMV 

resistance (81). In accord, Ly49H+ subset was a more potent IFN-γ producer at the site of 

infection and depletion of Ly49H subset substantially enhanced virus titers in the spleen 

and liver (82). Moreover, Ly49H+ subset in the spleen and liver selectively proliferated 

at a later phase (day 6-7) in response to MCMV infection (81, 83). Together these data 

demonstrated that the Ly49H receptor mediates NK-dependent MCMV control in B6 

mice and is likely activated by a stimulatory signal upon MCMV infection. 

The Ly49H stimulatory NK receptor and its MCMV m157 ligand  

Since most Ly49 receptors recognize MHC class I molecules, it was speculated that 

Ly49H might also recognize a class I or class I related molecule induced by the virus. 

Indeed, a class I like MCMV glycoprotein, m157, was identified as the ligand for the 

stimulatory Ly49H receptor (15, 16). M157 is expressed on the surface of infected cells 

and is able to stimulate NK cells to produce IFN-γ through engagement of Ly49H 

receptor (15, 16). Ly49H-m157 interaction is specific because B6 NK cells can not 

control an MCMV mutant with targeted deletion of the m157 gene (84). Ly49H NK cells 

are able to limit MCMV infection in recognition of m157 on infected cells. However, 

MCMV can undergo rapid mutation within the m157 gene under the pressure of NK 
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cells, leading to emergence of m157 mutants that can escape NK cell recognition (85, 

86). Thus, specific interaction between the Ly49H receptor and viral m157 presents an 

effective mechanism for NK cells to recognize MCMV. 

3. NK-mediated MCMV resistance in other inbred strains  

Although the Cmv1r control mechanism has been extensively studied in B6 mice, Cmv1r-

like resistance is rare in laboratory inbred mouse strains (55) or wild mouse populations 

(87). Among the several resistant inbred strains, NK cells also mediate critical MCMV 

control but through unknown Ly49H-independent mechanisms. Cmv2 was not mapped to 

the NKC in MCMV resistant NZW, but NK cells are required to limit MCMV replication 

in the spleen (56). This indicates that NK antiviral immunity is likely regulated by other 

background genes in this genetic setting. Under the genetic control of Cmv4 (linked to the 

NKC), the MCMV resistant phenotype is also dependent on NK cells in PWK and 

appears to be independent of Ly49H (57). In H-2k linked MCMV resistance (see Table I), 

the importance of NK cells was implicated by highly augmented NK activities found in 

infected C3H and CBA strains (88) and confirmed in the NK deficient CBA bg/bg mice 

(89). However, further dissection of NK cell control mechanisms was not pursued in 

these H-2k strains.   

MCMV resistance loci in MA/My 

1. Features of MCMV resistance in MA/My mice 

Similar to B6, MA/My mice were also shown to have a Cmv1-like phenotype, low virus 

replication in the spleen at 4 dpi, which is dependent on NK cells (55). Surprisingly, a 
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genealogically related C57L strain (H-2b) shares the NKC-Ly49 haplotype with MA/My 

(90) but displays a MCMV susceptible phenotype (55). This discrepancy could be 

explained by their different H-2 haplotypes and the possibility that MA/My NK cells use 

a Ly49H-independent pathway to control MCMV. Indeed, the latter idea is substantiated 

by previous data that neither MA/My nor C57L express 3D10-binding Ly49H receptor 

and that MA/My NK cells are able to effectively control a m157 mutant virus (61). In 

contrast to the dominant Cmv1r trait in (B6 x BALB/c) F1 mice, the (MA/My x BALB/c) 

F1 are susceptible to MCMV infection. This further supports the idea that a Ly49H-

independent mechanism accounts for MCMV resistance in MA/My. On the other hand, 

(C57L x MA/My) F1 hybrids control MCMV infection even more effectively than 

MA/My, suggesting that the BALB/c background but not C57L can mask the MA/My 

resistance trait. 

2. Genetic mapping of a MA/My Cmvr locus to the MHC H-2k region 

MCMV resistance under H-2k genetic control in (MA/My x C57L) offspring 

To locate the genetic loci associated with MCMV resistance in MA/My, (MA/My x 

C57L) hybrid offspring were produced and examined for innate MCMV immunity. 

Interestingly, (C57L x MA/My)F1 x MA/My backcross offspring were all resistant to 

MCMV infection, whereas spleen virus levels in (C57L x MA/My)F1 x C57L offspring 

displayed a bimodal distribution of low (MA/My-like) and high (C57L-like) MCMV with 

a ratio close to 1:1, suggesting that MCMV resistance is linked to a single dominant 

locus. Examination of H-2 and NKC haplotypes in the C57L backcross mice revealed 

that high virus replication is associated with homozygous H-2b whereas low virus 
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replication is linked to H-2k/b heterozygosity. However, no NKC association was found in 

these backcross offspring due to a similar NKC-Ly49 haplotype in MA/My and C57L. 

Spleen virus levels and genotypes determined by SSLP marker-assisted genome-wide 

screening were studied in backcross or intercross mice for quantitative genetic analysis. 

We found that H-2 linked genes contribute to ~50% and ~35% of trait variance in the 

backcross and intercross cohorts, respectively. The H-2 resistance loci appeared to be 

linked with two markers, 17UVA09 (distal to the MHC) and 17UVA12 within the MHC 

(see Fig. 7). Moreover, H-2k-conferred MCMV resistance in the H-2 congenic strain, 

C57L.M-H2k, has illustrated the importance of H-2 linked genes in MCMV control.  

Epistasis between H-2 and NKC-Ly49 loci affects MCMV control (60) 

Genetic studies of MCMV resistance in MA/My were also performed using crosses with 

BALB/c and BALB.K strains. Upon MCMV infection, spleen virus titers of (MA/My x 

BALB.K) F1 mice are intermediate between MA/My (low) and BALB.K (high), 

suggesting a codominant effect of non-H-2 gene(s). Linkage analysis of (MA/My x 

BALB.K) F2 mice found that MCMV-resistance strongly associates with marker genes 

Nkg2d and Ly49e (also called Klrk1 and Klra5, respectively) within the NKC (60). This 

NKC linked resistance locus, named Cmv3, explains ~37% of trait variance (60). To 

assess the role of H-2 in MA/My MCMV resistance, hybrids of MA/My (H-2k) and 

BALB/c (H-2d) were used for genetic mapping. In the cross, animals with homozygous 

H-2k and NKCmamy displayed the most effective MCMV control and resistance is 

associated with a genetic interaction between H-2 and NKC. Thus, an H-2 locus regulates 

NK cell immunity through NKC genes, likely NK cell surface receptors. 
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3.  A Ly49P-Dk model for MCMV control  

Nkg2d and other Ly49 genes were considered as Cmv3 candidates based on the genetic 

mapping results (60). However, MA/My and BALB/c NKG2D cDNA sequences are 

identical and are equally expressed in both strains, suggesting that NKG2D is unlikely a 

Cmv3 candidate. To further test Ly49 receptors that may be involved in MCMV 

recognition, a panel of activating Ly49 receptors from MA/My, including Ly49P, Ly49U 

and Ly49R, were cloned and expressed in a T cell reporter system (60). Interestingly, 

only Ly49P expressing reporter cells were stimulated by infected MEFs from MA/My 

and BALB.K but not those from other strains with different H-2 haplotypes (d, q or b) or 

by uninfected cells. This suggested that the Ly49P receptor recognizes an H-2k encoded 

gene product that is induced or modified by MCMV infection. Since Ly49 receptors 

recognize MHC class I or class I like proteins, Kk and Dk were further studied as 

candidates for the Ly49P ligand (60). Antibody blocking of Dk but not Kk on infected 

cells as well as blocking of Ly49P on reporter cells by a Ly49A/P-crossreactive mAb, 

YE1/48, abrogated reporter cell activation. Thus, Ly49P specifically binds to Dk on 

MCMV infected cells. Based on this finding, it was proposed that MA/My NK cells 

recognize and efficiently control MCMV infection through Ly49P-Dk interaction (60). 

However, the impact of this interaction in MCMV resistance has not been studied in vivo. 
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Rationale and Research Goals 

In MA/My, innate MCMV resistance is dependent on NK cells. Based on previous 

linkage studies in our laboratory, the MCMV resistance loci (Cmvr) in MA/My are linked 

to H-2k (61). Two major loci were implicated: one mapped inside the MHC and the other 

is distal to the MHC. Thus, we hypothesized that 1) H-2 linked MCMV resistance is 

functional through NK cells; and that 2) there are at least two MHC linked loci that 

contribute to MCMV resistance. Among MHC-linked genes, class I genes are particularly 

interesting because NK cell ‘missing-self’ attack is caused by reduced interaction 

between inhibitory Ly49 and MHC-I, while MCMV infection downregulates surface 

MHC-I expression (e.g. H-2b and H-2d). To take one step further, our group also 

hypothesized that MCMV may regulate H-2k class I proteins in an allele-specific manner, 

and this in turn could affect NK signaling through inhibitory Ly49 receptors. To test our 

hypotheses, the following research goals have been proposed: 

Specific Aim 1: Determine whether H-2 linked MCMV resistance in C57L.M-H2k-

NKCmamy congenic mice requires NK cells. We have shown that H-2k-linked genes are 

sufficient to confer MCMV resistance on the C57L (Cmvs) background, which seemed to 

be at least partly mediated by NK cells (61). It was not clear, however, whether this 

incomplete phenotype is due to an additional H-2 control mechanism(s) independent of 

NK cells or to inefficient NK depletion in the previous study. Since NK cells with 

NKCc57l are refractory to PK136-mediated immunodepletion, we can test the latter 

possibility by breeding H-2k/NKCmamy congenic mice. On the other hand, an H-2-

independent role was also implicated in previous (C57L x MA/My) F2 studies. It is 
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important to confirm whether H-2k is necessary for MCMV resistance by replacing 

MA/My H-2k with C57L H-2b and to compare the functional response (such as IFN-γ) of 

NK cells during MCMV infection in H-2k and H-2b mice. 

Specific Aim 2: Generate intra-H-2 recombinant congenic strains to pinpoint critical 

H-2 resistance loci. The previously mapped H-2-linked resistance interval spans at least 

10 Mb on chromosome 17. Moreover, MCMV resistance was strongly associated with 

marker Uva09 in the backcross cohort, but with marker Uva12 (located between K and D 

loci) in the F2 cohort [(61) and Fig. 7]. In order to narrow the H-2 linked region and 

locate Cmvr, we aimed to generate a panel of intra-H-2 recombinant congenic strains, 

ideally with recombination breakpoints separating K, D and Uva09 (Fig. 7). Although 

high linkage disequilibrium is documented for MHC linked genes, intra-H-2 recombinant 

strains have been successfully produced on different genetic backgrounds [(51) and 

Handbook on JAX Mice]. If produced, the H-2 recombinants would be a useful genetic 

tool to dissect H-2k linked genes and study NK cell immunity influenced by H-2 genes. 

Specific Aim 3: Study viral modulation of H-2 Kk and Dk class I proteins to further 

understand NK recognition of MCMV infection. To escape CD8 T cell detection, 

MCMV efficiently downregulates class I surface expression. Decreased class I 

expression during MCMV infection however can be recognized by NK inhibitory 

receptors. In addition, allele specific modulation of class I expression by immunoevasins 

was noticed under certain conditions (46, 91). It is important to study MCMV regulation 

of Dk and Kk expression for the following reasons: 1) Dk and Kk are relevant Cmvr 

candidates; 2) MCMV regulation of H-2k class I expression has not been previously 
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characterized; 3) this study may have important implications for MHC regulated NK 

recognition of MCMV infection. 
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Chapter II 

Deficient MHC-linked Antiviral NK Immunity in MA/My.L-H2b Mice and MCMV 

Downregulation of H-2k Class I Proteins1

                                                   
1Journal of Virology (2007) Vol. 81:229-236, January 1: Amended here with permission 
from American Society for Microbiology, Copyright © 2007. 
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Abstract 

NK cells are key effectors of innate immunity and host survival during CMV infection. 

Innate murine (M)CMV resistance in MA/My mice requires Ly49H/m157 independent 

H-2k linked NK cell control. Here we show that replacement of MA/My H-2k with C57L 

H-2b susceptibility genes led to a remarkable loss of innate virus immunity, though 

intracellular NK IFN-γ was induced in H-2b and H-2k strains shortly after infection. Thus, 

H-2b genes expressed in C57L and MA/My.L-H2b are sufficient in alerting NK cells to 

intrusion but fail to support NK restraint of viral infection. In addition, novel H-2 

recombinant strains were produced and utilized in further refinement of a critical genetic 

interval controlling innate H-2k-linked MCMV resistance. Importantly, this analysis 

excluded the Kk class I through class II gene interval. The responsible gene(s) therefore 

resides in an interval spanning Dk class Ia and more distal MHC non-classical class Ib 

genes. Recently, the NK activation receptor Ly49P, and MHC class I Dk proteins were 

genetically implicated in MCMV resistance, in part because Ly49P expressing reporter T 

cells could specifically bind Dk molecules on MCMV infected mouse embryonic 

fibroblasts (MEFs). However, as we found that H-2k innate resistance differs in the C57L 

or MA/My backgrounds and because MCMV very efficiently downregulates H-2k class I 

proteins in L929 cells and primary MEFs shortly after infection, a Ly49P / Dk model that 

NK cells recognize MCMV infection through a Ly49P-Dk interaction cannot fully 

explain H-2k-linked MCMV resistance. Thus, we propose that inhibitory NK receptors 

for self MHC-I ligands on target cells may be also involved in MCMV recognition. 
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Introduction  

Cytomegaloviruses (CMV) are betaherpesviruses that display species-specific tropism. 

Because human CMV (HCMV) and murine CMV (MCMV) cause severe infections in 

immunodeficient or immunologically immature hosts and share many biological features 

in their natural host settings, MCMV is an important model system for studies of innate 

viral immunity (37). Additionally, because NK cells provide critical innate immune 

defenses in CMV infections (30), the MCMV infection model is also useful for 

understanding the role of NK cells and their capacity to recognize virus targets.  

Chalmer et al. noted a survival role for H-2k after high-dose MCMV infection in C3H, 

CBA, and BALB.K inbred mice (50). Further study revealed similar levels of MCMV 

infection and replication in mouse embryonic fibroblasts (MEFs) of different H-2 

haplotypes, including H-2b and H-2k (50). NK cells were also implicated, since enhanced 

NK cytotoxicity is a general feature of MCMV infection in more-resistant H-2k mouse 

strains (88). Scalzo et al. (55) later documented a primary role for NK cells in innate 

MCMV immunity in MA/My through immunodepleting NK cells with anti-NK1.1 

monoclonal antibody (mAb) before infection. Elsewhere, we confirmed the importance of 

NK cells in innate MA/My MCMV immunity and extended our previous findings by 

demonstrating that H-2k introgression onto the C57L genetic background in C57L.M-H2k 

(L.M-H2k) congenic mice was sufficient to convert MCMV susceptibility to resistance 

through NK control (61). An epistatic genetic interaction between Cmv3 (Ly49P) and H-

2k was recently noted, and because Ly49P-transduced reporter T cells specifically bind 

class I Dk proteins on MCMV-infected MEFs, the receptor-ligand interaction is 
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implicated in MA/My resistance (60). However, other unknown genetic factors clearly 

contribute, since H-2k substantially reduces spleen virus replication (55) and mortality 

(88) even when expressed on the BALB/c (Ly49P−) background. Further study is thus 

required to elucidate the mechanisms that govern the effectual NK recognition of 

MCMV-infected targets leading to innate major histocompatibility complex (MHC)-

linked control in H-2k mice. 

Because NK cells also express inhibitory receptors for MHC class I molecules and their 

effector functions are determined through integration of stimulatory and inhibitory 

signals (12), an alternate hypothesis also involves NK recognition of MHC class I 

deficiency, as often occurs in viral infection. Cell surface expression of H-2b and H-2d 

class I proteins are specifically and dramatically altered by MCMV in vitro (43, 44, 91). 

