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Abstract

Investigating the Requirements for Expansion and Maintenance of a Mouse
Polyomavirus-specific MHC Class Ib-Restricted CD8 T Cell Response

By Amelia Ruth Hofstetter

Major Histocompatibility Complex (MHC) class I molecules present intracellular
peptides to CD8 T cells to mediate pathogen surveillance. In contrast to the highly
polymorphic MHC class Ia molecules, the non-classical MHC class Ib proteins are
oligomorphic or monomorphic. It is increasingly apparent that MHC class Ib molecules
can participate in antigen presentation to CD8 T cells. If CD8 T cells can recognize an
identical peptide presented in an MHC class Ib molecule in allogenic hosts, this would
allow for safe, cost-effective peptide-based vaccines which could induce CD8 T cell
immunity in an outbred population.

We recently identified a class Ib-restricted CD8 T cell response specific for an
epitope from the VP2 capsid protein of mouse polyomavirus (MPyV). The VP2.139-147
peptide, presented on Q9, a class Ib Qa-2 family protein, is protective against MPyV in
class Ia-deficient mice (B6.Kb'/ D" 7). MPyV infection of B6.K*' D" mice initiates a 3-
month long inflation of Q9:VP2.139-specific af CD8 T cells. This is followed by
antigen-independent maintenance of the clone, with no defined contraction. It is unclear
what factors drive the long inflationary kinetics or the antigen-independent maintenance
of the Q9:VP2.139-specific CD8 T cells. We hypothesized that, parallel with the
requisite for antigen, the Q9:VP2.139-specific response would depend on CD4 help and
CD28/CD40L costimulation for expansion, but not for maintenance. However, we found
that although CD4 help and autochthonous CD28 costimulation are required for
expansion, CD4 help continues to be required for maintenance.

Because Q9 is non-polymorphic, we hypothesized that a Q9:VP2.139-specific
CDS T cell response could be generated in MHC allotypic Q9" mouse strains. Mice of
the H-2° and H-2¢" haplotypes are Qa-2". We were able to elicit Q9:VP2.139-specific
CD8 T cells in mice of both haplotypes after a prime-boost regimen with VP2.139
peptide. We demonstrate that Q9:VP2.139-specific CD8 T cells are protective against
MPyV in MHC class Ia allogenic mice. These results imply that class Ib MHC molecules
can contribute to protective immunity in mice of different MHC haplotypes.
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Chapter 1

Introduction
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molecules: MHC Class Ib molecules in host defense and control of autoimmunity. Curr.
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I. The role of CD8 T cells in immune surveillance for

intracellular pathogens.

The immune system is the network of organs, cells and proteins which guard a
multicellular organism from foreign invasion. Bodies are wet, climate-controlled and
nutrient-rich, constituting an attractive niche for smaller organisms. Indeed, we play host
to up to 10'? bacteria per gram of intestinal contents, comprised of around 1000 different
species (1). Extended to the other surfaces of the body these numbers can reach 10"
bacteria of 2000 different species (2). These symbionts may exist as commensals or
mutualists, but there is a fine balance between hosting these benign colonists and
preventing invasion by parasites. Extra individuals of the bacterial, fungal, viral or
macroparasitic types are always looking for entry into the body. It is the job of the
immune system to protect this balance, and to keep external symbionts from becoming

invaders.
A. Innate and adaptive immunity for defense against pathogens.

All life forms have developed strategies for defense against invasion by other organisms
or viruses, which can be broadly classified into innate and adaptive immunity. Innate
immunity is characterized by the capacity to discern ‘self” from ‘non-self’ (3, 4) or
‘benign’ from ‘danger’ (5) via recognition of conserved molecular patterns, and to effect
mechanisms to discourage and destroy non-self intruders. The receptors to distinguish
non-self molecular structures are germline encoded, and will generally remain unchanged
during the lifetime of the organism (4). No previous encounter with a pathogen is needed

to activate innate immune effectors. Each subsequent encounter will elicit the same



response. In contrast, vertebrates have developed adaptive immune responses to
supplement innate immunity. Adaptive immunity is characterized by the capacity to
remember a specific molecular structure that was dangerous in the past, and respond
more rapidly and with a greater magnitude of effector responses upon subsequent
exposure to that antigen (6). Adaptive immune receptors are originally germline
encoded, but germline recombinations and mutations during lymphocyte maturation lead
to highly variable receptors that are virtually random. Innate immunity is important for
the rapid destruction of invaders by recognition of conserved, known, foreign structures,
while adaptive immunity allows recognition of unknown foreign structures which

improves over repeated challenges.

Innate immunity employs pattern recognition receptors (PRRs) specific for
pathogen-associated molecular patterns (PAMPs) which are shared broadly among types
of pathogens, but not found, or inaccessible, in the host (7). For example, humans and
mice express toll-like receptor 4 (TLR-4), which recognizes lipopolysaccharide (LPS) (7,
8). LPS is found in the membrane of gram-negative bacteria (7). Pattern recognition is
also utilized by unicellular organisms to recognize foreign DNA. Bacterial restriction
enzymes break down DNA at specific nucleotide sequences that are masked by
methylation in host, but not foreign, DNA (4). The evolution of multicellular organisms
required the development of more advanced innate immune mechanisms, including
cytotoxic cells and phagocytes (3). Cytotoxic cells secrete extracellular proteins or
reactive oxygen species to kill other cells (3, 9). This mechanism of killing is utilized by
cells of both the innate and adaptive immune systems. In contrast, phagocytic cells kill

by engulfing microbes whole, akin to amoeba. Through the use of PRRs they target



pathogens rather than self, and secrete effector cytokines which alert other cells to the
danger (3). PRR-bearing phagocytic cells, in the form of dendritic cells (DCs) and
macrophages, are critical components of the vertebrate immune system, mediating the
intersection of innate and adaptive immunity. The innate immune system is a front-line

of defense that acts with immediate and nonspecific action in response to foreign PAMPs.

In contrast to the recognition of broadly conserved PAMPs, the adaptive immune
system is highly specific. The adaptive immune system in mice and humans is mediated
by T cells and B cells. The antigen receptors of both T and B cells are randomly
generated, so they can recognize a virtually infinite range of antigens. The antigen-
binding subunit of the B cell receptor is immunoglobulin (Ig) (10). Mature B cells of the
plasma cell variety can secrete Ig into the serum in the form of antibodies. The T cell
receptor (TCR) is not secreted. Humans are estimated to have an antibody repertoire
exceeding 10''(11), and the potential diversity of TCRs is higher than that of Igs (11).
However, adaptive immune cells have no intrinsic system to determine whether they are
bound to a self- or pathogen-antigen. To prevent autoimmunity, naive adaptive immune
cells cannot respond to antigen without exogenous signals. Once they have been
activated, lymphocytes undergo multiple rounds of division, and differentiate into
effector cells (12). At this point, they have acquired the ability to rapidly respond to
antigen stimulation, and they contribute to antigen clearance. After antigen has been
cleared from the host, they then contract to a memory population, still significantly
higher than the naive precursor population (12). The memory cells are capable of
responding rapidly, with better effector capacity, and with higher magnitude the next time

they encounter antigen. Therefore, while the highly specific cells of the adaptive immune



response cannot participate in front-line defenses during the first encounter with an

antigen, they act specifically and rapidly upon rechallenge.

B. Thymic selection of CD8 T cells

The antigen receptors of lymphocytes are generated through germline rearrangements.
Lymphocytes arise from the hematopoietic lineage in the bone marrow (13). Early
thymic progenitors traffic to the thymus (13) driven by expression of the thymic homing
marker, CD44 integrin (14) and the CC-chemokine receptor 9 (CCR9) (15). Thymocytes
lack expression of either CD4 or CDS at this stage, and so are known as double negative
(DN) cells. As the thymocytes migrate through the distinct microenvironments of the
thymus, they gradually become more committed to the T cell lineage, and less plastic.
Cells that reach the subcapsular zone of the thymus have downregulated CD44
expression. At this stage the thymocytes, known as DN3 cells, stop proliferating and

begin rearranging the TCR genes (15).

The vast diversity of the TCR stems from a process of reassorting germline-
encoded fragments of the TCR genes to make a contiguous coding region. In the
germline, the genes encoding the o and 3 chains of the TCR are broken up into a series of
variable (V) and joining (J) coding regions upstream of constant (C) regions. The TCR f
genes also include an extra diversity (D) region between the series of V and J segments.
In a somewhat stochastic process, the recombination activating gene (RAG) complex
directs DNA cleavage between a particular V and J, or V, D, and J segment(s). The non-

homologous end-joining DNA repair process may add or delete more nucleotides as it re-



anneals the DNA (16). This complex process is the source of the incredible diversity of

the TCR chains.

Because there is no guarantee that these germline rearrangements resulted in a
functional product, there are multiple checkpoints to test the signaling capacity of the
TCR. The TCR B chain rearranges first, and is paired with a germline-encoded pre-TCR-
a to stabilize the TCR for surface expression, along with the CD3 proteins to mediate
signaling. If the rearranged B chain encodes a product sufficient for surface expression
and signaling, the DN3 cells will go through 6-8 cell divisions, before beginning to
rearrange the TCR a chain. An a-chain successfully rearranged in-frame will replace the
pre-TCR-a. More cell divisions follow, and then both the CD8 and CD4 coreceptors are
expressed on the cells (17). CD8" CD4", or double positive (DP), thymocytes are tested
for reactivity to self antigens (17, 18). T cells that fail to respond to self antigen will
ultimately be deleted, because they must be able to sense a self major histocompatibility
(MHC) molecule to be effective. MHC molecules are surface proteins that bind
exogenous or endogenous peptides and present them for TCR recognition (19). DP
thymocytes are exposed to self peptides presented on MHC molecules of the thymic
epithelium (17) while in the cortex of the thymus. Ninety percent of DP cells die at this
stage from a failure to transmit any signals through the complex of TCR af3 and CD3
(17). The process of TCR gene rearrangement generates many products that are non-

functional.

DP cells that do have functioning TCR chains are subjected to positive and
negative selection. As outlined in a recent review by Singer et al., it has been proposed

that DP cells undergo positive selection simultaneously with CD4/CD8 lineage choice.



Proper coreceptor choice is important because the interaction of the coreceptor with the
same peptide in MHC (pMHC) initiates the signaling of the TCR/CD3 complex, as well
as increasing the overall avidity of this ternary complex (20). DP cells that receive a
strong enough signal through their TCR complex will first downregulate CD8 gene
expression. If the signaling is unabated, it indicates that the CD4 coreceptor is
contributing to the signaling of the TCR complex. CD4 binds MHC class I, and in doing
so, brings the protein tyrosine kinase Lck to the TCR signaling complex. This initiates a
TCR signal, and the cell will commit to the CD4 lineage. If, instead, signaling is abated
after downregulation of CD8, the IL-7R is permitted to transmit survival signals to the
thymocyte, and trigger co-receptor reversal. This turns off CD4 gene expression and
turns on CD8 expression. CD8 binds MHC class I, and also recruits Lck to the TCR
complex. With Lck triggering the TCR signal, the cell will become CDS lineage-
committed (21). In the kinetic signaling model, coreceptor choice is a dynamic process

that is concurrent with positive selection.

For the last stage of selection, the CD8- or CD4- single-positive cells migrate to
the thymic medulla. Here they interact with thymic dendritic cells, which display co-
stimulatory molecules as well as peripheral self antigens (11, 22). In the process of
negative selection, T cells that respond too strongly to self antigen will be deleted (17),
because they are responding to both the MHC molecule and the self antigen it is
presenting, making it a self-reactive T cell (18). Ideally T cells should recognize self
MHC, but not self peptides. The process of thymocyte selection has been likened to the
classic story of Goldilocks (23), as the T cell with an intermediate affinity for self

peptides presented in self MHC is favored for survival. Such T cells are likely to respond



strongly to an unknown foreign peptide presented in self MHC. This extensive selection
process ensures that circulating CD8 T cells can distinguish self from foreign peptides

presented in self MHC (22)

C. The interplay of innate and adaptive immunity in T cell activation

Despite extensive thymic selection, autoreactive T cells do escape the thymus
(24). A series of checks and balances are in place to ensure naive T cells respond only to
non-self antigens. A naive T cell requires three signals to achieve full activation — simple
recognition of pMHC is only the first signal. The other two signals are costimulatory
proteins and cytokines, including interleukin (IL)-12 or type I interferon (IFN-a/B) (25,
26). Costimulation and cytokines will only occur with pMHC in the context of an
activated antigen presenting cell (APC) (25). A healthy cell should not express
costimulatory molecules or secrete activating cytokines. This prevents a naive T cell

from reacting to a pMHC on a normal, uninfected cell.

