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ABSTRACT 
 

Cytomegalovirus (CMV) vectors are a promising vaccine strategy aimed at eliciting 

effector CD8+ T cells.  CMV-based vaccines have been shown to mediate protection against 

viral pathogens including simian immunodeficiency virus and Ebola virus, and produce 

responses that delay tumor growth in melanoma and prostate cancer in animal models.  CMV 

infection generates robust cellular and humoral immune responses.  In addition to conventional 

CD8+ T cell memory responses that contract following acute T cell expansion resulting in a low-

level stable memory population, CMV infection generates populations of CD8+ T cells that 

continue to accumulate throughout latent infection termed “inflationary memory.”  These 

inflationary memory cells have high avidity T cell receptors, an effector phenotype, and remain 

functional throughout chronic infection providing the basis for highly effective and durable T 

cell-mediated immunity. 

  For this dissertation, I engineered murine CMV (MCMV) to express the M and M2 

proteins of respiratory syncytial virus (RSV).  When expressed in MCMV, the M-specific CD8+ 

T cell population was inflationary and the M2-specific CD8+ T cell population was 

conventional.  Intranasal vaccination generated a robust tissue-resident (TRM) effector and 

effector memory CD8+ T cell population that was absent in intraperitoneally vaccinated mice. 

This population of TRM was sustained at a high level through twenty-four weeks post-vaccination 
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in mice vaccinated with the inflationary M epitope (MCMV-M).  In contrast, mice vaccinated 

with MCMV expressing the conventional M2 epitope (MCMV-M2) generated a TRM population 

that waned over time.  Co-administration of MCMV-M and MCMV-M2 had no impact on the 

M-specific CD8+ T cell response, but did decrease the M2-specific CD8+ T cell response during 

acute time points.   All vaccinations led to decreased viral loads compared to RSV-naïve 

controls, but intranasal vaccination with MCMV-M elicited sustained TRM resulting in earlier T 

cell responses, viral clearance, and cytokine secretion after RSV challenge.  Our findings using 

this novel approach of intranasal administration of MCMV emphasizes the importance of 

vaccination route for the generation of effective immune responses at sites of vulnerability, and 

the potential value of combining the local induction of TRM with inflationary properties as a 

general vaccination strategy for pathogens that require CD8+ T cell-mediated immunity. 
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CHAPTER 1 - INTRODUCTION 

IMMUNE SYSTEM 

Innate and Adaptive Immune Responses 

The immune system is comprised of two major branches: innate and adaptive immunity.  

The innate immune system is the first line of defense against a pathogen and begins almost 

immediately.  However, it is not antigen-specific and does not generate long-lived immunity.   

The innate immune system is comprised of a number of different components including barrier 

tissues, soluble proteins, antimicrobial enzymes, and complement as well as innate cells such as 

macrophages, granulocytes, natural killer cells, dendritic cells and mast cells (Figure 1.1).  When 

an infection is not controlled by the innate immune response, the infection is combatted by the 

adaptive immune system.  The adaptive immune response is slower to act, but leads to the 

generation of long-lived pathogen-specific immunological memory.  The adaptive immune 

response has two major components, humoral immunity and T cell-mediated immunity (Figure 

1.1).  The humoral immune response is initiated by the activation of B cells, which secrete 

antibodies.  Antibodies are able to clear pathogens through a number of mechanisms including 

direct neutralization, activation of the complement cascade, and opsonization leading to 

phagocytosis or antibody-dependent cell-mediated cytotoxicity by innate cells.  The other 

adaptive component is T cell-mediated immunity which is comprised of two major cells types: 

CD8+ T cells and CD4+ T cells. 
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T CELLS 

T Cell Receptor Expression 

T cells express a T cell receptor and CD3 proteins which make up the T cell receptor 

complex.  There are two major subsets of T cells, CD8+ T cells and CD4+ T cells, which are 

defined based on their expression of the CD8 or CD4 co-receptor.  In addition, there are smaller 

subsets of T cells which express both CD8 and CD4 (double positive) or lack CD8 and CD4 

(gamma delta T cells).  CD8+ T cells, also known as cytotoxic lymphocytes or CTLs, are able to 

kill target cells and are typically effective against intracellular pathogens such as viruses and 

intracellular bacteria [1].  CD4+ T cells, also known as helper T cells, differentiate into a number 

of different CD4+ subsets T-helper 1, T-helper 2, T-helper 17, T follicular helper, and regulatory 

T cells based on which transcriptional regulator they express and which cytokines they secrete 

[2-5].  CD4+ T cells have a number of effector functions in addition to cytokine secretion 

including activation of macrophages and dendritic cells, provision of B cell help, and direct 

cytolytic killing of target cells similar to CD8+ T cells. In addition, as suggested by their name, 

regulatory CD4+ T cells can negatively regulate functions of both CD8+ T cells and B cells.   

T Cell Receptor Specificity 

Each T cell expresses a single T cell receptor (TCR), which determines its antigen 

specificity.  The T cell receptor is made up of a heterodimer of the TCR alpha and beta chain, 

which are generated through somatic rearrangement of the variable (V), diversity (D), and 

junction (J) genes for the beta chain and the V and J genes for the alpha chain using the RAG-1 

and RAG-2 proteins with additional variation contributed by nucleotide additions and deletions 

via terminal deoxynucleotide transferase (TdT) [6]. TCRs recognize short peptides bound to 
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class I or class II major histocompatibility complex (MHC) proteins and the contact residues and 

conformation determine the specificity [7].  The peptide presented by MHC proteins is also 

referred to as an epitope.  CD8+ T cells recognize peptides bound to MHC class I molecules 

which are on the surface of all nucleated cells (Figure 1.2) [8].  CD4+ T cells recognize peptide 

bound to MHC class II molecules which are only present on professional APCs such as dendritic 

cells, macrophages, and B cells. CD8+ and CD4+ T cells specific for a certain peptide:MHC 

complex (pMHC) can be identified by tetramer staining.  A tetramer is a reagent consisting of 

four pMHC complexes connected through a streptavidin-biotin interaction and conjugated to a 

flourophore to allow detection by flow cytometry [9, 10].   

T cell selection occurs in the thymus where specialized cells present self-peptides in 

MHC class I and class II complexes.  Selection is based upon the strength of the TCR signaling 

following recognition of these self-antigens pMHC complexes.  TCR:pMHC interactions must 

be strong enough to provide a survival signal (positive selection), but not strong enough to signal 

apoptosis of the T cells (negative selection) (reviewed in [11]). T cells that express TCRs that 

interact with self-peptide bound to MHC Class I molecules become CD8+ T cells and T cells that 

express TCRs that interact with self-peptide bound to MHC Class II molecules become CD4+ T 

cells (reviewed in [12]).  Following thymic selection, T cells enter the periphery as naïve CD4+ 

or CD8+ T cells. 

CD8+ T CELLS 

Activation and Differentiation of CD8+ T Cells   

Naïve CD8+ T cell are activated by professional antigen presenting cells (APCs), 

typically dendritic cells, in the secondary lymphoid organs such as the spleen and lymph nodes. 
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CD8+ T cells require three signals from the APC for activation: recognition of their cognate 

pMHC Class I complex through TCR engagement, co-stimulatory signaling through interactions 

of CD28 on the T cell with CD80 and CD86 on the APC, and inflammatory cytokine-mediated 

signaling [13-15]. Activation of CD8+ T cells leads to proliferation, differentiation, and cytokine 

production.  Following activation, CD8+ cells upregulate CXCR3 as well as other molecules 

such as integrins which allow them to undergo extravasation and enter the peripheral tissue [16, 

17].  Once in the tissue, when they encounter their cognate antigen on a pathogen-infected cell, 

they can initiate cytolytic killing of the infected cell. In addition, they can proliferate further and 

secrete cytokines when they interact with APCs in the tissue [18, 19]. 

CD8+ T cells act through three different mechanisms to fight infection.  The first is direct 

killing through the release of cytotoxic granules containing perforin and granzymes that are 

released after engagement of the TCR with the pMHC complex on an infected cell.  Perforin 

creates pores in the target cell membrane and granzymes, a family of serine proteases, lead to 

programmed cell death of the target cell [20, 21].  The second mode of killing is induction of 

apoptosis through engagement of the Fas/Fas ligand pathway.  CD8+ T cells express Fas ligand, 

also known as CD95L, which engages Fas on the cell surface triggering apoptosis in the target 

cell [22-24].  CD8+ T cells also secrete proinflammatory cytokines including interferon gamma 

(IFNγ), tumor necrosis factor alpha (TNFα) and tumor necrosis factor beta (TNFβ) [10, 25-27].  

These cytokines act on the target cells and other immune cells to contribute to pathogen 

clearance and can also contribute to immunopathology if unregulated.  
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Memory CD8+ T Cells 

The canonical T cell response to acute infections involves an initial expansion phase, 

followed by a contraction phase and the formation of a stable memory population.  During the 

primary response to a pathogen, the majority of CD8+ T cells differentiate into short-lived 

effector cells (SLEC), and a smaller subset form memory precursor effector cells (MPEC) [15, 

28].  As their name implies, SLEC die shortly after pathogen clearance and account for much of 

the contraction after initial infection.   MPEC, on the other hand, survive and form a memory 

population that persists after pathogen clearance and can respond rapidly to secondary infection 

or viral reactivation [15, 28, 29].  The strength of the activation signal, inflammation, and antigen 

load influence differentiation into SLEC or MPEC [30-34]. Memory CD8+ T cells are long-lived 

cells capable of self-renewal through homeostatic turnover.  In comparison to naïve CD8+ T 

cells, memory T cells respond more rapidly following antigen restimulation by proliferation, 

cytokine secretion, and cytolytic killing [35-37]. 

Two general phenotypic categories of memory cells have been identified based on 

functional differences: central memory (TCM) and effector memory (TEM) [38, 39].  TCM and TEM 

cells can be differentiated based on proliferation capability, effector function, and migration 

pattern [38, 40].  TCM have a higher proliferation capability, but are slower to regain effector 

functions than TEM cells [41, 42].   TCM are able to re-enter secondary lymphoid organs such as 

the spleen and lymph nodes while TEM are found primarily in peripheral tissues. These 

characteristics allow TCM and TEM to be identified by expression of selected surface proteins. 

Memory CD8+ T cells can be identified by expression of the activation marker CD44 and 

CD127, α chain of the interleukin-7 (IL-7) receptor [43].  CD44 is upregulated on T cells which 
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have encountered their cognate antigen. IL-7 is necessary for homeostatic proliferation, thus 

expression of the IL-7 receptor is indicative of cells which can undergo homeostatic proliferation 

including memory cells.  In addition to CD127, TCM, which are capable of recirculating through 

secondary lymphoid organs, express CD62L (L-selectin) and CCR7 which allows re-entry into 

the secondary lymphoid organs including the lymph nodes and the spleen.  TEM do not express 

CD62L and thus do not recirculate through the T cell zone of secondary lymphoid organs [38, 

39, 44].  

Tissue-resident Memory 

The TCM/TEM dichotomy was developed largely based upon CD8+ T cells found in the 

blood and it was theorized that TCM patrol secondary lymphoid organs while the TEM recirculate 

between the blood and non-lymphoid tissues [44-46].  However, more recent studies have shown 

that a subset of memory cells, termed tissue-resident memory cells (TRM), do not recirculate into 

the blood, but rather permanently reside within the tissue [47-52].  Using quantitative 

immunofluorescence microscopy and immune chimeric parabiotic mice, Steinert et al., have 

elegantly demonstrated that TEM and TCM in the blood rarely patrol peripheral tissues unless there 

is inflammation [53].  TRM have been found in many barrier sites such as skin, small intestinal 

mucosa, lung, female reproductive tract as well as non-mucosal sites such as the brain [54].  TRM 

precursors enter the peripheral tissues during the effector phase of the immune response and 

remain in the tissue permanently following pathogen clearance [50, 55].  After entry into the 

tissue, TRM express unique receptors compared to memory cells in the blood.  The phenotype and 

receptors expressed by TRM differ by location suggesting that the environment of the non-

lymphoid tissue may impact the phenotype of the TRM in that tissue [42, 44].  TRM are often 
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identified by the expression of CD69, an early activation marker, and CD103, αE integrin [44, 

54, 56, 57].  TRM expressing CD103 have been found in the salivary glands, lung, skin, thymus 

and brain.  Although many TRM express CD103, CD103 may not be required for retention in 

some tissues.  For instance, CD103 expression appears to be required for TRM maintenance in the 

small intestine epithelium, but not in the lamina propria of the small intestines [57].  It has 

recently been demonstrated that the expression of CD69 on TRM is also not ubiquitous. While 

most CD69+ CD8+ T cells are shown to remain within the tissue, other CD8+ T cells which do 

not express CD69+ are also found to be tissue-resident [53].  Interestingly, memory cells found 

in the marginating pool may also reside in the small vasculature of an organ rather than re-

circulate throughout the body [53].  These findings suggest that TRM are a heterologous 

population that may not be exclusively defined by receptor expression, but may be better defined 

by their maintenance within the tissue. 

With their location at the mucosal sites and barrier tissues, TRM are located where they 

can quickly respond to pathogens and have been shown to be protective against local challenge 

of a number of viral and bacterial pathogens [48, 49, 51, 58, 59]. TRM are able to rapidly 

proliferate and clear pathogens through a number of different mechanisms including direct 

killing, secretion of cytokines, and recruitment of additional immune cells.  In some tissues, TRM 

have been demonstrated to constitutively express granzyme B, an indicator of cytolytic function, 

and mediate cytotoxicity ex vivo without the need for restimulation [42, 44].  TRM act as antigen-

specific sentinels through secretion of cytokines, particularly IFNγ and chemokines, which 

recruit innate and adaptive immune cells into the tissue [60].   This secretion of cytokines such as 

IFNγ also induces the antiviral state in the local tissue leading to the upregulation of antiviral and 
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antibacterial genes [56, 58].  Thus, TRM have the specificity of adaptive responses, and rapid 

availability characteristic of innate responses, and would be a useful cell population to elicit 

through vaccination. 

Generation of Central, Effector, and Tissue-resident Memory T Cells by Vaccination 

The goal of vaccination is to elicit immunological memory to pathogens, so that 

subsequent infection with that pathogen is either prevented or mitigated. The extent of local 

inflammation, cytokine milieu, and duration of antigen impact the type of memory generated.  

Immunization from acute self-limited infections or replication-defective vaccine vectors which 

produce limited inflammation and have a reduced duration of antigen exposure, tends to generate 

TCM cells [34].  Although TCM are long-lived and able to respond more rapidly to antigen than 

naïve cells, their location delays their ability to respond.  Since they are primarily located within 

the secondary lymphoid organs, they are not activated until pathogen-derived antigen is 

trafficked to the secondary lymphoid organs or until they are recruited into the tissue through 

innate inflammation [44, 61].  Repeated vaccination through prime/boost strategies or use of 

persistent vaccine vectors generates CD8+ T cell populations that are more skewed toward the 

TEM phenotype [62-65]. The ability of these cells to rapidly regain effector functions and migrate 

into peripheral tissues may allow them to clear pathogens quicker than their TCM counterparts. 

TRM are located within the tissue where they are poised to respond quickly to re-infection. TRM 

may be able to clear or control infection in the local tissue at the site of inoculation, preventing 

systemic infection and possibly decreasing pathogen loads and transmission [66]Generation of 

TRM through vaccination at the initial site of infection is similar to the type of immunity induced 

through natural infection, and should be considered when developing a vaccine strategy.. 
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CYTOMEGALOVIRUS 

Cytomegalovirus (CMV) is a double stranded DNA virus from the β-herpesvirus 

subfamily in the Herpesviradae family.  There are many CMV strains, which infect many 

different mammalian species, and they are highly species-specific.  CMV strains have large 

genomes (~230kb) and encode an estimated 170 proteins [67].  CMV typically causes an 

asymptomatic acute infection in immunocompetent hosts, but can lead to more serious disease or 

death in immunocompromised individuals.  CMV infection has two phases, an acute phase 

occurring shortly after transmission where the virus replicates to high levels and disseminates 

systemically to a number of tissues including the spleen, liver, and lungs with the salivary glands 

being the primary site of viral replication [68-70].  Following the acute phase, CMV is not 

completely cleared, but rather persists becoming episomally latent in cells in various organs 

including salivary glands, lungs, spleen, heart, suprarenal glands, and kidney [68].  Reactivation 

occurs when immune control of the virus is compromised.  Although CMV is latent, it is not 

transcriptionally silent and reactivation of virus leads to production of viral proteins, particularly 

the IE1 and IE2 proteins, in latently infected tissues such as the lungs [71-74].  Murine CMV 

(MCMV) is often used to study the CMV pathogenesis and immune responses to CMV infection 

in animal models. 

Cellular Immune Responses to Cytomegalovirus and Memory Inflation 

MCMV infection generates two distinct CD8+ T cell memory populations: conventional 

and inflationary (Figure 1.3) [75-81].  During MCMV infection, some antigen-specific CD8+ T 

cells follow the canonical memory formation with an early expansion, followed by rapid 

contraction after viral control, and the formation of a conventional low-level stable memory 
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population.  This response is similar to the memory responses formed after resolution of an acute 

infection.  However, T cells specific for other epitopes undergo memory inflation where they 

continue to accumulate throughout persistent infection [75-80].  Although primarily studied 

using the MCMV infection in mice, memory inflation is consistent with what is observed in 

human CMV infection where a large proportion (~10-20%) of the memory compartment is 

comprised of CMV-specific CD8+ T cells in the elderly [82, 83].  Memory inflation has also 

been demonstrated in infections with other persistent viruses such as herpes simplex virus-1, [84, 

85], murine polyomavirus [86, 87], recombinant adenovirus [88] as well as after acute infection 

with parvovirus B19 [89-91]. 

Phenotype and Functional Capability of Inflationary Memory Cells 

Inflationary memory cells have distinct phenotypes from their conventional counterparts.  

While conventional CD8+ T cells typically have TCM phenotypes after resolution of acute 

infection, inflationary memory CD8+ T cells elicited by MCMV have more of a TEM phenotype 

[75, 76, 92].  In MCMV infection of mice, inflationary memory cells lack expression of the 

CD127, CD62L and costimulatory molecules CD27 and CD28 and express the terminal 

differentiation marker KLRG1 [75, 76, 92].  These TEM cells are not a long-lived memory 

population and have a half-life of approximately 45-60 days [92].   Thus, memory inflation is not 

the maintenance of a long-lived stable memory population, but rather a population of short-lived 

effectors, which are continuously replenished throughout persistent infection.  A similar effector 

memory phenotype has been observed in CMV infections of humans and non-human primates 

[93, 94]. 
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CD8+ T cells to certain persistent viruses have been demonstrated to display T cell 

exhaustion, often identified by expression of PD-1, where T cells lose their functionality, 

including proliferation capacity and ability to secrete cytokines [95].  T cell exhaustion during 

persistent infection has largely been studied in viral infections such as lymphocytic 

choriomeningitis virus (LCMV) clone 13 and human immunodeficiency virus (HIV) infection 

where viral loads are high.  In CMV and many other persistent infections, however, the viral and 

antigen load are low and T cell encounters with antigen are likely infrequent [73].  In these cases, 

T cells do not display exhausted phenotypes and do not express high levels of PD-1 [96, 97]. 