MCMV gp48 hijacks nascent MHC class I proteins for lysosomal degradation (43), gp40 

blocks endoplasmic reticulum-Golgi MHC class I export (44), and gp34 escorts class I 

molecules to the cell surface to interfere with cytotoxic T-lymphocyte recognition (45, 

46). Although the mechanisms are distinct, HCMV likewise utilizes several gene 

products to specifically alter HLA class I expression (37). However, HCMV also 

stabilizes HLA-E proteins with class I signal peptide-related UL40 leader peptide (92), 

presumably to bind inhibitory CD94/NKG2A receptors on NK cells and evade attack (93-

95). Additionally, HCMV utilizes UL141 and UL142 to directly interfere with NK 

recognition and attack (96, 97). Taken together, the data show that H-2k resistance may 

require altered MHC class I or class I-related protein recognition through inhibitory 

receptor sensing in addition to direct stimulation. 
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To assess the role of H-2k in MCMV resistance, we replaced it in MA/My mice with the 

H-2b susceptibility locus of C57L. We examined MCMV infectivity and replication in 

MEFs derived from the resistant or susceptible strains, and innate MCMV immunity 

phenotypes were also analyzed. To also examine the role of NK cells, intracellular 

gamma interferon (IFN-γ) was quantified for comparison in H-2k and H-2b strains over a 

3.5-day (d) time course following infection. Further, since the regulation of H-2k class I 

proteins by MCMV has not been previously characterized, we also examined Kk and Dk 

class I proteins on L929 cells and primary (C57L × MA/My)F1 MEFs shortly after virus 

infection. We provide evidence indicating that a Ly49P/Dk model is inadequate to fully 

account for MA/My MCMV resistance. 
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Results  

H-2b linked genes fail to support innate MCMV immunity through NK cells 

We previously noted that multiple genes contribute vital Ly49H-independent immunity 

shortly after MCMV infection in New Zealand White or MA/My mice (56, 61). Because 

H-2k-linked genes were shown to contribute substantially to MA/My virus resistance (60, 

61) and also converted susceptibility to full resistance in C57L.M-H2k congenic mice 

(61), we examined whether they are also essential to innate immunity in this model 

system. We replaced H-2k in MA/My with H-2b from MCMV-susceptible C57L by use of 

SSLP marker-assisted selection to obtain H-2b donor alleles on a MA/My background 

(Fig. 2A). H-2b introgression was confirmed using allele-specific anti-MHC class I mAbs 

to stain MA/My.L-H2b (M.L-H2b) splenocytes (not shown).  

We assessed innate MCMV immunity in M.L-H2b by measuring virus levels in spleens 

and livers. These mice displayed remarkable susceptibility that was even more severe 

than that of C57L (Fig. 2B and C). By comparison, similarly infected L.M-H2k/b and 

control MA/My mice were fully protected by H-2k. Thus, H-2k-linked gene expression is 

essential for innate MCMV protection through NK cells in MA/My, whereas H-2b linked 

gene expression is not adequate for effective NK control. While previous work indicated 

that an additional genetic factor beyond the MHC or the NK gene complex can contribute 

to innate MCMV control (61), we also evaluated immunity in (MA/My × C57L)F1 

hybrids and their heterozygous congenics, M.L-H2b/k mice (Fig. 2D). As expected, virus 

levels in littermate control (H-2k) spleens were comparable with those for MA/My. 

Intriguingly, however, virus levels in M.L-H2b/k spleens were actually intermediate 
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Figure 2.  Deficient innate MCMV immunity in MA/My.L-H2b (M.L-H2b).  A. The 

D17Mit57-D17Mit93 chromosome 17 interval in M.L-H2b is depicted at top with 

informative SSLP markers used in genetic screening and selection also shown.  Physical 

map locations (in megabases) are indicated.  The H-2 complex and K and D class I genes 

are also shown. Spleen virus levels in MCMV-infected (d 3.5) M.L-H2b, L.M-H2k and 

control mice were quantitated by QPCR (B) or virus plaque assay (C).  The plaque assay 

detection level is indicated by the broken line in C. Four to eight animals were studied 

per group.  D. Spleen (filled symbols) and liver (open symbols) virus levels also were 

quantitated in similarly infected (MA/My x C57L)F1, M.L-H2b/k and their non-congenic 

H-2k litter mates (M.H-2k), and C57L control mice by QPCR.  E. Spleen virus levels in 

MCMV-infected (M.L-H2b(R1) x MA/My) x C57L hybrids segregated by H-2 genotype 

(as designated) and control strains quantitated in QPCR are shown.  Data are 

representative of two independent experiments. 
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between those of the progenitor strains. This finding indicates that heterozygous H-2k is 

not fully protective on the MA/My genetic background. Instead, H-2k homozygosity is 

required to fully establish innate MCMV resistance on the MA/My background. 

Moreover, since differences in MCMV control in H-2 heterozygous mice strictly 

correlated with their genetic background (compare L.M-H2k/b and M.L-H2b/k in Fig. 2B 

and D, respectively), an additional factor(s) coming from C57L must increase the extent 

of innate virus resistance afforded by the H-2k haplotype. 

To further delimit an H-2k-linked critical region, novel H-2 recombinant mice were 

produced from the M.L-H2b and L.M-H2k strains. One strain, M.L-H2b(R1), was 

identified as containing an informative recombination breakpoint between the H-2 K and 

D genes. Importantly, this strain retains the expression of Kb and C57L-derived MHC 

class II proteins (not depicted) but also expresses MA/My-derived class I Dk molecules. 

We crossed (MA/My × M.L-H2b(R1))N9 backcross mice with C57L and studied MCMV 

control in their hybrid offspring. As expected, a 1:1 Mendelian distribution of 

homozygous (Kb to I-Eb region) and fully heterozygous (H-2k,b) progeny on F1 genetic 

backgrounds was observed. The corresponding innate MCMV immunities in the two 

groups shown in Fig. 2E indicate that Kk expression is not needed to limit MCMV in the 

spleen. The H-2k-linked critical region should therefore reside distal to SSLP marker 

17Uva12 and the class II genes while overlapping Dk class I and more distal H-2 

nonclassical class Ib genes. 

Similar MCMV infectivity and replication in susceptible C57L or resistant C57L.M-

H2k strain derived MEFs. Though previous work has shown that MCMV infectivity and 



 

 

40 

replication kinetics are similar in H-2b- and H-2k-derived MEFs (50), Harnett and 

Shellam (98) noted high MCMV susceptibility in BALB/c (H-2d) and B6 (H-2b) strain-

derived MEFs compared with that for MEFs from H-2k strains C3H and CBA. Thus, we 

also analyzed viral growth kinetics in MEFs prepared from embryos of MCMV-resistant 

and -susceptible strains. Figure 3A shows that MCMV grew exponentially from d 1 to d 5 

with similar kinetics in MEFs derived from either strain. In addition, comparable levels 

of infectious virions were released into the MEF supernatants after d 2 and through d 6 

(Fig. 3B). Furthermore, we did not observe significant differences in viral replication, 

plaque size, or viral cytopathic effect in comparison with MA/My MEFs (not shown). In 

agreement with Chalmer et al. (50), we conclude that H-2-linked genetic differences in 

innate MCMV immunity are not controlled at the level of MCMV infectivity or 

replication within host cells.  

NK cells from both Cmvr (MA/My and L.M-H2k) and Cmvs (C57L and M.L-H2b) 

strains were equally induced to produce IFN-γ shortly after infection. To delineate 

whether an inherent defect in H-2b NK virus sensing might explain an inability to restrain 

viral replication, we examined NK IFN-γ shortly after infection, as this cytokine is 

rapidly induced in NK cells of MCMV-resistant C57BL/6 mice during MCMV infection 

(99). Spleen cellularity was generally maintained as the steady state (uninfected) with 

either the MA/My or the C57L genetic background through the first 39 h of infection 

(Fig. 4). By 90 h after infection, however, splenocyte numbers dropped precipitously in 

homozygous H-2b strains and also in M.L-H2b/k littermate controls (Fig. 4A). Thus, 

splenocyte numbers were not absolutely correlated with high or low virus levels, but in 

mice without the H-2k haplotype, substantial losses were always noted. Also consistent 
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Figure 3.  Multistep virus growth curves in H-2b or H-2k MEFs.  C57L or C57L.M-

H2k MEFs were infected with MCMV at a moi of 0.08 pfu per cell and the virus titers in 

the supernatants were detected daily by plaque assay on 3T12 cells (A) and quantitative 

realtime PCR was performed using DNA isolated from the remaining monolayers (B).  

MCMV shows similar virus productivity in C57L (closed symbol) or C57L.M-H2k (open 

symbol) MEFs. 
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Figure 4.  Quantification of NK IFN-γ in MCMV-infected MA/My.L-H2b and 

C57L.M-H2k congenic strains.  A. Spleen leukocytes of uninfected (no fill) and 39 h 

(gray fill) or 90 h (black fill) MCMV-infected mice (strains designated) were compared.  

B. Gated CD3- NK1.1+ IFN-γ+ spleen cells from uninfected (no fill) and 39 h (gray fill) 

or 90 h (black fill) MCMV-infected mice are also shown. Shown are average values (2-7 

mice / group) compiled from 3 independent experiments. Error bars indicate standard 

deviations. 
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with previous findings (61, 82, 83), NK cell numbers drop similarly through the first 39 h 

after infection in resistant and susceptible strains (not depicted). Moreover, similar 

numbers of spleen NK cells were producing IFN-γ with maximal induction in strains 

studied by the same time point (Fig. 4B). Notably, NK cells did not produce IFN-γ after 

injection of heat- or UV-inactivated MCMV into the H-2k or H-2b strains under study 

(not depicted). After 90 h, spleen NK cell IFN-γ levels were diminished considerably in 

resistant and susceptible mice and did not correlate with MCMV control traits. Thus, 

independent of H-2-linked genes, NK cells from both resistant and susceptible strains are 

equally capable of producing IFN-γ during MCMV infection. 

Role of H-2k class I expression in MCMV infection. H-2-linked control in innate 

MCMV immunity suggested that MHC class I molecules might have a role in NK cell 

control. As regulation of Kk and Dk class I proteins by MCMV has not been previously 

characterized, we also examined their expression on L929 (H-2k) cells and primary 

(C57L × MA/My)F1 MEFs shortly after virus infection. We utilized a reporter MCMV 

virus (MCMV-Δm157/EGFP [(61)]) to directly visualize infected cells by flow 

cytometry. Although more virus is required to infect L929 (H-2k) than NIH 3T3 cells, 

flow cytometric analysis revealed that 24% of L929 cells (MOI = 10) were GFP+ 

MCMV-infected cells by 24 h after infection (not shown). Under these conditions, Kk and 

Dk proteins on L929 cells were significantly decreased only on infected (GFP+) cells (Fig. 

5A). However, Kk (~95% decrease) appeared to be more efficiently downregulated than 

Dk (~50% decrease) by measuring mean fluorescence intensity (MFI) differences of 

MHC-I staining of infected and uninfected cells. Similar decreases in class I display were 

observed when L929 cells were infected with the wild-type K181 strain (not depicted). 
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Figure 5. MCMV downregulation of H-2k and H-2b class I proteins on L929 cells 

and primary (C57L x MA/My)F1 MEFs.  A. Shown is a representative dot plot of H-2k 

class I protein levels on L929 cells by 24 h after infection with a MCMV-∆m157 reporter 

virus (MOI = 10).  B. Histograms of MHC class I protein levels on (C57L x MA/My)F1 

MEFs (broken line), IFN-γ-induced (20 U, 24 h) (C57L x MA/My)F1 MEFs (thin line), 

and IFN-γ-induced (C57L x MA/My)F1 MEFs (bold line) infected with GFP-expressing 

MCMV (MOI = 4) assessed by use of flow cytometry at 12 h postinfection are shown.  

C. Left, Kk and CD71 cell surface stainings were plotted for IFN-γ-induced (C57L x 

MA/My)F1 MEFs infected with wild-type K181 (MOI = 4). Right, shown are histograms 

of CD71 surface staining on gated Kk high (thin line) and Kk low (broken line) from the 

left plot. Control Ig staining (thin dotted line) is also shown. 
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Fine differences in downregulation of Kk or Dk proteins on MCMV-infected L929 

prompted us to further investigate potential gene- or allele-specific viral regulation of 

MHC class I expression. We measured class I expression on primary (C57L × MA/My)F1 

MEFs as an independent means to establish that the diminishment of class I proteins of 

either haplotype is a general feature of MCMV infection. Due to low constitutive class I 

levels on the MEFs, IFN-γ induction was utilized to boost expression before MCMV 

infection. By comparing the MFI of MHC-I staining on gated GFP+ and GFP- cells, we 

found that MCMV downregulated Kk, Dk, and H-2b class I molecules by ~90% on F1 

MEFs (Fig. 5B and data not shown). MCMV control of class I expression is specific, 

since CD71, a common surface protein, was not affected (Fig. 5C). We obtained similar 

results using Smith strain MCMV (data not shown). H-2b and H-2k class I proteins are 

therefore efficiently and specifically decreased by MCMV on cells expressing alleles of 

either haplotype.  

Because type I interferons are indispensable in innate immunity and MCMV resistance, 

we also studied class I downregulation by MCMV on IFN-β-stimulated F1 MEFs. Though 

IFN-β directly affected the percentage of cells infected in a dose-dependent manner, 

presumably through direct inhibition of viral gene expression (100), MCMV again 

efficiently decreased H-2k and H-2b class I proteins on F1 MEFs (Fig. 6A). Additionally, 

though uninfected F1 MEFs have similar levels of Kk and Dk display, the amount of Dk 

class I proteins was consistently less than half that of Kk proteins on infected cells. 

Similar results were obtained over a large range of IFN-β doses (Fig. 6B). Furthermore, 

Dk MFI decreased sharply, whereas Kk MFI levels remained fairly constant throughout 

the study, indicating that MCMV infection under certain conditions may selectively 
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Figure 6. Efficient class I Dk protein downregulation in IFN-β-induced primary 

L/MF1 MEFs.  A. Histograms of class I proteins on L/MF1 MEFs (broken line), IFN-β-

induced (50-1,000 Units, 30 h) L/MF1 MEFs (thin line) and IFN-β-induced and MCMV-

infected (MOI = 4) L/MF1 MEFs (bold line) are shown.  B. IFN-β-treated L/MF1 MEFs 

were infected with MCMV-EGFP as in A. Kk and Dk protein levels are compared on 

gated GFP+ MCMV-infected cells at 12 h post-infection. cntrl, uninfected control. 
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regulate MHC class I proteins in a gene-specific manner. 
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Discussion  

An H-2k association with host survival following MCMV infection was long ago 

recognized, though a mechanistic understanding is still elusive. We show that dominant 

innate virus resistance was converted to profound susceptibility in MA/My.L-H2b 

congenic mice, since infectious MCMV freely replicates to very high levels in M.L-H2b 

spleens within days after infection. Thus, MA/My H-2k-linked loci are indeed necessary 

components of innate viral immunity. This difference cannot be explained by H-2-

controlled differences in infectivity or replication, as we observe similar MCMV growth 

kinetics in MEFs derived from embryos from resistant or susceptible strains. Another 

intriguing and unexpected finding in the current report is seen in Fig. 1, since H-2k-linked 

resistance is fully competent in H-2 heterozygous or homozygous mice on the C57L 

background, whereas a single H-2k haplotype in H-2 heterozygous mice on the MA/My 

background did not result in full resistance. An additional polymorphic genetic factor(s) 

in C57L therefore further limits MCMV spread and replication when H-2k is available, 

perhaps through augmentation of NK sensing, but this factor by itself is not sufficient in 

innate virus resistance because C57L NK cells fail to thwart a comparable MCMV 

infection. We further show that proximal H-2 Kk class I and class II genes do not explain 

the observed genetic variation, since our novel H-2 recombinant strain is fully competent 

to limit virus replication in the spleen at early times after infection. Thus, a genetic locus 

distal to the MHC class II gene region and overlapping with Dk class Ia and more-distal 

nonclassical class Ib genes should contain the responsible gene(s) required in H-2k-linked 

innate MCMV resistance through NK cells. Because multiple H-2 loci were previously 

implicated in the control of MCMV-induced mortality (51), we were also prompted to 
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study mortality in the novel strains. Recent preliminary studies with sublethal or lethal 

doses of MCMV have so far indicated similar mortality rates for our H-2k recombinant 

strain and littermate control tested as shown in Fig. 2E (X. Xie and M. G. Brown, 

unpublished data). Thus, H-2 Kk/I-A subregion seems not important for either spleen 

virus control or survival in this genetic system. 