APCs, particularly DCs, are phagocytic cells that are uniquely equipped to
activate the adaptive immune response (27). DCs take up microbes, dead cells, or
pathogenic proteins through phagocytosis, pinocytosis, and endocytosis (28). Digested
proteins are presented as oligomeric peptides on MHC class I and MHC class 11
molecules (18). However, a naive DC is poor at antigen presentation due to low levels of
MHC class II and lack of costimulatory molecules (29). DC activation can be triggered
by interaction of a PRR with a PAMP (28, 30), or recognition of a danger signal, which
may include cell stress or tissue damage (5, 31). DC activation leads to lymph node

homing. En route, the cell matures, upregulating MHC class II and costimulatory



molecules (29). CD80 and CD86 are important costimulatory molecules expressed on
activated DCs in the mouse (29). DCs arrive in the lymph node with CD80 and 86
associated with MHC class I and class II on the cell surface (30). In the activated state,
APCs provide all three activation signals, antigen, costimulation and cytokines (25), that
are required to activate a naive T cell specific for any of the antigens presented on the
APC's MHC molecules. Thus, T cells are only activated by APCs that have sensed a
danger signal, and are also presenting MHC-bound peptide recognized by their TCR.
APCs couple danger signals and antigen presentation to selectively activate pathogen-

specific T cells.

Two of the best-characterized costimulatory signals needed to prime CD8 T cells
are transmitted by cross-linking CD28 or CD40L on the surface of the CD8 T cell. CD28
cross-linking is considered the strongest costimulatory signal (32). CD28 binds both
CD80 and 86, expressed on activated DCs. Ligation of CD28 promotes survival and
expansion of CD8 T cells by providing the critical second signal needed for their
activation (33). In contrast, CD40 signaling can be a direct or an indirect signal for CD8
T cells (34). The study of CD40:CD40L interactions initially focused on CD40
expressed on DCs and B cells interacting with CD40L on CD4 T cells (34). In this
model, CD40:CD40L interactions were only important to CD8 T cells indirectly. DCs
interacting with activated CD40L-expressing CD4 T cells could then activate CD8 T cells
in a CD40-independent manner. However, recent reports suggest that CD40 can be
directly ligated on a CD8 T cell, either by CD4 T cells directly or by CD40L upregulated

on a TLR-activated DC (34, 35). Although there are other costimulatory proteins that can
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influence CD8 T cell activation, CD28 and CD40L represent the strongest and most well

characterized of these molecules.

The power of CD40 and CD28 signaling in activation of cytotoxic T cells (CTL)
is such that blockade of these signaling pathways is an important goal in the field of
transplant immunology. Co-blockade of CD40L and CD28 during the time of an
allogeneic transplant significantly extended the lifespan of the graft (36). CD40L is
blocked with the antibody MR 1, preventing the ligand from binding CD40 (37).
Blocking CD28 signaling proved to be more complicated. Attempts were made with
blocking antibodies for CD80 and CD86, but this strategy was never pursued beyond
Phase I clinical trials. Phase I clinical trials of a CD28 agonist antibody unfortunately led
to the deaths of six healthy volunteers due to hyperactivation and inflammatory cytokine
secretion (38). As an alternative strategy, Lenschow et al. took advantage of the fact that
the cell-surface protein CTLA-4 binds to the same ligands as CD28, and with 20-fold
higher affinity (38-40). Normally this molecule is upregulated on the CD8 T cell’s
surface after CD28 signaling. CTLA-4 binds the CD80 and CD86 molecules (39) with a
higher affinity than CD28, successfully competing with CD28 for its ligands(41), and
therefore modulating the signal. CTLA-4 was engineered into a fusion protein with a
human Ig molecule by researchers at Bristol-Myers Squibb. CTLA-4-Ig binds to CD80
and CD86 molecules, preventing them from signaling to CD28 (38, 39). A second-
generation CD28 inhibitor based off of CTLA-4-Ig, LEA297 or belatacept (42),
displayed improved performance in non-human primate models (38). Although MR1 and
CTLA-4-Ig blockade have not yet translated to humans (38, 43), these reagents still serve

as powerful tools to dissect the signaling requirements of novel CD8 T cell populations.
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D. The different roles of CD4" and CD8" T cells in immunity against pathogens

The two types of T cells, CD4" and CD8", are important in maintaining the
sterility of two discrete spaces in the body, the intracellular and extracellular spaces.
CD4 selectively binds MHC class II molecules. MHC class II is only expressed on
APCs. Through interaction with MHC class II on DCs, macrophages and B cells,
activated CD4 T cells direct various arms of immunity. CD4 T cell recognition of
antigen on a DC allows for the interaction of CD40L on the CD4 T cell and CD40 on the
DC (44-47) . This will activate the DC and enhance CD80 and 86 expression, along with
other costimulatory molecules, including CD70, the ligand for CD27 (48). This CD4-
dependent mechanism of DC activation is termed 'licensing', and is especially important
in situations where the pathogen does not cause inflammation (49). CD4 T cells
recognizing antigen on a macrophage can direct the macrophage to kill intracellular
bacteria which have invaded the macrophage (11). If B cells present a foreign epitope on
MHC class 11, it indicates that the BCR has bound up and internalized an antigen. A
mature CD4 T cell can activate a naive B cell if it identifies is cognate pMHC on the B
cell surface (11). Through all these mechanisms and more, CD4 T cells help the immune

response.

The extracellular space is patrolled by phagocytic cells (50), and bathed in
antibodies which can bind up antigens (51), among other defenses. However, these
mechanisms of protection are blind to intracellular spaces, because they cannot cross cell
membranes. It is primarily the role of CD8 T cells to maintain the sterility of
intracellular spaces. CDS8 T cells probe the inside of cells by recognition of a peptide

presented on MHC class I molecules (18). MHC class I proteins are expressed on every
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nucleated cell in the body. These proteins bind 8-11 amino acid peptides in the
endoplasmic reticulum (ER) before trafficking to the cell surface (18, 52). Importantly,
even uninfected cells will present peptides on MHC class I, digested from the misfolded
self proteins which are the result of 30% of the total cell protein biogenesis (53).
Peptides are continually generated by digestion of cytosolic proteins in a large protease
complex called the proteasome. However, [IFN-y promotes the synthesis of three
proteasome subunits, B1i/LMP2, f2i/MECL1 and B51/LMP7. These subunits alter the
cleavage site of the proteasome to promote the generation of pathogen-specific epitopes.
IFN-y also drives expression of the PA28 protein complex, which increases the efficiency
substrate exit from the proteasome. With the addition of these IFN-y-mediated proteins,
the complex is called the immunoproteasome. DCs express immunoproteasomes even
when naive, although immunoproteasome and PA28 expression are upregulated with DC
maturation (54). Peptides from the immunoproteasome or proteasome are shunted back
into the ER by the transporter associated with antigen processing (TAP) proteins (54).
There, peptides bind newly synthesized MHC class I for transport to the cell surface.
Therefore, MHC class I molecules on a cell surface act as a window to display which
proteins the cell is making. Constant presentation of self-peptides indicates the cell is
actively synthesizing new proteins (53). When a foreign peptide is presented, it reveals
that the cell is sick (55). In the case of infection, this means that an invader has taken
over the cell’s machinery for protein manufacturing, and that the cell needs to be
destroyed to halt parasitic growth. By recognition of cellular peptides bound to MHC

class I molecules, CD8 T cells are able to monitor intracellular spaces.
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Although MHC class I is responsible for presentation of intracellular proteins, the
DCs which are required to prime CD8 T cells may not be infected by pathogen that a
CDS8 T cell must target. However, DCs use a strategy called cross-priming to load
exogenous antigens onto MHC class I. Several models have been suggested as to how an
antigen from the extracellular space reaches the ER lumen (56). An exogenous protein
located in the endosome or phagosome must be degraded and interact with class I
molecules. Degradation has been linked to the cytosolic proteasome (57), although in
some cases cross-priming is independent of the proteasome (56). It is unclear which
transporters transfer endosomal proteins to the cytosol for proteasomal processing,
although one group has recently published evidence that heat-shock protein 90 mediates
this translocation (58). Exogenous peptides processed by proteasome are likely
transported back into the ER by TAP. TAP along with other peptide-loading proteins has
been found expressed in phagosomes and endosomes, so it is possible that peptides might
be loaded onto MHC recycled from the cell surface in an ER-independent fashion.
Multiple mechanisms may operate under different circumstances to load exogenous
peptide onto MHC class I (56). Whatever the mechanism, cross-priming allows a DC to

prime CD8 T cells with proteins sampled from the extracellular space.

When activated CD8 T cells recognize a foreign peptide bound to MHC class I,
they can respond in several ways. CD8 T cells can release cytokines and chemokines
which have a number of effects, including recruitment and activation of other cells in the
immune system (59), direct antiviral activity (60), and other direct effects on pathogens.
To kill a cell they can release cytotoxic granules, or trigger death through cell-surface

death receptors. When a CTL degranulates, cytotoxic proteins (perforin, granzyme (59)
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and granulysin (9)) are released into the space between the T cell and the infected cell
(9). These proteins breach the infected cell and trigger apoptotic cascades (9). For
example, granzyme B can directly activate caspase 3, which cleaves DNA , cytoskeleton,
or important nuclear membrane proteins. Granzyme B also destroys mitochondrial
protein Bid, releasing cytochrome € from the mitochondria. Cytosolic cytochrome €
leads to the formation of apoptosomes and activation of caspase 9, which then contribute
to the activation of the downstream caspases, like caspase 3 (9). Alternatively, by
upregulating FasLigand on their cell surface, CTL can trigger trimerization of Fas on the
surface of infected cells (61). Fas-associated death domain (FADD) proteins are
recruited to the cytoplasmic domains of trimerized Fas. Procaspase 8 or 10 are recruited
to the FADD proteins, and self-cleave into the active state. The complex of Fas, FADD
and caspase 8 forms the death- inducing signaling complex (DISC). DISC formation
promotes the proteolysis of procaspases 3, 6 or 7. Caspase 8 also destroys Bid, releasing
cytochrome €. Thus, both granule release and Fas trimerization trigger caspase-mediated

apoptotic cascades, leading to apoptosis of the target cell.
E. The formation of a CD8 T cell memory population in response to acute infection.

During the course of an archetypical immune response to an acute infection, naive
cells must expand 2- to 10-fold (18) from only 10-1200 naive T cells (62, 63) to as many
as 10" CTL (64). Each activated cell can therefore give rise to upwards of 10" progeny
(65). A brief exposure to antigen and costimulation triggers a developmental program
that drives several rounds of division (66). However, antigen and costimulation need to
be available for 24 hours to promote maximal expansion, and cytokine signals need to be

available from 20 to 60 hours after activation to promote maximal survival and cytokine
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effector function (25). Besides CD27, other tumor necrosis factor receptor (TNFR)
family members can promote survival of a CD8 T cell clone, including OX-40 and 4-
I1BB (67). 4-1BB has been shown to provide maximal support when administered 5 days
post-infection, although it inhibits expansion when administered in the first few days p.i.
(68). Expansion consists of as many as 19 divisions (12, 62) at 2-8 hours per division
(67). At the peak of the CD8 T cell clonal burst, which is around day 8 for the model
viral infection lymphocytic choriomeningitis virus (LCMV) (64, 69), virus-specific cells

of a single specificity can make up 50% of the splenic CD8+ T cell population.

At the peak of expansion, the antigen-specific CD8 T cell clone is heterogeneous.
Cells expressing low levels of the IL-7R (CD127) but high levels of KLRG-1, a marker
of division history, are short-lived effector cells (SLECs), and are programmed to
contract rapidly after the infection is cleared. The other major population is CD127" and
KLRG-1"°, and these memory precursor cells (MPECs) are programmed to survive
through IL-7 and IL-15 signals after antigen clearance (67, 70, 71). Activated CD8 T
cells upregulate CXCR3, and downregulate CD62L and CCR7. CXCR3 is a chemokine
receptor that drives CTL to move into infected tissue (72). CD62L, or L-selectin, and
CCR?7 are expressed on naive T cells and a subset of memory T cells. L-selectin and
CCR7 allow T cells to enter lymph nodes and other lymphoid organs (73, 74). Therefore,
increasing CXCR3 and decreasing CD62L allows CD8 T cells to move out of the
lymphoid organs and into the periphery, to combat infection or malignancy. After
antigen clearance, CD8 T cells contract via apoptosis to only 1-10% of their maximum

number (6, 18), stabilizing at a memory setpoint at 5-10% of the maximal expansion (75).
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For a memory response that peaks at 20 x 10° cells, the memory pool is 1 x 10° cells (64).

These cells are known as 'memory cells'.