Inflationary memory cells have been shown to retain their function throughout chronic infection.  

Upon antigen restimulation, inflationary memory cells are able to rapidly proliferate in vivo [78, 

98, 99].  Additionally, inflationary memory cells are capable of killing target cells in vitro and 

providing protection in vivo [92, 94, 99, 100].  Because of this sustained functionality, 

inflationary memory cells are hypothesized to maintain latency during chronic CMV infection 

[74, 99, 101, 102].  The functionality of this population of CD8+ T cells is maintained 

throughout life [85, 103]. 

Factors Influencing Memory Inflation 

Many factors influence memory inflation in CMV infection.  The effector phenotype of 

inflationary memory cells suggests that repetitive antigen exposure is necessary for inflation [65, 

84].  This idea has been further supported by adoptive transfer experiments.  When inflationary 

memory cells were transferred into mice infected latently with MCMV, they continued to persist.   

However, when the same cells were transferred into naïve hosts, the inflationary memory cells 

were not maintained [92].   Although repetitive antigen exposure is necessary for inflation, viral 
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spread and replication is not, suggesting that antigen exposure is driven by CMV transcription in 

latently infected cells, rather than reactivation and viral spread [88, 104].   

Hematopoietic cells are important for initial induction of conventional and inflationary 

memory cells.  BatF3-deficient mice lack migratory CD103+ (sometimes designated XCR1+) 

and CD8α+ dendritic cells, which are mainly responsible for cross-presentation of antigens in 

vivo [105].  MCMV infection of BatF3-/- mice demonstrated that these cross-presenting 

dendritic cells were important for initial priming of both conventional and inflationary memory 

cells [106].  However, the lack of cross-presenting dendritic cells had little impact on memory 

inflation demonstrating that memory inflation is largely driven by non-hematopoietic cells.  

Additional work has also demonstrated that memory inflation is not dependent on hematopoietic 

cells [107-109]. 

A major factor determining whether a response becomes inflationary is 

immunoproteasome-dependence of the CD8+ T cell epitope [110]. Proteasomes are important 

components of antigen processing and exist in predominantly two forms: constitutive 

proteasomes and the interferon-inducible immunoproteasomes.  While all cell types express 

constitutive proteasomes, immunoproteasome expression is dependent on induction through 

IFNγ stimulation for most cell types. The exception is professional APCs, which constitutively 

express immunoproteasomes.  Proteasomes and immunoproteasomes differentially process 

peptides, with immunoproteasomes thought to be specialized for liberation of MHC class I 

peptides [111]. Inflationary epitopes are less dependent on immunoproteasomes than non-

inflating epitopes [110].  This lack of dependence on immunoproteasomes further supports the 
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role of non-hematopoietic cells in memory inflation since non-hematopoietic cells typically do 

not express immunoproteasomes. 

 Avidity of the TCR for the pMHC complex is an additional factor which influences the 

memory inflation pool in MCMV infection [112].  Shortly after acute infection, inflationary 

clones are selectively amplified based on TCR avidity for MCMV antigens.  This selective 

pressure is mediated by CD8+ T cell competition for pMHC on the APC and persists throughout 

chronic infection [112, 113].  The selection of high-avidity T cell clones is also consistent with 

what is observed in human CMV infection where chronically-infected people have a higher 

avidity CMV-specific CD8+ T cell population at chronic time points compared to acute infection 

[114-116].  

 While these aspects play a major role in memory inflation, there are additional factors 

that influence memory inflation.  These factors include expression of co-stimulatory molecules 

4-1BB and OX40 and cytokines which have been shown to influence inflationary memory 

populations as a whole, but have not been shown to have an epitope-specific impact.  

Inflationary memory cells lack expression of CD28 and thus do not require costimulation 

through CD80/86 on APCs [117].  Instead they require signaling through OX40 and 4-1BB. 

Lack of OX40 or 4-1BB in mice has been shown to hinder expansion of inflationary memory 

populations, but not conventional memory populations in mice infected with MCMV [118, 119].  

Additionally, epitope location within the genome has an impact on inflationary memory 

generation indicating a role for viral gene expression in driving memory inflation [120].  The 

role of genomic location likely ties in with reactivation of viral transcripts and antigen 
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restimulation suggesting that only proteins that are transcribed during latency can contain 

inflationary epitopes. 

Model for Memory Inflation 

These observations have led to a model for the generation of inflationary memory cells 

[109, 121].  During acute infection, both conventional and inflationary T cells are induced by 

cross-presentation by CD103+ dendritic cells and are able to kill infected cells (Figure 1.4) [108, 

121].  Following acute infection, conventional memory CD8+ T cells contract and form a stable 

memory population [75].  Throughout persistent infection, Inflationary memory cells, that were 

induced during acute infection, are restimulated by latently infected non-hematopoietic cells 

leading to accumulation of CD8+ T cells with an TEM phenotype [109].  As opposed to an 

accumulation of long-lasting memory cells, the inflationary memory population is made up of 

relatively short-lived effector cells (~ 2 months) which are constantly replenished throughout 

infection [109].  When elicited by MCMV infection through intravenous or intraperitoneal 

routes, inflationary cells are located in the blood supply and possibly stimulated by sinusoidal 

endothelial cells in the spleen, liver, lungs, and kidneys [109].  

Antibody Responses to CMV 

 Much of the study of MCMV immunity has been focused on cellular immune responses.  

However, antibody responses against CMV have been demonstrated to have a protective effect in 

both human and animal disease [122].  Passive immunization of CMV-specific antibody has 

been shown to prevent transplacental transmission of human CMV during pregnancy [123].  

Additionally, neutralizing antibodies to the surface glycoproteins have been detected in sera from 

infected humans and may play a role in preventing transmission [124].  While antibody 
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responses are elicited by MCMV infection, they are not essential for initial control of the virus, 

but do help limit spread during persistent infection [125]. 

Cytomegalovirus Vectors as a Vaccine Platform 

CMV vaccines have recently been shown to be a powerful tool for generating TEM CD8+ 

T cells. Subcutaneous vaccination with a rhesus CMV vector expressing simian 

immunodeficiency virus (SIV) antigens led to control of SIV following intrarectal challenge of 

Rhesus macaques [126].  Vaccination with this vector did not elicit sterilizing immunity, but 

challenged macaques were able to control viremia to undetectable levels in about 50% of 

vaccinated animals.  This protection was attributed to the generation of CD8+ and CD4+ TEM 

cells, which were able to clear virus from peripheral tissues [127].   CMV containing pathogen-

specific CD8+ T cell epitopes has also been demonstrated to be effective in mediating protection 

against lethal Ebola challenge in mice after a single dose [128, 129] as well as mediating 

protection against influenza and LCMV infection [78].  In a prostate cancer model in mice, 

CD8+ T cells elicited by vaccination with a recombinant MCMV expressing a prostate cancer 

epitope have been shown to delay prostate tumor growth [130].  In addition to induction of cell-

mediated immunity, CMV vectors can be utilized to generate antibody responses to vaccine 

antigens. MCMV encoding an ovarian self-antigen, mZP3, has been used as 

immunocontraception and been shown to lead to antibody-dependent sterilization of female mice 

[131, 132].  In a murine melanoma model, MCMV encoding the tumor antigen TRP2 led to 

rejection of melanoma tumor which was attributed to antibody responses [133].  These studies 

demonstrate the broad potential use of CMV vaccination for generation of both CD8+ T cell 
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responses and antibody responses against viral pathogens as well as a tool for treatment of 

cancer. 

RESPIRATORY SYNCYTIAL VIRUS 

Respiratory syncytial virus (RSV) is an enveloped, negative-sense, single-stranded RNA 

virus from the Paramyxoviridae family in the Pneumovirinae subfamily. RSV encodes for 11 

proteins using 10 gene start sites: non-structural proteins 1 and 2 (NS1 and NS2), nucleocapsid 

(N), phospoprotein (P), matrix protein (M), small hydrophobic protein (SH), glycoprotein (G), 

fusion protein (F), M2-1, M2-2, and large polymerase protein (L) [134].  There are two major 

strains, RSV A and RSV B, which have primarily been characterized by variability in the G 

glycoprotein [135-138].  During the RSV season beginning in late fall and ending in early spring, 

the two strains of RSV co-circulate [139-141].  RSV is species-specific and naturally only infects 

humans.  There are similar pneumoviruses that infect other mammalian species including bovine 

RSV, ovine RSV, and pneumonia virus of mice [142, 143].  

As the name implies, RSV is a respiratory pathogen that infects ciliated bronchiolar 

epithelial cells in the airways [144, 145].  RSV most commonly causes an acute infection in the 

upper respiratory tract.  However, RSV also infects Type I alveolar pneumocytes and is 

frequently associated with lower respiratory tract infections including bronchiolitis and 

pneumonia [134].  RSV infection is highly prevalent in the infant population with nearly all 

having been infected by the age of two and is a leading cause of hospitalization in children under 

the age of five.  Premature infants, the elderly and immunocompromised individuals are at a 

higher risk for severe disease.  Immunity is relatively short-lived and reinfection causing upper 

respiratory tract infections occurs throughout life [146, 147].  
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CD8+ T Cell Responses to RSV Infection 

 CD8+ T cells play an important role in the clearance of RSV by inducing apoptosis in 

virally infected cells and decreasing the levels of Th2 cytokines which are associated with 

disease [148-150].  Although important for viral clearance, CD8+ T cell have been demonstrated 

to contribute to immunopathology in murine models [151-153].  However, the role of CD8+ T 

cells in immunopathology in humans has not been established.  In fact, CD8+ T cells have been 

shown to correlate with recovery from RSV disease and children with T cell deficiencies have 

prolonged viral shedding [154-157]. 

Murine models have been established to study CD8+ T cell responses to RSV with 

differing levels of disease severity.  BALB/c mice experience more severe disease manifested by 

weight loss as well as additional symptoms including ruffled fur, inactivity, rapid breathing, and 

gaunt posture [158].  Despite comparable RSV clearance kinetics, C57B1/6 mice lose less 

weight than the BALB/c and display no additional symptoms.  BALB/c and C57Bl/6 mice have 

different MHC haplotypes with BALB/c expressing H-2d and C57Bl/6 expressing H-2b.  The 

MHC I haplotype expression determines which epitopes can be presented to CD8+ T cells and 

thus which CD8+ T cells respond to an infection.  Multiple CD8+ T cell epitopes have been 

described in BALB/c and C57Bl/6 mice (Table 1.1) [158]. 
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Mouse Strain RSV Protein MHC Restriction Peptide Sequence 

BALB/c (H-2d) 

M282-90 Kd SYIGSINNI 
F85-93 Kd KYKNAVTEL 

M2127-135 Kd VYNTVISYI 
F92-106 Kd ELQLLMQSTPPTNNR 
F249-258 Kd TYMLTNSELL 

C57BL/6 (H-2b) 

M187-195 Db NAITNAKII 
F250-258 Db YMLTNSELL 
F433-442 Db KTFSNGCDYV 
N57-64 Kb ANHKFTGL 

N360-368 Db NGVINYSVL 
 
Table 1.1.  CD8+ T cell epitopes described in BALB/c and C57Bl/6 mouse strains.   

MHC anchor residues are shown in bold. 
 

Although they are able to respond to many epitopes within RSV, BALB/c mice have an 

immunodominant response to an epitope within the M2-1 (KdM282-90, M2) protein of RSV [158] 

(Figure 1.5).  C57Bl/6 have an immunodominant CD8+ T cell response to an epitope within the 

M protein (DbM187-195, M) [158].   In RSV infection of F1 hybrids of BALB/c and C57Bl/6 

(CB6F1), a reproducible epitope heirarchy is established with the response to the M2 epitope 

dominant over the response to the M epitope [158].  The CB6F1 hybrid mouse model allows for 

a direct comparison between the M2-specific and M-specific CD8+ T cell responses in the same 

host.  Despite having a higher replication capacity, compared to the M-specific population, the 

M2-specific CD8+ T cell population causes increased immunopathology, produces fewer 

cytokines, and has lower cytolytic activity [153, 158].  Additionally, the M2-specific CD8+ T 

cell response has a lower avidity TCR:pMHC interaction than the M-specific CD8+ T cell 

response when measured by either functional avidity [153, 158] or tetramer off rate 

(unpublished).   A possible explanation for this difference in avidity is the structure of the pMHC 
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complex. Based on predictive modeling, the surface available for TCR recognition on the 

KdM282-90 pMHC complex is predicted to be relatively more flat and less distinct than the 

DbM187-195 pMHC complex which contains a prominent lysine (Figure 1.6) [159].  In CB6F1 

mice, the M-specific and M2-specific CD8+ T cells compete with each other.  Reduction or 

elimination of the response to one of these epitopes leads to compensation by the other epitope 

with little compensation by other Db-and Kd- restricted epitopes.  Overcompensation by the M2-

specific response leads to increased illness, while a greater M-specific response leads to reduced 

illness [160]. Despite this thorough characterization, the mechanism for M2 immunodominance 

is not fully understood.  

The CD8+ T cell responses to these RSV antigens in CB6F1 mice have been well defined 

in acute infection.  This system allows the study of responses to multiple antigens with distinct 

CD8+ T cell characteristics and has been utilized in studies evaluating CD8+ T cell responses to 

other viral vectors including HPV and adenovirus [161-163] and nanoparticle platforms 

(unpublished).  In my thesis work, I have used this RSV antigen system to evaluate the CD8+ T 

cell responses to MCMV expressing the RSV antigens M and M2. 

In Research Aim 1, we created recombinant murine cytomegaloviruses encoding the 

RSV antigens M and M2 that elicit antigen-specific CD8+ T cell responses.  We successfully 

rescued recombinant MCMV virus encoding RSV antigens using a bacterial artificial 

chromosome system.  These recombinant MCMV viruses expressed RSV antigens in vitro and 

elicited RSV-specific CD8+ T cell responses in vivo in CB6F1 mice.  These findings are 

described in Chapter 2. 
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 In Research Aim 2, we determined the effects of route of MCMV vaccination on CD8+ 

T cell location, phenotype, and function using intranasal (IN) and intraperitoneal (IP) vaccination 

with MCMV-M.  Additionally, we evaluated the effect of route of vaccination on protection 

against RSV challenge.  As described in Chapter 3, we found the IN vaccination elicited more 

tissue-resident TEFF and TEM M-specific CD8+ T cells in the lungs than IP vaccination. While 

vaccination with MCMV-M by either route reduced viral loads compared to RSV-naïve controls, 

IN vaccination led to rapid control of RSV and secretion of cytokines following RSV challenge. 

In Research Aim 3, we compared epitope-specific responses in the lungs of mice 

vaccinated with recombinant MCMV encoding the M and M2 proteins of RSV.  This analysis 

included examination of the magnitude of M-specific and M2-specific CD8+ T cell populations, 

characterization of the phenotypic and functional properties of epitope-specific CD8+ T cells and 

evaluation of the efficacy of vaccination with MCMV-M, MCMV-M2 or co-administration of 

MCMV-M and MCMV-M2 in protecting against RSV challenge. In Chapter 4, we found that 

MCMV vaccination elicited TRM cells specific for both the inflationary M epitope and the 

conventional M2 epitope. However, only TRM specific for the inflationary epitope were sustained 

in the lung.  All vaccinations led to reduced viral loads following RSV challenge, but 

vaccinations that elicited sustained M-specific TRM demonstrated increased efficacy. 
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FIGURES 

 
 
Figure 1.1.  Components of the innate and adaptive immune systems. 

 

Reprinted with permission from Macmillan Publishers Ltd: Nature Reviews Cancer, Glenn 

Dranoff, Cytokines in cancer pathogenesis and cancer therapy, Volume 4, p.11-22, copyright 

2014 [164].  
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Figure 1.2. TCR recognition of pMHC complex on APC. 

CD8+ T cell recognition of a pMHC complex on the surface of a professional APC via its T cell 

receptor (TCR).  The CD8+ coreceptor interacts with a conserved region on the MHC complex.  

This TCR recognition along with co-stimulation and cytokines provided by the APC lead to 

activation of the CD8+ T cell including proliferation, cytokine secretion, and ability to kill 

infected cells. 

 

Reprinted with permission from Nature Immunology, Volume 3, Marc Bonneville and François 

Lang, CD8: from coreceptor to comodulator  pg 12-14, Nature Immunology  3, 12 – 14, 

Copyright 2002 [165]. 
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Figure 1.3. Two types of CD8+ T cell responses induced by MCMV. 

Schematic representing the number of CMV-specific CD8+ T cells over time.  Non-inflationary 

or conventional CD8+ T cells (purple) which contract following acute infection and form a stable 

memory population. Inflationary memory cells (blue) may not be immunodominant during acute 

infection; however, they continue accumulate throughout persistent infection.  

 

Reprinted from TRENDS in Immunology, Volume 33, Issue 2, Geraldine A. O’Hara, Suzanne 

P.M. Welten, Paul Klenerman, and Ramon Arens, Memory T cell inflation: understanding cause 

and effect, 84-90, Copyright 2012, with permission from Elsevier [81].  
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Figure 1.4. Model for induction of conventional and inflationary memory CD8+ T cells 

during MCMV infection. 

A) Induction of conventional and inflationary memory cells during acute infection by CD103+ 

dendritic cells.  B) Stimulation of inflationary memory CD8+ T cells by latently infected non-

hematopoietic cells during latent infection.   

 

Reprinted with permission from Frontiers in Microbiology, Volume 5, Yannick O. Alexandre, 

Clement D. Cocita, Sonia Ghilas and Marc Dalod, Deciphering the role of DC subsets in MCMV 

infection to better understand immune protection against viral infections, Memory T cell 

inflation: understanding cause and effect, 378, Copyright 2012 [121]. 
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Figure 1.5.  Murine CD8+ T cell responses to RSV antigens in the lungs. 

BALB/c, C57Bl/6 or CB6F1 hybrid mice were infected with RSV and CD8+ T cell responses to 

DbM187-195 (M) and KdM282-90 (M2) determined in the lung 1 week later using tetramer staining.  