To further examine the role of NK cells in innate H-2k control, IFN-γ was quantified for 

comparison in H-2k and H-2b strains over a 3.5-d time course following infection. 

Deficient NK control in C57L and M.L-H2b is not due to an intrinsic defect in virus 

sensing, since active viral replication alerted their NK cells to enhance IFN-γ production 

to levels similar to those for NK cells in MA/My or L.M-H2k shortly after infection. 

Similar diminished responses in all strains were also noted by later time points and did 

not directly correlate with innate virus immunity. Whether this response is due to virus 

sensing through innate receptors (i.e., TLR3 and TLR9) leading to enhanced cytokine 

stimulation of NK function (42, 101) or due to direct NK recognition of virus-infected 

targets is an important question. Recent reports indicate that NK IFN-γ release is severely 

impaired in mice without TLR9 or MyD88 and that dendritic cell-derived IL-18 is also 

important (102, 103). Here we show similar numbers of NK cells producing IFN-γ and 

comparable induction levels after MCMV infection; thus, these data suggest that an 

MCMV → TLR9 → MyD88 → IL-18 axis in dendritic cells and an IL-18 → IFN-γ axis 

in NK cells during the nonspecific phase of NK activation are fully competent in the 

strains tested in Fig. 4. Nevertheless, H-2b-linked gene expression fails to support NK 

control of viral replication on the C57L or MA/My genetic backgrounds. 
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While both MCMV and HCMV convergently acquired key gene products to manipulate 

MHC class I display (37), genetic variance in NK control may not be altogether 

surprising, since these cells readily respond to MHC-compatible targets with deficient 

class I expression. Because Wagner et al. noted before that class I Kb molecules are 

somewhat refractory to MCMV control (91), we reasoned that class I gene- or allele-

specific regulation by MCMV might explain H-2k protection, at least in part. However, 

minor variations in class I display might best be observed only under certain 

circumstances, since Kk (decreased by ~95%) and Dk (decreased by ~50%) proteins were 

differently downregulated on MCMV-infected L929 cells. Dk display, on the other hand, 

was affected more than Kk by MCMV in IFN-β-induced F1 MEFs, since a substantially 

greater number of infected (GFP+) cells continued to display Kk proteins even after Dk 

had seemingly been lost from the cell surface. IFN-β may conceivably have an impact on 

Kk induction greater than that of other class I proteins. Alternately, MCMV proteins 

known to bind and downregulate class I display may more avidly bind Dk when class I 

synthesis is strongly induced by type I interferons. Taken together, our findings suggest 

that only very minimal levels of Dk ligands that could potentially stimulate Ly49P 

receptors on NK cells in the course of MCMV infection should be available on infected 

host cells and that even fewer might be expected to hold a particular relevant virus 

peptide, as suggested recently (60). 

Alternately, MCMV might stabilize some cell surface class I displays, including that of 

Dk proteins, while at the same time interfering with cytotoxic T-lymphocyte recognition. 

MCMV gp34 is notable in this regard, since it binds endoplasmic reticulum-resident class 

I proteins destined for expression at the cell surface. Interestingly, Dk but not Kk surface 
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expression is selectively affected by gp34 in infected L929 cells (Xie and Brown, 

unpublished data). An intriguing possibility is that Ly49P+ NK cells might specifically 

recognize gp34-associated Dk proteins. However, innate H-2k resistance is likely more 

complex, since significant protection has been observed even on the BALB/c 

background, where Ly49P receptors are not expressed (55). Finally, it is possible that NK 

recognition and control become fully competent only in mice that express H-2k class I 

ligands during development. While NK cells in C57L and M.L-H2b mice do recognize 

viral intrusion and IFN-γ expression is stimulated shortly afterward, these cells could be 

hyporesponsive (28) or unlicensed (27) in terms of their capacity to attack infected cells. 

NK receptors in H-2k mice, on the other hand, might recognize viral signatures more 

efficiently than those in other H-2 haplotypes, in addition to undergoing potential 

stimulation through Ly49P/Dk interactions during NK encounters with MCMV-infected 

cells. While inhibitory KIR/MHC interactions also insure functional competency in 

human NK cells (25) and can regulate antiviral immune responses in infected individuals 

(104, 105), this model should enhance our understanding of the role of NK cells in the 

early detection and control of viral pathogens. 
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Chapter III 

MHC class I Dk locus and Ly49G2+ NK cells confer H-2k resistance to murine 

cytomegalovirus2  

                                                   
2Journal of Immunology (2009) Volume 182 / No. 11, June 1: Amended here with 
permission from American Association of Immunologists, Copyright © 2009. 
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Abstract 

Essential NK cell-mediated MCMV resistance is under histocompatibility-2k (H-2k) 

control in MA/My mice.  We generated a panel of intra-H-2k recombinant strains from 

congenic C57L.M-H2k/b (MCMV-resistant, Cmvr) mice for precise genetic mapping of 

the critical interval.  Recombination breakpoint sites were precisely mapped and MCMV 

resistance/susceptibility traits were determined for each of the new lines to identify the 

MHC locus.  Strains C57L.M-H2k(R7) (Cmvr) and C57L.M-H2k(R2) (MCMV-

susceptible, Cmvs) are especially informative; we found that allelic variation in a 0.3 

megabase (Mb) interval in the class I D locus confers substantial difference in MCMV 

control phenotypes.  When NK cell subsets responding to MCMV were examined, we 

found that Ly49G2+ NK cells rapidly expand and selectively acquire an enhanced 

capacity for cytolytic functions only in C57L.M-H2k(R7).  We further show that 

depletion of Ly49G2+ NK cells before infection abrogated MCMV resistance in 

C57L.M-H2k(R7).  We conclude that the MHC class I D locus prompts expansion and 

activation of Ly49G2+ NK cells that are needed in H-2k MCMV resistance. 
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Introduction 

During virus infection, NK cells are needed in the body to provide early immune defense. 

Their activity is regulated by MHC class I-binding cell surface inhibitory and stimulatory 

receptors that include mouse Ly49, human KIR and NKG2/CD94 receptors (8, 12, 106).  

NK cell-mediated virus control is subject to genetic factors that can influence viral 

replication and host mortality (107).  For instance, the Ly49H activation receptor 

displayed on the surface of NK cells in C57BL/6 mice binds MCMV m157 ligands at the 

surface of infected cells to impart MCMV resistance (15, 16).  In NZW, MA/My and 

PWK strains, MCMV resistance also requires NK-mediated virus control, but Ly49H-

independent defense mechanisms are key (55-57, 60, 61).  It remains unclear what 

genetic factors are at work and how such factors mediate virus resistance through NK 

cells. 

Attempts have been made to identify genetic factors which underlie MCMV 

resistance/susceptibility traits in offspring of genetic crosses between MA/My (Cmvr) and 

strains which display greater MCMV susceptibility (Cmvs).  So far, major MCMV 

control loci have been mapped to the MHC and NK gene complex (NKC) on 

chromosomes 17 and 6, respectively (60, 61).  We have further shown that MHC 

polymorphism is responsible for genetic variation in NK-mediated virus resistance in 

C57L.M-H2k and MA/My.L-H2b congenic mice (61, 108).  

To pin down an MCMV control (Cmvr) locus within the MHC, we generated a genetic 

mapping panel of 13 H-2k recombinant congenic lines on the C57L (Cmvs) genetic 

background.  Recombination breakpoints were definitively mapped and MCMV 
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resistance/susceptibility traits determined for each of the new lines so that the MHC Cmvr 

locus could be identified.  Interestingly, virus infection clearly distinguished MCMV 

control in two of the novel lines, C57L.M-H2k(R2) (Cmvs) and C57L.M-H2k(R7) (Cmvr) 

which only differ by about 0.3-Mb DNA within the MHC.  We further examined the role 

of NK subsets in MHC H-2k resistance to MCMV infection. We propose that the novel 

recombinant strains represent a powerful new model for investigating MHC regulation of 

NK-mediated virus immunity. 
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Results 

H-2k MCMV resistance mapped to the class I D subregion. To identify a critical 

MCMV resistance interval between SSLP markers D17Mit16 and D17Mit10 (108), we 

generated a mapping panel of recombinant congenic strains (see Materials and Methods) 

on C57L (Cmvs) and MA/My (Cmvr) backgrounds. We screened for recombinant animals 

using a panel of SSLP genetic markers that distinguish MA/My and C57L alleles (Table 

II and Fig. 7A). In total, seventeen recombinant lines were isolated (Table III); seven 

lines have been depicted in Figure 7 with recombinant chromosome cross-over intervals 

in each of the lines mapped. For example, C57L.M-H2k(R2) (hereafter referred to as R2) 

mice retained MA/My-derived alleles in the D17Mit16-17Uva12 interval, and only 

C57L-derived alleles for 17Uva01 and markers distal to it (Table III and Fig. 7A). Thus, 

the R2 crossover was bounded by 17Uva12 and 17Uva01. Likewise, C57L.M-H2k(R7) 

(R7 hereafter) mice retained MA/My-derived alleles in the D17Mit16-H2D interval and 

C57L-derived alleles for 17Uva03 and markers distal to it. Thus, the R7 crossover 

occurred between H-2D and 17Uva03. A similar strategy was used to locate crossovers 

for each of the recombinant lines; together the lines established a valuable genetic 

mapping resource. 

We next separately backcrossed each new mouse line with C57L to generate 

heterozygous offspring. About half of the offspring received a recombinant chromosome 

haplotype, and the other half received a non-recombinant C57L.M-H2k-derived 

haplotype. We compared the recombinant offspring and their non-recombinant littermates 

for MCMV control traits by assessing spleen and liver (not shown) virus genome levels  
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Table II.  SSLP markers used for genetic mapping. 
 
   Allele Sizeb (bp) 

Marker Chr. 17 Locusa (bp) Primers (5'-3') C57BL/6 MA/My C57L 
      
17Uva12 ACCAGCAAGCCCTATGTCAC 
 

34547552-34547799 
TATGTCTACTGGTCAGGTTG 

248 250 245 

      
17Uva18 GTTCAGGGATACGGTGCTCC  
 

34707366-34707702 
CCTTCTCTGATAAGACGGTC 

337 ND ND 

      
17Uva19 GCGTTGTGACCCCTGGAGGC 
 

35099356-35099606 
GAATGCCTGTCTCAGCACGG  

251 ND ND 

      
17Uva20 GGGTGTTGGATGCTCCTGGA 
 

35143895-35144160 
TACTGCCGAACCACTTCTCC  

266 271 266 

      
17Uva15 AGACAATGGCTAACAGAGGC  
 

35341805-35342016 
TTCTATACAACCTGCCTGGA 

212 225 208 

      
17Uva01 GCAGCACTCTGTCTCTTTCC   
 

35375912-35376112 
ATAGTAAGTCTCTGTCTCTC 

198 182 198 

      
17Uva16 CCTCCCATATTGGCTCTTCC   
 

35406718-35406802 
GCAGTTGGACCTTTGACAGA 

85 126 81 

      
17Uva17 AGCGACTGAATATGGGTGAC   
 

35424300-35424711 
GCAGGACTAACTGGATTGTC 

412 427 414 

      
17Uva03 TGCATGGGAAATACTCGTCC    
 

35451303-35451610 
GGAGCTGACTCATCTCATTG 

308 291 311 

      
17Uva14 CCAAGGGCACTGTATTCCTG 
 

36458241-36458469 
GACAAGTACCAAGTGCTCCT 

229 189 199 

      
17Uva06 AGGTGTTTATCAGCTGTAGG   
 

38389926-38390222 
CAAGCCAACATTCAACATCA 

297 304 294 

      
17Uva09 AGCCCTGTCTCAAGTCAACG   
 

43168363-43168537 
TCTGTGCCATTGACGTTAGC 

175 179 155 

            
      

 

 

aChromosome locations for forward primers are based on C57BL/6 genomic sequence (Build 37, 
Ensembl Release 52). 
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bAllele sizes based on electrophoretic mobility in POP7-filled capillaries run on a Genetic 
Analzyer 3130xl.  17UVA18 and 17UVA19 allele differences are based on electrophoresis in 
4.0% agarose gel (data not shown) but exact sizes are not determined (ND). 
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Figure 7. Genetic mapping of H-2k-linked MCMV resistance in chromosome 17 

recombinant congenic strains.  A panel of seventeen recombinant congenic mouse lines 

(Table III) was generated and genotyped with genetic markers (Table II) to pinpoint 

chromosome 17 crossover sites.  A. A chromosome 17 physical map between D17Mit16 

and D17Mit10 (based on C57BL/6 genome, Build 37) is shown with a reference scale in 

megabases (Mb) included below. Also depicted are seven informative recombinant 

chromosome haplotypes with C57L- (open) or MA/My- (filled) derived intervals based 

on the genetic analysis of the new mouse lines.  B.  A refined haplotype map for the 

critical genetic region based on genotype analysis of the four most informative intra-H-2 

recombinant lines.  SNP (∆) and SSLP (▲) genetic marker positions are indicated. 
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Table III. Genetic analysis of chromosome 17 recombinant lines. 
 

Locusa Recombinant linesb 
 C57L.M-H2k  MA/My.L-H2b  

 R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 
MR
1 

MR
2 

MR
3 

MR
4 

D17Mit16 M M L L L L M M M M M L L L M M L 
H-2K M M L L L L M M M M ND L L L M M L 
17Uva12 M M L L M L M M M M L L L L M M L 
17Uva01 M L L L M M M M M M L M M M M M M 
H-2D M L L L M M M M ND M L M M M M M M 
17Uva03 M L L L M M L M L M L L L M M M M 
17Uva06 M L M L M M L L L L L L L M M L M 
17Uva09 M L M M M M L L L L L L L M M L M 
D17Mit10 L L L M M M L L L L L L L M L L M 
 

aChromosome 17 locus markers (see Table II) used to determine MA/My (M) or C57L (L) alleles for the recombinant  
chromosome in each line are shown.  Some alleles are not determined (ND). 
 

bRecombinant lines were generated on C57L (denoted as R) or MA/My (denoted as MR) backgrounds. 
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Figure 8. MHC H-2k MCMV resistance maps to the class I D locus.  The recombinant 

congenic mouse lines in Table II (heterozygous for chromosome 17 haplotypes) were 

backcrossed to C57L.  Offspring with a recombinant chromosome and several littermate 

controls (denoted LM for the indicated line) without a recombinant chromosome were 

infected with MCMV.  After 90 h, spleen and liver (not shown) MCMV genome levels 

were determined.  Interquartile range and the median values are shown, with whisker 

extensions to extreme values.  Open and grey boxes indicate infections with 3.1.05 or 

8.3.07 SGV stocks, respectively.  The numbers of mice used in each group are indicated 

at the bottom. The box plots were created with Minitab 15. Data are representative of at 

least two independent experiments. 
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3.5 days after infection. As shown in Figure 8, only low MCMV titers were observed in 

R6, R7, R8 and R12 spleens, similar to R6-LM littermate control spleen. Thus, an 

MCMV-resistance (Cmvr) locus should reside in the region of overlap. In contrast, 

MCMV was substantially higher in R2, R3 and R4 spleens than in R3-LM and R4-LM 

littermates, indicating that their retained MA/My-derived haplotypes are insufficient in 

MCMV-resistance.  Altogether, the data in Figure 7 pointed toward a critical interval 

bounded by R2 and R7 cross-overs.  An H-2k Cmvr locus was first placed in the H-2 S-D 

region flanked by markers 17Uva12 and 17Uva03.  