Memory cells are similarly hetergeneous. Differential expression of CD62L and
CCR7 defines two memory populations with different physiological niches.
CD62L"CCR7" cells are called 'central memory' T cells (Tcw), as they are localized to
the lymphoid organs. CD62L"°CCR7" cells are localized to the periphery and are called
'effector memory' T cells (Tgm). Tewm are so called because of their increased ability to
immediately lyse a target encountered in the periphery, a function that is unavailable to
Tem (75). It has been demonstrated that the activation status of the memory CD8 T cells
is a better gauge of recall capacity than homing markers, with cells displaying a less
active CD27" CD43"° phenotype showing improved recall over memory cells with more
activated, and in some cases, senescent phenotypes (76). However, in a different model
system, CD27 and KLRG-1 phenotype was correlated only with the level of
inflammation during priming (77). This is supported by Sarkar et al.'s demonstration that
increasing KLRG-1 expression denotes a longer exposure to stimulation, which is
inversely correlated to the ability to differentiate into a long-lived memory cell (78). The
relevant biomarkers denoting the best memory recall response vary with the type of
infection, which is likely due to the vast differences in inflammation length and intensity
between models. There continues to be active interest in identifying proteins which
denote a 'more fit' memory cell, because expanding this population is the target of

vaccinations.

The memory recall capacity of lymphocytes is a vital characteristic of a functional

adaptive immune response. Unlike the primary response, the memory CD8 T cell has
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already received signals linking its cognate peptide to a danger signal, so no further
validation is needed (18). Memory CDS8 T cells can proliferate to higher levels after
antigen rechallenge and kill infected targets without costimulation (79). For example, in
an allogenic tumor challenge model, memory CD8 T cells can respond to a tumor in 12
hours as compared to 5 days for the primary response (80). LCMV-specific memory
CDS8 T cells require only 3 hours of in vitro stimulation to produce cytokines, as
compared to more than 12 hours for naive CD8 T cells (81). In illustration of the relative
autonomy of memory CD8 T cells compared to naive T cells, there is evidence that
memory CD8 T cells can proliferate and secrete cytokines independently of antigen, in
response to cytokine signals (82). The increased proliferation and effector functions of

CDS8 T cells allow for swifter control of a pathogen during repeated exposures.

CD8 T cells are critical effector cells of the immune system. Through recognition
of MHC class I, these cells monitor real-time peptide sampling. Because of this, they can
quickly recognize foreign protein products and respond by killing the infected cell and/or
recruiting other immune effector cells. A naive CD8 T cell must first see its cognate
pMHC in the context of costimulation and cytokine signals, divide and proliferate, and
then it can exert effector activities upon infected cells. After the infection is controlled,
most of the progeny CD8 T cells will contract to a stable memory population, which is

ready to respond quickly to a second challenge.

II. The Mouse Polyomavirus Model

Polyomaviruses (PyVs) were first discovered in 1953. Two groups (83, 84) published on

a filterable agent from mouse leukemic extracts which could cause salivary gland tumors
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in mice. After the discovery of Simian Virus 40 (SV40) PyV in 1960 (85) , the small size
of the PyV double-stranded genome made it an important model for investigating the
replication of double-stranded DNA genomes, as well as certain transcriptional and cell-
cycle mechanics (86). PyVs are becoming increasingly relevant in the clinic, with 9
novel human PyVs discovered since 2007 (87). Some of these new PyVs are associated
with upper respiratory tract infections, skin diseases and cancer (88). Serological surveys
indicate that human PyV infection often occurs in childhood, and 40 to 90% of humans
have seroconverted to each of 5 different PyVs by adulthood (89). Furthermore, PyV-
associated pathologies affect increasing numbers of patients, due to either
immunosuppressive regimens or AIDS (90, 91). These new clinical findings underscore

the need to better identify and characterize these prevalent human pathogens.

A. PyV Virology

PyVs are small, non-enveloped viruses, approximately 40-45 nm in diameter (88).
Their compact, economical genome consists of around 5 kbp of closed circular double-
stranded DNA (85, 86, 88, 92) (Figure 1.1). Both strands of DNA encode multiple
proteins in overlapping reading frames (93). Transcription occurs bidirectionally from a
single origin of replication. 450 bp of noncoding DNA flanks the origin, which includes
early and late promoters (94). It is important to note that this region also encodes
enhancers that could theoretically bind up to 30 different cellular transcription factors,
allowing the virus to replicate in a wide variety of host tissues (95). In mouse PyV
(MPyV), the early promoter drives transcription of a single species of precursor RNA.
Differential splicing of this RNA generates transcripts for three nonstructural proteins.

These Tumor (T) antigens (85), small T, middle T and large T (94), are so called due to
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their expression in PyV-induced tumors (85). The T antigens have multitfarious
functions within a cell, including regulation of cell cycle (94) and initiation of late

promoter transcription (88).

The late promoter drives transcription of an RNA encoding three structural
proteins: viral protein (VP)1, VP2 and VP3. VP1 makes up 80% of the assembled virion
protein (86), and has the capacity to self-assemble in vitro into various structures,
including the native viral shell (93). In vivo, cellular chaperones, including heat shock
protein 70, catalyze the appropriate assembly of 360 copies VP1 in 72 pentamers into an
icosahedron (93, 96). The underside of each VP1 pentamer forms a cavity which is
occupied by either VP2 or VP3 (96). VP2 and VP3 are translated in frame, but VP2 is
lengthened with unique N-terminal sequences including a myristoylation (93, 96). PyV
makes economical use of a minimal genome by using overlapping reading frames and

differential splicing.

Upon infection of a cell, viral uncoating appears to occur via several degredative
steps (97). The outer surface of VP1 from most polyomaviruses binds the a2,3- or 02,6-
linked sialic acid from specific gangliosides or glycoproteins on target cells. The
preferred ganglioside(s) vary with the virus. At least some PyVs undergo a
conformational change after binding sialic acid, which allows them to bind a co-receptor.
In the case of MPyV, the co-receptor is a4p1 integrin (97). Once bound to the cell, the
virus initiates endocytosis. Endocytosis is usually mediated by caveolae or an alternate
cholesterol-dependent pathway. Irrespective of the mechanism of endocytosis, the virus
eventually traffics to a caveosome. In a microtubule-dependent manner, long tubular

structures carrying the virion extend from the caveosome and fuse with the endoplasmic
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reticulum (ER) (97). In SV40, a monkey polyomavirus, VP2 appears to facilitate
trafficking of the viral particle to the ER (98). Within the ER, host protein disulfide
isomerases destabilize the capid by cleaving the protein tail mediating interactions
between VP1 pentamers (93, 97). The virion is then treated as a native misfolded protein,
and shunted out of the ER by retrotranslocation mechanisms (97). In SV40, VP3
participates in viral exit from the ER into the cytosol (98). A 1000-fold drop in calcium
concentration upon entry to the cytosol is thought to further destabilize the calcium-
dependent capsid structure (97, 98). This reveals nuclear localization signals on VP1,
VP2 and VP3 which ferry the viral genome to the nucleus through the nuclear pore (99).
The PyV structural proteins are critical for delivery of the viral genome, coiled in the

histones of its previous host cell (93), to the nucleus.

The activities of the three nonstructural proteins allow efficient takeover of the
cell’s cycle. Each of the nonstructural proteins has multiple mechanisms to activate and
cause division of the cell (95). Although the three proteins have identical N-termini, the
differing C-termini serve to direct the localization of each protein (100). Accordingly,
Large T (LT) homes to the nucleus, Small T (ST) to the cytosol and Middle T (MT) to
lipid bilayers (100, 101). Most MT is found in the plasma membrane, but it can also be
found in other membranes including the ER (101). LT acts as a 3°-5’ ATP-dependent
helicase to unwind the PyV genome (93, 102) However, PyV contributes no other
proteins to the viral replication process (94). In order to usurp the host polymerase,
among other members of the DNA replication machinery, PyV must drive the cell into
the synthesis phase of the cell cycle. LT promotes the G1 to S transition by binding and

inactivating Rb, a tumor suppressor protein (92, 93). Binding to Rb is mediated through
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a conserved LXCXE motif which binds the pocket domain of Rb. LT also contains a
Psycho domain responsible for modulating the activity of Rb (102). Most PyV LT
proteins also bind p53 tumor suppressor, which would otherwise trigger apoptosis after
the cell is driven into S phase (100). MPyV LT does not bind p53, and it is unknown
how apoptosis is avoided (94). The activities of the other two T antigens may override

pS3 programming (92).

ST contains a serine-threonine protein phosphatase PP2A-binding domain (100,
103), allowing it to replace the B subunit of PP2A (100, 104). The mechanism is unclear,
but this leads to activation of the MAP kinase cascade (104). Transcripts of the AP-1
subunits c-fos and c-jun are upregulated by ST. AP-1 binds the enhancer region of PyV
and promotes gene transcription and genome replication (103). Presumably through this
pathway, ST stimulates both viral gene transcription and DNA replication (103). Middle
T shares the PP2A-binding domain of ST, and so shares the functions of ST. However,
the elongated C-terminal end of MT contains 3 major and 3 minor tyrosine residues
(103). It also binds and activates members of the src tyrosine kinase family, including c-
srk, Yes and Fyn. Src family members phosphorylate the 3 major tyrosine residues of
MT. Each of these residues allows docking and activation of another kinase,
phospholipase, or adaptor protein, leading to expansive downstream signals. One
important downstream effect of MT is the activation of Akt, a serine/threonine protein
kinase with multiple effects on survival, differentiation and proliferation (100). The
actions of Akt may act in MPyV to prevent apoptosis, despite active p53. The combined

actions of the T antigens force the cell to stay alive and cycle, giving PyV time and



22

resources to replicate. The multiple functions of each T antigen allow this small virus to

exert control over the cell with a minimum of gene products.

B. PyV Immunology

PyV infection is persistent in immunocompetent hosts (105, 106). Some chronic
infections, such as the human immunodeficiency virus, achieve high titers in the host,
because the immune system cannot keep up with the pace of viral replication.
Herpesviruses escape from the immune system by shutting down to a minimal
transcriptional program and quiescing into a latent state. Such viruses may reactivate at a
later time, when the host is immunocompromised (106). In contrast to both of these viral
lifecycles, MPyV is thought to persist at a low, but relatively constant level. There is no
evidence that it enacts a true latency program (107). It instead appears that the virus
undergoes constant turnover, at levels that are tightly controlled by the healthy immune

system (107).

In the natural host, PyV completes a productive infection, in which both early and
late proteins are translated (108) and production of new virions lyses the infected cell. In
rat or hamster cells, which allow MPyV entry but are not natural host cells, a
nonproductive infection occurs where the virus fails to replicate (93). In a nonproductive
infection, the T antigens continue to be expressed without the structural proteins, and the
cell becomes transformed (93). Even in the natural host, a disruption to the LT coding
region will lead to nonproductive infection because LT drives the switch between the
early and late proteins (109). If the PyV genome integrates into the host DNA, stable

transformation will be established (101). This is not to be confused with a latency
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program, because the mutations and deletions leading to a nonproductive infection
indicate that PyV has irrevocably lost its ability to replicate. Furthermore, there is no

evidence that PyV genomes can be excised after integration into the host DNA (107).

In the natural host, PyV oncogenesis correlates with a failure to control viral
replication. A T cell-independent neutralizing antibody response decreases the viral load
and prevents the acute myeloproliferative disease observed in SCID mice, but does not
prevent tumor development (110). Effective control of MPyV infection is mediated
mainly by CD8 T cells. This was evidenced by the potent oncogenesis of MPyV in
athymic mice (111, 112), T cell deficient mice (110), or Bgm'/ “mice, which have no class
I MHC molecules (113). Furthermore, passive tumor immunity results from adoptive
transfer of splenocytes from PyV-infected syngeneic mice (114). Strains of mice lacking
MPyV-specific TCR are extremely susceptible to MPyV tumors. This became apparent
when differing tumor susceptibilities of mice of the H-2* haplotype were discovered to be
inherited as a simple Mendelian trait in an autosomal dominant fashion (115). It was
later discerned that susceptible strains carry the integrated genome of the mouse
mammary tumor virus. This provirus encodes a surface antigen which binds the constant
region of specific TCR V[ chains, leading to deletion of any thymocyte carrying that
chain during thymic education. This so-called superantigen (SAG) culls all V6 and
VB8.1-bearing thymocytes. Incidentally, these are the primary TCR Vf chains needed to
recognize MPyV-specific pMHC in H-2* haplotype mice (116, 117). These studies

underscore the critical role of PyV-specific CD8 T cells in controlling PyV oncogenesis.