A) BALB/c respond to M2 with no response to M.  B) C57Bl/6 respond to M, but cannot 

respond to M2.  C) CB6F1 respond to both M2 and M with an immunodominant response to M2. 
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Figure 1.6.  Modeling of the RSV M2 and M epitopes bound to MHC. 

Predictive modeling of the KdM282-90 (A) and DbM187-195 (B) peptide bound by MHC Class I 

molecules.  MHC anchor residues are underlined.  The peptide is shown in pink and the grooves 

of the MHC class I molecule in green.  The surface available for TCR recognition on the 

KdM282-90 pMHC complex is predicted to be relatively more flat and less distinct than the 

DbM187-195 MHC which contains a prominent lysine [159].  Reprinted with permission from The 

Journal of Biological Chemistry, Volume 286, Padma Billam, Kathryn L. Bonaparte, Jie Liu, 

Tracy J. Ruckwardt, Man Chen, Alex B. Ryder, Rui Wang, Pradyot Dash, Paul G. Thomas and 

Barney S. Graham. T cell Receptor Clonotype Influences Epitope Hierarchy in the CD8+ T cell 

Response to Respiratory Syncytial Virus Infection. p.4829-4841, copyright 2010 [159].  

A" B"
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CHAPTER 2 – Generation of recombinant murine cytomegalovirus 

expressing respiratory syncytial virus proteins 
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INTRODUCTION 

Cytomegaloviruses (CMV) are large double-stranded DNA viruses that are members of 

the herpesvirdae family in the betaherpesvirdae subfamily.  CMV causes an asymptomatic 

infection in immunocompetent hosts and is highly species-specific.  CMV infection elicits both 

protective cellular and humoral immune responses making it an interesting potential target for 

vaccine development. CMV can also be genetically modified to express foreign proteins 

including vaccine antigens and is distinguished from other replication-competent vectors because 

of its persistence. CMV-vectored vaccines have been demonstrated to be protective against a 

number of infectious diseases including SIV, Ebola, and tuberculosis [126, 128, 129, 166-168].  

Additionally, CMV vectors have been evaluated for therapeutic use to fight cancer and been 

shown to delay growth or lead to rejection of tumors [130, 133]. 

One interesting aspect of MCMV infection, which can be exploited for vaccination 

purposes, is memory inflation.  Memory inflation is the accumulation of CMV-specific CD8+ T 

cells throughout chronic infection and has been observed in infection with murine CMV 

(MCMV) and human CMV (HCMV) [76-79, 82].  This is in contrast to what is typically seen in 

memory establishment where the CD8+ T cell population drastically contracts following acute 

infection and forms a low-level stable memory population [37, 169, 170].  These inflationary 

memory cells remain functional and can provide protection in vivo [78, 79, 101]. 

In addition to elicitation of protective cellular and humoral immune responses, the CMV 

genome is easily and rapidly modified adding to the appeal as a recombinant vaccine vector.  

Mutation of herpes viruses has been made easier by the development of bacterial artificial 

chromosome (BAC) systems where bacterial gene cassettes are added to the viral genome 
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allowing growth and mutation in E. coli [171-173].  The use of BACs allows for specific and 

quick mutation of the herpesvirus genome and BAC clones have been generated for many 

viruses in the herpesvirus family including human, murine, rhesus and guinea pig 

cytomegaloviruses, as well as herpes simplex virus type 1, Kaposi’s sarcoma-associated 

herpesvirus and gammaherpesvirus 68 among others [174]. 

The MCMV K181 BAC was derived from the K181Perth laboratory strain of MCMV and 

has been previously utilized to as a vaccine vector for immunocontraception [132].  The K181 

BAC has a self-excisable BAC cassette, containing a 249 bp repeat on either side of the cassette.  

This repeat region allows for homologous recombination once the BAC has been transfected into 

cells.  Excision of the BAC is thought to be selected for based on size exclusion during 

packaging of the genome into the capsid following transfection into mammalian cells [175].  The 

BAC cassette contains a chloramphenicol resistance gene and a GFP gene.  Thus, excision of the 

BAC can be monitored by loss of GFP expression.  This BAC system allows for rapid mutation 

of the MCMV genome. 

The MCMV protein m157 has been shown to activate natural killer (NK) cells in 

C57Bl/6 mice [176].  The m157 gene encodes a MHC-like protein, which engages inhibitory NK 

cell receptors in some strains of mice, but is the ligand of the Ly49H activating receptor 

expressed on NK cells in C57Bl/6 mice.  This activation of NK cells restricts replication of 

MCMV in mice with a C57Bl/6 background [177-179].  Mutation or deletion of the m157 gene 

allows replication in mice with this background and a K181 BAC containing the m157 deletion 

(MCMV K181Δm157) has been generated for use in C57Bl/6 mice [180, 181].   
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In this study, we utilize the MCMV K181Δm157 BAC system to generate recombinant 

MCMV expressing the M (MCMV-M) and M2 (MCMV-M2) proteins of respiratory syncytial 

virus (RSV).   These vectors elicit RSV-specific and MCMV-specific CD8+ T cell responses in 

vivo in CB6F1 (BALB/c X C57Bl/6) hybrid mice.  While boosting with a second dose of 

MCMV-M had no impact on M-specific CD8+ T cell responses, route of administration played a 

major role in the magnitude of the M-specific CD8+ T cell response. 

METHODS 

Generation of Recombinant BACs 

Recombinant K181Δm157 BACs were generated as previously described [132].  DH10B E. coli 

containing the K181Δm157 BAC were transformed with the recombinant shuttle plasmids 

containing the M or M2 protein of RSV [172]. The BAC and shuttle plasmid co-integrate 

through homologous recombination under selection pressure from chloramphenicol and 

kanamycin.  The origin of replication of the shuttle plasmid is temperature-sensitive and thus E. 

coli containing separate plasmids will be inhibited at higher temperatures, allowing 

differentiation between co-integrates and E. coli containing separate plasmids by growth at 43˚C.  

Removal of kanamycin resistance allowed the co-integrates to resolve, and recombinant 

K181Δm157 BACs were confirmed by RFLP and sequencing.  DH10B E. coli transformed with 

recombinant BACs were grown in LB containing 17 µg/ml chloramphenicol.  BACs were 

extracted using Macherey-Nagel NucleoBond Xtra Maxi kits per manufacturer’s instructions.   
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Cell Lines 

NIH/3T3 (CRL-1658), C57Bl/6 mouse embryonic fibroblasts (MEF) (SCRC-1008), and M2-

10B4 (CRL-1972) were obtained from American Type Culture Collection (Manassas, VA). 

CB6F1 MEF were generated as previously described [182] . Briefly, at 14 days gestation, fetuses 

were harvested, and liver, heart and head removed.   Fetuses were minced and tissue was 

incubated in 0.25% trypsin-EDTA and incubated at 37˚C for 15 minutes.  Tissue was centrifuged 

at 500g for 5 mins, and allowed to adhere in a T75 flask. C57Bl/6 MEF, M2-10B4 and CB6F1 

MEF were maintained in DMEM containing 10% FBS, 2mM glutamine, 10 U/ml penicillin and 

10 µg/ml streptomycin+ 0.1 M HEPES. NIH-3T3 were maintained in DMEM containing 10% 

neonatal calf serum, and 2 mM glutamine, 10 U/ml penicillin and 10 µg/ml streptomycin + 0.1 

M HEPES. 

Transfection of Eukaryotic Cells with Recombinant BACs 

NIH-3T3, C57Bl/6 MEF or M2-10B4 cells were transfected using the methods and reagents 

shown in Table 1.  All reagents were used per Manufacturer’s instructions.  Cells were 

transfected with 30 µg of BAC DNA.  6 hours post-transfection, media containing transfection 

reagents and DNA was removed and fresh media added.  Cells were incubated for three to five 

days and monitored for cytopathic effect (CPE).  When CPE reached ~70% or 5 days post-

transfection, supernatant was harvested and frozen at -80˚C for serial passaging.  

Viral Rescue and Isolation of Single Clones 

Viruses rescued in C57Bl/6 MEF were selected for serial passage on CB6F1 MEF. Viruses were 

serially passed by inoculation of CB6F1 MEF cells with a 1:1000 dilution of previous passage. 

Loss of GFP was monitored by fluorescent microscopy.  When ~50% of cells displaying CPE 
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were GFP negative, viral stocks were harvested and single clones isolated by serial dilution.  

Cells and supernatant were harvested, sonicated, and cellular debris pelleted.  Supernatants were 

then serially diluted in a 96-well plate containing CB6F1 MEF.  Two days post-infection, wells 

were evaluated for single plaques lacking GFP expression.  Single plaques with excised BAC 

cassettes were expanded, excision of BAC confirmed by PCR using BAC-specific primers.  

Master and working stocks were made from expanded single plaques.  Master and working viral 

stocks were made by sonication of infected MEF cells and viral titers were determined by plaque 

assay on CB6F1 MEF in triplicate as previously described [183].   

Confirmation of Insertion and Expression of RSV proteins 

DNA was extracted from viral stocks using Nucleospin Blood kit (Macherey-Nagel) per 

manufacturer’s instructions.  PCR primers within the insert were used to determine correct 

insertion based on size.  The insert-specific primers generate the expected PCR products of 871 

bp for M and 724 bp for M2.  To confirm expression of the M and M2 proteins of RSV, MEF 

were infected with MCMV, MCMV-M or MCMV-M2 and Western blot for the M and M2 

protein performed.  Forty-eight hours post-infection, cells were harvested and lysed.  Twenty µg 

of whole cell lysates were separated on a SDS-PAGE gel under denaturing conditions.  Proteins 

were transferred to PVDF membrane using Bio-Rad Trans-blot Turbo Transfer Systems and 

probed using anti-M, anti-M2, and polyclonal anti-RSV antibody conjugated to HRP (Fitzgerald, 

Acton, MA).   Anti-M and Anti-M2 blots were incubated with goat anti-mouse HRP secondary 

antibody.  All Western blots were visualized using ECL Prime Western Blotting Reagent 

(Amersham). 
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Mice and MCMV Vaccination 

Age-matched 6-10 weeks old female CB6F1/J mice (Jackson Laboratories Bar Harbor, ME) 

were used for all experiments. Mice were housed in our animal care facility at the National 

Institute of Allergy and Infectious Diseases under specific-pathogen-free conditions and 

maintained on standard rodent chow and water supplied ad libitum.  All studies were reviewed 

and approved by the NIH Animal Care and Use Committee. For intraperitoneal vaccinations, 

mice were injected with 3x105 PFU of MCMV, MCMV-M or MCMV-M2 in 200 µl total 

volume.  Mice were vaccinated intranasally with 3x105 PFU of MCMV-M in 100 µl of 10% 

DMEM following isoflurane (3%) anesthesia.  All mice were euthanized by administration of 

overdose of pentobarbital (250 mg/kg). 

Tetramer Staining and Flow Cytometry 

Following euthanasia, lungs were harvested at the indicated time points.  Lymphocytes were 

isolated by physical disruption of tissue using a GentleMACs machine (Miltenyi Biotec, San 

Diego, CA) followed by separation of lymphocytes using Fico-LITE density gradient.  Isolated 

mononuclear cells were washed with PBS and resuspended in FACS staining buffer (PBS+ 1% 

FBS + 0.05% sodium azide).  Cells were stained with fluorochrome-labeled antibodies for 

lineage markers CD3 (145-2C11) and CD8 (53-6.7) (BD Biosciences). A viability dye, 

AquaBlue Amino stain (Invitrogen) was used to exclude dead cells.  T cell receptor specificity 

was determined using tetramers containing the RSV M epitope, DbM187-195 (MBL, Woburn, MA), 

RSV M2 epitope KdM282-90 (MBL, Woburn, MA) or the MCMV M38 epitope, KbM38316-323 

(kindly provided by David Price). All samples were stained with tetramer and antibody cocktail 
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for 20 min. at 4˚C, analyzed on an LSR II (Becton Dickinson, San Jose, CA), and analyzed using 

FlowJo software (TreeStar, San Carlos, CA). 

 

RESULTS 

Generation of Recombinant Bacterial Artificial Chromosomes 

Three recombinant BACs were generated on the MCMV K181Δm157 backbone: a 

parental MCMV (MCMV), MCMV encoding M protein of RSV (MCMV-M) and MCMV 

encoding the M2 protein of RSV (MCMV-M2). Recombinant BACs were mutated using a 

shuttle plasmid in a two-step allele replacement method [132, 184].  Codon optimized M and M2 

genes under the control of a human CMV IE1 constitutive promoter were cloned into a shuttle 

plasmid containing homologous repeats within the IE2 gene of MCMV, which is known to 

encode inflationary epitopes [76, 78, 113].  Homologous recombination between the shuttle 

plasmid and K181Δm157 backbone led to insertion of the RSV genes into the non-essential IE2 

gene (Figure 2.1).  Insertion of the RSV genes was confirmed by restriction fragment length 

polymorphism (RFLP) and sequencing of the insert. 

Viral Rescue of Recombinant BAC 

To rescue virus, murine cells were transfected with the recombinant BACs.  The BAC 

constructs are large (~240 Kb) and thus difficult to transfect into primary cells.  A number of 

different transfection methods, reagents, and cell lines were evaluated for successful transfection 

(Table 2.1). Calcium phosphate precipitation was the only method that led to generation of virus, 

and the source of calcium phosphate was essential to successful transfection. All recombinant 
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BACs were transfected in both NIH-3T3 (3T3) and C57Bl/6 murine embryonic fibroblast (MEF) 

cells. Successful transfection was determined by presence of cytopathic effect (CPE) and the 

development of plaques three to five days post-transfection.  Since MCMV is an enveloped virus 

and thus may contain host cell proteins, we propagated the recombinant viruses in CB6F1 MEFs 

to match the mouse strain CB6F1 we are utilizing for evaluation of in vivo responses [67, 185]. 

Recombinant viruses rescued in C57Bl/6 MEF were selected for serial passage in CB6F1 MEFs. 

To allow for excision of the BAC cassette, viruses were serially passaged 2-3 times and single 

clones isolated by serial dilution [175].  Correct excision of the BAC cassette was confirmed by 

PCR. 
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Methodology Product Source Cells Success 

Lipofection 
Lipofectamine 2000 Life Technologies 3T3, MEF, M2-10B4 No 
Lipofectamine LTX Life Technologies 3T3, MEF, M2-10B4 No 

Xtreme Gene 9 Roche 3T3, MEF, M2-10B4 No 
Electroporation - - MEF No 

Dendrimer 
Activation SuperFect Qiagen 3T3 No 

Calcium 
Phosphate 

Precipitation 

Calcium Phosphate 
Transfection Kit Life Technologies 3T3, MEF No 

ProFectin Mammalian 
Transfection System Promega MEF No 

CalPhos Mammalian 
Transfection Kit Clonetech 3T3, MEF YES 

Homemade Sigma 3T3, MEF YES 
 

Table 2.1. Transfection of mammalian cells with recombinant BACs. 

Verification of Expression of Respiratory Syncytial Virus Proteins 

Next, we confirmed the insertion of the correct RSV antigen in the recombinant MCMV viruses 

by PCR.  DNA was extracted from viral stocks and PCR of the inserts was performed.  The PCR 

product of the M insert is 871bp and the PCR product of the M2 insert is 724bp.  The constructs 

contained the correct RSV protein gene based on size (Figure 2.2A).    Next, we evaluated 

expression of the RSV M and M2 protein in vitro. CB6F1 MEF were infected with MCMV, 

MCMV-M, or MCMV-M2 and Western blots performed using a polyclonal anti-RSV antibody, 

an M-specific antibody and an M2-specific antibody (Figure 2.2B-D).  As expected, MCMV-M 

made a product about 30 kDa, which was detected by both polyclonal anti-RSV antibody and 

anti-M antibody, but not by anti-M2 antibody.  MCMV-M2 made a shorter product, which was 

bound by polyclonal anti-RSV antibody and anti-M2 antibody, but not anti-M antibody.  Cells 

infected with the MCMV virus were negative for all antibodies tested.  These data indicate that 

MCMV-M and MCMV-M2 are expressing the M and M2 proteins of RSV, respectively. 
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Determination of in vivo Immune Responses to Recombinant Viruses 

After confirming expression of RSV proteins in vitro, we next determined whether they 

generated an immune response in vivo in CB6F1 mice.  We are able to identify these antigen-

specific populations by tetramer staining [9].  A tetramer consists of four peptide:MHC Class I 

molecules conjugated to a fluorescently labeled molecule.  This allows us to identify T cell 

receptors (TCRs) on CD8+ T cells that recognize a specific peptide:MHC I complex. CB6F1 

mice were vaccinated intraperitoneally (IP) with MCMV, MCMV-M or MCMV-M2.  One week 

post-infection, lungs were harvested and immune responses to the RSV epitopes M and M2, and 

an MCMV epitope M38 were detected by flow cytometry using tetramer staining (Figure 2.3A).  

As expected, MCMV vaccination generated a response against the MCMV epitope, M38, but 

neither of the RSV proteins.  Both MCMV-M and MCMV-M2 elicited anti-insert responses, as 

well as a response to the MCMV backbone. Next, we evaluated the M-specific CD8+ T cell 

responses at 6 weeks post-vaccination to determine whether the M-specific CD8+ T cell 

population is inflationary or conventional.  The M-specific population inflated nearly 10-fold, 

from 0.75% to 7.0%, between week 1 and 6 post-vaccination (p<0.05, Figure 2.3B). 

Boosting Does not Significantly Increase the M-specific CD8+ T Cell Response Generated by 

MCMV-M 

The M-specific CD8+ T cell response generated by vaccination with MCMV-M was relatively 

low (~1%) at 1 week post-vaccination.  We hypothesized that we could increase this response by 

using a prime/boost vaccination strategy.  A prime/boost schedule is commonly used for 

amplifying immune responses to vaccines including CMV-based vaccines [128, 130, 186, 187]. 

We hypothesized that using a prime/boost strategy and intranasal (IN) administration of the 
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MCMV vectors would increase the M-specific CD8+ T cell response in the lungs.  To test this 

hypothesis, we vaccinated 6 groups of mice with MCMV-M.  Groups 1-3 received an IP prime at 

week 0 and (1) no boost, (2) an IP boost, or (3) an IN boost at week 4. Groups 4-6 received an IN 

prime at week 0, followed by (4) no boost, (5) an IP boost, or (6) an IN boost.  We evaluated M-

specific CD8+ T cell responses at 6 weeks post-prime.  Interestingly, we found that IN 

vaccination significantly increased the frequency (27.1% vs 4.0%) and number (4.0x104 vs 

3.2x103) of M-specific cells in the lung compared to IP vaccination (Figure 2.3C and D, p<0.01).  