To refine the locus, R2, R7 and R12 were genotyped with additional allele-specific 

markers located near the H-2 class I D gene (Table IV and Fig. 7B).  By this strategy, the 

R2 and R7 cross-overs were mapped between 17Uva20 and SNP rs13482961 and 

17Uva17 and 17Uva03, respectively.  Thus, an H-2k Cmvr locus must be flanked by 

markers 17Uva20 and 17Uva03, an ~0.3-Mb interval that spans 30 genes including the 

class I D gene (Fig. 9).  In accord with this, R12, which arose spontaneously from the R7 

line, also displays the resistance phenotype (Fig. 8). 

NK cells are required in H-2k MCMV resistance.  To assess their role in resistance, we 

depleted NK cells from R7 (Cmvr) mice before MCMV infection.  Our previous work 

had shown that the anti-NK1.1 mAb PK136 does not efficiently deplete NK cells from 

mice on the C57L (NK1.1c57l) background (61). Consequently, when C57L.M-H2k/b-

NKChet mice with an NK1.1c57l allele were given PK136 treatment before MCMV 

infection, only a partial loss of splenic MCMV resistance was observed (61).  Residual 

MCMV control was likely due to ineffective depletion of NK cells from  
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Table IV. Refined genetic mapping of informative H-2 recombinant lines. 

 

Locusa C57L.M-H2k recombinant lines 
 R2 R12 R7 R6 
17Uva12 M L M L 
17Uva18 M L M L 
17Uva19 M L M L 
17Uva20 M L M L 
rs13482961b L M M M 
17Uva15 L M M M 
17Uva01 L M M M 
H-2 D L M M M 
17Uva16 L M M M 
17Uva17 L M M M 
17Uva03 L L L M 
rs13482963 b L L L M 
17Uva14 L L L M 
17Uva06 L L L M 

 

aH-2 locus markers (see Table I) used to determine MA/My (M) or C57L (L) alleles for the critical 
locus are shown.  
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Figure 9.  List of potential candidate genes in the mapped H-2D region of 

chromosome 17.  The black bars to the left of the map are segments of the H-2D interval 

with scale indicating positions in megabases (Mb). Mouse gene names and symbols as 

well as the corresponding human gene symbols from syntenic human chromosome 

6p21.3 are listed on the right side. The H-2D region was annotated according to the 

Ensembl Genome database (http://www.ensembl.org). 
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Mouse Human Mouse gene name 
Symbol symbol 

Mb Vars VARS valyl-tRNA synthetase 

D17H6S56E-3 C6orf27 DNA segment, Chr 17, human D6S56E 3 

0 Ng23 C6orf26 Ng23 protein 

Msh5 MSH5 mutS homolog 5 (E. coli) 

~ 
Clicl CLlCl chloride intracellular channell 
Ddah2 DDAH2 dimethylarginine dimethylaminohydrolase 2 

35.16 AU023871 expressed sequence AU023871 

G6b G6B_HUMAN G6B protein 
Ly6g6c LY6G6C lymphocyte antigen 6 complex, locus G6C 

Ly6g6d LY6G6D lymphocyte antigen 6 complex, locus G6D 

35.20 Ly6g6e LY6G6E lymphocyte antigen 6 complex, locus G6E 

BatS BATS HLA-B associated transcript 5 

Ly6g5c LY6G5C lymphocyte antigen 6 complex, locus G5C 

35.24 Ly6g5b LY6G5B lymphocyte antigen 6 complex, locus G5B 

Csnk2b CSNK2B casein kinase 2, beta polypeptide 

35.28 :-l 
Bat4 BAT4 HLA-B associated transcript 4 

D17H6S53E NP _067007.3 DNA segment, Chr 17, human D6S53E 

Apom APOM apolipoprotein M 

LOC100043621 hypothetical protein LOC100043621 

35.32 
Bat3 BAn HLA-B-associated transcript 3 

Bat2 BAT2 HLA-B associated transcript 2 

Aifl AIFl allograft inflammatory factor 1 

35.36 EG667612 NCR3 predicted gene, EG667612 
Lstl LSTl leukocyte specific transcript 1 

Ltb LTB Iymphotoxin B 

Tnf TNF tumor necrosis factor 

35.40 Lta LTA Iymphotoxin A 

Nflkbill NM 005007 nuclear factor of kappa light polypeptide gene 

enhancer in B-cells inhibitor-like 1 

Atp6vlg2 ATP6V1G2 ATPase, H+ transporting, lysosomal Vl subunit G2 

T Batla BATl HLA-B-associated transcript lA 

H2-Dl histocompatibility 2, D region locus 1 
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NK1.1c57l mice (data not shown). 

To achieve efficient NK depletion, the NKCmamy haplotype was crossed onto the R7 

genetic background and homozygous R7-NKCmamy animals were generated.  As shown in 

Figure 10A, PK136 treatment efficiently depleted ~78% and >93% of splenic NKp46+ 

NK cells from R7-NKChet and R7-NKCmamy mice, respectively.  Similar results were 

obtained by staining for residual NK cells with anti-CD49b (DX5) or anti-NKG2D mAb 

(data not shown).  In accord with NK depletion from C57L.M-H2k/bNKChet mice (61), 

MCMV control in R7-NKChet mice was consistently more dramatically altered in the 

liver than in the spleen (Fig. 10B).  Nonetheless, PK136 depletion of R7-NKCmamy NK 

cells fully abrogated spleen and liver MCMV control (Fig. 10B).  We conclude that NK 

cells are essential to MHC H-2k MCMV resistance.  Strains R2 and R7 establish an 

excellent model system to investigate NK-mediated virus immunity under MHC genetic 

control. 

To address a potential role for other lymphocyte subsets, we also assessed resistance in 

mice after depletion of CD4 and CD8 T cells, as the importance of both subsets has been 

established (39, 109). Further, recent work has shown that in BALB.Klra8 congenic mice 

with Ly49H resistance, MCMV-specific activated CD8 T cells in the spleen can be 

detected by day 4 post-infection (110). T cell depletions were confirmed by flow 

cytometry using anti-CD4 and anti-CD8 mAb clones other than those used as depleting 

Abs (data not shown). As shown in Fig. 10C, T cell depletions failed to alter MCMV 

replication in the spleens or livers of infected mice and thus these cells have no 

measurable impact in early MHC H-2k MCMV resistance.
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Figure 10. A requirement for NK cells in MHC H-2k MCMV resistance.  A. 

Splenocytes from R7-NKChet and R7-NKCmamy (Cmvr) mice given PBS, anti-NK1.1 mAb 

PK136, or PK136 followed by MCMV infection were stained for CD3 and NKp46.  

Numbers indicate the percentage of splenocytes within the NKp46+CD3- lymphocyte 

gate.  B. R2 (Cmvs), R7 (Cmvr), C57L and PK136 treated mice were infected with 

MCMV.  Shown are spleen (open) and liver (filled) MCMV genome levels for individual 

animals 90 h after infection.  C. R7, C57L and T-cell-depleted (anti-CD4/CD8; see 

Materials and Methods) mice were infected with MCMV.  Shown are spleen (open) and 

liver (filled) MCMV genome levels for individual animals 90 h after infection.  Data 

included 3-5 mice per group. 
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Selective activation and expansion of Ly49G2+ NK cells confers H-2k MCMV 

resistance. The activating Ly49H receptor mediates NK dependent MCMV control in B6 

mice (58, 59, 82).  In accord, Ly49H+ NK cells specifically expand and proliferate to 

counter MCMV (83).  We hypothesized therefore that some NK cells might undergo 

selective expansion and/or activation in R7 (Cmvr) mice during infection.  Ly49G2 is an 

especially interesting inhibitory NK cell receptor because Ly49G2129 can bind MHC class 

I Dk as a ligand (18, 111).  In addition, we found that only one amino acid difference 

distinguishes Ly49G2mamy from Ly49G2c57l and Ly49G2129 alleles (unpublished data).  

Thus, NK cell subset responses were examined in R2 and R7 mice at discrete times after 

MCMV infection.   

To examine Ly49+ NK subsets responding to MCMV, we stained splenic NK cells using 

anti-Ly49 mAbs 14B11 (specific for Ly49C/I/F/H) and 4D11 (Ly49G2-specific) before 

and after infection in R2 (Cmvs) and R7 (Cmvr) congenic strains.  As expected, splenic 

MCMV was substantially higher in R2 than R7 after 90 h (Fig. 11A).  We found that 45-

50% of NK cells in C57L and MA/My spleens can be stained with mAb 14B11 (data not 

shown).  On the other hand, different subsets of NK cells in C57L (~50%) or MA/My 

(~30%) express Ly49G2 on the cell surface (data not shown).  In R2 and R7 (both on the 

C57L genetic background) mice, 50-60% of NK cells display Ly49G2 on the cell surface 

before infection (Fig. 11B). 

Comparison of 14B11+ and 14B11- NK cells in R2 and R7 mice revealed little, if any, 

change in either percentage or cell numbers after infection (data not shown).  In contrast, 

a slight increase in the percentage of Ly49G2+ NK1.1+ CD3- NK cells was observed in 



76 

 

Figure 11. Ly49G2+ NK cells respond selectively to MCMV infection.  R2 and R7 

mice were infected with 105 PFU MCMV (A-C) or with the indicated dose in the range 

104 to 5 x 105 PFU (D-F).  A. Average MCMV genome levels for R2 (open) and R7 

(filled) spleens are shown.  B. R2 (open) and R7 (filled) splenocytes were stained for 

NK1.1, CD3 and Ly49G2 (4D11).  Numbers indicate the mean percentage of NK cells 

expressing Ly49G2+ at the cell surface at the indicated times after MCMV infection.  C. 

As in B, but values represent total numbers of G2+ and G2- NK cells in R2 and R7 

spleens after infection.  R2 NK cells in spleen, regardless of G2 expression, decreased 

significantly at 90 h after infection (P < 0.005).  In R7 spleen, G2- NK cells decreased by 

39 h after infection and were still significantly lower than in control spleen at 90 h after 

infection (P < 0.005).  On the other hand, only R7 G2+ NK cells increased significantly 

between 39-90 h after infection until they were also significantly higher than in 

uninfected R7 spleen (P < 0.05).  D. Groups of R7 mice were infected with the indicated 

dose of MCMV.  Shown are average MCMV genome levels for spleen (open) and liver 

(filled) at 90 h after infection.  The limit of MCMV detection (dashed line) is indicated.  

E. and F. Splenocytes from R7 mice in (D) were stained for NK1.1, Ly49G2 (4D11) and 

cell surface CD69 (E) or intracellular perforin (F).  Plots show MCMV genome levels 

and mean fluorescence intensity (MFI) values for G2- (open) and G2+ (filled) NK cell 

subsets for individual animals.  The correlation exponential trend lines with R2 values are 

shown. Data are representative of at least two independent experiments.  Error bars 

indicate standard deviation. 
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R2 spleen by 39 h after infection, and the percentage of Ly49G2+ NK1.1+ CD3- NK 

cells rose steadily through 90 h after infection in R7 spleen (Fig. 11B).  Even so, splenic 

NK cells showed an overall decline in number in both strains by 39 h after infection (Fig. 

11C), consistent with splenic NK cells responding to MCMV in B6 mice (82, 83, 112).  

After 39 h however, G2+ NK cells increased substantially in R7 mice to a level that 

exceeded steady state levels in uninfected controls (Fig. 11C).  This was not the case for 

G2- NK cells in R7 mice, or either subset in R2 mice (Fig. 11C).  We have observed 

similar expansion of G2+ NK cells in infected MA/My mice (data not shown).  These 

data are congruent with the finding of Welsh and colleagues showing a proportional 

increase in Ly49G2+ NK cells after MCMV infection in B6 mice (82, 112).  More 

remarkable here however, the absolute number of Ly49G2+ NK cells and the proportion 

of NK cells is significantly augmented under H-2k control.  These data therefore indicate 

that splenic Ly49G2+ NK cells are selectively expanded in response to MCMV infection 

in R7 mice with highly efficient H-2k NK-mediated virus control.   

We have previously shown that the peak and extent of NK intracellular IFN-γ in response 

to MCMV is similar in MA/My and C57L mice (108).  Thus, we examined R2 and R7 

NK cells for cell surface CD69 and intracellular perforin (prf1) expression in response to 

MCMV.  We delivered MCMV to mice in a dose range that yielded different spleen 

(~1,000-fold variation) and liver (~100-fold variation) MCMV levels by 90 h after 

infection (Fig. 11D).  In accord with previous NK IFN-γ data (108), CD69 activation in 

R2 and R7 NK cells correlated well with splenic MCMV (data not shown).  In addition, 

G2+ and G2- NK cells in R7 had enhanced CD69 expression that corresponded with 

spleen MCMV (Fig. 11E). 
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We next examined perforin in NK cells responding to MCMV.  Similar to CD69 

expression, R7 G2+ NK cells expressed perforin levels that corresponded directly to 

splenic MCMV over a wide range (Fig. 11F).  In contrast, perforin levels in R7 G2- NK 

cells did not correlate with spleen MCMV loads in the inoculation range of 104– 5 x 105 

PFU (Fig. 11F).  We further observed peak expansion of total NK cells and a maximal 

G2+/G2- NK cell ratio in R7 mice given 105 pfu MCMV at 90 h after infection (Fig. 

12A).  In contrast, G2+ NK cells in R2 mice declined by 3-fold even at the lowest 

MCMV dose tested (Fig. 12B).  Hence, MCMV provoked potent induction of perforin 

and acquisition of cytolytic effector status by G2+ NK cells in R7 mice.  We conclude 

that R7 G2+ NK cells preferentially expand and become activated during MCMV 

infection due to the MHC class I Dk subregion. 

To discern their involvement in virus resistance, Ly49G2+ NK cells were depleted from 

R7 (Cmvr) mice using mAb 4D11 given before infection.  In spleens of 4D11 treated R7 

mice, we found a selective loss of about 35% of NKp46+ CD3-CD19- splenocytes and 

residual NK cells (includes 14B11+ and 14B11-) in these animals were refractory to 

staining with 4D11 or AT8 (also Ly49G2-specific) (Fig. 13A).  Intriguingly, 4D11 

treatment also significantly diminished resistance such that virus replication was 

enhanced in spleen and liver after low or high dose MCMV infection (Fig. 13B and C).  

In comparison, PK136 depletion of most NK1.1+ cells gave an effect comparable in 

magnitude.  Inasmuch as Ly49G2 NK subset depletion from C57BL/6 mice using 4D11 

or 4LO439 mAbs given before infection has no effect on resistance in the spleen or liver 

(112, 113), our data indicate that Ly49G2+ NK-mediated resistance is selective and that 
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Figure 12.  Specific expansion of R7 Ly49G2+ NK cells. Congenic mice R7 (A) and 

R2 (B) with at least one NKCmamy haplotype were infected with a range of MCMV doses 

as indicated and splenocytes were analyzed by flow cytometry at 90h post-infection. A. 

Percentages (upper graph) and numbers (lower graph) of G2+ (black) or G2- (grey) NK 

cells (gated NK1.1+ CD3-) from uninfected or infected R7 mice are shown. * P<0.05, ** 

P<0.01. NS, not significant. Statistical analysis was performed with Student’s T-test. B. 

Percentages (upper graph) and numbers (lower graph) of Ly49G2+ NK cells (gated 

NK1.1+ CD3-) from uninfected or infected R2 mice are shown. 

 



 

 

81 

 
 
 
 

A B 

75 75 

~ 
70 70 

Oi ~ 

" Oi 
:.:: 65 u 65 
z :.:: 

Z 
+ + N 60 N 60 
" " ;;f'. ;;f'. 