The classical CD8 T cell response to PyV peaks 1 wk p.i., then contracts 6-fold to

a stable memory population (118, 119). Despite detectable viral titers long-term (119,
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120), memory CD8 T cells during persistence retain most of their effector function (107).
However, CD8 T cells primed during the first month p.i. undergo exhaustion (121), and
must be replaced by new thymic emigrants (122). The CD8 T cells primed after the acute
phase of infection make up the bulk of the durable memory population (121). CTL
killing of MPyV infected cells is FasL and perforin mediated, but dispensable for control
of virus (123). Production of IFN-y, but not TNF-q, is important for control of MPyV
(123). Constant recruitment of new thymic emmigrants is important to maintain MPyV-

specific CTL during persistent infection.

Mice lacking an appropriate CTL response develop a unique pattern of epithelial
and mesenchymal tumors (124). The virus name — ‘poly’ for variety and ‘oma’ for
tumors - describes the ‘polyomavirus tumor constellation’ that is observed in susceptible
mice infected by MPyV (85, 124). MPyV tumors may consist of cells with either high or
low viral genome copy numbers (109). It is likely that this variation is determined by
both tissue-specific factors and the location of genome deletions. Epithelial tumors
display high copy numbers of unintegrated viral DNA, while this is virtually never
observed in mesenchymal tumors. Epithelial tumors host genome deletions in the C-
terminal region of LT, or in the capsid proteins, but never in ST or MT. In mesenchymal
tumors, viral DNA is presumed to be integrated into the host DNA. Lytic infection is
impaired if the double-strand break leading to integration of the viral DNA occurs
downstream of the end of the MT coding region. Thus, in epithelial tumors it appears
that PyV mutations arise in unintegrated DNA, while in mesenchymal tumors the process
of integration disrupts LT (109). Despite the varied genome deletions, all tumors express

middle T protein, which drives cell cycling, leading to neoplasia. Middle T is the most
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important oncogene, and is “necessary and sufficient for transformation and tumor
induction” (94, 125). In a study of tumors generated by MPyV in highly susceptible
SAG" C3H/BiDa mice, all tumors had detectable middle T antigen, regardless of the
expression of the other T antigens (109). Failure to control MPyV replication leads to the
accumulation of mutations or DNA integrations, driving the switch from lytic to

nonproductive, oncogenic infection.
C. PyV Pathogenesis

PyVs are species-specific viruses. At least 25 PyVs have been identified in bats,
monkeys, orangutans, chimpanzees, cattle, sea lions, and various rodents and birds (88).
Despite their name, polyomaviruses are typically noncarcinogenic in their natural host,
although MPyV and hamster PyV are exceptions (85). Thus far, PyVs have not been
definitively linked to cancers in humans, although there is strong evidence that Merkel
Cell Carcinoma (MCPyV) is caused by a human PyV (85, 126). Still, the vast majority
of these viruses have a much more benign pathology. This may be the result of a long
history of coevolution, suggested by the prevalence of PyVs among vertebrates (106). At
least nine different Py Vs have been isolated from human tissue to date (87, 88, 102), and

it is thought that more will be discovered (85).

PyV infection is usually subclinical in immunocompetent hosts. This low-level
persistent infection aids the spread of the virus. However, in an immunocompromised
host viral replication is unchecked, and can lead to pathology. Two human PyVs are of
major clinical relevance in immunocompromised patients. BK virus is the major cause of

kidney rejection (127). When a patient is on immunosuppression following a kidney
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transplant, this kidney-tropic virus can expand in the transplant and lead to rejection (127,
128). JC virus has been linked to a demyelinating disease of the central nervous system,
progressive multifocal leukoencephalopathy (PML), occurring primarily in patients with
AIDS, or those receiving monoclonal antibody therapy promoting CD4" or CD8"
lymphopenia. Therapies associated with PML risk include rituximab, eflaizumab, and
natalizumab (91). Furthermore, MCPyV is associated with immunosuppression (126). It
is a testament to the efficacy of constant immune surveillance that immunocompetent

hosts can harbor multiple subclinical polyomavirus infections simultaneously.

Despite their low-level persistence, Py Vs are normally well-controlled by the
immune system, and infections are subclinical. However, with the modern era of public
health arose new challenges that bring PyV to clinical relevance for many patients.

These challenges include a rise in immunosupression, due both to the HIV pandemic and
to the increasing prevalence of immunosuppressive drugs. It is difficult to study these
typically silent infections in humans. In point of fact, most of the newly identified human
PyVs have only been discerned through random PCR amplification (102, 129, 130). As
we face these challenges, the highly characterized MPyV infection of mice provides an

attractive model of the host-pathogen interaction between humans and their PyVs.

II1. Diverse roles of non-diverse molecule: MHC Class Ib
molecules in host defense and control of autoimmunity

The highly polymorphic “classical” or “class Ia” MHC molecules serve an integral role in
adaptive immunity by presenting peptides to cytotoxic T cells. However, there are also a
number of “non-classical” or “class Ib” MHC molecules that, while structurally similar to

class Ia molecules, frequently have quite distinct functions. Class Ib molecules are
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typically far less polymorphic than their classical counterparts, can have a more limited
pattern of expression and in some cases bind non-peptide ligands (for a review see (131)).
MHC class Ib molecules have a diverse range of functions, including in the presentation
of lipid antigens (CD1d) for recognition by natural killer T (NKT) cells, as ligands
(MR1) for mucosal-associated invariant T (MAIT) cells and serving as dual ligands for
both NK cells and aff T cell receptors (HLA-E and Qa-1°). A rapidly expanding body of
literature highlights the diverse roles played by class Ib molecules in pathogen
recognition, virus-induced immunopathology, tumor immunosurveillance and regulation

of autoimmunity. Here, we summarize recent key work in these areas.

MHC Class Ib as Innate Pathogen Recognition Molecules

Specific MHC class Ib molecules serve as ligands for T cells expressing “semi-invariant”
T cell receptors (TCR). These cells operate early in the course of an immune response
and may modulate the subsequent differentiation of the adaptive response (131, 132).
From this perspective, these MHC Ib-restricted T cells constitute components of the
cellular innate immune response and their TCRs may arguably be regarded as pattern
recognition receptors.

The non-MHC encoded CD1d molecule can present lipid antigens, such the
marine sponge derived alpha-galactosylceramide (a-GalCer), to NKT cells. These cells
express a semi-invariant TCR consisting of a fixed TCRa-chain (Val4 in mice, Vo24 in
humans) that can pair with a limited number of TCRB-chains (VP11 in humans, V8.2,
VB7 or VB2 in mice). Interestingly, although the CDR3a of the NKT cell TCR is fixed,
the CDR3p regions are highly diverse. Recent evidence suggests that variability in the

TCRP chain of NKT cells may play a role in the specificity for distinct lipid ligands (133,
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134). For example, while the CDR2p region is critical for recognition of a-GalCer, both
the CDR1f and CDR3p also contribute to recognition of isoglobotriaosylceramide
(1Gb3). Therefore, it appears that although the NKT cell TCR may have a common mode
of docking on CD1d, specific beta chain residues may impart distinct fine specificities for

different glycolipids.

Recognition of CD1d by NKT cells can result in the production of both Th1 and
Th2 cytokines, as well as various chemokines (135). These factors can then orchestrate
the activation of other cells of the immune system, including dendritic cells (DCs),
natural killer (NK) cells, and lymphocytes. Although many studies and even clinical
trials have utilized a-GalCer to efficiently activate NKT cells, the relative importance of
more physiological ligands remains a subject of intense interest. In this connection,
pathogen-derived glycolipids such as a-galacturonosylceramide (a-GalACer) from
Sphingomonas and a-galactosyldiacylglycerol (a-GalDAG) from Borrelia burgdorferi
have been shown to bind to CD1d and activate NKT cells (136). In addition, TLR
ligation during bacterial infections can drive the synthesis of endogenous
glycosphingolipids (GSLs), such as iGb3 that can also be presented to NKT cells by
CD1d (136-138). Moreover, the repertoire of CD1d-bound ligands may be further
modulated during infection as TLR signaling through the MyD88 adaptor molecule
blocks lysosomal a-galactosidase A—mediated degradation of iGb3 (139). Taken
together, these data are consistent with a model in which stimulation of innate pattern
recognition receptors by bacterial products leads to upregulation of iGb3, elevated CD1d

ligand density, and activation of NKT cells.
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The ability of NKT cells to produce both Thl and Th2 cytokines makes these
cells attractive targets for manipulating adaptive immune responses. Several studies have
shown that NKT cells vary in the profile of cytokines produced in response to alterations
in the structure of a-GalCer (140-145). Im et al. (146) recently reported that derivatives
of a-GalCer that drive Th2 responses can directly bind CD1d on the cell surface. In
contrast, a-GalCer and derivatives that produce mixed Th1/Th2 responses require lipid
transfer factors to load them onto CD1d in an endosome. As a result, these
CDld:glycolipid complexes take longer to appear on the cell surface. Thus the
endosomal loading process itself may force association of CD1d:glycolipid complexes
with molecules that direct them to lipid rafts within the immunological synapse, whereas
glycolipids that directly bind cell surface CD1d are excluded from lipid rafts. This
difference in cell surface localization of CD1d may be responsible for the distinct
cytokine profiles elicited by different glycolipid ligands.

Another specialized T cell population with a semi-invariant TCR utilizes a fixed
TCRa (Va19-Ja33 in mice and Va7.2-Ja33 in humans) that paired with a limited
repertoire of TCR chains (147). These cells, simultaneously identified in mice and
humans (148), are found in the circulation and intestinal lamina propria (149), and
therefore have been termed ‘mucosa-associated invariant T cells’ or MAIT cells. MAIT
cells are largely CD4 CD8 or CD8aa’, are selected in the thymus and seed the intestinal
mucosa (150), where they expand upon encounter with B cells expressing the MHC class
Ib molecule MR1. Gut bacterial flora is an additional essential determinant for the
expansion of MAIT cells in intestinal mucosal tissues, as MAIT cells are absent in germ

free mice (149). MRI is highly conserved genetically and functionally in mammals, with
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~90% identity in the predicted amino acid sequences of mouse and human a1-02 domains
and evidence for cross-species TCR-MR1 interaction (151, 152). Earlier work suggested
that the MR 1-associated ligand may be an a-mannosyl ceramide (153). Based on this,
Shimamura tested a series of a-mannosyl ceramide derivatives and found that certain
sphingosine glycolipids such as (a-Man)2-PI and a-Man-a-GIcNH2-PI preferentially
stimulated murine MAIT cells (154). Interestingly, depending on the type of lipid moiety
used, MAIT cells, like NKT cells, variably produced IFN- y and IL-4, raising the
possibility that specific glycolipids could be used to direct MAIT cells in order to skew
CDA4 T cell responses.

Recent investigations into the intracellular pathways for MR1 antigen uptake and
processing suggest that MAIT cells contribute to host anti-bacterial immunity. Antigen
presentation by mouse MR1 is independent of TAP and the MHC class I peptide-loading
complex, but facilitated by the MHC class II chaperone HLA-DM, and dependent on the
MHC class II chaperone Ii. Confocal and cryoimmunoelectron microscopy studies have
shown MR to be present in late endosomes, raising the possibility that antigens
including endocytosed microbial products may be acquired from this compartment (155).
Circulating MAIT cells in healthy individuals recognize antigens derived from
Mycobacterium tuberculosis (Mtb) in an MR 1-dependent manner, providing evidence
that microbial antigens are presented by MR1 (156). Moreover, Le Bourhis et al.
demonstrated that mouse MAIT cells recognize cells infected by unrelated strains of
bacteria and yeast in an MR 1-dependent manner and that these T cells mediate protection

from certain bacterial infections in vivo (157). Taken together, current evidence
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implicates MAIT cells as important participants in host microbial immunity of the gut
and respiratory mucosa.
Adaptive Immune Recognition of MHC Class Ib Molecules
Although a number of MHC class Ib molecules are ligands for receptors expressed by
innate immunocytes, recent literature points toward an important role for these molecules
in adaptive immune responses to pathogens. Class Ib-restricted aff TCR-expressing CD8
T cells have been identified as participants in the overall adaptive T cell response in a
number of mouse disease models (158-160), and have been shown to be protective in
Vivo in the case of Qa-1"-restricted and H2-M3-restricted responses to Listeria
monocytogenes (161-163), an H2-M3-restricted response to Mtb (164), and a class Ia-
independent CD8 T cell response to a mouse y-herpesvirus (165). Swanson et al.
recently defined a protective antiviral CD8 T cell response directed toward an
oligopeptide derived from the mouse polyomavirus (MPyV) presented by Q9, a murine
Qa-2 family member (166, 167). As Q9 is nonpolymorphic, we have been able to
generate Q9-restricted MPyV-specific CD8 T cell responses across MHC class la
haplotype barriers (ARH and AEL, unpublished data). The finding that class Ib-restricted
CDS8 T cells mediate protection against a mouse viral infection will hopefully spur efforts
to identify additional microbe-specific class Ib-restricted T cell responses in humans that
might be effective across a range of different HLA haplotypes.