Surprisingly, boosting did not lead to increased frequencies or numbers of M-specific CD8+ T 

cells at 2 weeks post boost for either IN or IP route of inoculation (Figure 2.3C and D).  

 

DISCUSSION 

In this study, we demonstrate that the MCMV BAC system can be utilized to express the 

M and M2 proteins of RSV and elicit RSV-specific and MCMV-specific CD8+ T cell responses.  

Recombinant MCMV-M and MCMV-M2 were generated by two-step allele replacement using a 

shuttle plasmid method.  As expected, MCMV-M expressed M protein and MCMV-M2 

expressed M2 protein.  When these vectors were tested in vivo, they elicited insert-specific and 

backbone-specific CD8+ T cells in CB6F1 mice.  Although boosting did not increase the M-

specific CD8+ T cell response to MCMV-M, IN inoculation led to more M-specific CD8+ T 

cells at 6 weeks post-vaccination than IP vaccination.  These MCMV vectors expressing RSV 

antigens can be utilized to further examine the CD8+ T cell responses to IN and IP vaccination. 

The M-specific CD8+ T cell population is inflationary.  Between week 1 and 6 post-

vaccination the percentage of M-specific CD8+ T cells in the lungs inflated nearly 10-fold.  
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There are many factors which influence whether an epitope will be inflationary including 

location within the genome, TCR avidity, proteasome-dependence, as well as others [110, 112-

116, 120].  The MCMV IE2 gene, in which our RSV antigens were inserted, has previously been 

demonstrated to encode inflationary epitopes [76, 78, 113].  The role of these other factors in 

inflation of the M-specific CD8+ T cell population after MCMV-M vaccination is currently 

unknown. 

Boosting had no impact on the magnitude of the M-specific CD8+ T cell response 

elicited by vaccination with MCMV-M.  Boosting actually decreased the percentages of M-

specific CD8+ T cells in the lungs, but had no effect on the number of M-specific CD8+ T cells.  

This suggests that a second dose of MCMV may boost responses to other CD8+ T cell epitopes, 

possibly conventional or inflationary MCMV-specific responses, decreasing the relative 

percentage of M-specific CD8+ T cells.  Alternatively, boosting may have been impaired by anti-

CMV immunity.  To test these possibilities, we plan to perform a prime/boost experiment with 

MCMV-M2 to determine if we can boost the conventional response to the M2 epitope.  An 

advantage of vaccination with MCMV encoding inflationary epitopes is that boosting is not 

required to generate a robust response.  While boosting had no impact on M-specific CD8+ T 

cell responses, route of administration of MCMV had a significant effect.  The six groups of the 

prime/boost experiment segregated based on the route of administration of the prime.  Mice 

primed by the IN route had higher numbers of M-specific cells than mice primed by the IP route.  

In subsequent chapters, we will explore the basis for the difference in immune response patterns 

between routes of administration of MCMV-M.  
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 The K181 m157 BAC system was successfully used to generate recombinant MCMV 

vectors which express RSV antigens and elicit CD8+ T cell responses in vivo in CB6F1 mice.  

These MCMV vectors expressing RSV antigens can be utilized to further explore the CD8+ T 

cell responses to these antigens in the context of MCMV infection and evaluate the difference in 

response between routes of inoculation. 
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FIGURES 

 

Figure 2.1. Recombinant MCMV Bacterial Artificial Chromosome Map. 

BAC map indicating the location of the BAC cassette, the RSV inserts, and the MCMV M38 and 

m157 proteins. 
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Figure 2.2. MCMV-M and MCMV-M2 express RSV proteins. 

A) PCR of recombinant BAC MCMV, MCMV-M and MCMV-M2 using insert-specific PCR 

primers. B-D) Western blot of whole cell lysates from MEF infected with MCMV, MCMV-M 

and MCMV-M2.  Blots were probed with (B) polyclonal Anti-RSV antibody, (C) Anti-M 

antibody and (D) anti-M2 antibody and developed using chemiluminescence.  
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Figure 2.3.  In vivo immune responses to MCMV-M and MCMV-M2 vaccination in CB6F1 

mice. 

A) Mice were vaccinated with MCMV, MCMV-M, or MCMV-M2.  One week post-vaccination 

the M, M2, and M38-specific CD8+ T cell responses measured in the lungs using tetramer 

staining.  B) The percentage of M-specific CD8+ T cells was determined in the lungs of mice 

vaccinated with MCMV-M after 1 or 6 weeks.  C and D) Mice were primed with MCMV-M IP 

or IN and were unboosted or boosted with MCMV-M IP or IN 4 weeks later.  At week 6, lungs 

were harvested and the percentage (C) and number (D) of M-specific CD8+ T cells in the lung 
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determined using tetramer staining by flow cytometry. p<0.05 by 2-way ANOVA and Tukey’s 

multiple comparison test. 

 
  



45 
 

CHAPTER 3 - Intranasal administration of RSV antigen-expressing MCMV 

elicits robust tissue-resident effector and effector memory CD8+ T cells in the 

lung  

 

Kaitlyn M. Morabito, Tracy R. Ruckwardt, Alec J. Redwood, Syed M. Moin,  David A. Price, 

and Barney S. Graham 

 

 

 

 

 

 

 

 

 

 

 

This chapter is based upon: 
Morabito KM et al., 2016, submitted to Mucosal Immunology.  
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INTRODUCTION 

Tissue resident memory (TRM) CD8+ T cells are located in the mucosal tissue where they 

are poised to respond quickly to infection and have been found in many barrier sites such as skin, 

gastrointestinal tract, lungs, and female reproductive tract as well as non-mucosal sites such as 

the brain [47, 48, 54, 58].  Unlike effector memory T cells (TEM), which may recirculate, TRM 

remain in the tissue and are often identified by the expression of CD69, an early activation 

marker, and CD103, an αE integrin, although different tissues may have different requirements 

for CD103 expression [44, 54]. These cells have been demonstrated to act as antigen-specific 

sentinels and recruit innate and adaptive immune cells into the tissue through secretion of 

cytokines and chemokines [60, 188].  Additionally, these cells are able to rapidly proliferate and 

kill infected cells and protect against local challenge [44, 48, 49, 58]. Their sustained location in 

barrier sites, and their ability to respond rapidly following infection make TRM a desirable cell 

population to elicit through vaccination.  

Most respiratory virus infections are self-limited and replication-defective vaccine 

vectors only express antigen for a short time. Immunization through brief exposure to antigen in 

these settings typically leads to the generation of central memory T cells (TCM) which are long-

lived, but are slower to regain effector functions such as cytokine expression and cytotoxic 

killing [38, 40, 169, 189].  Persistent vectors such as cytomegalovirus (CMV), however, produce 

antigen for a longer period of time and generate a high frequency of TEM cells, which are able to 

respond more quickly to subsequent infection. CMV vaccines have recently been shown to be a 

powerful tool for generating TEM CD8+ T cells. Hansen, et al. demonstrated that vaccination of 

Rhesus macaques with a rhesus CMV vector expressing Simian immunodeficiency virus (SIV) 
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antigens leads to control of SIV following mucosal challenge [126].  While this vaccination did 

not lead to sterilizing immunity and prevent infection, challenged macaques were able to control 

viremia to undetectable levels.  This protection was attributed to the generation of CD8+ and 

CD4+ TEM cells, which were able to clear virus from peripheral tissues [127].  CMV-vectored 

vaccines have been demonstrated to be protective in animal models against a number of other 

infectious diseases including Ebola and tuberculosis [126, 128, 129, 166-168].  In addition, CMV 

vectors have been evaluated for therapeutic use for cancer and been shown to delay growth or 

lead to rejection of tumors as well as used to mediate immunocontraception in mice [130, 132, 

133]. 

One interesting aspect of CMV infection, which can be exploited for vaccination purposes, is 

memory inflation. The phenomenon of memory inflation has been observed in murine CMV 

(MCMV) infection and is consistent with a large percentage of CMV-specific memory cells 

found in the human elderly [76-79, 82].  During MCMV infection, some antigen-specific CD8+ 

T cells follow canonical memory formation with an early expansion, followed by rapid 

contraction after viral clearance, and establishment of a low-level stable memory population.  

However, T cells specific for other epitopes undergo memory inflation where they continue to 

accumulate throughout chronic infection [75, 77, 79]. Inflationary memory T cells typically have 

an effector phenotype (TEFF) with low expression of CD127 and CD62L and high expression of 

the terminal differentiation marker KLRG-1 (KLRG-1+ TEFF) [64, 75-77, 79, 80, 92].  This 

unique phenomenon, which leads to sustained levels of functional MCMV-specific CD8+ T 

cells, may provide an advantage for vaccination.  
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In this study, we investigated how route of administration influenced the generation of 

CD8+ T cell responses to immunization with a MCMV vector expressing RSV matrix (M) 

protein (MCMV-M).  We show intranasal (IN) vaccination with MCMV-M generates a robust 

tissue-resident memory population with a TEFF/TEM phenotype which is sustained through 24 

weeks after vaccination, and is absent in mice vaccinated by the intraperitoneal (IP) route.  

Tissue-resident memory CD8+ T cells generated by IN vaccination respond earlier to antigen re-

exposure leading to early anti-viral responses and lower viral loads after RSV challenge. 

METHODS 

Mice 

Age-matched 6-10 weeks old female CB6F1/J mice (Jackson Laboratories Bar Harbor, ME) 

were used for all experiments. Mice were housed in our animal care facility at the National 

Institute of Allergy and Infectious Diseases under specific-pathogen-free conditions and 

maintained on standard rodent chow and water supplied ad libitum.  All studies were reviewed 

and approved by the NIH Animal Care and Use Committee. 

Cell Lines 

CB6F1 MEFs were isolated as described in Chapter 2.  MEFs were cultured in Advanced 

DMEM (Invitrogen) containing 10% FBS, 2mM glutamine, 10U/ml penicillin and 10µg/ml 

streptomycin+ 0.1M HEPES.  HEp-2 cells were grown in Eagle’s minimal essential medium 

with 10% FBS with 2mM glutamine, 10U/ml penicillin G, 10µg/ml streptomycin sulfate, and 

0.1M HEPES. 
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Viruses and Infection 

Recombinant MCMV viruses were made using a bacterial artificial chromosome (BAC) system 

previously described [132]. The RSV M protein was inserted into the IE2 gene of the 

K181Δm157 strain of murine CMV by two step allele replacement.  BACs were extracted from 

E.coli using Macherey-Nagel NucleoBond Xtra Maxi Prep kit according to the manufacturers 

instructions.  MEF were transfected with the recombinant BACs by calcium phosphate 

precipitation (Clonetech). Viruses were passaged and single plaques isolated by serial dilution.  

Single plaques were selected based on excision of the BAC cassette by loss of GFP and the 

presence of the M gene of RSV was confirmed by PCR.  MCMV stocks were made by 

sonication of infected MEF cells.  Mice were infected intraperitoneal or intranasal with 6x105 

PFU of recombinant MCMV-M viruses in 100µl of 10% FBS DMEM, unless otherwise noted.  

For RSV challenge, RSV stocks were generated from the A2 strain of RSV by sonication of 

infected HEp-2 monolayers as previously described [191].  Mice were challenged with 2x106 pfu 

of RSV intranasally in 100µl of 10% MEM.  All IN inoculations were performed following 

anesthesia with isoflourane (3%).  All mice were euthanized by lethal overdose of pentobarbital 

(250mg/kg). 

Intravascular Staining and Flow Cytometry 

For intravascular staining, mice were injected IV with 3µg of anti-CD45 antibody (BD 

Biosciences, San Jose, CA).  Mice were then euthanized by administration of pentobarbital 

(250mg/kg). Following euthanasia, lungs and spleen were harvested.  Lymphocytes were isolated 

by physical disruption of tissue using a GentleMACs machine (Miltenyi Biotec, San Diego, CA) 

followed by separation of lymphocytes using Fico-LITE  (Atlanta biological, Flowery Branch, 
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GA USA)  density gradient.  Isolated mononuclear cells were washed with PBS and resuspended 

in FACS staining buffer (PBS+ 1%FBS+0.05% sodium azide).  Cells were stained with 

fluorochrome-labeled antibodies for linage markers CD3 (145-2C11) and CD8 (53-6.7) (BD 

Biosciences) and phenotypic markers: CD44 (IM7), CD62L (MEL-14), CD127 (A7R34), 

KLRG1 (2F1/KLRG1), CD69 (H1.2F3) and CD103 (M290) from BD Biosciences or Biolegend 

(San Diego, CA).  A viability dye, AquaBlue Amino stain (Invitrogen) was used to identify dead 

cells.  T cell receptor specificity was determined by peptide-MHC tetramers consisting of 

DbM187-195  conjugated to APC (MBL, Woburn, MA). All samples were stained with antibody 

cocktail for 20 min. at 4˚C and analyzed on an LSR II flow cytometer (Becton Dickinson, San 

Jose, CA).  Data were analyzed using FLowJo software (TreeStar, San Carlos, CA). 

RSV Plaque Assay and Cytokine Analysis 

Plaque assays were performed as previously described [183].  Mouse lungs were harvested, 

weighed, and quick frozen in 10% MEM, 2mM glutamine, 10U/ml penicillin and 10µg/ml 

streptomycin.  After thawing, lung tissue was dissociated using the GentleMACs machine on 

program lung_02 (Miltenyi).  Cell suspensions were pelleted to remove cellular debris.  

Supernatants were serially diluted and inoculated on 80% confluent HEp-2 cell monolayers in 

triplicate.  Following a 1 hour incubation at room temperature, a 1% methyl cellulose in 10% 

MEM was overlaid.  After 4 days at 37˚C, cells were fixed with 10% buffered formalin and 

stained with hematoxylin and eosin.  Plaques were counted and expressed as Log10 PFU/gram of 

lung tissue.  Limit of detection is 1.8 Log10 PFU/gram. For cytokine analysis, supernatants were 

sent to AssayGate (Ijamsville, MD) for multiplex bead-based cytokine arrays. 
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In vivo CD8+T cell Depletion 

Mice were vaccinated with MCMV-M by the IN or IP route. After 16 weeks, they were injected 

IP with 200µg of anti-CD8 Antibody (Clone 4.23) in 200µl total volume for 3 consecutive days.   

On the third day, mice were challenged with 2x106 pfu of RSV IN.  5 days after challenge, the 

left lobe of the lung was harvested for plaque assay. 

Quantitative Real-Time PCR 

Samples were processed as described above for plaque assay.  DNA was extracted from 200µl of 

supernatant using Nucleospin Blood kit (Clonetech, Mountain View, CA) per Manufacturer’s 

instructions.  Real-time qPCR was performed on the MCMV IE1 gene as previously described 

[194]. 

Statistical Analysis 

Statistical analyses were performed using GraphPad Prism using a one-way or two-way ANOVA 

as appropriate for multiple comparisons. 

 

RESULTS 

Vaccination with MCMV-M Induces an Inflationary M-Specific CD8+ T Cell Response 

We evaluated whether vaccination with a recombinant MCMV vector expressing RSV M would 

generate an M-specific CD8+ T cell response in the lungs.  CB6F1 mice were infected with RSV 

IN or vaccinated with MCMV-M IN or IP. Using flow cytometry, we determined the percentage 

of CD8+ T cells that were specific for the DbM187-195 epitope (M-specific) using tetramer staining 

at week 1 and week 6 post-infection in the lungs.  Mice infected with RSV had a peak response 
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of 6.25% (Figure 3.1), which decreased 6 weeks later to 0.84% (p<0.01), consistent with 

memory contraction following acute infection. Mice infected with MCMV-M, however, had an 

M-specific CD8+ T cell response that increased between week 1 and week 6 post-infection, 

consistent with MCMV-driven memory inflation [75].  At 6 weeks post-infection, mice 

vaccinated IN with MCMV-M had significantly more M-specific CD8+ T cells compared to 

those infected with RSV (p<0.0001).  Interestingly, despite being infected with the same dose of 

MCMV-M, mice vaccinated by the IN route had a more than 10-fold higher frequency of M-

specific CD8+ T cells in the lung at 6 weeks post-vaccination compared to mice vaccinated by 

the IP route (22.72% vs 1.98%, p<0.0001).  

IN Vaccination Generates More M-specific CD8+ T Cells in the Lung Parenchyma than IP 

Vaccination 

We hypothesized that intranasal vaccination would generate more tissue-tropic M-specific CD8+ 

T cells in the lung.  We used intravascular staining to determine the location of M-specific CD8+ 

T cells generated by MCMV-M vaccination [190].  Using this method, antibody labels 

leukocytes in the blood supply, but does not have time to penetrate into the tissue, allowing us to 

distinguish between compartments. Mice were vaccinated with MCMV-M by the IN or IP route 

and lungs and spleens harvested and evaluated for CD8+ T cell responses at week 1, 6, 16, and 

24 post-vaccination.  Five minutes prior to sacrifice, mice were intravenously injected with 3 µg 

of anti-CD45 antibody.  Cells that were CD45IV+ were located in the blood and available for 

immediate labeling following IV antibody administration, and cells that were CD45IV- were 

protected from IV antibody labeling and categorized as being in the tissue.  As hypothesized, IN 

vaccination lead to significantly more CD8+ T cells in the lung parenchyma than IP vaccination 
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at week 6, 16 and 24 post-vaccination (Figure 3.2A and Supplementary Figure 3.1A, p<0.0001).  

However, there was no significant difference in the percentages or number of M-specific CD8+ 

T cells in the blood between vaccination groups. In the IN group, both the tissue and the blood 

populations inflated between week 1 and week 6 post-vaccination in percentage, but only the 

increase in the lung tissue reached significance (p<0.0001).  The number of M-specific cells in 

both the tissue and the lung significantly inflated between week 1 and week 6 (Supplementary 

Figure 3.1A, p<0.01). This greater inflation in the tissue led to more M-specific T cells in the 

tissue than in the blood of IN infected mice at weeks 6, 16 and 24 post-vaccination (p<0.01).  In 

the IP group, the number of M-specific cells in the blood increased between week 1 and week 6 

(Supplementary Figure 3.1A, p<0.001), but not in the tissue. 