55 55 

50 50 
uninf 3x10'4 10'5 3x10'5 5x10'5 uninf 5x10'3 3x10'4 10'5 

* -G2+N K 2.5 2.5 

NS 
[J G2-NK 

2 'f::, 2 

'&" ** ~ 

E. 1.5 
'OJ 
<II 1.5 

~ 
-= = <II 

<II 
..CI :.:: 
= z 
III + :.:: N 
z " 0.5 0.5 

0 
uninf 3x10'4 10'5 3x10'5 5x10'5 uninf 5x10'3 3x10'4 10'5 



82 

 

 

 

Figure 13.  Ly49G2+ NK cells required in MCMV resistance.  A. Splenocytes from 

rat IgG or 4D11 treated R7 (Cmvr) mice with MCMV infection were stained for CD3, 

NKp46, AT8 and 4D11.  At top, numbers indicate the percentage of splenocytes within 

the NKp46+CD3- lymphocyte gate.  Shown below, plots are gated on NKp46+CD3- 

lymphocytes.  Left plots show splenocytes from rat IgG treated mice.  Right plots show 

splenocytes from mAb 4D11 treated mice.  B. Spleen (open) and liver (filled) MCMV 

genome levels for IgG, 4D11 or PK136 treated R7 mice infected with 103 (top) or 104 

(bottom) PFU MCMV are shown.  For both virus doses, 4D11-treated spleen virus levels 

were significantly higher than that of rat IgG-treated animals (P < 0.005), though not 

significantly different than PK136-treated animals.  At the lower dose, 4D11-treated liver 

virus levels were significantly higher than rat IgG treated (P < 0.05), but significantly 

lower than PK136 treated animals (P < 0.05). Statistical analysis was performed using a 

Mann-Whitney/Wilcoxon test.  Data included 3-9 mice per group. 
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residual NK subsets are ineffective in this genetic setting.  We conclude that the H-2k 

class I D locus confers MCMV resistance through Ly49G2+ NK cells in R7 mice.
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Discussion 

H-2k genetic resistance to lethal MCMV infection was previously mapped to MHC K/I-A 

and D intervals using MHC recombinant congenic mice (51).  Later, a key role for NK-

mediated MCMV resistance in MA/My mice was shown (55).  Only recently however, 

has it come to light that MA/My resistance is largely affected by a dominant H-2k locus 

which can contribute MCMV control through epistatic (60) or additive ((61) and M.S. 

and M.G.B., unpublished data) interaction with an NKC locus on chromosome 6. 

Although we did not observe a K/I-A-associated resistance effect in this study, distinct 

background gene or allele effects in C3H, B10 and BALB.K strains could have 

influenced H-2k resistance to MCMV mortality in the former study (51).  Nevertheless, 

here we extended precise genetic mapping for an H-2k Cmvr locus to a narrow class I D 

interval spanning 0.3-Mb DNA with roughly 30 genes.  

Though multiple genes at this locus encode proteins with at least some immune function, 

EG667612, lymphotoxin, tumor necrosis factor and class I D genes are especially 

interesting in consideration of a possible role in virus resistance.   EG667612 sequence 

includes an Ncr3 pseudogene for mouse NKp30 and it is not expressed in a variety of 

different mouse strains (114) including MA/My (X.X. and M.G.B., unpublished data).   

Lymphotoxin and TNF cytokines contribute important immune functions with potential 

to influence innate resistance to viruses, including MCMV (115-117).  The class I D 

molecule is also an excellent positional candidate for H-2k Cmvr.  NK cell receptors have 

as their ligands MHC class I molecules, which therefore can influence NK self-tolerance 

and effector functions.  Because MHC-I is targeted by MCMV proteins for down-
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regulation after infection (118), including Dk cell surface expression which is rapidly 

diminished (108), NK cells with self-MHC inhibitory receptors should in principle 

readily respond to MCMV infection.   

Only Ly49H has so far been coupled with virus recognition and resistance due to specific 

binding to its m157 ligand displayed by MCMV infected cells (15, 16).  Also implicated 

in MCMV recognition and resistance, Ly49P+ reporter cells can respond specifically to 

Dk-expressing MCMV infected cells (60).  In support of a potential in vivo role, a pan-

specific anti-Ly49 mAb YE1/48 with reactivity for Ly49A/P/V/T given before infection 

can interfere with MCMV resistance in MA/My mice (60).  Genetic map analysis in the 

current work establishes a critical involvement for the MHC-I Dk locus in vivo.  We 

found unexpectedly that Ly49G2+ NK cells selectively respond during MCMV infection 

with expansion and activation when H-2k protection (i.e. in the R7 genetic setting) is 

available.  Similar features were not observed for G2+ NK cells in R2 (Cmvs) mice, or for 

G2- or 14B11+ NK subsets in either strain after infection.  Others have already noted that 

the frequency of Ly49G2+ NK cells increases in the spleens, peritoneal cavities, and 

livers of B6 mice by day 3 after MCMV infection as well as during the course of other 

viral infections, including mouse hepatitis virus, vaccinia virus, and lymphocytic 

choriomeningitis virus infections (82, 112).  Ly49G2 is therefore not a bona fide marker 

for NK cells providing protection from MCMV infection in B6 animals.  In stark contrast 

with MCMV resistance manifest in the B6 strain, we found herein that Ly49G2-depleted 

R7 animals with about 65% of NKp46+ NK cells intact were severely deficient for 

MCMV resistance.  Other NK cell subsets were therefore unable to effectively deliver 

MCMV resistance in this system.  Altogether, these data substantiate a likely critical role, 
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one influenced by MHC genetic variation, for Ly49G2+ NK cells in MCMV resistance in 

the R7 strain. MAb 4D11 likely specifically binds the inhibitory Ly49G2c57l receptors 

expressed by R7 NK cells for several reasons: 1) We found that the C57L and 129 NKC-

Ly49 haplotypes are highly related, if not identical (90); 2) Sequence analysis of 

Ly49G2c57l revealed that it is identical to Ly49G2129; Ly49G2mamy differs by one amino 

acid (unpublished data); 3) 4D11 was shown specific for Ly49G2 receptors on C57BL/6, 

BALB/c, C3H and 129 NK cells (119, 120); and 4) another Ly49G2 allele-specific mAb 

AT8 (120) similarly co-stained IL-2 activated 4D11+ NK cells from 129, R2-NKCmamy 

and R7-NKCmamy mice (Fig. 14).  Primary 4D11+ NK cells from uninfected and MCMV 

infected R7-NKCmamy mice were also co-stained with mAb AT8 (data not shown).  

Collectively, these data substantiate mAb 4D11 specific recognition of Ly49G2c57l and 

Ly49G2mamy NK receptors. 

It has been shown that Ly49H+ splenic NK cells, which are needed for MCMV control in 

B6 mice, preferentially expand by day 6 after infection (83).  More intriguing in this 

system, G2+ NK cells rapidly expanded in MCMV infected R7 spleens by 90 h after 

infection.  The 14B11+ NK subset was not similarly affected (data not shown).  Further, 

we found that R2 and R7 NK cells displayed classical signs of early activation (CD69+) 

after infection (Fig. 11F and data not shown), but R7 G2+ NK cells acquired high 

perforin expression with enhanced cytotoxic potential.  We speculate that selective 

expansion and activation of G2+ NK cells was due to Dk expression in R7 mice.  While 

cytokine stimulation (e.g. IL-2 or IL-15) is important for perforin activation (10), this 

finding further suggests that G2+ NK cells may have better access to cytokine stimulation 

than other NK subsets in R7, or any NK subsets in R2. This feature further distinguishes 



88 

 

 

 

 

 

 

Figure 14. Confirmation of the Ly49G2 receptor with specific mAbs 4D11 and AT8. 

Splenocytes were harvested from uninfected 129 and congenic mice R2 and R7 with the 

homozygous NKCmamy haplotype and cultured in IL-2 media for 5 days.  Adherent cells 

(lymphokine activated killer cells) were stained and analyzed by flow cytometry. Purity 

of NK cells was 70-95% as determined by gating (DX5+CD3-CD19- for 129 mice and 

NK1.1+CD3-CD19- for NKCmamy mice).  Representative dot plots are shown. 
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H-2k and Ly49H MCMV control since both Ly49H+ and Ly49H- NK cells have 

enhanced perforin expression after infection in B6 mice (10).  

Because Ly49P has been shown to recognize MCMV-experienced Dk molecules on 

infected cells (60), its coexpression with Ly49G2 on NK cells could help to explain 

selective expansion during MCMV infection.  So far, we have been unable to directly 

address this possibility since anti-Ly49 mAbs, YE1/32 and YE1/48 poorly recognize 

primary Ly49P+ NK cells from 129 (119) and C57L and MA/My spleens (data not 

shown).  Nonetheless, G2+ and G2- NK cells should have similar variegated Ly49P 

expression (106) before and 48 h after MCMV infection when both NK subsets were 

comparable in R2 (Cmvs) and R7 (Cmvr) mice (Fig. 11C).   One may expect G2+P+ and 

G2-P+ NK cells to have expanded in a similar fashion after early Ly49P recognition of 

MCMV-Dk on infected cells.  Instead, only G2+ NK cells selectively expanded and 

became activated for cytolytic function in R7 spleen.  Thus, although the actual role of 

Ly49G2 in NK activation must still be determined, the G2+ NK subset may have been 

more effectively licensed (27) or armed (28) for effector function and/or responsive to 

cellular alterations in self-MHC class I expression, perhaps due to viral down-regulation 

of H-2 Dk cell surface expression (108).  Consistent with this possibility, inhibitory 

Ly49G2balb and Ly49G2129 receptors can specifically bind MHC-I Dk (18, 111) and 

Ly49G2c57l is identical to Ly49G2129 (unpublished data).  

Though mouse Ly49 and human KIR receptors are structurally unrelated, they have 

several features in common, including sequence polymorphism, MHC-I recognition and 

signaling through ITAM (on co-receptors) or ITIM domains for stimulating or inhibiting 
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NK effector functions, respectively.  Recent genetic studies have revealed that certain 

KIR / HLA combined genotypes associate with resistance or susceptibility to some 

human diseases (121), but the mechanistic details have not been elucidated.   We propose 

that further study of NK-mediated virus immunity under MHC genetic control will 

provide an important model to begin to examine a role for NK cell receptors, as they can 

be influenced by MHC alleles, in virus immunity.  
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Chapter IV 

Transgenic expression of H-2Dk gene in highly susceptible H-2b mice confers innate 

MCMV resistance 

Abstract  

NK cell-mediated MCMV resistance is under H-2k (Cmvr) genetic control in MA/My 

mice, but the underlying gene(s) is unclear. Previous genetic studies have precisely 

mapped the H-2k Cmvr locus to a 0.3-Mb critical interval containing the class I Dk gene.  

Because Ly49 NK cell receptors are licensed by and responsive to MHC class I 

molecules, Dk is a positional gene candidate. Thus, a 10-kb Dk genomic DNA was 

isolated and cloned for transgenesis. A transgenic founder (Tg3-Dk) mouse was produced 

on the MCMV-susceptible (Cmvs) (MA/My.L-H2b x C57L)F1 background. Germline 

transmission and surface expression of Dk transgene were confirmed and the role of Dk 

was evaluated in the transgenic offspring. We found that the Dk transgene fully rescued 

innate MCMV immunity when expressed in Cmvs mice; Tg3-Dk mouse spleens had 

~1000-fold lower MCMV at 90 h after infection than non-transgenic littermate controls. 

Importantly, MCMV resistance in this system requires Ly49G2+ NK cells. In support, 

the Ly49G2 subset preferentially expanded during MCMV infection in Tg3-Dk mice. We 

conclude that Ly49G2 NK cells are responsible for Dk-dependent MCMV resistance. 
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Introduction 

MCMV infection of inbred mice provides a useful model to study genetic regulation of 

host immune responses to viral infections.  Inbred mouse strains display great variation in 

their susceptibility to MCMV infection in both virus replication and mortality.  Their 

resistance to lethal MCMV inoculation is genetically controlled by H-2 and non-H-2 

genes (51).  In the B6 strain, Cmv1 was mapped to the NKC (52) and later identified as a 

single Ly49 receptor gene, Ly49H (58, 59).  Further, different groups demonstrated that 

B6 NK cells mediate early MCMV control through Ly49H recognition of m157, a MHC 

class I like MCMV glycoprotein expressed on infected cells (15, 16). In addition to 

Cmv1-dependent MCMV control, H-2k linked genes were associated with survival 

resistance upon lethal MCMV infection (50, 51). However, the responsible H-2 gene(s) 

remain unidentified.  Although there was controversy on greater inherent resistance of H-

2k cells to MCMV infection (50, 51, 98, 122), effective MCMV control in H-2k mice 

appeared to be associated with augmented NK activation (88) and dependent on NK cells 

(89). Therefore, further studies are needed to uncover the immunogenetic control 

mechanisms in H-2k linked MCMV resistance. 

Consistent with previous mortality studies, H-2k was recently reported to be associated 

with low viral replication in the resistant MA/My (H-2k) mice by two different genetic 

mapping systems using offspring from crosses between MA/My and susceptible C57L 

(61) or BALB/c (60). We confirmed that H-2k linked genes are essential for innate 

MCMV resistance in MA/My and C57L congenic strains (61, 108). In MA/My, NK cells 

mediate effective early MCMV control (55), but do not involve the Ly49H receptor (61). 
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Instead, it was proposed that an epistatic interaction between the activating receptor 

Ly49P and Dk on infected cells accounts for NK cell mediated MCMV control in F2 

offspring of MA/My and BALB/c mice (60). However, relevant genetic confirmation of 

Ly49P or Dk in NK control of MCMV infection is lacking. Recently, we initiated 

positional cloning to isolate the H-2k linked Cmvr (MCMV-resistant) locus by producing 

a panel of intra-H-2 recombinant congenic strains and precisely mapped a Cmvr locus to a 

0.3-Mb interval in the H-2 D region (Chapter III). Within the narrow region, MHC-I Dk 

appears to be the only class I related protein that can interact with NK Ly49 receptors.  

Moreover, we have shown that the NK cells expressing Ly49G2mamy receptors, which 

might also recognize Dk similar to Ly49G2balb/c receptors, are required for Dk locus 

dependent MCMV control in MCMV-resistant R7 mice (Chapter III). Thus, Dk is an 

interesting candidate for H-2k linked MCMV resistance. 

Although published data suggest that Dk may be involved in NK cell dependent MCMV 

control in MA/My, it is necessary to directly assess the role of Dk in H-2k linked MCMV 

resistance and to determine whether expression of Dk regulates anti-MCMV immunity of 

NK cells.  Here we used a cloned genomic fragment with the Dk gene intact to generate 

Dk transgenic mice on a Cmvs (M.L-H2b x C57L) F1 background. A Tg3-Dk founder male 

was identified and germ-line transgene transmission has been confirmed. The Tg3-Dk 

transgene was then backcrossed separately to MA/My.L-H2b and C57L genetic 

backgrounds to examine MHC-I Dk gene expression, virus control and NK cell 

involvement.  
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Results 

Isolation of genomic Dk gene for transgenesis.  In order to faithfully express Dk, we 

sought to construct Dk transgene with the endogenous promoter.  It was previously 

reported that a Db transgenic mouse was generated with a 10-kb HindIII digestion 

fragment of genomic DNA carrying the entire H-2Db gene (123).  We hypothesized that 

the Dk gene could be isolated from a H-2k DNA fragment (e.g. a BAC clone) as long as 

HindIII digestion sites are conserved in the H-2 D subregion.  In accordance, the 

published C3H/HeN Dk gene does not contain any HindIII digestion sites (124).  To 

isolate the Dk gene from genomic DNA, we took advantage of H-2k BAC clones derived 

from the C3H/HeJ BAC library (see Methods and Materials). Interestingly, a H-2k BAC 

clone, 121F5 covers part of the class I D subregion, with a complete Dk gene at the distal 

end as characterized with SSLP markers including 17UVA15, 17UVA01, 17UVA16, 

17UVA17 and a primer pair specific for the NCR3 gene (Fig. 15A) as well as the primer 

sets covering all the exons of the Dk gene (data not shown). BAC 121F5’s size (~ 200 kb) 

is based on PFGE sizing analysis after NotI or XhoI digestion (Fig. 15B). A 10-kb 

HindIII Dk fragment was isolated from out of two ~20-kb XhoI bands after HindIII 

digestion and subsequently cloned (see materials and methods, Fig. 15B). The cloned 

HindIII fragment was then used for transgenesis. Since Dk contains a NotI site, digestion 

of this 10-kb band by NotI supports the presence of a Dk fragment (Fig. 15B). Further 

verified by Dk-specific PCR amplification (data not shown), this 10-kb HindIII restriction 

fragment contains a single but entire functional Dk gene (eight exons), ~4 kb of the 5’ -

flanking Dk promoter UTR (123, 125, 126) and ~1 kb downstream of 3’-UTR (Fig. 15A). 