The existence of viral immunoevasins that impair expression of class Ib
molecules also implies a role for these MHC molecules in host defense. Renukaradhya et
al. provided evidence that the matrix protein of vesicular stomatitis virus (VSV)

downregulates mouse CD1d expression in a p38 MAPK-dependent manner, implying
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that VSV has devised tactics to offset immunity conferred by NKT cells (168). Similarly
vaccinia virus inhibits CD1d expression (169), indicating that this molecule, and possibly
its human homolog, are recognized by immune effector cells involved in the surveillance
of this viral infection. Although the function of human class Ib molecule HLA-G is
unclear, Park et al. recently showed that the US10 protein of human cytomegalovirus
(HCMV) downregulates its expression (170), suggesting that HLA-G may have a role in
anti-HCMV immunity. Taken together, these studies argue that elucidation of class Ib-
specific responses to viral infections could provide new insights for viral vaccine
development.

Qa-1°/HLA-E: double duty MHC Class Ib molecules

As ligands for both inhibitory and activating receptors, Qa-1° and its human ortholog
HLA-E have diverse immunological roles (Figure 1.2). The peptide-binding groove of
Qa-1" is predominantly occupied by the highly conserved Qa-1° determinant modifier
(Qdm) 9mer peptide that is derived from the signal sequence of class la molecules (171,
172). The Qdm:Qa-1° complex is the ligand for CD94-NKG2A (173) an inhibitory
signaling receptor on NK cells and CD8 T cells, as well as activating receptors such as
CDY94-NKG2C (174). Similarly, the peptide-binding groove of its human ortholog, HLA-
E, is also largely occupied by conserved peptides derived from other HLA-class I
molecules (175) and recognition by CD94-NKG?2 receptors is acutely dependent on the
sequence of such peptides (176). CD94-NKG2A appears to operate as a sensor for the
expression of MHC class Ia molecules and the functional integrity of the antigen
processing machinery (177, 178) both of which can be impaired in neoplastic cells or

targeted by immunoevasins expressed by a variety of pathogens.
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While the function of the activating isoforms of the CD94-NKG2 family are only
beginning to be understood, it is believed they may have a role in the control of
pathogens, particularly HCMV. For example, positive serology for HCMYV is strongly
associated with high proportions of CD94-NKG2C expressing NK cells (179). Similarly,
co-culture of NK cells with HCMV-infected fibroblasts results in the expansion of CD94-
NKG2C positive NK cells (180).

Antiviral CD8 effector T cells can also express CD94-NKG2A, which can act to
balance antiviral immunity with virus-associated immunopathology. Inhibition of virus-
specific cytotoxic effector activities is critical in situations of widespread viral antigen
expression by parenchymal cells as well as expression by valuable nonrenewable somatic
cells. In the MPyV infection model, high load infection is associated with protracted
expression of CD94-NKG2A by antiviral CD8 T cells, which serves to dampen antigen-
specific cytotoxicity. For MPyV, the unwitting consequence of this host defense against
excessive cell death is a high set point of persistent viral load and the elevated risk for
polyomavirus-induced tumors (181). Similarly, Zhou et al. (182) showed that Qa-
1°:CD94-NKG2A engagement negatively regulates TNF-a production by influenza virus-
specific CD8 effector T cells that, in turn, limits pulmonary immunopathology.

Similarly, herpes simplex virus-specific CD8 T cells in proximity to latently infected
trigeminal ganglion cells express CD94-NKG2A, which engages Qa-1° expressed by
neurons and thereby protects infected neurons from CD8 T cell-mediated cytotoxicity
(183). From these models of CD94-NKG2A-mediated inhibition of effector CD8 T cells,
it is also apparent that this receptor regulates discrete effector activities and may do so in

a manner that controls virus replication without destruction of virus-infected host cells
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(184). Because IFN-y upregulates Qa-1":Qdm expression (185), it is also possible that
IFN-y produced by activated NK cells and T cells serves to modulate the strength of
CDY94-NKG2A signaling and the range of effector activities that are inhibited.

In a recent important study, Oliveira et al. showed that Qa-1" also binds a diverse
array of peptides derived from improperly processed housekeeping proteins that are
generated by impairments in antigen processing (186). These peptides replace Qdm and
are immunogenic for a novel population of Qa-1°-restricted CD8 T cells that mediate
cytotoxicity against target cells expressing these antigens. Importantly, these Qa-1°-
restricted T cells are readily detected in the immune response to tumors deficient in
antigen processing. This study raises the exciting possibility that humans may possess a
similar population of HLA-E-restricted CD8 T cells in their T cell repertoire that could be
harnessed for tumor immunotherapy.

A sizeable body of literature shows that Qa-1° and HLA-E operate in host
microbial adaptive immune responses. In humans, HLA-E-restricted CD8 T cell
responses to Mycobacterium tuberculosis (Mtb), Salmonella typhi and HCMV have been
observed (187-189). Interestingly, presentation of Mtb-derived antigens by HLA-E but
not class Ia molecules was shown to be largely resistant to cycloheximide treatment of
APC, suggesting that HLA-E can capture peptide antigens from distinct intracellular
compartments, possibly utilizing recycled HLA-E (190).

The UL40 protein of HCMV encodes a sequence that mimics the leader sequence
of most HLA-C alleles. Consequently UL40 may facilitate the interaction between HLA-
E and CD94-NKG2A following HCMV-infection. However in individuals in whom the

ULA40-derived peptide differs from self-encoded HLA-C sequences as a result of HLA
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polymorphism, HCMYV infection results in a robust UL40-specific, HLA-E restricted T
cell response. These responses do not appear to be subdominant to class la-restricted
HCMV responses and in some individuals comprise in excess of 20% of the CD8 T cell
population (175, 191). Such populations in the setting of HLA-C-mismatched
transplantation, could negatively impact graft survival as the UL40 sequence is identical
to that found in most HLA-C alleles. To this end, we have recently identified expansions
of HLA-E restricted T cells in lung transplant recipients at various stages posttransplant
(LCS and AGB, unpublished data).

Qa-1" also serves as a restriction element for a population of CD8 T cells that
control autoreactive CD4 T cells. Expression of Qa-1" s transiently upregulated on
activated CD4 T cells, which can be loaded with peptides derived from TCR V{ chains
and recognized by these CD8 regulatory T cells (Tr,). Because these CD8 T, may also
express CD94-NKG2A, there is an opportunity for dynamic interplay between activating
and inhibitory receptors depending on the relative occupancy of Qdm or Vf peptides by
Qa-1° (Figure 1.2). This dynamic regulation was investigated in an elegant paper by Lu
et al. (192) utilizing the murine experimental autoimmune encephalomyelitis (EAE)
model for multiple sclerosis. By using two different mutations in Qa-1°, D227K, which
disrupts binding of Qa-1° to CD8 (mitigating TCR engagement), and R72A, which
disrupts Qa-1° binding to NKG2A, this group was able to distinguish the impact of these
two interactions on CD8 T, control of autoreactive CD4 T cells. Transgenic mice
expressing the D227K mutation exhibited increased susceptibility to EAE, while those
transgenic for the R72A mutation were EAE-resistant (193). Kumar and colleagues

(194) recently described a population of CD80o” TCRo.™ Ty cells which recognize Qa-
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1°-associated TCR peptides presented by DCs that have ingested apoptotic CD4 T cells.
This cross-presentation was driven by inflammatory stimuli. These CD8 T, were shown
to suppress EAE and apparently do so by killing myelin basic protein-reactive CD4 T
cells. This study raises the possibility that ‘tolerogenic’ DCs may be harnessed to
ameliorate autoimmune diseases by eliciting such Qa-1°/HLA-E-restricted CD8 Treg
effectors.

The identification of a non-Qdm peptide that enables CD8 T, cells to recognize
autoreactive T cells suggests that Qa-1"/HLA-E-restricted responses may be put to
therapeutic use to control autoimmunity or enhance vaccine efficiency. In a series of
papers exploring this possibility (195-197), the Chess and Jiang group determined that
intermediate affinity T cells that expand following exposure to nominal antigens
preferentially express Qa-1° bearing the signal peptide from heat shock protein 60
(Hsp60sp), the ligand for a novel population of CD8 T cells with immunoregulatory
capability. Qa-1°:Hsp60sp-specific CD8 T cells appear to constrain the expansion of
intermediate affinity T cells, which include those that cross-react with self antigens, while
sparing high affinity T cells specific for cognate antigen. Importantly, Hsp60sp peptide
vaccination induced these Qa-1-restricted CDS8 T cells that then mediated cross
protection in two autoimmune disease models (24). Thus, Qa-1°:Hsp60sp is a common
structure expressed by activated T cells having TCRs of intermediate affinity for self,
which allows these potentially autoreactive cells to be recognized by a generic population
of Qa-1°-restricted regulatory CD8 T cells (Figure 1.2). Although there is evidence that

HLA-E can bind an Hsp60-derived peptide (198), whether or not T cells with
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intermediate affinity for self antigens express such peptides are recognized by such class
Ib-restricted CD8 T, remains to be determined.

Conclusions

In summary, it is increasingly evident that MHC class Ib molecules can act as restricting
elements for effector T cells which can limit the spread of pathogens. Consequently,
given the limited polymorphism in these genes, particularly in humans, pathogen-derived
peptides that bind these molecules may represent attractive vaccine candidates. However,
molecules such as CD1d, MR1, HLA-E and Qa-1" also appear to have distinct roles in
immunity through the stimulation of specialized T cell populations that can both
orchestrate the quality of the immune response and regulate auto-reactive T cell
responses. Further insights into the antigens presented by these molecules, the
mechanisms by which they acquire such antigens and the way in which they are
recognized by T cells may provide novel approaches to improving pathogen-specific

responses and ameliorating autoimmune disease.

IV. A class Ib-restricted CD8 T cell response protects against

MPyYV infection across MHC class Ia allotypes

CTL are critical for control of MPyV and MPyV-associated tumors. Mice lacking
T cells which recognize MPyV epitopes are susceptible to tumors, including SCID mice,
which have no T or B cells, TCR B x é knockout mice, which have no T cells, Bzm'/ " mice
(113), which have no MHC class I molecules, and SAG" H-2" haplotype mice (107).
Importantly, B6.K* D" mice, which lack class Ia molecules, and therefore have no class

la-restricted CD8 T cells, control MPyV infection equivalently to B6 mice (167). This
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finding led to the identification of a class Ib-restricted CD8 T cell response which is
specific for a nonamer epitope from the VP2 capsid protein. To test the ability of this
response to control MPyV infection, the anchor residue of the target epitope, VP2.139-
147, was mutated to generate a mutant virus, MPyV.H145A (H145A). Virus levels were
higher in the kidney of B6. KD mice infected with H145A than wild-type MPyV by
day 80 p.i. (167). These findings represent the first identification of a class Ib-restricted

CDS8 T cell response that controls a virus infection.

Previous studies in the lab (166, 167) indicated that the Q9:VP2.139-specific
population exhibits unique kinetics in B6.K*' D" mice, including a long inflationary
expansion over the first 3 months p.i., and antigen-independent maintenance thereafter.
The Q9:VP2.139-specific CD8 T cell response also diverges from the PyV-specific class
la-restricted CD8 T cell responses in that a much smaller percentage of Q9:VP2.139-
specific CD8 T cells respond to VP2.139 peptide stimulation ex vivo than stain with the
Q9:VP2.139 tetramer. My dissertation project focused on identifying the mechanisms
behind the inflationary kinetics and poor IFN-y production by the Q9:VP2.139-specific
response. Another unique feature of the Q9:VP2.139-specific CD8 T cell response
feature is the use of a non-polymorphic MHC molecule to restrict a protective CD8 T cell
response. The third aim of my project was to demonstrate that a Q9:VP2.139-restricted

response could be generated in allogeneic mice.

Aim 1: To determine the requirement for CD4 help and costimulation during the

Q9:VP2.139-specific T cell response.
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In B6.K*' D" mice, the Q9:VP2.139-specific CD8 T cells expand for 3 mo. p.i.
and then are maintained at a steady level with no defined contraction. The expansion
correlates with persistent antigen, while the plateau is related to the relative absence of
antigen (166, 167). We probed the mechanisms driving both the long expansion phase
and the maintenance of the Q9:VP2.139-specific cells. Previously, our lab demonstrated
that the class la-restricted CD8 T cell responses to MPyV expand normally without CD4
help, although the recruitment of new thymic emigrants is impaired during persistent
infection, leading to a gradual attrition of the CD8 T cell population (199). Furthermore,
class la-restricted CD8 T cell responses depend on both CD28 and CD40L costimulation
for expansion, but not for maintenance during persistent infection (200). Based on these

data, and the shifting dependence on antigen by the Q9:VP2.139-specific CD8 T cells, |

hypothesized that CD4 T cell help and costimulation are required for the expansion, but

not for the maintenance of Q9:VP2.139-specific CD8 T cells. My investigation of this

hypothesis can be found in Chapter 2.