Next, we evaluated the M-specific CD8+ T cell responses in the secondary lymphoid 

tissue.  The percentage of M-specific CD8+ T cells in the spleen was not significantly different 

between the IN and IP vaccination groups at any time point (Figure 3.2B).  For both groups, 

there was significant inflation of the M-specific CD8+ T cell population from week 1 to week 16 

in the spleen (p<0.01).  These data demonstrate that IN inoculation with MCMV-M leads to a 

robust M-specific CD8+ T cell population in the lung parenchyma that is not generated by the 

typical IP inoculation.  However, the systemic responses in the blood and the spleen are equal in 

frequency and cell number between vaccination groups indicating that the increase in local tissue 

responses by IN vaccination is not at the expense of systemic immunity. 
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IN Vaccination with MCMV-M Induces a Tissue-resident Memory M-specific CD8+ T Cell 

Population that is Absent with IP Vaccination 

Next, we determined whether the tissue-tropic CD8+ T cell population expressed TRM markers 

CD69, an early activation marker, and CD103, an alpha e integrin. At 16-weeks post-vaccination 

with MCMV-M by the IN or IP route, we evaluated expression of the TRM markers CD69 and 

CD103 on M-specific CD8+ T cells identified as being in the lung parenchyma by protection 

from intravascular staining.  We found that 61.8% of M-specific CD8+ T cells in the lung 

parenchyma expressed both CD69 and CD103 in the IN vaccination group, while 0.86% of M-

specific CD8+ T cells expressed both markers in the IP vaccination group (p<0.0001) (Figure 

3.2C).  Next, we determined the number of M-specific CD8+ T cells expressing CD69 and 

CD103 in the lung parenchyma in the mice vaccinated IN and IP with MCMV and mice 

vaccinated with RSV.  Since CD103 is not ubiquitously expressed on TRM, we also determined 

the number of cells that express CD69, but not CD103.  We found nearly 1000-fold more 

CD69+CD103+ and 100-fold more CD69+CD103- M-specific CD8+ T cells in the IN 

vaccination group compared to the IP vaccination group (p<0.0001, Figure 3.2D).  IN 

vaccination with MCMV-M generated significantly more CD69+CD103+ and CD69+CD103- 

M-specific T cells than RSV infection (p<0.0001, Figure 3.2D).  IP vaccination with MCMV-M 

and IN RSV infection elicited similar numbers of both subsets of tissue-resident cells.  These 

data show that M-specific CD8+ TRM cells in the lung are induced by IN vaccination, but not by 

IP vaccination with MCMV-M. 
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IN Vaccination with MCMV-M Augments the M-specific CD8+ T cell Response Through the 

Addition of Effector and Effector Memory Cells in the Lung Parenchyma and Blood 

Inflationary memory cells elicited by MCMV have previously been shown to predominately be 

comprised of KLRG-1+ TEFF, as well as a smaller subset of TEM.   We evaluated the memory 

phenotype of M-specific CD8+ T cells in the tissue and blood of mice vaccinated IN or IP with 

MCMV-M.  At week 1, 6, 16, and 24 post-vaccination, intravascular staining was performed and 

the lungs harvested.  M-specific cells were identified by tetramer staining.  Expression of CD44, 

CD127, KLRG1, and CD62L was determined using flow cytometry.  We categorized the M-

specific CD8+ T cell populations into central memory (CM), effector memory (EM), effector (E) 

and KLRG1+ effectors (KLRG1+).  Populations are defined as follows: All: M+, CD44+; Central 

Memory: CD127+ KLRG-1- CD62L+; Effector Memory: CD127+ KLRG-1- CD62L-; Effectors: 

CD127- KLRG-1- CD62L-; KLRG-1+ Effectors: CD127- CD62L- KLRG-1+.  Overall, IN 

vaccination generated more TEFF and TEM M-specific CD8+ T cells than IP vaccination at week 1 

and week 6 (Figure 3.3A and B, p<0.0001) and week 16 and week 24 (Supplementary Figure 

3.2, p<0.01).  At chronic time points, week 6, 16 and 24, there were similar numbers of TCM and 

KLRG1+ TEFF.   In the tissue, IN vaccination generated more M-specific cells of all phenotypes 

at week 1 through week 16 (p<0.05).  While there were similar numbers of all phenotypes in the 

blood at week 1 post-vaccination, by week 6 (Figure 3.3B) and week 16 (Supplementary Figure 

3.2), there were significantly more TEFF and TEM in the blood of mice vaccinated by the IN route 

compared to the IP route (p<0.0001) and similar numbers of TCM and KLRG1+ Teff.  IP 

vaccination generated more TEFF, TEM, and KLRG1+ TEFF in the spleen than IN vaccination at 1 

week post-vaccination (p<0.01).  However, by subsequent weeks, there were significantly more 
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TEFF and TEM M-specific CD8+ T cells in the spleen in the IN group compared to the IP group 

(p<0.05).  These data indicate that vaccination route influences the CD8+ T cell phenotype not 

only in the blood and tissue of the lung, but also in the secondary lymphoid organs. 

Inoculation into the Lungs is Necessary to Generate Lung-tropic CD8+ T Cells 

Inoculation volume determines how deep into the lung the inoculum is delivered [191-193].  A 

volume of 20 µl will largely remain in the nose; 50 µl will enter the upper respiratory tract and 

100 µl will enter the lower respiratory tract [191].  To determine whether inoculation into the 

lungs is necessary for the development of tissue-tropic CD8+ T cells, we vaccinated mice IN 

with 1.2x105 PFU of MCMV-M in 20 µl, 50 µl, or 100 µl total volume and determined the 

percentage of M-specific CD8+ T cells in the lung tissue and blood at 6 weeks post-vaccination.  

We found that the tissue-tropic population was inoculation-volume dependent and that the 

percentage of M-specific CD8+ T cells in the tissue positively correlates with inoculation 

volume (Figure 3.4A).  Inoculation into the nose (20 µl) was not sufficient to generate a response 

in the lung parenchyma, but both 50 µl and 100 µl volumes induce tissue-tropic responses 

(Figure 3.4A). 

IN Vaccination Leads to Increased MCMV Replication in the Lung 

We hypothesized that by administering MCMV-M by different routes, we were influencing 

where the vector replicates since MCMV can replicate in most tissues.  To test this hypothesis, 

mice were vaccinated with 100µl of MCMV-M by the IN or IP route.  On day 2, 4, 8, 14 and 21 

post-vaccination, mice were sacrificed and lungs, salivary glands, and spleen harvested.  DNA 

was extracted from the organs and viral loads were determined by qPCR of the IE1 gene [194].  

We found that mice vaccinated IN had significantly higher MCMV genome copy numbers in the 



57 
 

lungs at all days measured (Figure 3.4B, p<0.0001).  IP vaccination led to significantly higher 

viral loads in the spleen on day 2, but there was no difference on any other day.  Viral replication 

in the salivary glands was identical for both vaccination groups suggesting similar systemic viral 

replication.  These data demonstrate that route of administration affected the distribution and 

kinetics of MCMV replication.  Since there is more MCMV replication in the lungs of mice 

infected by the IN route, there is likely more antigen presentation in the lungs of these mice 

during acute infection as well as a larger pool of latently MCMV-infected cells in the lung that 

persist after clearance of acute infection.  

IN Vaccination with MCMV-M Leads to an Earlier Anti-viral T Cell Response After RSV 

Challenge 

Based on the dramatic differences in tissue localization and CD8+ T cell memory phenotype, we 

hypothesized that mice vaccinated by the IN route would more readily control virus after RSV 

infection. 16 weeks post-vaccination with MCMV-M or an MCMV control, we challenged mice 

with RSV IN.  On day 5 post-challenge, mice were sacrificed and lungs taken to determine viral 

load by plaque assay.  Mice infected with the control MCMV by either the IN or IP route had 

similar levels of RSV in their lungs as unvaccinated mice.  Vaccination by either route, lead to 

decreased viral loads compared to controls (Figure 3.5A, p<0.0001).  Mice vaccinated IN with 

MCMV-M had 100-fold lower RSV viral loads than mice vaccinated by the IP route (p<0.001).  

To confirm the role of CD8+ T cells in mediating viral clearance, we depleted CD8+ T cells in 

mice that had been vaccinated with MCMV-M by the IN or IP route 16 weeks prior.  Mice were 

injected with anti-CD8 antibody (2.43) on 3 consecutive days.  On day 3, mice were challenged 

with RSV.  On day 5 post-challenge, lungs were harvested and viral load determined by plaque 
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assay.  When CD8+ T cells were depleted, the difference in viral load between the IN and IP 

vaccination group was abrogated, indicating the CD8+ T cell responses were responsible for the 

difference in viral loads between mice vaccinated IN and IP (Figure 3.5B).   

TRM CD8+ T cells have been shown to respond more quickly to antigen upon challenge 

[60].  Thus, we hypothesized that IN vaccination, which generates more TRM cells, would lead to 

earlier anti-viral responses.  In RSV infection of mice, weight loss is often indicative of anti-viral 

T cell responses [152].  Mice in the IN vaccinated group show earlier weight loss than mice in 

the IP vaccination group, suggesting CD8+ T cell responded sooner post-challenge (Figure 

3.5D).  There was no difference in weight loss in mice infected with control MCMV whether 

they were infected IN or IP (Supplementary Figure 3.3).  To determine whether mice vaccinated 

by the IN route had earlier anti-viral responses, we challenged mice that had been vaccinated 

with MCMV-M or control MCMV for 16 weeks.  On day 2 through day 5 post-challenge, we 

harvested lungs and determined viral load by plaque assay and cytokine levels by bead-based 

multiplex assay.  Mice vaccinated by the IN route with MCMV-M had lower viral loads than the 

mice vaccinated by the IP route beginning at day 3 and continuing though day 5 (Figure 3.5C, 

p<0.001).   Mice vaccinated with MCMV-M by the IP route did have significantly lower RSV 

titers 4 and 5 days post-challenge than mice previously vaccinated by a control MCMV by either 

route (p<0.01).  However, the control of viral load was more significant (p<0.0001) and began 

one day earlier for MCMV-M IN immunized mice that those vaccinated with MCMV-M IP.  

Mice vaccinated by the IN route with MCMV-M had peak RSV titers 10-fold lower than mice 

vaccinated by the IP route and nearly 100-fold lower than mice vaccinated with control MCMV 
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by the IN route (p<0.0001).  There was no significant difference in lung RSV titers on any day 

after RSV challenge in mice immunized with MCMV control given IN compared to IP.  

Next, we evaluated cytokine and chemokine levels in the lungs of vaccinated mice after 

RSV challenge.  Mice vaccinated with MCMV-M by the IN route had significantly higher levels 

of interferon gamma (IFNγ) and macrophage inflammatory protein 1 beta (MIP-1β) early in 

infection on day 2 and 3 post-challenge compared to mice vaccinated by the IP route (Figure 

3.5E and 3.5F, p<0.001).  Cytokine and chemokine levels decreased by day 4 and 5 

corresponding with the decrease in viral load.  In mice vaccinated with MCMV-M IP, peak 

levels of IFNγ and MIP-1β occurred one day later on day 4.  Mice vaccinated with the control 

MCMV did not begin to have increased IFNγ and MIP-1β levels until day 5, and there was no 

significance difference between IN and IP vaccination on any day. These data suggest that the 

TRM population generated by IN vaccination mediates better viral control through earlier anti-

viral responses including the production of selected cytokines and chemokines. 

 

DISCUSSION 

In this study, we show that IN administration of a MCMV vector expressing an RSV 

antigen M, generates a durable, robust M-specific CD8+ T cell response.  IN vaccination 

generates more TRM CD8+ T cells in the lung parenchyma than IP vaccination.  This is likely 

driven by increased antigen expression in the lung due to increased viral replication at this site.  

These tissue resident CD8+ T cells lead to early anti-viral responses mediating earlier viral 

clearance.   
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Here we show that local, rather than systemic delivery of a viral antigen, leads to the 

generation of tissue-resident CD8+ T cells in lung.  Pulmonary inoculation has previously been 

shown to be necessary for the generation of TRM in the lung using both LCMV and influenza 

models [195, 196].  Similar requirements have also been seen in other mucosal tissues, 

particularly the female genital tract and intestine [161, 197, 198].  IP vaccination with MCMV-M 

generated an M-specific CD8+ T cell population that was primarily located in the blood supply 

consistent with previously published data showing IP administration of MCMV generates a non-

perfusable CD8+ T cell population in the blood supply of the lungs, kidneys, and liver [109].  

Although located in blood, recent findings suggest that some antigen-specific cells in the 

marginating pool may also remain resident [53]. Enhanced local immunity did not occur at the 

expense of systemic immunity since equivalent numbers of M-specific CD8+ T cells were 

located in the spleen after IP or IN vaccination.  

Tissue-resident cells are located in the tissue where they are poised to respond quickly to 

antigen re-exposure and have been shown to act as immune system sentinels through rapid 

production of IFNγ and chemokines [188, 199].  Consistent with these findings, we have 

demonstrated that IN vaccination with MCMV-M, which elicited robust TRM cells, led to higher 

levels of IFNγ and MIP1β in the lungs of mice at earlier time points post-challenge, compared to 

mice vaccinated with MCMV-M by the IP route.  In addition, IN vaccination mediated earlier 

viral clearance and lower peak viral titers, supporting the role of TRM in mediating early immune 

responses and pathogen control.  

In addition to the localization of the antigen-specific CD8+ T cell population, vaccination 

route affected the memory phenotype of antigen-specific CD8+ T cells generated by the MCMV 
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vector.  When we administered MCMV via the typical IP route, the M-specific CD8+ T cell 

population was predominantly KLRG1+ TEFF.  These findings are consistent with previously 

published data which show that inflationary memory populations are mainly derived from a pool 

of short-lived KLRG1+ TEFF that is constantly replenished [109].  However, when we administer 

the same vector by the intranasal route, there is a significant shift in the phenotype of cells 

elicited to the same epitope.  While there are similar numbers of KLRG1+ TEFF and TCM, IN 

vaccination generated much larger populations of effector and effector memory cells, which 

were the predominant phenotype in both the tissue and blood of IN vaccinated mice.  The IN 

administration of the MCMV not only effects the character of the immune response in the lung, 

but also in the blood and spleen.  These populations may possess a better capacity to respond to 

antigen re-exposure or longer lifespans since they do not express KLRG1. These data emphasize 

the critical role of the local environment of antigen-presentation in the character of the immune 

response. 

Recently, Steinert et al, have elegantly shown that isolation of cells from the tissue is 

biased based on the phenotype and location of the CD8+ T cell [53].  Since our data is a 

comparison between two different vaccination routes and all samples were treated identically, 

and while we potentially underestimate the number of epitope-specific cells, our methodology is 

a fair assessment of the differences generated by different routes of vaccination. Additionally, 

flow cytometry allowed us to evaluate more parameters than possible with microscopy and 

allowed us to probe differences in memory phenotype which may have been missed by 

microscopy. Although we identified CD69+CD103+ cells as being tissue resident, these data 

also suggest that most of the M-specific CD8+ T cells in the tissue are likely resident regardless 



62 
 

of expression of CD103 and CD69.  Furthermore, these data suggest that the M-specific CD8+ T 

cells that express CD69 but are identified as being in the blood may also remain resident in the 

lung vasculature. 

 While most vaccination schedules require multiple doses of a vaccine or separate 

prime/boost constructs to evade anti-vector immunity, CMV vectors encoding inflationary 

epitopes may require only a single dose to generate robust, durable protection.  OVA-specific 

TRM induced by flu infection have been shown to wane over time [195].  The use of CMV 

vectors encoding inflationary epitopes could overcome this problem.  Here we show that a single 

IN vaccination of MCMV-M generates long-lived tissue-resident memory population that is 

absent in IP vaccination and RSV infection.  Unlike CD8+ T cells specific for HIV or LCMV Cl-

13, CD8+ T cells elicited by CMV retain their function and protect in vivo rather than assume an 

exhausted phenotype [78, 79, 101].  Another advantage of CMV vectors is that the persistent 

antigen expression leads to the generation of Teff and TEM CD8+ T cells which are more quickly 

able to respond to antigen compared to TCM which are typically generated by acute vectors. 

Local delivery of a persistent MCMV vector results in a high magnitude of TRM effector 

CD8+ T cells with a single dose. Elicitation of TRM effector CD8+ T cells is important for 

vaccination against infectious diseases that are dependent on T cell-mediated clearance for 

protection such as tuberculosis, malaria, and HIV as well as other pathogens.  
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FIGURES 

 

 

Figure 3.1.  MCMV-M generates an M-specific CD8+T cell population that inflates over 

time. 

Mice were infected with 2x106 PFU RSV by the intranasal (IN) route or 6x105 PFU MCMV-M 

by the IN or intraperitoneal (IP) route. At week 1 (W1) and week 6 (W6) post-infection, the 

percentage of M-specific CD8+ T cells in the lungs were determined using tetramer staining and 

flow cytometry. Bars represent mean ± SEM with 5 mice per group. Statistics by 2-way ANOVA 

and Tukey’s multiple comparison test.  **** p≤0.0001, **p<0.01.  Data representative of two 

independent experiments.   
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Figure 3.2. IN vaccination generates more M-specific CD8+T cells in the lung parenchyma 

than IP vaccination. 

At 1 (W1), 6 (W6), 16 (W16), and 24 (W24) weeks post-vaccination with MCMV-M by the IN 

or IP route, mice were injected IV with anti-CD45 antibody for 5 minutes prior to sacrifice to 

identify cells in the blood (black) or tissue (grey). Lungs and spleens were harvested and M-

specific CD8+T cells identified by tetramer staining and flow cytometry. Data are representative 

of two independent experiments.  A and B) Percentage of M-specific CD8+T cells in the tissue 

and blood of the lungs (A) and spleen (B). C) Expression of CD69 and CD103 on M-specific 
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CD8+T cells in the lung tissue at 16 weeks post-vaccination. The percentage of CD8+T cells in 

each quadrant is indicated in each plot. Flow cytometry profiles representative of two 

independent experiments are shown. D) Total number of tissue-resident (CD69+CD103+) and 

CD69+ M-specific T cells in the lung tissue at 16 weeks post-vaccination with MCMV-M or 

infection with RSV. Statistical significance was determined by 2way ANOVA and Tukey’s 

multiple comparison test. **** p≤0.0001.  Bars represent mean ± SEM with 5 mice per group. 

Data are representative of two independent experiments. 
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Figure 3.3. IN vaccination with MCMV-M augments the M-specific CD8+T cell response 

through the addition of effector and effector memory cells in the lung parenchyma and 

blood. 

Memory phenotype of M-specific CD8+T cells in the lung at week 1 (W1) and 6 (W6) post-

vaccination with MCMV-M.  Localization was determined by intravascular staining where anti-

CD45 antibody was injected IV 5 minutes prior to euthanasia. A) Total number of central 

memory (CM), effector memory (EM), effectors (E) and KLRG1+ effectors (KLRG1+) in the 

lung at week 1 post-vaccination.  B) Total number of CM, EM, E and KLRG1+ cells of total M-

specific CD8+ T cells in the lung at week 6 post-vaccination.  Bars represent mean ± SEM with 

5 mice per group. Data are representative of two independent experiments.  Statistical 

significance determined by 2-way ANOVA and Tukey’s multiple comparison test.  **** 

p≤0.0001, *** p<0.001 ,**p<0.01, *p<0.05. 
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Figure 3.4. Large volume IN vaccination leads to increased replication in the lung and is 

necessary for generation of tissue-tropic M-specific CD8+ T cells. 