The eight exons of Dk transgene were sequenced and found identical to the MA/My Dk 
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Figure 15. Isolation of Dk fragment for transgenesis.  A. A schematic map of H-2k 

BAC clone 121F5 and the Dk transgene. Markers and genes located in this BAC DNA 

fragment are listed above. The 10-kb HindIII fragment isolated from 121F5 includes the 

complete Dk gene, its promoter and downstream DNA.  B. Left, 1% PFGE gel of 121F5 

DNA digested with indicated restriction enzymes (lane 2 and 3) or without enzyme 

treatment (lane 4) is shown. Lower right, two XhoI bands (~ 20 kb) purified from the left 

gel were further subjected with enzyme digestion (lane 6 and 7) and fractionized in 1% 

agarose gel. The 10-kb Dk band cloned for transgenesis is indicated.  
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cDNA sequence, whereas one SNP in the promoter region distinguishes MA/My and 

C3H/HeJ alleles (Fig. 16 and data not shown). Thus, the 10-kb HindIII fragment was 

isolated and justified for Dk transgenesis.  

Generation and analysis of Dk transgenic mice. H-2k confers dominant resistance in 

(C57L x MA/My) F1 mice (61), whereas (C57L x M.L-H2b) F1 (F1.H2b) mice are fully 

susceptible (Fig. 17). Thus, if the Dk transgene contributes to MCMV control, 

introduction of Dk to the F1.H2b mice should at least in part rescue their anti-MCMV 

immunity. A transgenic founder, F1.H2b-Tg3(Dk) was identified after screening with a 

SSLP marker located inside the intron 3 of H-2 D gene and confirmed with a pair of Dk 

specific primers (amplifies exons 2-3) but negative for H-2k alleles of 17UVA15, 

17UVA01, 17UVA16 and 17UVA17 by PCR, whereas R12 strain only carrying the critical 

0.3-Mb interval is positive for all the markers (Fig. 18A). To maintain the Tg3-Dk line, 

the founder mouse was separately backcrossed to C57L or M.L-H2b with selection for Dk 

PCR positive offspring. Surface expression of the transgene was examined in PBMCs 

and splenocytes from Tg3-Dk transgenic mice with the Dk-specific monoclonal antibody, 

15-5-5. In confirmation, leukocytes from all the transgenic mice express Dk, while no 

staining was observed for cells from nontransgenic littermate controls (Fig. 18B and data 

not shown). Importantly, the surface Dk levels were comparable to the H-2k mice 

expressing a single copy of Dk allele (Fig. 18B). Moreover, transgenic expression of Dk 

did not significantly change the proportions of NK cells (3.385 ± 0.54 v.s. 2.53 ± 0.68%), 

CD4 (22.15 ± 2.33 v.s. 25.4 ± 2.12%) and CD8 (14.35 ± 0.35 v.s. 12.85 ± 1.20%) T cells 

in the spleen as compared to the transgene negative littermates (Fig. 18C). 
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Figure 16. Sequence verified for the Dk transgene.  This is a diagrammatic 

representation of Dk sequences from C3H/HeN [λ phage clones, Ref (124)], C3H/HeJ 

BAC clone 121F5 and MA/My DNA.  Eight exons (open box) of the BAC Dk and 

MA/My Dk cDNA were PCR amplified and sequenced.  Similarly, the promoter region 

(filled box) was sequenced with nested PCR products amplified from 121F5 and MA/My 

genomic DNA.  The promoter region and exons, but not introns (lines connecting exons), 

are depicted to the scale.  Single nucleotide polymorphisms (SNPs) are labeled; a single 

nucleotide deletion is indicated with black bars on the promoter region.  Amino acid 

changes caused by asynonymous nucleotide substitutions are listed above the exons.  

Intronic SNPs observed for 121F5 and C3H/HeN are not depicted here. 
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Figure 17. Full MCMV susceptibility observed in (M.L-H2b x C57L) F1 mice. 

Individual mice were infected with 105 PFU SGV and spleen MCMV levels at 3.5 dpi are 

shown. Five to eight mice of the indicated strains were studied per group. The dashed line 

indicates the detection limit. 
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Figure 18. Characterization of Tg3-Dk transgenic mice.  A. An interval map of the H-

2D subregion is shown with locations of SSLP markers as well as a primer set spanning 

Dk exon 2-3. The box indicates the Dk gene. Markers located inside the transgene were 

used for screening and PCR identification of transgenic founders; PCR amplification for 

Dk flanking markers confirmed that only a Dk transgene could explain the result. Positive 

results for each marker are labeled with (+).  B. PBMCs were prepared from the Tg3-Dk 

founder (thick line), a nontransgenic littermate (grey thin line) and a positive control 

(M.L-H2k/b, long dashed line) for Dk staining. Histograms show Dk expression on gated 

lymphocyte (upper plot) and monocyte (lower plot) populations.  C. The proportions of 

different spleen cell subsets, NK cells (NK1.1+ CD3-), CD4 T and CD8 T cells are 

compared between Tg3MN2 and their nontransgenic littermates (LM). Error bars indicate 

standard deviation. 
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in the backcross offspring F1.H2b-Tg3(Dk) x M.L-H2b (hereafter referred as Tg3MN2) 

and F1.H2b-Tg3(Dk) x C57L (Tg3LN2 hereafter) as well as their nontransgenic siblings. 

As shown in Figure 19, viral loads were ~3 log10 lower in transgenic mice than their 

littermates regardless of the backcross direction. The difference between transgenic and 

nontransgenic mice is comparable to that observed in R7 vs. C57L as well as MA/My vs. 

M.L-H2b (Fig. 19). Thus, Dk gene expression is sufficient to fully rescue innate MCMV 

susceptibility in H-2b mice. 

NK cells mediate Dk dependent MCMV resistance. To assess the role of NK cells in 

Dk transgenic mice, NK cells were immunodepleted as previously described (61). As 

expected, MA/My mice were unable to efficiently control MCMV without NK cells (Fig. 

20B). Intriguingly, NK depletion completely abrogated MCMV resistance and virus 

replication in the transgenic spleens reached the levels of susceptible littermate controls 

(Fig. 20B). Prior results provide evidence that innate MCMV resistance exerted by the H-

2 D subregion requires the Ly49G2+ NK subset (Chapter III). To examine whether the 

Ly49G2+ subset is also critical in a Dk dependent manner, we studied the role of Ly49G2 

subset by removing them from the transgenic mice with a Ly49G2-specific mAb, 4D11. 

The Ly49G2 subset consists of only ~30% of the NK cells in uninfected transgenic 

Tg3MN2 mice (Fig. 20A). However, the remaining 70% NK cells (G2-) could not 

efficiently limit virus replication; depletion of G2+ subset substantially changed the 

phenotype by more than 2 log10 (Fig. 20B), which is consistent with our previous data.  

Since the Ly49G2 receptor is responsible for innate MCMV resistance conferred by a Dk 

transgene, G2+ NK cells should display selective expansion in response to MCMV 
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Figure 19. Dk expression confers innate MCMV resistance. Tg3 backcross offspring 

with M.L-H2b (Tg3MN2) or C57L (Tg3LN2), nontransgenic littermates (LM) as well as 

other control strains were infected with 105 pfu SGV/mouse. Shown are spleen virus 

levels of at 90 hr post-infection. Closed circles represent individual mice expressing Dk, 

while open circles represent H-2b mice without Dk expression. The bars indicate average 

viral titers. 
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Figure 20. Ly49G2 expressing NK cells mediate effective MCMV control in Tg3-Dk 

mice.  A. Splenocytes from an uninfected Tg3MN2 mouse were stained for CD3, NK1.1 

and Ly49G2.  Left, numbers indicate the percentage of splenocytes within the NK1.1+ 

CD3- lymphocyte gate. Shown right, the plot is gated on NK1.1+ CD3- lymphocytes. 

The plots are a representative of several transgenic mice.  B. PBS, 4D11 or PK136 treated 

Tg3MN2, MA/My mice or untreated nontransgenic littermates (Tg3-LM) were infected 

with 105 PFU MCMV. Spleen MCMV genome levels at 90 hr post-infection are shown.   
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infection in Dk transgenic mice as we previously reported in R7 mice (Chapter III). In 

accord, the numbers of Ly49G2+ NK subset doubled in the spleen of Tg3MN2 transgenic 

mice at 90 hr after infection compared to uninfected mice, whereas Ly49G2- cell 

numbers dropped in the same mice (Fig. 21A). It is worth noting that the G2+/G2- ratio 

increased from 1:2 to 2.5:2 after infection (Fig. 21A), further highlighting the specific 

response of G2+ NK cells. In contrast, 14B11+ (pan-specific Ly49 mAb) NK cells with 

multiple Ly49 receptors displayed remained the same before and after infection (Fig. 

21B). On the other hand, both G2+ and G2- NK cells decreased by more than 10 fold in 

nontransgenic littermates (data not shown). Taken together, we conclude that selective 

expansion of G2+ NK cells is promoted by Dk expression during MCMV infection. 
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Figure 21. Specific expansion of Ly49G2+ NK cells in Dk transgenic mice. 

Splenocytes were isolated from infected Tg3MN2 mice and stained for NK1.1, CD3 and 

4D11+ Ly49G2 (A) or 14B11+ Ly49C/I/F/H (B).  A. Shown are average total numbers 

of G2+ (filled) and G2- (open) NK cells at the indicated times after MCMV infection. 

G2+ NK cells increased significantly between 39-90 h after infection until they were also 

significantly higher than in uninfected spleen (P < 0.05).  B. As in A, but values represent 

total numbers of 14B11+ (filled) and 14B11- (open) NK cells in Tg3MN2 spleens after 

infection. 14B11+ NK cells, on the other hand, decreased by 39 h after infection but did 

not significantly change at 90 h after infection compared to that of control spleen (P > 

0.5).  
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Discussion 

Dk serves as a strong candidate for the H-2k Cmvr locus for the following reasons: 1) it 

locates within the minimized 0.3-Mb H-2k Cmvr interval (Chapter III); 2) MA/My NK 

cells mediate H-2k dependent MCMV control; 3) it is specifically recognized by the 

activating NK Ly49P receptor in the context of MCMV infection; 4) an NK subset 

expressing the inhibitory Ly49G2 receptor, which ligates Dk, is required for H-2k linked 

MCMV resistance (Chapter III); 5) Ly49G2 should be released from Dk engagement 

upon MCMV downregulation of Dk. Although the actual control mechanisms of NK cells 

still remain elusive, these findings justify a further study to directly assess genetic 

contribution of Dk to MHC associated MCMV resistance. Here we demonstrated that Dk 

gene alone is sufficient to convert MCMV susceptibility in H-2b mice through Dk 

transgenic expression.  

The transgene utilized is a ~10-kb genomic fragment isolated from a C3H BAC clone, 

which assures that Dk expression is controlled by the endogenous promoter and 

regulatory elements. Probably due to this endogenous regulation, we did not observe an 

overexpression of the Dk transgene based on surface staining with a specific mAb for Dk; 

the expression levels of Dk in transgenic mice were the same as the mice bearing only one 

copy of H-2k alleles (Fig. 17B). Although our Dk transgene was obtained from C3H/HeJ, 

its coding sequence is identical to the MA/My Dk gene, indicating the transgenic Dk 

protein if faithfully expressed will deliver the same effects as that of MA/My. Indeed, the 

same resistant trait linked to H-2k is manifested in Dk transgenic mice, indicating that Dk 

corresponds to the H-2k Cmvr locus. 
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Consistent with NK cell mediated MCMV control in H-2k MA/My and R7 mice, we 

found that MCMV resistance in Dk transgenic mice is fully dependent on NK cells. Thus, 

the Dk gene appears to have the same ability to regulate NK antiviral immunity as a H-2 

Cmvr locus, further supporting Dk as the critical genetic factor. Importantly, Ly49G2+ 

NK cells are also required for effective MCMV control in the transgenic mice, the same 

phenomenon that is observed in the resistant R7 mice. Although the mechanistic roles of 

the inhibitory Ly49G2 receptor in Dk dependent MCMV resistance have not yet been 

elucidated, several possibilities may be considered: 1) MCMV efficiently downregulates 

MHC-I Dk, which could be detected by the Ly49G2 receptor; 2) Since Dk complexes with 

gp34 on the cell surface (see Chapter V), Ly49G2 binding of Dk may be affected by 

gp34, leading to further release of inhibitory signals.  

The activating Ly49P receptor was proposed to mediate MCMV control in MA/My, 

because it specifically recognizes Dk expressed on MCMV infected cells (60). It is 

possible that Ly49P is co-expressed on some Ly49G2+ NK cells. Thus, NK cells may be 

activated by integration of positive signals delivered by Ly49G2 and Ly49P receptors 

responding to MCMV infection. Further study of this control mechanism will help to 

delineate the interactions between NK receptors and host MHC class I. 
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Chapter V  

Conclusions 

H-2 class I D locus responsible for innate MCMV resistance in MA/My 

The outcomes of virus infection are influenced by host genetic factors. In the mouse 

model of MCMV infection, H-2k linked genes not only regulate virus replication levels 

but also host survival. Previous studies confirmed that innate MCMV resistance is 

associated with H-2 in MA/My (60, 61). However, the H-2 linked Cmvr locus has not 

been defined and the responsible gene(s) remains unknown. In this dissertation, H-2k 

Cmvr is precisely mapped to a 0.3-Mb interval with only 30 genes in the H-2D subregion 

by assessing innate MCMV immunity in a panel of recombinant congenic strains 

generated in the lab. The positional gene candidate H-2 Dk is identified as responsible to 

regulate innate MCMV immunity. Since NK cells are required for H-2 dependent 

MCMV resistance in MA/My, this system provides a useful tool to study innate virus 

immunity regulated by host MHC genes. 

H-2 Dk enhances NK cell response to MCMV infection 

1. NK cells are functional in MCMV infected H-2k (Cmvr) and H-2b (Cmvs) congenic 

strains  

NK cells are able to effectively control MCMV infection in MCMV-resistant MA/My 

and congenic C57L.M-H2k strains, but not in MCMV-susceptible C57L and congenic 

MA/My.L-H2b strains. This difference is not due to the presence of dysfunctional NK 
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cells in Cmvs strains because NK cells from both Cmvr and Cmvs mice are equally 

competent to respond to cytokines induced by MCMV infection and activated to produce 

IFN-γ as well as the cytotoxic protein, perforin (data not shown). In other words, non-

specific activation of NK cells in the inflammatory environment is intact in infected 

Cmvs mice. Rather, deficient NK control of MCMV infection in Cmvs mice should be 

explained by the inability of NK cells to specifically recognize viral signatures on 

infected cells. Strikingly, the ability of NK cells to recognize and eliminate infection is 

dictated by Dk expression. 