Aim 2: To determine if the functional defect of Q9:VP2.139-specific T cells is at the

level of priming.

Only a fraction of Q9:VP2.139-specific CD8 T cells produce IFN-y after ex vivo
stimulation with VP2.139 peptide. At day 8 p.i. only ~15% of the Q9:VP2.139-specific
cells produce IFN-y. During the next 3 months this fraction increases to ~25%. After 3
months the frequency of IFN-y-reactive cells increases, but never approaches 100%
(167). This is in contrast to class la-restricted CD8 T cell responses to MPyV, for which
ex vivo cytokine assays elicit IFN-y from 70-90% of tetramer " cells ex vivo (118, 167).

It is known that the structure of the o3 subunit of Q9 differs from that of H2-K" at critical
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residues which are involved in the interaction of H2-K" and the CD8 coreceptor. Both
the AB and CD loops of the H2-K" 03 subunit interact with CD8. In comparison, the Q9
AB loop has several mutations which orient the loop away from CD8 molecule, and
abolish hydrogen bonds (201). Coreceptor interaction improves the interaction of the
TCR and p:MHC both through increasing the affinity of the ternary complex and by
increasing downstream signaling through recruitment of Lck (20). Therefore we

hypothesized that Q9:VP2.139-specific CD8 T cells are insufficiently primed, and so

have a deficit of IFN-y effector function. We hypothesized that a tetramer synthesized

with the a3 loop from K® engineered into the Q9 molecule will bind to Q9:VP2.139-

specific TCR with higher avidity. We further hypothesized that methods to increase the

epitope density and growth factors available to Q9:VP2.139-specific CD8 T cells during

priming will augment priming, and generate more highly functional Q9:VP2.139-specific

CD8 T cells. The Q9(Kb) chimeric tetramer was synthesized by the NIH Tetramer Core,
and a comparison of its binding with that of the Q9:VP2.139 tetramer is presented in the
text of Chaper 3. However, the other premises of this hypothesis were not formally

addressed in this work.

Aim 3: To generate protective Q9:VP2.139-specific T cells across MHC Class Ia

haplotype barriers.

MHC class Ia molecules are highly polymorphic. This means that the epitope
specificities of the CD8 T cell response against a single protein antigen will be different
throughout the population. Similarly, between inbred strains of mice, different
haplotypes are polymorphic at the MHC class Ia locus. In contrast, class Ib molecules

are nonpolymorphic or oligomorphic (131). Epitope specificities restricted by class Ib
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molecules are therefore much more likely to be identical between individuals, or between
strains of mice. This is important for vaccine design, because it would be cheaper, safer,
and easier than current vaccine strategies if the entire population could be effectively

vaccinated against a pathogen using a single peptide epitope.

QO is a class Ib molecule from the Qa-2 family of H-2 antigens. Four genes
encode the serologically identical Qa-2 antigen: Q6, Q7, Q8 and Q9. The even numbered
genes, Q6 and Q8, are closely related, as are the odd-numbered genes. Q7 and Q9 differ
by only one amino acid, which is not predicted to be in the peptide-binding groove (202).
Consequently, the peptide-binding repertoires of Q7 and Q9 overlap (203). Our lab
previously demonstrated that Q9, but not Q8, was recognized by Q9:VP2.139-specific
CD8 T cell clones (167). It is highly likely that Q9:VP2.139-specific CD8 T cells also
recognize Q7:VP2.139, although this has not been formally demonstrated. Because these
epitopes are predicted to be identical, I will be referring to both as Q9:VP2.139
throughout this dissertation. The Qa-2 genes are not polymorphic, although they differ
both in the number of genes encoded in the locus and in Qa-2 expression level (202).

Because Q9 is nonpolymorphic, we hypothesized that a Q9:VP2.139-specific CD8 T cell

response can be expanded in a mouse from any MHC haplotype that encodes Q7/Q9.

This hypothesis is addressed in Chapter 3.
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Figure Legends

Figure 1.1: MPyV encodes six proteins in overlapping reading frames. An
approximation of the MPyV genome is diagrammed, with the early region genes on the
left and the late region genes on the right. The black line represents the 5,292 base pairs
of double stranded DNA (204). Numbers represent base pairs from the start of the
linearized genome. Colored arrows represent the open reading frames of the six proteins.

ORI: origin of replication. VP: Viral Protein. T: Tumor antigen.

Figure 1.2. Different peptide:Qa-1b ligands trigger varied responses by Qa-1b-
specific CD8 T cells. (Left): CD8 T cells expressing TCRs specific for pathogen derived
peptide (pAg) bound to Qa-1b are stimulated to employ anti-pathogen effector activities.
(Middle): Dynamic interplay between TCR activation and CD94-NKG2A inhibition on a
CDS8 Treg determines the fate of the autoreactive CD4 T cell. Here, TCRs of CD8 Treg
cells recognize a peptide from the TCR-VDb (pVb) of an autoreactive CD4 T cell

presented by Qa-1b. Qa-1b also presents Qdm peptide that engages inhibitory CD94-



NKG2A receptors. (Right): TCR mediates CD8 Treg recognition of a peptide derived
from the signal sequence of Hsp60 presented by Qa-1b. The CDS8 Treg is signaled to

control an intermediate affinity, potentially self-reactive CD4 T cell.
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Chapter 2

MHC class Ib-restricted CD8 T cells differ in
dependence on CD4 T cell help and CD28
costimulation over the course of mouse polyomavirus

infection

All figures and tables in Chapter 2 are based on data generated by the Ph.D. candidate.

Data presented in Figures 2.2 and 2.3 were generated in collaboration with Dr. Mandy L.
Ford, Department of Surgery, Emory University, Atlanta GA.

Data presented in Figure 2.4 was generated in collaboration with Dr. Lucy C. Sullivan
and Dr. Andrew G. Brooks, Department of Microbiology and Immunology, University of
Melbourne, Parkville, Victoria 3010, Australia.

Originally published in The Journal of Immunology: Hofstetter, A.R., M.L. Ford, L.C.
Sullivan, J.J. Wilson, A. Hadley, A.G. Brooks, and A.E. Lukacher. 2012. MHC class Ib-
restricted CD8 T cells differ in dependence on CD4 T cell help and CD28 costimulation
over the course of mouse polyomavirus infection. J. Immunol. 188: 3071-3079.
Copyright © 2012 The American Association of Immunologists, Inc.
http://www.jimmunol.org/content/188/7/3071
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Abstract

We recently identified a protective MHC class Ib-restricted CD8 T cell response to
infection with mouse polyomavirus. These CD8 T cells recognize a peptide from aa 139-
147 of the VP2 viral capsid protein bound to the nonpolymorphic H-2Q9 molecule, a
member of the Qa-2 family of B.m-associated MHC-Ib molecules. Q9:VP2.139-specific
CDS8 T cells exhibit an unusual inflationary response characterized by a gradual
expansion over 3 months followed by a stable maintenance phase. We previously
demonstrated that Q9:VP2.139-specific CD8 T cells are dependent on Ag for expansion,
but not for the long-term maintenance. In this study, we tested the hypothesis that the
expansion and maintenance components of the Q9:VP2.139-specific T cell response are
differentially dependent on CD4 T cell help and CD28 costimulation. Depletion of CD4"
cells and CD28/CDA40L blockade impaired expansion of Q9:VP2.139-specific CD8 T
cells, and intrinsic CD28 signaling was sufficient for expansion. In contrast, CD4 T cell-
insufficiency, but not CD28/CD40L blockade, resulted in a decline in frequency of
Q9:VP2.139-specific CD8 T cells during the maintenance phase. These results indicate
that the Q9:VP2.139-specific CD8 T cell response to mouse polyomavirus infection
depends on CD4 T cell help and CD28 costimulation for inflationary expansion, but only

on CD4 T cell help for maintenance.
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Introduction

Nonclassical MHC class Ib molecules are generally distinguished from the classical
MHC class Ia molecules in being less polymorphic, having limited tissue distribution,
and lower cell surface expression levels. Although some class Ib molecules present non-
peptide molecules such as lipids, transferrin, or odorants (1), others structurally resemble
class Ia molecules and present oligopeptides to CD8 T cells. Class Ib-restricted CD8 T
cell responses to peptides and lipids contribute to both innate and adaptive immunity (2).
Most class Ib-restricted T cell responses described to date participate in anti-bacterial
host defense. For example, Qa-1 -restricted T cells mediate protection to infection by
Listeria monocytogenes (3, 4), and H2-M3 presents N-formyl peptides to T cell responses
to several bacterial infections, including L. monocytogenes (5) and Mycobacterium
tuberculosis (6).

Sequence homology between the Q9 class Ib molecule and class Ia molecules is
closer than for other class Ib molecules (7), with the structures between Q9 and H-2K"
showing close overlap. However, unlike class Ia molecules, Q9 lacks a transmembrane
domain and is instead bound to cell membranes by a GPI linkage (8). Q9 is expressed on
all somatic cells, although expression levels may be lower than for class Ia molecules (9).
The Q9 gene is situated in the murine Qa-2 locus, and has no allelic polymorphisms
among mice of inbred strains, although in some strains Q9 exists as a pseudogene (10).
Only two dominant residues are critical for anchoring nonameric peptides to Q9 (i.e.,
histidine at position 7 and hydrophobic residue at position 9), allowing Q9 to bind a

diverse peptide repertoire, akin to class Ia molecules (7).
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We recently identified a novel population of mouse polyomavirus (MPyV)-
specific ap TCR" CDS8 T cells whose ligand consists of Q9 complexed to a nonamer
peptide (aa 139-147) of the VP2 capsid protein (11). Using MHC class Ia-deficient
(B6.Kb'/ D" ") mice, we demonstrated that this Q9:VP2.139-specific CD8 T cell response
controls MPyV infection. These Q9:VP2.139-specific CD8 T cells exhibit response
kinetics and Ag dependence that depart dramatically from those of conventional class la-
restricted anti-MPyV CD8 T cells, being initially detected 8 d postinfection (p.i.) and
then progressively increasing in magnitude for 3 mo. Thereafter, the population is stably
maintained, comprising up to 80% of the CD8 T cell compartment with minimal
proliferation or apoptosis (12). However, Q9:VP2.139-specific CD8 T cells exhibit a

marked defect in cytokine effector activity, with only 20-50% of these cells capable of
producing IFN-y, a dominant anti-MPyV cytokine (13). We recently reported that the

Q9:VP2.139-specific CD8 T cell response depends on Ag for its expansion, but not for its
maintenance phase (12); however, it is unclear what additional determinants are critical
for maintenance of this population.

In this study, we explored roles of CD4 T cell help and CD28/CD40L
costimulation as determinants of expansion and maintenance for the Q9:VP2.139-specific
CDS8 T cell response. In the absence of CD4 T cell help, conventional class Ia-restricted
CDS8 T cells show no deficiency in recruitment to acute MPyV infection, but then suffer
massive attrition during persistent infection; this response profile cannot be attributed to
elevated viral infection levels (14). We further showed that the class Ia-restricted anti-
MPyV CDS8 T cell response depends on both CD28 and CD40L costimulation for

expansion, but is independent of these signals during maintenance (15). We hypothesized
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that, in parallel with their Ag dependence, the Q9:VP2.139-specific response would be
dependent on CD4 T cell help and CD28/CD40L costimulation for expansion, but not for
maintenance. However, although inflationary expansion of these cells was found to be
dependent on CD28 costimulation and CD4 T cell help, CD4 T cells were also required

for maintenance of Q9:VP2.139-specific CD8 T cells.



79

Materials and Methods

Mice

B6.K""D*" mice (Thy1.2) were purchased from Taconic Farms (Germantown, NY);
B6.K""D*" Thyl.1 mice (16) were originally provided by Peter Jensen (University of
Utah, Salt Lake City, UT). CD40”" mice were originally purchased from The Jackson
Laboratory (Bar Harbor, ME). C57BL/6 (B6) mice were purchased from the Frederick
Cancer Research and Development Center of the National Cancer Institute (Frederick,
MD). B6.129S2-Cd28"™*/J (CD28"") mice were purchased from The Jackson
Laboratory (Bar Harbor, ME). Mice were bred and housed by the Division of Animal
Resources at Emory University (Atlanta, GA) in accordance with the guidelines of the
Institutional Animal Care and Use Committee of Emory University. Female mice were 6-

12-wk old at time of infection.

Viruses

MPyV wild-type virus (strain A2) was prepared as described previously (17). An MPyV
mutant with a histidine to alanine substitution at aa 145 in VP2 (A2.H145A) was
prepared as described previously (11). Mice were inoculated s.c. with 1 x 10° PFU in the

hind footpads.