A) Mice were vaccinated IN with 1.2x105 PFU MCMV-M in 20, 50, or 100µl total volume and 

percentages of M-specific CD8+T cells in the lung at 6 weeks post-vaccination determined by 

tetramer staining and flow cytometry. Bars represent mean ± SEM with 5 mice per group. B) 

Quantification of MCMV genome copy number by qPCR in the lung, spleen, and salivary glands 

of mice infected IN or IP with 6x105 PFU of MCMV-M in 100µl. Error bars represent SEM.  

Dotted line indicates lowest limit of quantification. ****p<0.0001, ***p<0.001 by 2-way 

ANOVA and Tukey’s multiple comparison test. 
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Figure 3.5. IN vaccination with MCMV-M leads to earlier anti-viral responses compared to 

IP vaccination. 

Mice were challenged with 2x106 PFU RSV 16 weeks after vaccination with MCMV, MCMV-M 

or nothing.  On days 2-5 post infection, mice were sacrificed and lungs harvested for plaque 

assay and cytokine analysis.  A) Viral loads on day 5 post-infection determined by plaque assay.  
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Dashed line indicates limit of detection. B) Viral loads on day 5 post-infection, after CD8+ T 

cells were depleted in mice through administration of an anti-CD8 antibody for 3 days. NS=not 

significant C) RSV titers after RSV challenge of mice vaccinated with MCMV-M for 16 weeks 

prior to challenge determined by plaque assay. Dashed line indicates limit of detection. Error 

bars indicated SEM. * indicates significant difference between MCMV-M IN and MCMV-M IP. 

D) Weight loss following RSV challenge of mice vaccinated with MCMV-M.  E &F) 

Concentration of IFNγ (E) and MIP-1β (F) in lungs of MCMV-M vaccinated mice on days 2-5 

after RSV challenge determined by bead-based cytokine array. * indicates significant difference 

between MCMV-M IN and MCMV-M IP.  ****p<0.0001, ***p<0.001 by one-way ANOVA 

and Tukey’s multiple comparison test. 
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Supplementary Figure 3.S1. IN vaccination generates more M-specific CD8+T cells in the 

lung parenchyma than IP vaccination. 

At 1 (W1), 6 (W6), 16 (W16), and 24 (W24) weeks post-vaccination with MCMV-M by the IN 

or IP route, mice were injected IV with anti-CD45 antibody for 5 minutes prior to sacrifice to 

identify cells in the blood (black) or tissue (grey). Lungs and spleens were harvested and M-

specific CD8+T cells identified by tetramer staining and flow cytometry. Data are representative 

of two independent experiments.  A and B) Number of M-specific CD8+T cells in the tissue and 

blood of the lungs (A) and spleen (B). Bars represent mean ± SEM with 5 mice per group. Data 

are representative of two independent experiments. ****p<0.0001, *p<0.05 by 2-way ANOVA 

and Tukey’s multiple comparison test. 
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Supplementary Figure 3.S2. IN vaccination with MCMV-M augments the M-specific 

CD8+T cell response through the addition of effector and effector memory cells in the lung 

parenchyma and blood at chronic time points. 

Memory phenotype of M-specific CD8+T cells in the lung at week 16 and week 24 post-

vaccination with MCMV-M.  Localization was determined by intravascular staining where anti-

CD45 antibody was injected IV 5 minutes prior to euthanasia. A) Total number of central 

memory (CM), effector memory (EM), effectors (E) and KLRG1+ effectors (KLRG1+) in the 

lung at week 1 post-vaccination.  B) Total number of CM, EM, E and KLRG1+ cells of total M-

specific CD8+ T cells in the lung at week 6 post-vaccination.  Bars represent mean ± SEM with 

5 mice per group. Data are representative of two independent experiments.  Statistical 

significance determined by 2-way ANOVA and Tukey’s multiple comparison test.  **** 

p≤0.0001, *** p<0.001, **p<0.01, *p<0.05. 
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Supplementary Figure 3.S3. Weight loss after RSV challenge of Control Groups. 

Mice were challenged with 2x106 PFU RSV 16 weeks after vaccination with MCMV IN or IP, or 

unvaccinated and weight loss measured for 3 weeks post-challenge.  
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CHAPTER 4 - Intranasal co-administration of MCMV encoding inflationary 

and conventional epitopes 
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INTRODUCTION 

Murine cytomegalovirus (MCMV) infection generates two distinct memory CD8+ T cell 

populations: conventional and inflationary.  During acute infection, there is an initial expansion 

of CD8+ T cell populations, which is followed by a contraction phase. Following the contraction 

phase, conventional CD8+ T cell responses maintain a low-level stable memory population.  In 

contrast, inflationary memory populations, which may not predominate during acute infection, 

continue to amass throughout chronic infection forming large populations of effector memory 

CD8+ T cells.  This property of CMV can be exploited for vaccination purposes.  However, the 

ability to predict whether an epitope will be conventional or inflationary remains elusive. 

There are a number of factors that influence whether an epitope will be inflationary or 

conventional.  First, the epitope must be transcribed during latency in order to be presented by 

latently infected cells.  Thus location within the genome is an important factor in inflationary 

memory [120].  Second, the epitope must be able to be processed by constitutive proteasomes 

since presentation is done by non-hematopoietic cells which lack immunoproteasomes [110].   In 

addition to these two major factors, there is evidence that there are additional requirements for 

inflation of a T cell population. High avidity TCR clones have been demonstrated to be selected 

for inflation shortly after acute MCMV infection [109, 112, 113].  The selection of high avidity 

T cell clones for inflation is also consistent with what is observed in human CMV infection [114-

116].  Additional factors such as the requirement of co-stimulatory molecules and CD4+ T cell 

help as well as other factors not yet elucidated may contribute to memory inflation [81, 118, 119, 

200, 201].  Since memory inflation is difficult to predict even in well-defined mouse models, the 
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study of MCMV vectors containing both inflationary and conventional epitopes will provide 

knowledge that impacts future vaccine design. 

Infection of CB6F1 mice with respiratory syncytial virus (RSV) leads to a reproducible 

CD8+ T cell response hierarchy with an immunodominant response to an epitope within the M2 

protein (KdM282-90) and a subdominant response to an epitope within the M protein (DbM187-195) 

[158].  We have characterized these epitope-specific CD8+ T cell responses in acute infection 

and found that M-specific CD8+ T cells have a higher avidity T cell receptor, are more efficient 

killers of virally infected targets, and have higher percentages of cytokine secreting cells than 

their M2-specific counterparts [153, 183].  Additionally, M-specific CD8+ T cells have been 

shown to regulate the magnitude of the otherwise numerically dominant M2-specific CD8+ T 

cell response, and mitigate immunopathology driven by the M2-specific response [153].   

We have previously shown that intranasal (IN) vaccination with an MCMV vector 

expressing the M protein of RSV (MCMV-M) generates a robust M-specific tissue-resident 

memory CD8+ T cell population with an effector/effector memory phenotype which mediates 

early viral control compared to vaccination with control MCMV or MCMV-M inoculated by the 

IP route.  Here, we characterized the M2-specific CD8+ T cell response to IN vaccination with 

an MCMV vector expressing the M2 protein of RSV (MCMV-M2).   Additionally, we compared 

the M-specific and M2-specific CD8+ T cells elicited by IN co-administration of MCMV-M and 

MCMV-M2.  In contrast to the M-specific response, the M2-specific CD8+ T cell population is 

non-inflationary.  While M2-specific tissue-resident memory CD8+ T cells are initially elicited 

by vaccination, this population wanes over times in contrast to the inflationary M-specific CD8+ 

T cell population which is maintained through 16 weeks post-vaccination.  Co-administration of 
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MCMV-M and MCMV-M2 diminished the M2-specific response during the acute phase of 

infection, but had no impact of the magnitude of the conventional M2-specific T cell population 

or the inflationary M-specific response at later time points during chronic infection.   

METHODS 

Mice 

Age-matched 6-10 weeks old female CB6F1/J mice (Jackson Laboratories Bar Harbor, ME) 

were used for all experiments. Mice were housed in our animal care facility at the National 

Institute of Allergy and Infectious Diseases under specific-pathogen-free conditions and 

maintained on standard rodent chow and water supplied ad libitum.  All studies were reviewed 

and approved by the NIH Animal Care and Use Committee. 

Cell Lines 

CB6F1 MEFs were isolated as described in Chapter 2.  MEFs were cultured in Advanced 

DMEM (Invitrogen) containing 10% FBS, 2mM glutamine, 10U/ml penicillin and 10µg/ml 

streptomycin+ 0.1M HEPES.  HEp2 cells were grown in Eagle’s minimal essential medium with 

10% FBS with 2mM glutamine, 10U/ml penicillin G, 10µg/ml streptomycin sulfate, and 0.1M 

HEPES. 

Viruses and Infection 

Recombinant MCMV viruses were made using a bacterial artificial chromosome (BAC) system 

previously described [132].  Briefly, the RSV M  and M2 proteins were inserted into the IE2 

gene of the K181Δm157 strain of murine CMV using two-step allele replacement.  BACs were 

extracted from E.coli using Macherey-Nagel NuceolBond Xtra Maxi Prep kit (Clontech, 
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Mountain View, CA) according to the manufacturers instructions.  MEF were transfected with 

the recombinant BACs by calcium phosphate precipitation (Clontech) which has been previously 

described [132].   Viruses were passaged and single plaques isolated by serial dilution.  Single 

plaques were selected based on excision of the BAC cassette by loss of GFP and confirmed by 

PCR.  Viral stocks were made by sonication of infected MEF cells and plaque assays performed 

on CB6F1 MEF in triplicate.  Mice were vaccinated intranasally with 3x105 PFU of recombinant 

MCMV-M and/or MCMV-M2 viruses in 100µl of 10% DMEM following anesthetization with 

isoflurane (3%).  For RSV challenge, RSV stocks were generated from the A2 strain of RSV by 

sonication of infected HEp-2 monolayers as previously described [191].  Mice were challenged 

with 2x106 PFU of RSV internasally in 100µl of 10% MEM following anesthesia with isoflurane 

(3%).  All mice were euthanized by administration of overdose of pentobarbital (250mg/kg). 

Intravascular Staining and Flow Cytometry 

For intravascular staining, mice were injected IV with 3µg of anti-CD45 antibody (BD 

Biosciences, San Jose, CA).   5 minutes following intravascular staining, mice were euthanized 

by overdose of pentobarbital (250mg/kg). Following euthanasia, lungs, and spleen were 

harvested at the indicated time points.  Lymphocytes were isolated by physical disruption of 

tissue using a GentleMACs machine (Miltenyi Biotec, San Diego, CA) followed by separation of 

lymphocytes using Fico-LITE density gradient.  Isolated mononuclear cells were washed with 

PBS and resuspended in FACS staining buffer (PBS+ 1%FBS+0.05% sodium azide).  Cells were 

stained with fluorochrome-labeled antibodies for linage markers CD3 (145-2C11) and CD8 (53-

6.7) (BD Biosciences) and memory markers: CD44 (IM7), CD62L (MEL-14), CD127 (A7R34), 

KLRG1 (2F1/KLRG1), CD69 (H1.2F3) and CD103 (M290) from BD Biosciences or Biolegend 
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(San Diego, CA).  A viability dye, AquaBlue Amino stain (Invitrogen) was used to exclude dead 

cells.  T cell receptor specificity was determined using tetramer containing the RSV M epitope, 

DbM187-195 (MBL, Woburn, MA) or RSV M2 epitope KdM282-90 (MBL, Woburn, MA). All 

samples were stained with tetramer and antibody cocktail for 20 min. at 4˚C and run on an LSR 

II (Becton Dickinson, San Jose, CA) and analyzed using FLowJo software (TreeStar, San Carlos, 

CA). 

Intracellular Cytokine Staining 

At 16 weeks after vaccination with a combination of MCMV-M and MCMV-M2, intravascular 

staining was preformed to differentiate between CD8+ T cells in the blood and tissue.  Mice 

were sacrificed, lungs harvested and lymphocytes isolated as described above.  To stimulate 

cytokine secretion, lymphocytes were incubated for 3 hours with 1µM M187-195 peptide or M282-90 

peptide.  Stimulation with no peptide or Cell Stimulation Cocktail (eBiosciences, San Diego, 

CA) containing PMA and Ionomycin was also included as a negative and positive control, 

respectively.  During the incubation, Cell Transport Inhibitor (eBiosciences) containing 

monensin and brefeldin was added to prevent transport of cytokines through the endoplasmic 

reticulum and golgi, respectively.  After incubation, cells were fixed and intracellular cytokine 

staining was performed using BD Cytofix/Cytoperm Fixation/Permeabilization Solution kit per 

manufacturer’s instructions for IFNγ (XMG1.2) and TNFα (MP6-XT22) from BD Biosciences 

or Biolegend.  Samples were analyzed on an LSR II (Becton Dickinson, San Jose, CA) and data 

were analyzed using FLowJo software (TreeStar, San Carlos, CA). 
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Plaque Assay and Cytokine Analysis 

Mouse lungs were harvested, weighed, and quick frozen in 10% MEM and plaque assays 

performed as previously described [205].  After freeze/thaw, lung tissue was dissociated using 

the GentleMACs machine (Miltenyi).  Cell suspensions were pelleted to remove cellular debris.  

Supernatants were serially diluted and inoculated on 80% confluent HEp2 cell monolayers in 

triplicate.  Following a 1 hour incubation, a 1% methyl cellulose in 10% MEM was overlaid.  

After a 4 day incubation, cells were fixed with 10% buffered formalin and stained with 

hematoxylin and eosin.  Plaques were counted and expressed as Log10 PFU/gram of lung tissue.  

Limit of detection is 1.8 Log10 PFU/gram. For cytokine analysis, supernatants were sent to 

AssayGate (Ijamsville, MD) for multiplex bead-based cytokine arrays. 

Statistical Analysis 

For pie charts displaying memory phenotype, statistics were determined by permutation test with 

10,000 permutations using SPICE. For all other experiments, statistical analyses were performed 

using GraphPad Prism using a one-way or two-way ANOVA as appropriate for multiple 

comparisons.  

 

RESULTS 

Intranasal Vaccination with MCMV-M2 Elicits More M2-specific CD8+ T Cells in the Tissue 

than Tntraperitoneal Vaccination 

 In the previous chapter, we demonstrated that IN vaccination with MCMV-M elicited 

more M-specific CD8+ T cells in the lung parenchyma than intraperitoneal (IP) vaccination.  We 

hypothesized that IN vaccination with MCMV-M2 would also elicit more M2-specific CD8+ T 
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cells in the lung tissue.   To test this hypothesis, we vaccinated mice with MCMV-M2 by the IN 

or IP route and analyzed the M2-specific CD8+ T cell responses in the lung 1 week later.  We 

used intravascular staining to determine whether the CD8+ T cells generated by vaccination were 

in the tissue or the blood.  Antigen specificity was determined using tetramers consisting of the 

RSV epitope KdM282-90.  We found that IN vaccination led to significantly more M2-specific 

CD8+ T cells in the tissue than IP vaccination (Figure 4.1, p<0.01).  Interestingly, IP vaccination 

generated overall more M2-specific CD8+ T cells (p<0.05) and significantly more M2-specific 

CD8+ T cells in the blood (p<0.0001).  Since we previously demonstrated that M-specific CD8+ 

T cells in the lung were important for early viral clearance after RSV challenge, intranasal 

vaccinations were used for all other experiments. 

The M-specific CD8+ T Cell Population Inflates, While the M2-specific T Cell Population 

Contracts after MCMV Vaccination 

We evaluated CD8+ T cell responses following IN administration of MCMV-M, 

MCMV-M2 and a combination of MCMV-M and MCMV-M2 at weeks 1, 8, and 16 post-

vaccination using flow cytometry.  Antigen specificity was determined using tetramers 

containing RSV epitopes, DbM187-195 (M-specific), and KdM282-90 (M2-specific).  We used 

intravascular staining to determine whether the CD8+ T cells generated by vaccination were in 

the tissue or the blood.  Whether administered alone or in combination with MCMV-M2, 

MCMV-M generated an M-specific CD8+ T cell population which inflated between week 1 and 

week 8 (p<0.0001) and remained steady through week 16 (Figure 4.2 A).  The same trend is seen 

in both the tissue and the blood for the M-specific CD8+ T cell population (Figure 4.2 B and C, 

p<0.0001).  In contrast, M2-specific CD8+ T cells in both the tissue and blood contracted over 
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time (Figure 4.2B and C, p<0.0001).  This trend was consistent whether the vector was given 

alone or in combination with MCMV-M. Following acute RSV infection, which only generates 

conventional memory cells, both the M-specific and M2-specific populations drastically 

contracted between weeks 1 and 8 in both the tissue and the blood (Figure 4.2 D-F, p<0.001). In 

the context of MCMV infection, the M-specific population is inflationary, while the M2-specific 

CD8+ T cell population is conventional and followed the same contraction pattern as M-specific 

and M2-specific cells during acute RSV infection. 

Next, we evaluated the impact of co-administration of MCMV-M and MCMV-M2 on 

CD8+ T cell responses.  At week 1 post-vaccination, co-administration of MCMV-M and 

MCMV-M2 elicited the same epitope hierarchy seen in RSV infection with the M2-specific 

CD8+ T cell response immunodominant over the M-specific response, although the overall 

magnitude of both responses was diminished (Figure 4.2A and B).  At week 8 and 16, this 

hierarchy was inverted with the M-specific CD8+ T cell response immunodominant over the 

M2-specific response due to inflation of the M-specific population and contraction of the M2-

specific population.   Co-administration of MCMV-M and MCMV-M2 did not affect the 

percentages of M-specific CD8+ T cells at any time point.  However, co-administration did 

affect the overall magnitude of the M2-specific response at week 1 (Figure 4.2A, p<0.01), but 

not at week 8 and 16 (Figure 4.2A).  Co-administration had differential effects on the M2-

specific response in the tissue and the blood, with no significant impact in the tissue (Figure 

4.2B), but a significantly lower percentage in the blood at week 1 and week 8 (Figure 4.2C, 

p<0.01).  Co-administration of the MCMV-M and MCMV-M2 vectors impacts the number of 
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M2-specific CD8+ T cells at early time points, but the levels even out by week 16 and the M-

specific population is not effected by co-administration. 