2. NK-mediated H-2k MCMV resistance may involve Dk ligand recognition by 

inhibitory and stimulatory receptors 

In this dissertation, we uncovered an important role for Ly49G2 receptors in Dk 

dependent NK mediated MCMV control, because depletion of Ly49G2+ subset led to 

loss of MCMV control in Cmvr (R7 and Tg3-Dk) mice. Moreover, specific expansion and 

selective activation of Ly49G2+ NK cells correlates with efficient MCMV control. Given 

that the critical role of Ly49G2 in virus control requires Dk expression, we hypothesize 

that Ly49G2 sensing of altered Dk expression during infection contributes to NK 

recognition of infected targets. This hypothesis is supported by: 1) the evidence that Dk is 

a specific ligand for Ly49G2 [(18, 111) and our unpublished results]; 2) the finding that 

MCMV infection efficiently and quickly downregulates Dk surface expression; 3) the fact 

that important role of inhibitory Ly49 receptors has long been established in NK 

recognition of MHC class I deficient targets.  

MCMV glycoprotein gp34 associates with MHC class I on the cell surface (45) and thus 
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may interfere with class I interaction with Ly49 receptors. It was noticed that gp34 

couples with certain class I alleles (Kb, Dd and Ld) more efficiently than others (Kd and 

Db) (45, 46). These findings prompted us to carefully examine whether gp34 has a 

potential gene- or allele- specific effect on Dk using a mutant virus lacking m04/gp34. 

Since the other two MCMV immunoevasins, m06 and m152, compete with m04 to target 

MHC-I molecules (47, 91), ∆m06 and ∆m152 were also included for this study. At 24hr 

post-infection, 50-60% of L929 cells were positive for anti-MCMV mouse serum in each 

virus infection (Fig. 22A), indicating all the infections achieved comparable levels. 

Interestingly, WT had an equal capacity to downregulate Kk as ∆m04, while Dk was more 

efficiently downregulated by ∆m04 than WT (Fig. 22B). In other words, m04 positively 

regulates Dk surface expression but exerts no measurable effect on the Kk, indicating that 

m04/gp34 only allows Dk surface expression even in the presence of m06 and m152 in 

WT infected cells. In support, a significant increase of Dk but not Kk is observed in Δm06 

infected cells (∆m06 vs. uninfected) probably due to the positive gp34 effect (Fig. 22B). 

On the other hand, m152 seems to cooperate with m06 to more efficiently downregulate 

Dk because its absence led to a higher Dk but not Kk surface expression (∆m152 vs. WT, 

Fig. 22B). Taken together, m04/gp34 selectively allows Dk surface expression by 

competing with m06 and m152 during infection. 

The selective impact of gp34 on Dk expression led us to study a physical association of 

gp34 with the Dk class I molecule. A surface biotinylation approach was used to focus on 

association of class I proteins with gp34 on the cell surface. Biotinylated surface proteins, 

including H-2k class I and gp34 molecules, were immunoprecipitated with anti-Dk or -Kk 

mAbs and blotted with streptavidin-HRP. Surprisingly, we found that a band of ~34 kDa 
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Figure 22. Regulation of H-2k class I molecules by MCMV immunoevasins in L929 

cells. L929 cells were infected with WT Smith strain or MCMV mutants lacking 

m04/gp34 (∆m04), m06/gp48 (∆m06) or m152/gp40 (∆m152) at an MOI of 10.  A. At 24 

hr post-infection, cells were harvested and stained with anti-MCMV serum generated in 

BALB/c. The percentages of serum-positive infected cells were indicated for each virus 

infection.  B. As in A, surface class I proteins on uninfected L929 cells or cells after 

different infections were stained with anti-Kk or -Dk specific mAbs and assessed by flow 

cytometry. 
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co-precipitated with Dk, but not with Kk, from WT, ∆m06 and ∆m152 infected cell 

extracts (Fig. 23A). The band for the WT sample was detected but faint probably due to a 

lower MOI used for the WT infection (data not shown). This 34-kDa protein is absent in 

uninfected or ∆m04 infected cell lysates, indicating it is the viral protein gp34 (Fig. 23A). 

The presence of surface gp34 associated with Dk was confirmed with anti-gp34 rabbit 

serum (8142) (Fig. 23B). Since Dk associated with gp34 could be immunoprecipitated by 

the anti-Dk mAb, this rules out the possibility that downregulation of Dk surface 

expression detected by the same mAb is due to a physical blocking of antibody access to 

Dk molecules by gp34. We conclude that gp34 preferentially associates only with Dk on 

the surface of MCMV infected H-2k cells. 

Formation of surface Dk-gp34 complexes during infection may affect Ly49 receptor 

binding. Here I propose a refined model for NK cell recognition of MCMV infection 

(Fig. 24). During in vivo infection, Dk expression is slightly upregulated by type I IFNs in 

uninfected cells but efficiently downregulated in infected cells. When NK cells encounter 

infected cells, the inhibitory Ly49G2 receptor senses MCMV downregulation of Dk; gp34 

may interfere with Ly49G2-Dk recognition and further minimizes the inhibitory signal. 

Consequently, Ly49G2+ NK cells recognize ‘missing self’ (absence of Dk ligands) and 

are activated to lyse infected targets. Recent data demonstrate that gp34 is necessary, but 

not sufficient, for the activating Ly49P receptor to recognize Dk in vitro (127). Thus, NK 

recognition of infected cells may also involve Ly49P. In this scenario, Dk-gp34 

complexes recognized by Ly49P receptors may simultaneously prevent interaction with 

Ly49G2 receptors, thereby releasing inhibitory signals to further activate MCMV control. 
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Figure 23. Selective association of Dk with gp34 on the cell surface.  A. L929 cells 

were infected with WT smith strain, ∆m04, ∆m06 or ∆m152. 20hr p.i., cell surface 

proteins were biotinylated and cell lysate extracts were subjected to immunoprecipitation 

(IP) with anti-Dk or anti-Kk mAbs.  B. After IP as described in A, the immune complexes 

associated with class I were released by boiling in 1% SDS for 10 min and then subjected 

to 2nd round IP using anti-gp34 serum. Western blot was performed using streptavidin-

HRP. The size position of rainbow markers is also indicated. 
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Figure 24. Schematic representation of Ly49G2 receptor-bearing NK cells from 

MA/My mice in recognition of MCMV infection.  A. In the inflammatory environment 

of infected mice, uninfected cells display normal or upregulated Dk (induced by type I 

IFNs) and are protected from NK killing through interaction with inhibitory Ly49 

receptors, such as Ly49G2.  B. In MCMV-infected cells, most of Dk proteins are either 

retained in the ER-Golgic compartment by gp40 or degraded in the lysosomes with gp48. 

Only a small proportion of Dk associated with gp34 is transported to the cell surface. Due 

to diminished Dk expression and gp34 association with Dk, the Ly49G2 receptor is no 

longer engaged, which leads to activation of NK cells. On the other hand, the activating 

Ly49P receptor may deliver additional stimulatory signal through interaction with 

Dk/gp34. Upon activation, NK cells synthesize and release cytotoxic proteins (perforin 

and granzymes) and lyse infected cells.  
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Theoretically, other Ly49 inhibitory receptors for Dk, if there are any, may also play a 

role in virus recognition. However, the likelihood for indispensible roles for Ly49P and 

other Ly49 receptors is low because the residual 65-70% NK cells which should express 

Ly49P and/or other Ly49 receptors for Dk, are unable to control virus infection after 

depletion of the Ly49G2 subset. It is unlikely a quantitative issue, since depletion of 

irrelevant Ly49 subset(s) did not affect the residual Ly49H+ NK cells to control MCMV 

infection in B6 mice (112). Although further investigations are needed to understand the 

mechanisms involving Ly49G2 and Dk, here this research established a definitive role for 

an inhibitory receptor and a class I allele in innate virus control. 

MHC H-2k MCMV resistance through NK cells as a novel model for human NK cell 

immunity to viruses 

In human, recent genetic studies have revealed that certain combinations of KIR and 

HLA class I alleles greatly impact the disease outcomes of some virus infections. For 

instance, a combined genotype for KIR2DL3 / HLA-C1 was seen to be protective in 

HCV infected patients (105); KIR3DS1 / HLA-Bw4 and KIR3DL1 and given HLA-B 

alleles were associated with protection in HIV infected patients (128-131). However, not 

all KIR/HLA combinations were associated with protection. Rather, some combinations 

were clearly associated with greater susceptibility to autoimmune diseases or certain 

cancers (121).  Thus, although the genetic associations strongly implicate NK receptors 

and their HLA ligands with human disease control, the mechanisms are still not clear.  

This thesis study of NK-mediated virus immunity under MHC genetic control has 
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established a novel model to begin to examine the role for NK cell receptors, as they can 

be influenced by MHC alleles, in virus immunity. 

In both human and mouse, NK cells are licensed or educated by MHC class I molecules 

through their inhibitory KIR or Ly49 receptors in order to achieve self-tolerance after 

maturation (25, 27, 28). In other words, NK cells that express inhibitory receptors for self 

MHC class I are fully competent, whereas those that lack any inhibitory MHC I receptor 

are hyporesponsive. Although the positive role of inhibitory receptors in NK cell 

education by MHC class I is widely accepted (132, 133), the underlying mechanisms are 

not well understood. Therefore, further study of MHC regulated NK cell immunity may 

shed light on NK cell education. On the other hand, the consequence of NK cell 

education by KIR/Ly49-MHC I may also help to explain the association between 

KIR/Ly49, MHC and diseases.  
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Future Directions 

Although Ly49G2 bearing NK cells are responsible for Dk dependent MCMV resistance, 

the identity of the inhibitory Ly49G2 receptor and its functional interaction with Dk need 

to be confirmed in vitro. Moreover, blocking Ly49G2 in vivo should also abrogate 

MCMV control if the Ly49G2 receptor-ligand interaction is important for MCMV 

recognition. To further substantiate and understand the role of Ly49G2 in NK recognition 

of MCMV infection, I propose the following studies: 

1. Confirm that 4D11 only immunoprecipitates the inhibitory Ly49G2 receptor 

without an associated co-receptor and that Ly49G2 can be costained with 4D11 

and the Dk tetramer. 

2. Clone and express the Ly49G2mamy and Ly49G2c57l receptor in a rat NK cell line, 

RNK-16, and study whether the G2-Dk interaction inhibits RNK killing of rat 

YB2/0 targets expressing Dk (111). Since MCMV gp34 can form a complex with 

Dk on the cell surface, YB2/0-Dk can be cotransfected with gp34 to test whether 

gp34 blocks Dk recognition by the Ly49G2 receptor. 

3. Test whether blocking of the Ly49G2 receptor in vivo affects MCMV control 

with the F’(ab)2 fragments of the Ly49G2-specific 4D11 or AT8 mAbs. 

4. For a long-term goal, the role of Ly49G2 can be formally addressed by generating 

a Ly49G2 transgenic mouse on a Ly49-/- background or a Ly49G2 KO mouse. 

Inhibitory Ly49 receptors can be engaged by class I ligands on target cells (in trans) or on 

the same NK cell (in cis). Recent data demonstrate that cis interaction of inhibitory 

Ly49A receptor with its ligand Dd is necessary to educate NK cells (134). To test whether 



 

 

128 

Dk expression on NK cells only (education) or on targets only (‘missing-self’ recognition) 

or both is important to rescue MCMV control, we can perform NK cell transfer from Dk 

transgenic mice to nontransgenic H-2b littermates and vice versa. Since NK cells with the 

NKCc57L haplotype are refractory to PK136-mediated immunodepletion, recipients 

bearing NKCmamy are NK-depleted with PK136 prior to NK cell transfer from donors 

with NKCc57l. By this strategy, most of the donor NK cells will be unaffected and survive 

to repopulate. Importantly, T cells from recipients are also removed to prevent rejecting 

donor cells because the donor and recipient can be mismatched for MHC-I expression (A 

and C in Fig. 25). The experimental setup for four different NK cell transfers is depicted 

in Figure 25 and the possible outcomes of each transfer are discussed here.  

A: donor NK cells express Ly49G2 but not Dk, while the targets express Dk. Thus, Dk is 

available for interaction with Ly49G2 in trans but not in cis. In this scenario, donor 

Ly49G2 NK cells are not educated by Dk, but they should be able to sense downregulated 

Dk on infected target cells. 

B: a positive control with Dk expression on both donor NK cells and the targets in the 

recipient.  

C: donor NK cells express both Ly49G2 and Dk but the targets do not express Dk. Thus, 

these NK cells are educated by Dk but Dk is not available for Ly49G2 trans recognition. 

D: a negative control, neither NK cells nor targets express Dk.  

Comparison 1 (A vs. B and D).  By comparing A with B and D, if A fully rescues 

MCMV control comparable to B, it indicates that Dk on target cells is important for NK 
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Figure 25. A diagram for NK transfer setup. Four different transfer experiments were 

depicted (A-D) with indicated Ly49G2 and Dk expression on NK or target cells after 

transfer. Donors are treated with 4D11 or control rIgG to study the role of Ly49G2 

bearing NK cells. Recipients are treated with PK136, GK1.5 and 2.43 to deplete NK 

cells, CD4 T and CD8 T cells (NK- T-). Numbers on the right indicate comparison 

among groups. Comparison 1 is among A, B and D; comparison 2 is among C, B and D.  
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recognition of MCMV infection but NK cell education by Dk is not critical for virus 

control; if A partially rescues MCMV control compared to B and D, it implies that both 

NK education and Dk recognition on the target contribute to efficient virus control but 

neither of them is sufficient for the most effective control; if A is not beneficial to the 

recipient similar to D, it implies that Dk recognition on the target is not sufficient while 

NK education is critical. 

Comparison 2 (C vs. B and D). By comparing C with B and D, if C fully rescues 

MCMV control comparable to B, it indicates that NK cell education by Dk is sufficient 

for effective virus control while Dk expressed on the target is not required; if C partially 

rescues MCMV control compared to B and D, it implies that both NK recognition of Dk 

on the target NK education contribute to efficient virus control but neither of them is 

sufficient for the most effective control; if C is not beneficial to the recipient similar to D, 

it implies that NK education by Dk is not sufficient while NK recognition of Dk on the 

target is critical. 
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Materials and Methods 

Mice.  

MA/My and C57L breeder pairs were purchased from the Jackson Laboratory (Bar 

Harbor, ME) and housed in the MR-5 specific-pathogen-free vivarium at the University 

of Virginia, which is fully accredited by the American Association for Accreditation of 

Laboratory Animal Care. A simple sequence length polymorphism (SSLP) marker-

assisted genome selection method was used to produce MA/My.L-H2b (M.L-H2b) mice 

as we have described previously (61, 135). Briefly, (C57L × MA/My)F1 hybrid mice 

were first backcrossed to MA/My. Backcross offspring were selected for H-2b-linked 

D17Mit16 and D17Mit10 donor alleles on a genetic background enriched for MA/My 

alleles. Selected backcross mice were then backcrossed to MA/My, and further selective 

backcrossing followed by brother-sister crossing for H-2b homozygosity yielded the M.L-

H2b (N6 [sixth backcross generation]) mice tested as shown in Fig. 1. Notably, 

homozygous M.L-H2b (N9) mice display comparable MCMV susceptibilities (not 

shown). (C57L × MA/My)F1 hybrids, L.M-H2k (N7), and MA/My.L-H2bR1 (M.L-H2bR1 

[N9]) recombinant congenic mice were bred in the same facility. All recombinant 

congenic strains generated by and used in the later figures were backcrossed to the 

progenitor strain C57L or MA/My for at least ten generations. All animal studies were 

approved by and conducted in accordance with Animal Care and Use Committee 

oversight. 
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Recombinant congenic strain generation, genetic markers and genotyping. 