Costimulation blockade and CD4" cell depletion
Anti-CD4 (clone GK1.5) was administered i.p. at 250 pug/mouse on days -3, -1, and 1
relative to MPyV infection, and then weekly thereafter. CD4" cell depletion was verified

by staining blood samples with anti-CD4 clone RM4-5 (eBioscience). Anti-CD40 ligand
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(clone MR-1; BioXCell) and/or CTLA-4-Ig (Bristol-Meyers Squibb) were administered
i.p. at 500 pg/mouse on days 0 and 2 of MPyV infection, and then weekly thereafter.
After mice were infected for 3 mo, GK1.5, MR-1, and/or CTLA-4 was administered

twice in the first 3 d and weekly thereafter using 500 pg/mouse of each protein.

Flow cytometry

1 x 10° RBC-lysed splenocytes, incubated with BD FcBlock for 15 min at 4°C, were
stained with a chimeric Q9(Kb)VP2.139 tetramer, generated by swapping the a3 chain of
H-2K® with that of Q9 (National Institutes of Health Tetramer Core Facility). This
tetramer binds Q9:VP2.139-specific cells at a 4-fold higher dilution than wild-type Q9
tetramers (A.R. Hofstetter, unpublished observations). Cells were also stained with Abs
against the following molecules: CD44, CD62L, CD25, NKG2A/C/E (Clone 20d5), 2B4,
4-1BB and Thyl.1 (BD Pharmingen), CD4, CD127, CD122 , CD27, PD-1, CD28,
NKG2A (Clone 16al1), ICOS, OX-40, rat IgG2a and rat IgG2b (ebioscience), CD69
(Invitrogen), CD43 (BioLegend), KLRG-1 (SouthernBiotech), and CD8a (BD
Pharmingen and BioLegend). Intracellular cytokine staining was performed as described
(18). After incubation with and without 1uM VP2.139 peptide for 5-6 h at 37°C in the
presence of GolgiPlug (BDBiosciences), cells were stained intracellularly with antibodies
to IFN-y, TNF-a, and IL-2 (BD Pharmingen), and for CD40L (eBioscience) and CD69
(Invitrogen). Samples were acquired on a FACSCalibur (BD Biosciences), and data were

analyzed using FlowJo software (Tree Star, Inc., Ashland, OR).

Quantitation of MPyV genomes
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Tissue samples were taken from spleen, kidney, salivary gland, and heart and snap-
frozen. DNA isolation and TagMan-based quantitative real-time PCR were performed as
previously described (18). The limit of detection of this assay is 1000 copies of genomic

viral DNA unless specified elsewhere.

Generation of Q9:VP2.139-specific TCR retrogenic mice

A Q9:VP2.139-specific CD8 T cell hybridoma (C3K) was derived by fusing the C3-8
clone (described in Ref. (11)) with a CD8-transfected BW5147 fusion partner (described
in Ref. (19)). Generation of replication-defective retroviral producer cell lines was
performed as described BY Holst and colleagues (20). TCRa- and TCR- chains from
C3K were cloned by PCR into pGEM using the following primer sequences: o chain
(va10) forward: 5°
GCGCCAGAATTCAGATCTACCATGAAGAGGCTGCTGTGCTCTCTGCTGG 3’; B
chain (vB4) forward: 5’
CTGTTAAAGCAAGCAGGAGACGTGGAAGAAAACCCCGGTCCCATGGGCTCC
ATTTTCCTCAGTTGCCT 3°. The products were then subcloned into the GFP-
encoding murine stem cell virus-based retroviral vector pMIG at the BamHI site using
the following reverse primers to generate a 2A-linked multicistronic construct: P2A-Ca
reverse: 5’
CTTCCACGTCTCCTGCTTGCTTTAACAGAGAGAAGTTCGTGGCTCCGGAGCCG
GACCACAGCCTCAGCGTCATGAG ¥’

P2A-Cp reverse: 5°

GCGTCGCTCGAGGGATCCTCAGGAATTTTTTYTCTTGACCATRGC 3°. 293T
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cells were transiently transfected with three plasmids, separately encoding packaging
genes, envelope genes, and the C3K TCR retroviral vector. Retroviruses produced by
these 293T cells were used to infect GP+E86 cells to generate replication-deficient
retroviruses. Retrovirus-mediated stem cell gene transfer was carried out as described by
Holst and colleagues (20) using B6 or CD28™ bone marrow and B6 recipients to generate
retrogenic donor mice. In brief, bone marrow isolated from B6 or CD28" mice was
infected by culture with irradiated GP+E86 producer cells, then transferred i.v. into B6
recipients. After 5 wk, retrogenic donor mice were checked for reconstitution by staining
with anti-V4 and Q9:VP2.139 tetramer, and by GFP expression. In our hands, 80-90%
of retrogenic donor mice’s splenocytes express GFP. Of the CD8" T cells in this
population 20-30% stain with V4. Splenocytes were FACS-sorted for GFP" cells
(FACSAria, BD Biosciences) and either 1 x 10° or 1 x 10° cells were transferred i.v.

Mice received wild-type MPyV or A2.HI145A 1 d post-transfer.

IL-2 treatment
Recombinant human IL-2 (Amgen) was administered i.p. at 15,000 U/mouse in PBS and

0.1% B6.K""D"" mouse serum every 12 h for 16 d.

Statistics

Statistical analyses were performed using Prism software (GraphPad, La Jolla, CA). For
blood kinetic studies, data were analyzed using 2-way ANOVA with Bonferroni post
tests. For phenotyping and quantitative PCR (qPCR) studies, two-tailed Mann-Whitney t

tests were used, with the exception of qPCR data for singly administered anti-CD40L or
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CTLA-4lg, for which a Kruskal-Wallis Test was used, with Dunn’s Multiple Comparison

Test.
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Results

Expansion of Q9:VP2.139-specific cells is dependent on CD4 T cell help

To investigate whether CD4 T cell help is required for expansion of Q9:VP2.139-specific
T cells, MHC class Ia-deficient B6.K""D*" mice were depleted of CD4" cells by
administering anti-CD4 (clone GK1.5). Although CD4 T cell insufficiency in B6.K""D"
" mice has been shown to foster homeostatic expansion of the CD8 T cell compartment
(16), we did not observe an increase in numbers of CD8" cells in the spleens of GK1.5
mAb-treated, MPyV-infected B6.K* D"’ mice at 1 mo p.i. (A.R. Hofstetter, unpublished
observations). As shown in Fig. 2.1A and 2.1B, CD4-insufficiency was associated with
severely blunted expansion of Q9:VP2.139-specific T cells, as detected by both tetramer
binding and VP2.139 peptide-stimulated intracellular IFN-y production. Depletion of
CD4 cells was associated with a modest loss in viral control that differed between organs
examined. As shown in Fig. 2.1C, MPyV load in the salivary gland was ~6-fold higher in
CD4" cell-depleted mice, although the MPyV genome copy numbers in kidneys and
salivary glands were not significantly different from those in rat [gG-treated control mice.
In this connection, it merits noting that MPyV infection elicits a T cell-independent virus-
neutralizing IgG response response that controls viral burden (21). Compared with rat
IgG-treated infected mice, at 1 mo p.i., Q9:VP2.139-specific CD8 T cells in GK1.5-
treated mice expressed higher cell surface levels of CD27, PD-1, and slightly higher
levels of CD122, with lower levels of KLRG-1 (Fig. 2.1D). This phenotypic profile
resembles the phenotype seen during chronic infection with LCMV with CD4 depletion
(22), suggesting that the unhelped Q9:VP2.139-specific cells may be similarly fated for

functional exhaustion.
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Based on evidence that increased CD27 signaling may suppress effector
differentiation (23), we asked whether unhelped Q9:VP2.139-specific cells have less

effector cytokine function than helped cells. However, the same frequency (~19%) of
Q9:VP2.139-specific CD8 T cells elaborated IFN-Y production after ex vivo VP2.139

peptide stimulation as those in rat I[gG-treated infected mice (Fig. 2.1B). Together, these
results indicate that CD4 T cell help is important for normal expansion of Q9:VP2.139-

specific CD8 T cells during MPyV infection.

Expansion of Q9:VP2.139-specific cells is dependent on CD28 costimulation

CDA4 T cell help is thought to act through CD40:CD40L-mediated activation of dendritic
cells, leading to CD28:CD80/86 interactions between dendritic cells and CD8 T cells
(24). Because we saw a detrimental effect on Q9:VP2.139-specific expansion because of
CD4 depletion, we next asked whether expansion of Q9:VP2.139-specific CD8 T cells
requires costimulation by CD28 and CD40L. We applied an established combined
costimulation blockade regimen using anti-CD40L (clone MR1) and CTLA-4-Ig, which
were administered together to MPyV-infected B6.K* D" mice for the first month p.i.
As shown in Fig. 2.2A and 2.2B, CD28-CD40L costimulation blockade profoundly
crippled the expansion of Q9:VP2.139-specific CD8 T cells. By 1 mo p.i., Q9:VP2.139
tetramer’ CD8 T cells had expanded to >9% of the CD8 population in only one third of
treated mice. In contrast, Q9:VP2.139 tetramer’ CDS8 T cells in all untreated mice ranged
from 18-62% of total CD8 T cells. Q9:VP2.139-specific CD8 T cells in the costimulation
blockade responders phenotypically resembled those in untreated mice, except for having

fewer KLRG-1" cells and more PD-1" cells (A.R. Hofstetter, unpublished observations);
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interestingly, this shift in KLRG-1 and PD-1 expression is similar to that of Q9:VP2.139-
specific CD8 T cells in CD4 " cell-depleted mice (Fig. 2.1D). Mirroring its deleterious
effect on the magnitude of the Q9:VP2.139-specific CD8 T cell response, CD28-CD40L
costimulation blockade also resulted in a greater loss of viral control than in CD4" cell-
depleted mice (Fig. 2.2C).

To determine whether both CD28- and CD40L- mediated costimulation were
necessary for expansion of Q9:VP2.139-specific CD8 T cells, MPyV-infected B6.K" D>
" mice were treated separately with anti-CD40L or CTLA-4-Ig. In the first 2 wk p.i.,
CTLA-4-Ig-treated mice showed only modest expansion of Q9:VP2.139-specific CD8 T
cells; in contrast, Q9:VP2.139-specific CD8 T cell expansion progressed unimpaired in
anti-CD40L-treated mice (Fig. 2.3A). However, after 2 wk, the Q9:VP2.139-specific
CDS8 T cell population in CTLA-4-Ig-treated mice became detectable and reached
magnitudes that were not significantly different from in anti-CD40L-treated and
untreated control mice (Fig. 2.3A, 2.3B), and virus loads were equivalent (Fig. 2.3C).
Breakthrough T cell responses during costimulation blockade have been observed in
mouse skin allograft transplantation, with anti-donor T cell responses overcoming
blockade by 21 d after transplantation (25). To examine the Q9:VP2.139-specific CD8 T
cell response before breakthrough occurs, we sacrificed mice at 2 wk p.i. At this time
point, CD28 blockade was observed to clearly dampen the response (Fig. 2.3D), and was
associated with significantly greater virus levels in the spleen and salivary glands (Fig.
2.3E). As shown in Fig. 2.3D, anti-CD40L-treated mice also had a diminished number
and frequency (A.R. Hofstetter, unpublished observations) of Q9:VP2.139-specific CD8

T cells in the spleen, but there was no significant difference in viral titers compared with
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the untreated control group. The frequency of Q9:VP2.139-specific CD8 T cells in the
blood of anti-CD40L-treated mice at day 15 was equivalent to that in untreated mice
(A.R. Hofstetter, unpublished observations). Impaired cellular trafficking in the presence
of CD40L blockade (26, 27) may explain the discord between the frequency of
Q9:VP2.139-specific CD8 T cells in the blood and spleen. These results demonstrate that

expansion of Q9:VP2.139-specific CD8 T cells is dependent upon CD28 costimulation.