IN Vaccination with MCMV Vectors Venerates TRM CD8+ T Cells 

We have previously shown that IN vaccination with MCMV-M generates a robust 

population of TRM.  In this study, we determined the number of M-specific and M2-specific TRM 

in the lung parenchyma based on double expression of CD69 and CD103 when MCMV-M and 

MCMV-M2 were administered separately or in combination.  When presented in MCMV 

vectors, a higher percentage of M-specific CD8+ T cells co-expressed CD69 and CD103 than 

M2-specific cells at week 8 (75.6% vs 21.86% p<0.0001).  This higher percentage and number 

of M-specific CD8+ T cells led to significantly more M-specific TRM cells than M2-specific TRM 

cells in the lung at both week 8 and week 16 (Figure 4.3B, p<0.0001).  In contrast, when these 

epitopes are presented during RSV infection, there was no significant difference in the 

percentage or number of TRM in the M-specific and M2-specific populations (Figure 4.3C).  

Combining the MCMV vectors did not significantly impact the number of M-specific or M2-

specific TRM.  While the M-specific population was maintained between weeks 8 and 16, there 

was a significant decrease in the number of M2-specific TRM when administered separately 

(p<0.01) or combined with MCMV-M (p<0.0001). In RSV infection, both the M-specific and 

M2-specific TRM population significantly decreased over time (Figure 4.3C, p<0.001).  MCMV 

vaccination generated significantly more M-specific CD8+ TRM than RSV infection, but similar 

numbers of M2-specific TRM.  These data show that inflation of M-specific CD8+ population 

elicited by the MCMV vector led to a large percentage and number of TRM cells that were 

maintained over time; this same population is not elicited by RSV infection.  However, the 
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conventional M2-specific CD8+ T cell population has similar numbers of TRM regardless of 

whether the epitope was expressed by MCMV or RSV.  

M-specific and M2-specific CD8+ T Cells have Different Phenotypes in the Tissue and Blood 

at Week 8 Post-vaccination 

IN vaccination with MCMV-M induces a CD8+ T cell population with predominantly 

effector and effector memory phenotypes. Inflationary and conventional epitopes have 

previously been shown to have different phenotypes using IP vaccination [75].  Inflationary 

memory cells have more of an effector phenotype while conventional T cell responses have a 

more central memory phenotype. We analyzed the phenotype of the CD8+ T cells elicited by 

MCMV-M2 vaccination and co-administration of MCMV-M and MCMV-M2 at 8 weeks post-

vaccination.  We categorized the RSV-specific CD8+ T cell populations into central memory 

(CM), effector memory (EM), effector (E) and KLRG1+ Effectors (KLRG1+).  Populations were 

defined as follows: All: Tetramer+, CD44+; Central Memory: CD127+ KLRG1- CD62L+; 

Effector Memory: CD127+ KLRG1- CD62L-; Effectors: CD127- KLRG1- CD62L-; KLRG1+ 

Effectors: CD127- CD62L- KLRG1+.  Overall, there was no difference in phenotype whether the 

MCMV vectors were administered alone or in combination, suggesting that the phenotype is 

intrinsic to the T cell population (Figure 4.4A).  For both the M-specific and M2-specific CD8+ 

T cells, there are distinct phenotypic patterns that differ between the tissue and the blood.  In the 

blood, there are higher proportions of KLRG1+ effectors (yellow) and central memory cells 

(blue) and smaller fraction of effector memory (green) than in the tissue (p<0.05).  A comparison 

of the M-specific and M2-specific CD8+ T cells in the blood and tissue shows that the antigen-

specific populations are comprised of different proportions of phenotypes (Figure 4.4A, p<0.05).  
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In the blood, the M2-specific CD8+ T cells had larger populations of central memory (blue) and 

KLRG1+ effectors (yellow) and smaller fractions of effector (orange) and effector memory 

(green) cells than the M-specific CD8+ T cell population.  Although statistically significant, the 

differences between the M-specific and M2-specific CD8+ T cell population are subtler in the 

tissue.   

M-specific CD8+ T Cells are More Polyfunctional than M2-specific CD8+ T Cells Generated 

by MCMV Vaccination 

Polyfunctional CD8+ T cells, i.e. cells that secrete multiple cytokines or chemokines or have 

cytolytic function, have been shown to be protective against many pathogens [202-204].  We 

evaluated the ability of M-specific and M2-specific CD8+ T cells to secrete interferon gamma 

(IFNγ) and tumor necrosis factor alpha (TNFα) by intracellular cytokine staining.  Sixteen weeks 

after vaccination with a combination of MCMV-M and MCMV-M2, intravascular staining was 

performed to differentiate between CD8+ T cells in the blood and tissue.  Mice were sacrificed, 

lungs harvested and lymphocytes isolated.  To stimulate cytokine secretion, lymphocytes were 

incubated for 3 hours with 1µM of M or M2 peptide and monensin and brefeldin to stop 

transport of cytokines through the endoplasmic reticulum and golgi respectively.  After 

incubation, cells were fixed and stained intracellularly for IFNγ and TNFα.  The ratio of CD45- 

to CD45+ CD8+ T cells was not altered due to internalization of CD45 during stimulation 

(Supplementary Figure 4.S1).  Consistent with the tetramer staining measured previously, we 

found that overall a larger percentage of CD8+ T cells were specific for the M epitope compared 

to the M2 epitope (p<0.01).  This was particularly evident in the tissue where 12.1% of the 

CD8+ T cells secreted cytokines when stimulated with M peptide and only 0.78% of CD8+ T 
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cells secreted cytokines when stimulated with M2 peptide (Figure, 4.4B, p<0.001).  Next, we 

determined whether location of the antigen -specific cells in the tissue or blood affected the 

proportion of cells that were polyfunctional (TNFα+IFNγ+).  We normalized the fraction of 

IFNγ+, TNFα+ and TNFα+IFNγ+ in each location by dividing these percentages by the total 

percentage of cytokine secreting cells in that location.  Location of M-specific or M2-specific 

CD8+ T cells did not impact the percentages of single-positive or double-positive cytokine-

secreting cells (Figure 4.4C).  More M-specific CD8+ T cells were polyfunctional, secreting both 

TNFα and IFNγ, than M2-specific CD8+ T cells (p<0.01).  These findings are consistent with 

previous observations from RSV infection demonstrating that M-specific CD8+ T cells are more 

polyfunctional than M2-specific CD8+ T cells [153]. 

Vaccination with MCMV Expressing RSV Antigens Results in Decreased Viral Loads 

Following RSV Challenge 

Next, we evaluated how vaccination with MCMV-M, MCMV-M2 or the two combined 

(MCMV-M+M2) would affect viral load after RSV challenge.  At 16 weeks post-vaccination, 

mice were challenged with 2x106 PFU of RSV IN.  All vaccinations led to significantly reduced 

viral loads compared to mice vaccinated with a control MCMV (Figure 4.5A, p<0.0001).  

Vaccination with MCMV-M led to a significant 30-fold greater reduction in viral load than 

vaccination with MCMV-M2 (p<0.0001).  Although both MCMV-M and MCMV-M2 led to 

decreased viral loads after RSV challenge, the combination of the two did not reduce viral loads 

further than MCMV-M alone (Figure 4.5A).   

We have previously demonstrated that mice vaccinated with MCMV-M have early CD8+ 

T cell responses due to the generation of TRM.  One indicator of these early responses was weight 
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loss since CD8+ T cell responses have been demonstrated to contribute to weight loss in mice 

after RSV infection [152].  Mice infected with MCMV-M alone or in combination with MCMV-

M2 began to lose weight on day 1 with significant weight loss compared to control MCMV 

infected mice on day 3 and day 4 (Figure 4.5B, p<0.01).  Mice infected with MCMV-M2 only 

did not have significant weight loss compared to control MCMV until day 4 (p<0.001) 

suggesting delayed CD8+ T cell responses compared to the MCMV-M and MCMV-M+M2 

groups.  There was no significant difference in recovery between any of the groups.   

 In the previous chapter, we showed that mice vaccinated with MCMV-M IN had earlier 

viral clearance and IFNγ and MIP-1β secretion compared to mice vaccinated IP.  With the earlier 

viral clearance, the IFNγ and MIP-1β levels in the lungs on day 5 post-challenge were lower in 

MCMV-M IN vaccinated mice than mice that had later responses.  Here, we compared the 

cytokine levels on day 5 post-challenge between mice vaccinated with MCMV-M, MCMV-M2, 

the two combined (MCMV-M+M2) or a control MCMV (Figure 4.5C and 4.5D).  We found 

mice that were vaccinated with MCMV-M and MCMV-M+M2 had lower levels of IFNγ in the 

lung at day 5 post-challenge compared to MCMV-M2; however, this trend was not significant.   

Mice vaccinated with MCMV-M had significantly lower levels of MIP-1β in their lungs than 

mice vaccinated with MCMV-M2 or MCMV-M+M2 (p<0.05).  The MCMV-M+M2 group had 

an intermediate level of MIP-1β in the lung compared to MCMV-M and MCMV-M2.  Earlier 

weight loss and lower IFNγ and MIP-1β lung levels on day 5 suggest that vaccination with 

MCMV-M alone or in combination with MCMV-M2 led to early CD8+ T cell responses.  Mice 

infected with MCMV-M2 alone, that do not have sustained TRM populations, did not appear to 

have early CD8+ T cell responses in the first few days following RSV infection, but do respond 
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earlier than control MCMV vaccinated mice.   However, cytokine levels and viral loads in the 

lung need to be determined at an earlier time point to confirm that the MCMV-M and MCMV-

M+M2 groups have earlier T cell responses than mice vaccinated with MCMV-M2.  

 

DISCUSSION 

 IN vaccination with a MCMV-M has been shown to generate a long-lived robust tissue-

resident memory CD8+ T cell population in the lung.  Here, we expand upon these findings by 

evaluating responses to the M2 epitope of RSV in the context of MCMV vaccination.  We found 

that that the CD8+ T cell response to M2 is conventional, and does not establish a stable tissue-

resident memory CD8+ T cell population.  Vaccination with MCMV-M, which generated an 

inflationary memory population, led to better viral control after RSV challenge compared to 

vaccination with MCMV-M2, which generated a conventional memory population.  

Additionally, we found that co-administration of MCMV-M and MCMV-M2 did not 

significantly impact the magnitude of response, phenotype, or generation of TRM of the M-

specific CD8+ T cell population or the phenotype or generation of TRM of the M2-specific CD8+ 

T cell population. 

Memory inflation is essential for the establishment of a stable TRM population in the lung 

tissue.  We have previously demonstrated that intranasal vaccination with MCMV-M establishes 

a robust sustained TRM population of M-specific cells.  In contrast to this inflationary response, 

the conventional M2-specific memory responses follow a similar pattern to what is seen in acute 

RSV infection, and has previously been demonstrated in other respiratory infections including 

influenza [195].  In these cases, TRM are established through intranasal vaccination, but 
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eventually wane over time. Thus, for conventional epitopes, like M2, MCMV vaccination does 

not offer advantages over traditional acute vaccine platforms for establishment of TRM 

populations. 

Memory inflation is governed by a number of different factors, including location within 

the genome, TCR avidity, proteasome-dependency and CD4+ T cell help.  These complex 

factors make it difficult to predict whether an epitope will be conventional or inflationary 

without in vivo testing.  In this study, MCMV expression generated an inflationary M-specific 

CD8+ T cell population and a conventional M2-specific CD8+ T cell population.  The reason 

that the M2-specific population is not inflationary is unknown.  The M and M2 proteins were 

inserted into the same genomic location in the IE2 gene, which is known to encode inflationary 

epitopes [76, 78, 113].  In RSV infections, M-specific CD8+ T cells have been shown to have a 

higher TCR avidity than M2-specific CD8+ T cells [153].  Thus, lower avidity of the M2-

specific population may affect their capacity to become inflationary.  The proteasomal 

processing requirements for the M and M2 epitopes are currently unknown.  These data suggest 

that the M epitope may be less dependent on processing by the immunoproteasome than the M2 

epitope, and this possibility is currently being evaluated.  We are using isolated proteasome and 

immunoproteasomes to digest M and M2 proteins and analyze the products by mass 

spectrometry to determine if the M or M2 epitope is preferentially liberated by constitutive 

proteasomes or immunoproteasomes.  To determine whether CD4+ T cell help is important for 

inflation of the M-specific CD8+ T cells, we could deplete CD4+ T cells from mice prior to 

MCMV-M vaccination and determine whether the M-specific CD8+ T cells inflate in the 

absence of CD4+ T cell help.  These experiments would help us to better understand the factors 
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governing the inflationary response to the M epitope and the conventional response to the M2 

epitope. 

Since memory inflation is difficult to predict, it is important to study the effect of both 

inflationary and conventional epitopes in vaccine settings. Although co-administration of 

MCMV-M and MCMV-M2 had an impact on the overall magnitude of the M2-specific CD8+ T 

cell response during the acute phase, it had no significant impact on the magnitude of the M2-

specific response in the memory phase.  Inclusion of the conventional epitope had no impact on 

the establishment of the inflationary M-specific population.  These data suggest that inclusion of 

conventional and inflationary epitopes in a vaccine may not be detrimental to CD8+ T cell 

responses to antigens that can be persistently expressed.   Farrington, et al have previously 

demonstrated that inflationary epitopes on the same vector compete, thus it may be important to 

include multiple antigens on separate vectors [113]. 

Although vaccination with MCMV-M or MCMV-M2 both led to reductions in viral load, 

vaccination with MCMV-M encoding the inflationary memory M-epitope led to lower viral 

loads compared to vaccination with MCMV-M2 encoding a conventional epitope.  These data 

suggest that inflationary memory CD8+ T cell responses, which have been demonstrated to be 

composed of high avidity populations, may be better to elicit than non-inflationary epitopes to 

achieve vaccine-induced protective immunity.  Alternatively, M-specific CD8+ T cells are more 

efficient killers of virus-infected cells than M2-specific CD8+ T cells so this difference may 

account for lower viral loads in the MCMV-M vaccinated groups rather than an effect of 

memory inflation [183].  The location of the CD8+ T cell epitope with the MCMV genome has 

been shown to influence whether an epitope is inflationary or conventional [120].  To better 
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understand the role of inflation in the generation of tissue-resident memory cells and protection 

from RSV infection, MCMV encoding the RSV M epitope in sites known to be associated with 

inflationary or conventional T cell responses could be used. 

In this study, we demonstrate that memory inflation is necessary for the maintenance of 

high levels of tissue-resident memory CD8+ T cell population generated by intranasal 

administration of MCMV vaccine vectors.  These findings highlight the need to further 

understand the factors governing memory inflation to be able to predict whether epitopes will be 

inflationary or conventional in a vaccination setting.   
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FIGURES 

 
Figure 4.1. Intranasal vaccination with MCMV-M2 elicits more M2-specific CD8+ T cells 

in the tissue than intraperitoneal vaccination. 

Mice were vaccinated with MCMV-M2 by the intranasal (IN) or intraperitoneal (IP) route.  One 

week later, lungs were harvested and the percentage of M2-specific CD8+ T cells determined in 

the lungs using intravascular staining with CD45 to identify M2-specific cells in the tissue or 

blood.  Bars represent mean ± SEM with 5 mice per group. 
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Figure 4.2. The M-specific T cell population inflates, while the M2-specific T cell 

population contracts after vaccination with MCMV vectors. 

At week 1 (W1), 8 (W8), and 16 (W16) post-vaccination, the percentage of M-specific and M2-

specific CD8+ T cells in the lungs was determined using tetramer staining and flow cytometry. 

Anti-CD45 antibody was injected intravenously 5 minutes prior to sacrifice to discriminate 

between cells in the tissue and cells in the blood. A) Mice were vaccinated with 3x105 PFU 

MCMV-M or MCMV-M2 separately (closed symbols) or 3x105 PFU each of MCMV-M and 

MCMV-M2 combined (open symbols) by the intranasal route and CD8+ T cell responses 

measured in the B) tissue and C) blood. D-F) CD8+ T cell responses to mice infected with 2x106 

PFU of RSV intranasally. Bars represent mean ± SEM with 5 mice per group. 
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Figure 4.3. IN vaccination with MCMV-M and MCMV-M2 induces a tissue-resident 

memory CD8+ T cell populations. 

A) Expression of tissue-resident memory (TRM) markers CD69 and CD103 on M-specific 

CD8+ T cells in the lung parenchyma at 8 weeks post-vaccination. The percentage of CD8+ T 

cells in each quadrant is indicated in each plot. Flow cytometry profile representative of two 

independent experiments is shown. B) Total number of M-specific and M2-specific 

CD69+CD103+ tissue-resident memory in the lung parenchyma at 8 (W8) and 16 (W16) weeks 

post-vaccination.  C) Total number of tissue-resident memory cells generated by RSV infection.  

Bars represent mean ± SEM with 5 mice per group. *p≤0.05, ****p<0.001 by 2way ANOVA. 
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Figure 4.4. Phenotypic and functional properties of M-specific and M2-specific CD8+ T 

cells elicited by MCMV vaccination. 

A) Memory phenotype of M-specific and M2-specific CD8+ T cells in the lung at week 8 post-

vaccination with MCMV-M, MCMV-M2 or MCMV-M+MCMV-M2 (Combined).  Localization 

was determined by intravascular staining where anti-CD45 antibody was injected IV 5 minutes 

prior to euthanasia.   The proportion of central memory (blue), effector memory (green), 

effectors (orange) and KLRG1+ effectors (yellow) in the lung are shown in pie charts.  

Populations were defined as follows: All: Tetramer+, CD44+; Central Memory: CD127+ KLRG1- 

CD62L+; Effector Memory: CD127+ KLRG1- CD62L-; Effectors: CD127- KLRG1- CD62L-; 

KLRG1+ Effectors: CD127- CD62L- KLRG1+. *p≤0.05, **p<0.01 by permutation test. B and C) 
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Cytokine secretion by antigen specific CD8+ T cells 16 weeks following co-administration of 

MCMV-M and MCMV-M2. B) Percentage of TNFα+, IFNγ+ or TNFα+IFNγ+ CD8+ T cells 

after 3 hours stimulation with M or M2 peptide.  C) Proportion of TNFα+, IFNγ+ or 

TNFα+IFNγ+ CD8+ T cells after 3 hours stimulation with M or M2 peptide normalized with 

total cytokine secretion cells set as 100%.  
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Figure 4.5.  Vaccination with MCMV-M, MCMV-M2 or the two combined leads to 

decreased viral loads following challenge. 