(C57L.M-H2k x C57L)F1 or (MA/My.L-H2b x MA/My)F1 were brother x sister mated 

and screened for recombination cross-overs within the D17Mit16-D17Uva09 interval 

using several simple sequence length polymorphism (SSLP) markers to distinguish 

MA/My and C57L alleles (Table II).  SSLP amplified PCR products were resolved in 

POP7-filled capillaries and analyzed on a Genetic Analyzer 3130xl using Data Collection 

(v3.0) and Genemapper software (v4.0, Applied Biosystems, Foster City, CA) as 

described previously (61).  Some unlabeled SSLP amplicons were fractionated in 4% 

agarose gel electrophoresis and visualized on a UV transilluminator after ethidium 

bromide staining.   

For generation of novel SSLP markers, chromosome 17 sequence data available from the 

NCBI was manually inspected for microsatellite repeat sequences.  Sequence specific 

primers were designed and tested for specific amplification of microsatellites and 

capacity for distinguishing SSLPs (Table II).  SNP markers rs13482961 and rs13482963 

were amplified on the iCycler iQ Real-Time PCR detection system (Bio-Rad, Hercules, 

CA) according to the manufacturer’s protocol (Taqman SNPs, Applied Biosystems, 

Foster City, CA).  

Mice with intra-region recombinations were confirmed and further backcrossed to the 

C57L or MA/My genetic background, followed by more extensive genetic analysis to 

pinpoint chromosome crossovers as we have described previously (136). The novel 

recombinant lines have been maintained at the University of Virginia in accordance with 

IACUC guidelines. 
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Cell lines and tissue culture.  

NIH 3T12 (ATCC CCL-164), NIH 3T3 (ATCC CRL1658), and L929 (ATCC CCL-1, H-

2k) were grown in Dulbecco's modified Eagle medium supplemented with 10% (vol/vol) 

newborn calf serum, penicillin-streptomycin (100 U/ml:100 µg/ml), and glutamine (2.0 

mM). C57L, MA/My, (C57L × MA/My)F1, and C57L.M-H2k MEFs were prepared on d 

16 to 18 postcoitus as described previously (137). After expansion in Dulbecco's 

modified Eagle medium plus 10% fetal bovine serum in T175 flasks, passage 2 MEFs 

were stored under liquid nitrogen. Only passage 2 to 5 MEFs were utilized in 

experiments. For IFN induction of MHC class I cell surface expression, MEFs were 

incubated in recombinant mouse IFN-γ (Research Diagnostics, Inc.) or IFN-β (Fitzgerald 

Industries, Concord, MA) for 24 to 30 h before virus infection. 

Antibodies and flow cytometry.  

Anti-mouse CD49b (DX5) phycoerythrin (PE), H-2Db (28-14-8) PE, control 

immunoglobulin G2a (IgG2a) (eBM2a), and rat anti-mouse CD71 and IgG2a, CD4 

(RM4-4) FITC, NK1.1 (PK136) PE-Cy7, Ly49C/I/F/H (14B11) biotin, NKG2D (CX5) 

PE, Ly49G (AT8) biotin, streptavidin-APC-Cy7 and perforin (prf1, eBioOMAK-D) APC 

were purchased from eBioscience. Anti-mouse CD3 (145-2C11) PerCP and APC, NK1.1 

(PK136) PE, CD49b (DX5) PE, Ly49G2 (4D11) FITC, CD8a (53-6.7) PE, IFN-γ 

fluorescein isothiocyanate, H-2Kk (36-7-5) PE or unlabled, H-2Dk (15-5-5) biotinylated, 

H-2Kb (AF6-88.5) PE, and streptavidin-PerCP were purchased from BD Pharmingen. 

Anti-mouse H-2Dk (15-5-5) PE, purified anti-Dk (15-5-5) and CD69 (H1.2F3) APC was 

purchased from BioLegend.  Anti-mouse NKp46 (goat IgG) PE was purchased from 
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R&D Systems. Dr. Wayne Yokoyama kindly provided the PK136 hybridoma.  The rat 

LGL-1 hybridoma 4D11 was purchased from ATCC. Purified PK136 and 4D11 mAbs 

were obtained from hybridoma supernatants at the University of Virginia Lymphocyte 

Culture Center. Anti-H-2-Kb-Db (20-8-4S; kindly provided by V. Engelhard, University 

of Virginia, Charlottesville, VA) antibodies were purified from spent hybridoma 

supernatant by use of a HiTrap Protein G Hp column (Amersham Pharmacia Biotech, 

Sweden) and subsequently biotinylated using EZ-Link sulfo-N-hydroxysuccinimide- LC-

biotin, 2-(4′-hydroxyazobenzene) benzoic acid (HABA), and avidin (Pierce). Anti-

MCMV serum was generated by immunization of male BALB/c mice with SGV MCMV. 

All antibody staining was performed on ice. For analysis of spleen leukocytes, in vitro 

cultured cell lines or MEFs, cells were first blocked with mAb 2.4G2 (5 µg/ml) on ice for 

20-30 min before primary antibody staining. For intracellular IFN-γ staining, cells were 

incubated for 2 h at 37°C in media containing either monensin (2.5 µM) or brefeldin A (5 

µg/ml). Afterwards, cells were first stained for cell surface markers and then fixed and 

permeabilized using a CytoFix/CytoPerm kit (BD Pharmingen). Intracellular perforin 

staining is similar as IFN-γ but without prior incubation with monensin or brefeldin A. 

To study peripheral blood mononuclear cells (PBMCs), blood leukocytes were prepared 

from tail blood of the Tg+ founder mice or Tg- littermate control after RBC lysis (Tris-

NH4Cl lysis buffer, pH 7.2). Ab-labeled cells were analyzed by flow cytometry on a 

FACScan instrument (BD Biosciences), and data were subsequently analyzed using 

FlowJo (TreeStar, version 4.3.1 or 8.0). 



 

 

136 

Virus assays.  

MCMV (Smith strain, ATCC VR 194) salivary gland stock virus (SGV) was prepared 

after serial passage in BALB/c as described previously (61, 138). Experimental mice (8 

to 12 weeks of age) were intraperitoneally (i.p.) infected with SGV stocks (1 × 105 PFU). 

On day 3.5 post-infection (84 to 90 h), spleen and liver virus levels were quantified using 

quantitative real-time PCR (QPCR) as described previously (61, 138). All sample 

measurements were performed in triplicate. For some experiments, spleen homogenate 

infectious MCMV PFU were also measured on NIH 3T3 monolayers essentially as 

described previously (58, 138), but with a slight modification. Briefly, serially 10-fold-

diluted tissue homogenates (100 µl) were plated on NIH 3T3 cell monolayers (70 to 90% 

confluent) in duplicate in 24-well tissue culture plates for 1 h at 37°C with frequent 

rocking. Afterwards, MCMV-infected cell monolayers were fully resuspended in D10 

medium (1 ml). Virus plaques were counted microscopically on day 3. In confirmation, 

infectious virus particles can be efficiently and reliably distributed through limiting 

dilution based on viral titers determined using this strategy. In particular, when NIH 3T3 

monolayers are infected with 0.67 PFU per well (10 wells of a 24-well plate), 20 to 70% 

of wells contain at least one plaque by day 3 after cellular infection. Most wells without 

viral plaques on day 3 after infection remain plaque free through day 7 after infection. 

For in vitro MCMV infectivity and replication studies, MEFs growing in 24-well plates 

were infected with MCMV (multiplicity of infection [MOI] = 0.08). Supernatants were 

collected daily through d 8 and subsequently titered on 3T12 cells. DNA was also 

isolated from the remaining cell monolayers by use of a Puregene DNA isolation kit as 
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described previously (138). Recombinant green fluorescent protein (GFP)-expressing 

Δm157-MCMV (61), wild-type K181, and Smith strain MCMV viruses were utilized 

after passage and thorough titer determinations with NIH 3T3 cells. Cell lines or primary 

MEFs were infected with a range of MCMV PFU (MOI, 0.01 to 10). L929 cells were 

infected with T.C.P. virus stocks Smith strain WT, ∆m04, ∆m06, ∆m152 or heat 

inactivated (HI) WT with a MOI = 10 and trypsinized 20hr post-infection for 

immunoprecipitation assays. MEFs infected with T.C.P. virus stocks (MOI = 4) were 

harvested with trypsin 12hr post-infection for FACS analysis. 

To study the role of NK cells during MCMV infection, mice were i.p. injected with 200 

µg anti-NK1.1 mAb PK136 48 h before and where noted immediately prior to MCMV 

infection. Ly49G2+ NK cells were similarly depleted using 200 µg anti-Ly49G2 mAb 

4D11 given 48 h before MCMV infection. NK cell depletions from spleen were 

confirmed by flow cytometry using anti-NKp46, anti-CD49b and anti-Ly49G2 AT8.  For 

T cell depletions, mice were i.p. injected daily with 200 µg each of GK1.5 (anti-CD4) 

and 2.43 (anti-CD8) mAbs for three consecutive days (day -5, -4, -3) and one more dose 

three days later immediately before MCMV infection (day 0). T cell depletions were 

confirmed by flow cytometry using anti-CD4 and anti-CD8 mAb clones other than those 

used as depleting Abs (data not shown).  Spleens and livers were collected from 

euthanized mice at 3.5 d post-infection for virus quantitation using QPCR as described 

previously (61, 138).   
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Generation of H-2Dk transgenic mice.  

H-2k BAC clone 121F5 was obtained by screening CHORI-34 Mouse C3H/HeJ (Mus 

musculus) BAC Library, which was originated from genomic DNA of the MCMV-

resistant H-2k strain C3H/HeJ (BACPAC Resource Center). A 40-bp probe 

(TACATCTCTGTCGGCTATGTGGACAACAAGGAGTTCGTGC) designed 

specifically for H-2D sequence was used for screening the C3H BAC library (equivalent 

of 10x genome). The BAC DNA was isolated using Qiagen Plasmid Midi Kit, subjected 

to complete XhoI digestion and size fractionated in 1% agarose gel (Pulsed Field 

Certified Agarose, Bio-Rad) using pulsed field gel electrophoresis (PFGE; 6V/cm, 120 

angle, switch time 1″-6″, linear ramping factor, 12°C for 15 h). Two DNA bands of 20-23 

kb, one of which was confirmed to contain Dk gene but not cut by XhoI, were harvested 

without UV light exposure and purified from the gel (Qiagen Gel Extraction Kit). 

Purified DNA was subsequently digested with HindIII and fractionated in 1% agarose gel 

electrophoresis. As previously described for H-2Db gene (123, 139), a 10-kb HindIII 

fragment containing entire Dk gene was purified, cloned into the pBluescript vector and 

electroporated into XL1-blue cells allowing for blue-white screening. Vector DNA 

prepared from a positive clone (Qiagen Plasmid Midi Kit) was used for isolation of the 

10-kb Dk transgene.  

To verify H-2Dk sequence of the BAC DNA, complete Dk gene from BAC clones 

(including 121F5 as well as two other H-2k BAC clones 201D8 and 108P20) and Dk 

cDNA isolated from the MA/My spleen were sequenced using PCR product amplified 

with the following primers designed according to the published H-2Dk sequence of 
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C3H/HeN (124). The Dk specific primers for sequencing BAC Dk were: 5'-

CTCTAGGGTGTGACTTCTG-3' and 5'-GAACCGGGGCTCTCCGAGGC-3' for the 

first round PCR amplification and 5'-GGAAACAGTGAGTCGGGCTT-3' and 5'- 

CGGGACACGACGGTCTCGAA-3' for nested PCR (amplified a 732-bp fragment 

spanning 400bp of the promoter region and exon 1); 5'-GCCCACACTCGCT- 

GAGGTAT-3' and 5'-GCAGCGTCGCATTCCCGAGC-3' (amplified a 721-bp fragment 

covering exons 2-3); 5'-CACAAGTGGGAGCAGGCTGG-3' and 5'-

GTTTCCAATCAGGTAAGGCG-3' (amplified a 507-bp fragment from the end of exon 

3 to a fourth of intron 3); 5'-CAGTGTAGTGTCAAACAGAC-3' and 5'-

CTCAGACCCTGCCCTTTCCT-3' (amplified a 644-bp fragment covering exons 4-5); 

5'-GGAACACAGCCACACCCCAC-3' and 5'-CCAAGTCCACTCCAGGCA- GC-3' 

(amplified a 524-bp fragment covering exons 6-8). The following primers sets were used 

to amplify MA/My Dk cDNA cloned into the pBluescript vector: 5'-

GCGGCGGGATCCATGGGGGCGATGGTACCACGC-3' and 5'- 

GCAGCGTCGCATTCCCGAGC-3'; 5’-CGGGCCTACCTGGAGGGCAC-3’ and 5’-

CTGGGAGAGACATTTCAGAGC-3’; 5’-CGGGCCTACCTGGAGGGCAC-3’ and 5’-

GCGGCGGAATTCTCACGCTTTACAATCTGGGAGAGACATTTCAG-3’. Finally, 

this Dk HindIII fragment after purification (Nucleospin Extract II, MACHEREY-

NAGEL) was microinjected into fertilized eggs of MCMV-susceptible (MA/My.L-H2b x 

C57L) F1 or (B6 x DBA) F2 strains at a concentration of 1-2ng/µl. The Dk transgenic 

founders were backcrossed to M.L-H2b or C57L mice (Cmvs) and N2 backcross progenies 

with MA/My or C57L NKC haplotypes were used in the virus assays. 



 

 

140 

Detection of transgene integration by PCR.  

Transgenic mice were identified by PCR with a polymorphic microsatellite (F: 5'-

actcccctacactagcctgg-3' and R: 5'-gacgggcagtccataatccc-3') located in the intron 3 of H-

2D gene (123). These primers amplify Dk gene with a 315-bp product but Db with a 305-

bp size after 31 cycles at Tm = 56˚C. To ensure that we detect Dk gene but not Db gene, 

we used an additional primer set with four (Forward 5’-agatcgccaagggcaatgag-3’) and 

five nucleotides (Reverse 5’-gccggacaaccgctggatcg -3') specific for H-2Dk sequence, 

allowing specific amplification of Dk sequence (spanning exons 2-3) at Tm = 60˚C. PCR 

products were analyzed on a Genetic Analyzer 3130xl using Data Collection (v3.0) and 

Genemapper software (v4.0, Applied Biosystems, Foster City, CA) as previously 

described. 

Biochemical analysis.  

Cell surface proteins were biotinylated with EZ-Link Sulfo-NHS-Biotin (Pierce) 

according to the manufacturer’s instruction. Briefly, cells were washed three times with 

PBS (pH 8.0) and incubated with 2mM EZ-Link Sulfo-NHS-Biotin in PBS (pH 8.0) on 

ice for 30 min. Biotinylation is quenched by 100mM glycine in PBS and cells were then 

washed three times with PBS. For immunoprecipitation (IP) assays, biotinylated cells 

were lysed in NP-40 lysis buffer (1% NP-40, 50 mM Tris-HCl, pH 8.0, 150 mM NaCl) 

containing protease inhibitor cocktail (Roche) for 30min on ice. Insoluble cell 

components and debris were removed by centrifugation (BECKMAN Microfuge 22R 

Centrifuge, 14,000 rpm, 10 min, 4 °C). The supernatants were precleared with protein A 

beads and/or normal rabbit serum (NRS) subjected to primary IP (1° IP) with anti-Dk (15-



 

 

141 

5-5) or anti-Kk (36-7-5) mAbs coupled with protein A sepharose (Amersham). After 

primary IP, immune complexes were dissociated from protein A beads by boiling for 10 

min in PBS containing 1% SDS and 1ml NP-40 lysis buffer containing 3% BSA was 

added afterwards. Sequential IP was then performed by clearing released immune 

complexes from primary IP with NRS and protein A beads for one hour and followed by 

secondary IP (2° IP) using anti-gp34 rabbit serum coupled with protein A beads. Samples 

were boiled for 5 min in SDS buffer containing 10% 2-Mercaptoethanol and separated in 

12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The gels were visualized 

using Streptavidin-HRP (1mg/ml) at a dilution of 1:10,000 – 1:20,000 (Pierce, Thermo 

Fisher Scientific) followed by the substrate (SuperSignal West Pico Substrate, Pierce). 
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