Mice were challenged with 2x106 PFU RSV 16 weeks after vaccination.  On days 5 post 

infection, mice were sacrificed and lungs harvested for plaque assay.  A) Viral loads on day 5 

post infection determined by plaque assay. ****p<0.0001, ***p<0.001 by one-way ANOVA B) 

Percent weight loss of vaccinated mice after RSV challenge. C and D) Cytokine and chemokine 

concentration in pg/ml of IFNγ (C) and MIP1β (D) in the lungs of RSV-challenged mice 5 days 

post-challenge.  Bars represent mean ± SEM with 5 mice per group. ****p<0.0001, ***p<0.001, 

**p<0.01, *p≤0.05 by one-way ANOVA. 
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Supplementary Figure 4.S1.  Peptide stimulation does not impact CD45 intravascular 

staining.   

IV staining was performed on mice infected with RSV for 1 week.  Lungs were harvest and 

lymphocytes unstimulated or stimulated with M peptide, M2 peptide, PMA/Ionomycin, or a no 

peptide control for 3 hours.  Following stimulation, the ratio of CD45 IV- (blood) / CD45 IV+ 

(tissue) was determined using flow cytometry. 
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CHAPTER 5 - DISCUSSION 

The goal of this project was to determine whether persistent antigen expression would 

affect the induction and maintenance of memory T cell responses to selected epitopes associated 

with a numerically dominant, low affinity response (M2-specific) and a subdominant, high 

affinity response (M-specific). I first engineered recombinant MCMV viruses to express the M 

and M2 protein from RSV using a recombinant BAC system.  These vectors elicited robust RSV-

specific CD8+ T cell responses in CB6F1 mice that allowed detailed evaluation of T cell 

phenotypes.  To ask how route of antigen exposure influenced T cell phenotypes, I evaluated two 

different routes of immunization: intranasal (IN) and intraperitoneal (IP). IN vaccination led to 

an increase in the number of M-specific and M2-specific CD8+ T cells in the lung parenchyma 

compared to IP vaccination.  IN vaccination also induced a tissue-resident memory (TRM) 

population with an effector/effector memory phenotype which was absent in mice vaccinated IP.  

The M-specific CD8+ T cell population was inflationary leading to sustained numbers of TRM in 

the lung tissue. In contrast, the M2-specific CD8+ T cell population was conventional, and the 

TRM population established following vaccination waned over time as it does following natural 

RSV infection.  Co-administration of MCMV-M and MCMV-M2 had no effect on the pattern or 

magnitude of M-specific CD8+ T cell responses, but did reduce the magnitude of M2-specific 

CD8+ T cells one week post-vaccination compared to vaccination with MCMV-M2 alone. 

Following RSV challenge, all vaccinations resulted in decreased viral loads compared to 

RSV-naïve controls.  However, vaccinations that induced sustained TRM populations led to  

reduced peak viral load and more rapid viral clearance than vaccinations that failed to generate 

long-lived TRM populations in the lungs. These data indicate that systemic immunization does 
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offer some protection from RSV challenge, but mucosal immunization provided more rapid and 

effective protection from viral replication.  Overall, these data highlight the importance of 

inducing TRM populations in barrier tissues through vaccination and the role of inoculation route 

in induction of TRM.  Additionally, these data demonstrate that CMV vaccines encoding 

inflationary epitopes can generate long-lived TRM populations with effector and effector memory 

phenotypes, and can alter the T cell response hierarchy induced by short-lived antigen exposure 

characteristic of natural infection. These findings suggest that using vectors with the capacity for 

persistent antigen production, combined with antigen delivery to the relevant mucosal site 

vulnerable to infection, is a promising approach for vaccine development against pathogens 

susceptible to T cell immunity. 

Vaccine elicitation of tissue-resident memory 

Vaccines that elicit TRM may be necessary for pathogens for which it has been more 

difficult to develop vaccines and require CD8+ T cell for clearance such as HIV and 

tuberculosis.   This is a particularly interesting strategy for HIV where sexual transmission often 

occurs with a single founder virus establishing an infection in the rectum or female genital tract 

[206-208].  After initial infection, the virus replicates in activated CD4+ T cells before being 

transported to the draining lymph nodes leading to dissemination of the virus throughout the 

body [209].  Once the virus has disseminated, it is more difficult to control.  Thus, a vaccine that 

generates a local tissue-specific TRM response may be able to control virus rapidly within the 

tissue and prevent dissemination of HIV throughout the body, either preventing establishment of 

infection or mitigating viral replication.  In contrast, a vaccine that induces primarily HIV-

specific TCM will likely have a delayed response due to the distal location of the HIV-specific 
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TCM in the secondary lymphoid organs from the site of infection.  TCM are not able to respond to 

the infection until the antigen reaches the lymph node or they are recruited into the tissue by 

inflammation generated by the innate immune response [44, 61].  Along these lines, a rhesus 

CMV vaccine expressing SIV antigens administered intradermally, which generates TEM in the 

tissue, has demonstrated efficacy in controlling viral load following mucosal SIV challenge in 

Rhesus macaques [126, 127, 210].  This same principle of containing pathogen infection within 

the breached tissue and preventing systemic dissemination through vaccination that induces TRM 

can be applied to infections with other pathogens such as Herpes simplex virus and varicella 

zoster virus which disseminate from the initial site of infection and establish chronic infections.   

Additionally, this strategy may also be useful for pathogens which cause symptomatic infections 

in the mucosa within a day or two of infection such as norovirus, rotavirus, and enteric bacteria 

[211]. 

In addition to limiting dissemination throughout the host, TRM can possibly limit viral 

shedding and transmission between hosts.  I have demonstrated that generation of a robust TRM 

population led to lower peak viral titers and earlier reductions in viral loads.  This suggests that 

in addition to minimizing disease caused by the pathogen or clearance of infected cells, 

approaches that reduce viral loads may lead to reduced viral shedding and thus reduced 

transmission. 

Importance of route of immunization 

 An important factor for the generation of TRM populations is local vaccination at the site 

of vulnerability.  However, most currently licensed vaccines are delivered through the 

intramuscular route which typically generates systematic responses.  There are a few notable 
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exceptions including FluMist, the influenza vaccine which is delivered intranasally and Dryvax, 

the smallpox vaccine which is delivered through scarification.  One reason these vaccines may 

be so efficacious is because they likely generate tissue-specific responses rather than just 

systemic responses. 

In this dissertation, I demonstrate that intranasal inoculation generated M-specific TRM in 

the lung while intraperitoneal inoculation did not. Additionally, inoculation of MCMV-M into 

the nose was not sufficient to generate TRM, suggesting that lower airway infection by 

aerosolization may be necessary for eliciting TRM in the lungs. Local administration of pathogens 

and vaccines into the lungs has been shown to be essential for the development of TRM memory 

cells in other pulmonary infection models such as influenza and LCMV [195, 196].  

Additionally, other mucosal tissues such as the female genital tract and intestine have also been 

shown to require local expression of antigen for induction of TRM [58, 59, 161, 197, 212].  

Specifically, the potent protection generated by rhesus CMV encoding SIV antigens discussed 

previously was generated using intradermal vaccination [127, 210].  This intradermal vaccination 

may have generated TRM in the skin that were able to traffic to the rectum where SIV was 

inoculated during challenge.  Using our MCMV-M vector in future experiments, we can explore 

the effects of local administration of MCMV vectors using intradermal and intravaginal routes 

on TRM generation to determine whether our findings are applicable to other routes of 

vaccination and determine whether the inoculation needs to be at the site of future pathogen 

challenge.  Additionally, we can evaluate whether IN vaccination elicited TRM in other sites such 

as the skin, intestines and female genital tract. An other strategy for eliciting tissue-specific 

immunity could be through the use of CMV vectors containing tissue-specific promotors leading 
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to expression of antigen only in the desired tissue.  This strategy is currently being evaluated and 

may add to vaccine safety as well as efficacy [213]. 

Administration of vaccines and drugs into the lungs can be accomplished in humans and 

animals through the use of nebulizers and has previously been used in vaccinations of human 

populations against measles, anthrax, and smallpox among others [214, 215].  Aerosolization 

was shown to be more effective than subcutaneous delivery of live attenuated measles vaccine 

and an effective platform for co-delivery with an aerosolized rubella vaccine [215-217]. In 

addition to effective delivery of vaccines to the mucosal lung tissues, nebulizers are easy to use, 

pain-free, and non-invasive and these traits make aerosolization an excellent method for vaccine 

delivery [215].  

Together, these data suggest that, in addition to the development of new vaccines, 

emphasis on the route of administration and persistence of antigen expression are important 

considerations.  Vaccines that have been demonstrated to elicit robust systemic CD8+ T cell 

responses, but did not provide much protection from mucosal challenge, could be evaluated 

using a different route of administration.  

Harnessing memory inflation for durable vaccine protection 

A major limitation to immunity generated against pathogens and vaccination is durability.  

The problems with waning immunity have recently been brought to the forefront with the re-

emergence of diseases such as pertussis for which effective vaccines exist, but do not provide 

life-long protection.  Although there are robust responses after initial vaccination, this protection 

has been shown to decrease over time and a booster vaccine is needed to prevent infection or 

disease.  Decreasing of immunity is evident in both humoral and cellular immune responses and 
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the waning of TRM, in particular, has been demonstrated to lead to a loss of cross-protection 

against heterosubtypes of influenza [195, 218]. 

In this work, I demonstrate that memory inflation can overcome this problem of waning 

CD8+ T cell immunity by maintaining a high level of protective TRM effectors in the lung tissue.  

Persistence of antigen is required, in addition to mucosal inoculation, for generation of TRM 

because RSV infection alone does not induce the inflationary response. MCMV vaccination with 

the inflationary M epitope induced TRM responses that were sustained through 6 months post-

vaccination. In contrast, vaccination with the conventional M2 epitope generated TRM, which 

waned over time, and showed similar levels as those generated by an acute infection with RSV, 

highlighting the importance of memory inflation in sustained TRM populations.   These data 

suggest that a single vaccination with a CMV vector persistently expressing inflationary epitopes 

could provide long-term high-level protective TRM circumventing the need for booster 

vaccinations.  The lack of a need for booster immunizations is especially important in resource 

poor locations where access to medical care for follow-up appointments is less certain. 

Potential to generate cellular and humoral immune responses 

CD8+ T cell immunity is important for pathogen clearance; however, CD8+ T cell 

immunity alone typically does not lead to sterilizing immunity since cells must be infected with 

the pathogen before CD8+ T cells can act.  Humoral immunity, on the other hand, can lead to 

sterilizing immunity by coating pathogens with antibodies and preventing infection.  In addition 

to generating robust CD8+ T cell responses, MCMV vectors have been shown to be potent 

vaccines for the generation of antibody-mediated immunity [132, 133].  Thus, CMV vaccines 

could be designed to directly elicit both inflationary CD8+ T cell responses and neutralizing 



104 
 

antibodies or combined with a heterologous vector or subunit protein boost to provide multiple 

layers of immunity against a specific pathogen.   

In this dissertation, I demonstrate that MCMV expressing the M protein of RSV elicits a 

protective inflationary memory response. Vaccination with MCMV-M may also elicit an M-

specific antibody response.  Since M is an internal viral protein, an antibody response against M 

would not be effective at preventing infection, as antibodies against a viral surface protein would 

be.  The fusion (F) protein of RSV is expressed on the surface of viral particles and virally 

infected cells, and exists in two distinct conformations, pre-fusion and post-fusion.   Neutralizing 

antibodies against RSV have recently been shown to primarily target the pre-fusion surfaces of 

the F protein [219-221]. A stabilized form of the pre-fusion F protein has been generated and 

shown to elicit neutralizing potent antibodies in mice and Rhesus macaques [220, 222].  An 

MCMV virus containing M and the stabilized F protein from RSV could be utilized to test the 

efficacy of a vaccine aimed at eliciting both cellular and humoral immunity.  Additionally, the F 

protein contains two CD8+ T cell epitopes, KdF85-93 and DbF250-258, which elicit CD8+ T cell 

responses in CB6F1 mice [153].  While the responses to these epitopes are subdominant to the M 

and M2-specific responses in acute RSV infection, they may be inflationary in the context of 

MCMV infection, and the inflationary epitopes for humans have not been determined. 

CD4+ T cell responses to CMV 

 In addition to CD8+ T cells and antibody responses, CMV has also been shown to elicit 

strong CD4+ T cell responses.  The role of CD4+ T cells in control of CMV infection is not as 

well understood as the role of CD8+ T cells, but CD4+ T cells are essential for the control of 

CMV replication in the salivary glands of mice [223, 224] and in transplant patients and children 
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[225-228].  Additionally, CD4+ T cell help has been demonstrated to have an epitope-dependent 

impact on inflationary CD8+ T cell epitopes [200, 201].  The M and M2 protein of RSV also 

contain two well-characterized CD4+ T cell epitopes: I-AbM226-39 and I-AbM209-223 [229].  These 

MCMV vectors containing RSV antigens could therefore be utilized to further define the role of 

CD4+ T cells in the process of memory inflation and control of CMV infection in this model. 

Inability to predict inflationary responses  

In animal models, it is difficult to predict whether an epitope will be inflationary or 

conventional.  A number of factors influencing memory inflation have been elucidated with two 

elements, immunoproteasome-independence and TCR avidity, having an epitope-dependent 

impact.  Through empirical experimentation, we found that the M epitope is inflationary and the 

M2 epitope is conventional.  Since there are many facets that play into memory inflation, it is 

difficult to pinpoint the reason that responses to the M2 epitope do not inflate.  M-specific CD8+ 

T cells have a higher avidity TCR than M2-specific CD8+ T cells when measured either by 

ability to respond to peptide [153], or measuring tetramer off-rate (unpublished), suggesting the 

TCR avidity may play a role in M2 being non-inflationary.  Another explanation for the CD8+ T 

cell response to M2 being non-inflationary is that liberation and presentation of the M2 epitope is 

dependent on processing by the immunoproteasome.  The proteasome and immunoproteasome-

dependence of the M and M2 protein of RSV are currently being evaluated.   

The prediction of inflationary and conventional epitopes within humans is inherently 

more complicated.  Unlike laboratory animals which are typically inbred and have known MHC 

haplotypes, humans are outbred and have different MHC haplotypes known as human leukocyte 

antigen (HLA) types.  HLA type determines which epitopes can be presented on the surface of 
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APCs and other cells and thus which epitopes are available for CD8+ T cells to recognize.  For 

MHC Class I, there are 6 different HLA genes with many different alleles. Modeling software 

exists to predict which peptides from a given protein may be presented by a given HLA allele. 

However, these epitopes still need to be confirmed by testing of human samples.  The additional 

constraints on inflationary epitopes make prediction of inflationary responses even more 

complicated.  Modeling can also be used to predict where immunoproteasomes and constitutive 

proteasomes will cleave peptides, but this modeling does not give definitive evidence of 

proteasomal dependence.  Additionally, other factors such as TCR:pMHC avidity and 

competition between inflationary T cells populations make prediction of which epitopes will 

generate inflationary responses in humans extremely difficult without empirical testing.  This 

leads to the possibility that a CMV vaccine, which shows promise in animal models, may not 

contain an inflationary epitope for humans or may only generate inflationary responses in people 

with certain HLA types.  

Safety 

Vaccine safety is an important aspect to consider when using viral vectors as vaccine 

candidates.  Although primary CMV infection in healthy people is often asymptomatic, it can 

cause disease. Importantly, infection of pregnant women in the third trimester can cause 

congenital disease in the newborn. In addition, in immunocompromised people, CMV can cause 

serious disease and fatality, particularly in transplant recipients and HIV-positive patients.  The 

persistence of CMV adds to this risk, since a person may not be immunocompromised when they 

receive the vaccine, but may later become immunocompromised leading to reactivation of CMV.  

A possible strategy to overcome this safety hurdle is the attenuation of CMV vectors.  Attenuated 
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CMVs have been demonstrated to maintain their ability to generate robust cellular and humoral 

immune responses in vivo [230, 231]. With the ease of the recombinant BAC system, deletion of 

particular immunoevasion genes can be utilized to selectively attenuate CMV [232].  Since 

replication is not necessary for the generation of inflationary memory responses, replication-

incompetent or single-cycle vectors could also be utilized to enhance safety [104].  Attenuation 

of CMV vectors, without loss of immunogenicity, may be necessary to enhance safety.  

 In addition to safety concerns related to reactivation of CMV, CMV has been associated 

with immunosenescence.  Immunosenescence is the dysregulation of the immune system that is 

typically associated with age, leading to diminished immune function and response to vaccines 

[233, 234]. T cell senescensce is thought to be driven, in part, by repetitive antigen exposure 

[235-237].  Thus, the inflationary immune response to human CMV infection, modeled to be 

stimulated by repetitive antigen exposure, has been hypothetically linked to immunosenescence 

[237, 238].  The role of CMV in immunosenscence is controversial and new evidence suggests 

that CMV immunity may be distinct from immunosenscense [239].  The possible role of CMV in 

immunosenecense, however, needs to be further defined before the widespread use of CMV 

vaccination. 

Seroprevalance 

An additional hurdle to the use of CMV vectors as vaccines is the high prevalence of 

CMV infection among the human population.  Nearly 60-80% of the population of the United 

States has CMV-specific antibodies, and this seroprevalence is higher in less industrialized 

countries.  This pre-existing anti-vector immunity may hamper the immunogenicity and efficacy 

of CMV vaccination.   However, CMV super-infection of CMV positive individuals has been 
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observed in humans and confirmed in monkeys and mice, suggesting that it is possible to 

overcome this pre-existing immunity [240-242].  Additionally, this high seroprevalance may 

mitigate some of the risks of CMV vaccination, since people who are already infected with CMV 

would already have the same risks associated with vaccination. 
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CONCLUSIONS 

This dissertation has examined the CD8+ T cell responses to MCMV vectors expressing 

the RSV antigens M and M2.  I have shown that mucosal vaccination with MCMV encoding 

inflationary and conventional epitopes generate tissue-resident memory CD8+ T cells in the 

lung, while systemic vaccination did not.  However, only vaccination with an inflationary 

epitope led to sustained levels of TRM through sixteen weeks post-vaccination.  Establishment of 

a long-lived TRM population specific for the M protein of RSV through vaccination led to early 

cytokine and chemokine secretion and control of viral load after RSV challenge.  These data 

emphasize the importance of administration route and persistent antigen expression for the 

generation of sustained TRM and may be applicable for vaccination against mucosal pathogens.  

Further studies are needed to determine whether other routes of immunization also elicit TRM 

responses using these vectors and to define the properties of inflationary epitopes that would 

allow their advance identification.  Overall these data demonstrate that CMV vectors are 

promising vaccines candidates which can induce long-lived tissue-resident memory populations.  

However, the benefits of CMV vaccination will need to be weighed with the potential risks 

associated with vaccination using a persistent viral vector. 
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