Q9:VP2.139-specific CD8 T cells require intrinsic CD28 signaling for expansion

To directly determine whether the dependence on CD28-mediated costimulation for
expansion of Q9:VP2.139-specific CD8 T cells is autochthonous, we used retrogenic
TCR technology to create mice with monoclonal Q9:VP2.139-specific CD8 T cells (20).
In brief, lethally irradiated B6 mice were engrafted using bone marrow infected by a
recombinant, replication-deficient retrovirus bicistronic for genes for GFP and a TCR
from a cloned line of Q9:VP2.139-specific CD8 T cells. To demonstrate Ag specificity,
we FACS sorted GFP" CD8" cells were from spleens of these TCR retrogenic mice and
transferred to naive B6 recipients, which were then infected with either wild-type MPyV
or a mutant MPyV in which the codon for the dominant histidine anchor residue in
VP2.139 epitope was replaced with one for alanine (A2.H145A). As shown in Fig. 2.4A,
GFP" (i.e., donor TCR retrogenic) CDS8 T cells were recruited in mice infected by wild-
type MPyV but not A2.H145A. It is important to note that expansion of the
immunodominant class la-restricted CD8 T cell response to MPyV was not affected in
recipients of the retrogenic T cells (A.R. Hofstetter, unpublished observations). To

investigate whether CD28 expression by Ag-specific CD8 T cells per se was essential for
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their expansion in MPyV-infected mice, we generated Q9:VP2.139 TCR retrogenic mice
using bone marrow from Thy1.1" wild-type B6 mice (B6.PL) and Thy1.2" CD28" B6
mice. Equal numbers (1 x 10°) of FACS-sorted GEP™ CD8” cells from B6.PL and CD28™
bone marrow TCR retrogenic mice were co-transferred into naive Thy 1.2" B6 recipients
(Fig. 2.4C), then infected with parental MPyV. As shown in Fig. 2.4D, CD28-sufficient
GFP" retrogenic cells efficiently expanded in mice infected by wild-type MPyV. In
contrast, Thyl.1” GFP™ (i.e., CD28"") cells only expanded in one of seven infected
recipients, did so with delayed kinetics, and reached substantially lower frequencies than
those of CD28-sufficient donor T cells (Fig. 2.4E). Importantly, wild-type Q9:VP2.139
TCR retrogenic cells transferred into CD40L™" mice expanded equivalently to that of
wild-type retrogenic cells transferred into wild-type mice p.i. by MPyV (A.R. Hofstetter,
unpublished observations). These data demonstrate that CD28 signaling is intrinsically

required by Q9:VP2.139-specific CD8 T cells for expansion in MPyV-infected mice.

Maintenance of Q9:VP2.139-specific cells does not require CD28 and CD40L
costimulation

We previously demonstrated that CD28 and CD40L costimulation is dispensible for
maintenance of class la-restricted antiviral CD8 T cells during persistent MPyV infection
(15). Based on this and our prior data showing that maintenance of Q9:VP2.139-specific
CDS8 T cells in persistently infected mice is Ag independent (12), we hypothesized that
CD28 and CD40L costimulation blockade would not impact long-term maintenance of
Q9:VP2.139-specific CD8 T cells. To test this possibility, we administered CD28 and

CD40L costimulation blockade to B6.K” D" mice for 1 mo beginning at 3 mo p.i. As
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shown in Fig. 2.5A, the frequency of circulating Q9:VP2.139-specific CD8 T cells in
mice given anti-CD40L and CTLA-4-Ig was maintained at the same levels as in
untreated, infected B6.K* "D~ mice. Moreover, after 1 mo p.i., direct ex vivo analyses
showed minimal differences in frequency, magnitude, cytokine effector function (Fig.
2.5B), and surface phenotype (Fig. 2.5D) of Q9:VP2.139-specific CD8 T cells in
untreated mice and mice receiving costimulation blockade. Consistent with these
findings, MPyV loads were similar in the kidney, spleen, salivary glands, and heart in
both groups (Fig. 2.5C). Interestingly, CD28 expression by Q9:VP2.139-specific CD8 T
cells in B6.K" D" mice declined between d 12 and 1 mo p.i. and remained low long-
term (Fig. 2.5E), a finding that may correlate with the differential impact of CD28

blockade during expansion and maintenance phases of this T cell response.

Maintenance of Q9:VP2.139-specific CD8 T cells is dependent on CD4 T cell help
Because the Q9:VP2.139-specific CD8 T cell population was independent of Ag and
CD28/CDA40L costimulation for its maintenance, we hypothesized that CD4 T cell help
during this phase would similarly be dispensable. To test this possibility, we administered
GK1.5 mAb-mediated CD4" cell depletion to B6.K" D" mice 3 mo p.i. Unexpectedly,
CD4 depletion resulted in a steady attrition of circulating Q9:VP2.139-specific CD8 T
cells, whereas rat [gG-treated mice maintained their Q9:VP2.139-specific population
(Fig. 2.6A). The rapid attrition of the Q9:VP2.139 population during CD4" cell
deficiency may be explained by the loss of IL-2 secretion by CD4" cells. However,
administering recombinant human IL-2 to B6.K®" D" mice depleted of CD4" cells at 3

mo p.i. failed to prevent loss of the Q9:VP2.139-specific CD8 T cell population (Fig 2.7).
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By 1 mo p.i., GK1.5 mAb treated mice had 5-fold fewer Q9:VP2.139-specific CD8 T
cells in the spleen than rat IgG-treated controls (Fig. 2.6B). Q9:VP2.139 tetramer’ CD8 T
cells from GK1.5 mAb-treated mice, although still CD62L", displayed higher expression
of CD127 and CD27 (Fig. 2.6C), which may indicate that those CD8 T cells with more
central memory-like characteristics (28) are less dependent on CD4 help for survival.
CD4 cell depletion-mediated attrition of Q9:VP2.139-specific cells did not lead to a
change in viral loads after 1 mo (Fig. 2.6D). We demonstrated earlier that CD4 depletion
during expansion had only a modest effect on viral loads, suggesting 10% of the CD8 T
cell compartment, composed of Q9:VP2.139-specific cells, can control viral loads.
Control would be enhanced during the maintenance phase, because virus levels are lower
at this time. Taken together, these data show that the Q9:VP2.139-specific CD8 T cell
response depends on CD4 T cell help for both expansion and maintenance, whereas
CD28 costimulation is only required for expansion of this MHC class Ib-restricted T cell

response.
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Discussion

In this study, we provide evidence that the inflationary kinetic profile for an antiviral
MHC class Ib-restricted CD8 T cell response varies over time in its dependence on CD28
costimulation, but requires continuous CD4 T cell help. After a prolonged period of
gradual expansion that requires CD28 costimulation and CD4 T cell help, the
Q9:VP2.139-specific CD8 T cell response to MPyV infection plateaus to a CD4 T cell-
dependent maintenance phase that is independent of CD28 or CD40L costimulation. The
dependence on CD28 signaling is an intrinsic property of the Q9:VP2.139-specific CD8
T cells. Although this expansion-maintenance phase difference in CD28 costimulation for
Q9:VP2.139-specific CD8 T cells parallels the dependence of this response on Ag (12),
the dispensability for viral Ag during maintenance is at odds with the ongoing
dependence on CD4 T cell help.

The role of CD4 T cell help for the primary expansion of CD8 T cells has been
investigated in numerous models, with varied results. Early experiments with non-
inflammatory cell-based immunization (29) or HSV infection (30) indicated a clear role
for CD4 T cell help in generating CDS8 T cell responses. In contrast, CD4 T cell-
independent primary expansion of pathogen-specific class la-restricted CD8 T cells has
been documented in several experimental infection systems, including MPyV (14, 31-
36). Unlike for these virus-specific, class la-restricted CD8 T cell responses, the primary
expansion of Q9:VP2.139-specific CD8 T cells is CD4 T cell dependent as shown by its
apparently abbreviated peak magnitude response. However, a similar pattern has been
seen for unhelped primary CD8 T cell responses to Plasmodium yoelii (37, 38), L.

monocytogenes, and vaccinia virus (36). This apparent CD4 T cell independence for
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naive CD8 T cell priming, but dependence on CD4 T cells for sustained proliferation,
was predicted for pathogens triggering intermediate levels of danger signals (39). The
CD4 T cell independence of the MPyV-specific, class la-restricted CD8 T cell response
to acute infection, however, argues against inflammation level as a major determinant of
expansion by these unhelped MHC class Ib-restricted CD8 T cells.

Irrespective of the availability of CD4 T cell help, there is a similar dissociation
between tetramer-binding and IFN-y production by Q9:VP2.139-specific CD8 T cells.
We previously demonstrated that IFN-y has direct anti-MPyV activity and is important
for controlling MPyV infection (13). Although CD4 T cell depletion reduced expansion
of the Q9:VP2.139-specific CD8 T cell response, viral load was kept in check in most of
the organs examined. It is interesting to speculate that the high magnitude Q9:VP2.139-
specific CD8 T cell response in KD’ mice may compensate for their depressed
effector functionality and enable them to exert effective control of MPyV infection.

Secretion of IL-2 by CD4 T cells constitutes a well-recognized mechanism of T
cell help (40). D’Souza and Lefrancois (41) reported that IL-2R signaling is unnecessary
for the initiation of CD8 T cell cycling, but required for sustained expansion. CD4 T cells
may similarly be involved in expansion of activated naive Q9:VP2.139-specific CD8 T
cells, possibly resulting from upregulation of high-affinity IL-2Rs through
CD28:CD80/86 signaling (36). Furthermore, CD25 expression on CD8 T cells has been
shown to be independent of CDA40 signaling (36), which also holds for expansion of
Q9:VP2.139-specific CD8 T cells. This is in contrast with the class Ia-restricted CD8 T
cell responses to MPyV infection, which display dependence on both CD28 and CD40L

signals for expansion (15). Thus, CD28 signaling may be primarily involved in
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recruitment of naive Q9:VP2.139-specific CD8 T cells, with CD4 T cell help promoting
upregulation of high-affinity IL-2Rs to enable expansion by IL-2. However, we did not
observed decreased CD25 expression on Q9:VP2.139-specific cells CD4-depleted B6.K™
"D mice on day 10 p.i. (A.R. Hofstetter, unpublished observations).

CD28 signaling by Q9-restricted CD8 T cells may be essential for amplifying
weak TCR signaling. Data from our lab and others support the concept that Q9:VP2.139-
specific cells bind weakly with their pMHC ligands. Preliminary surface plasmon
resonance data indicates that the Q9:VP2.139 TCR binds to its cognate ligand with lower
affinity than that typical for class la-restricted TCR (A. Brooks and L. Sullivan,
unpublished observations). Furthermore, the orientation of the CD8-binding loop in the
a3 domain of Q9 suggests that it weakly engages CDS8 coreceptors (7). This possibility is
supported by our data showing that Q9:VP2.139 tetramers constructed using a chimeric
Q9 molecule with a K” a3 domain, which strongly binds CD8a (42), stains Ag-specific
CDS8 T cells with higher mean fluorescence intensity (MFI) than Q9 tetramers with native
o3 domains (A.R. Hofstetter, unpublished observations). The tissue distribution and
expression levels of Q9 are similar to that of MHC class Ia molecules (9); however, Q9 is
upregulated by IFN-y (43) and the defect in IFN-y effector function by Q9:VP2.139-
specific CD8 T cells may impact Q9 expression levels. Suboptimal TCR signaling may
also explain the slow inflationary expansion of the Q9:VP2.139-specific cells and their
effector function defect. By corollary, high epitope density and/or strong CD28 signaling
may compensate for inefficient CD8 coreceptor binding and enable full activation of Q9-
restricted CD8 T cells. Because the inflationary kinetics of the Q9:VP2.139-specific

response depend on persistent infection (12), it is possible that continuous TCR
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stimulation together with CD28 costimulation is needed for Q9:VP2.139-specific CD8 T
cells to maximally expand.

As seen in this study for memory MHC class Ib-restricted CD8 T cells to MPyV
infection, CD4 T cell help has been shown to maintain memory CD8 T cells in the setting
of other persistent infections (14, 31, 32, 44). The nature of the CD4 T cell help for
maintaining the MHC class Ib-restricted CD8 T cell population is unknown. CD4 T cells
likely provide other forms of help aside from IL-2, because exogenous addition of IL-2
during the maintenance phase did not prevent decay of the Q9:VP2.139 population after

CD4" cell depletion. We have recently demonstrated that MPyV-specific CD4 T cells, in
addition to producing IL-2, produce IFN-y, TNF-a, IL-10 and IL-21 (45). IL-21 has been

demonstrated to sustain CD8 T cells during chronic infection (46-48), and it is tempting
to speculate that IL-21 signaling may also support the sustained expansion and
maintenance of Q9:VP2.139-specific CD8 T cells. In contrast with CD4 help, CD28 and
CDA40L costimulation are not required during the maintenance phase. This is consistent
with Ag independence of the Q9:VP2.139-specific CD8 T cell population at this time

(12), as lack of TCR signaling precludes a requirement for costimulation (49).

Costimulatory molecules other than CD28 and CD40L may contribute to the
expansion and maintenance of Q9:VP2.139-specific CD8 T cells. The kinetics of CD27
expression by Q9:VP2.139-specific CD8 T cells parallel those of CD28 expression (Fig.
2.5E, Fig. 2.8). The decreased expression of CD27 over the course of MPyV infection
would imply declining dependence on CD27-mediated signals. 2B4 is expressed at a
steady but low level throughout the response (Fig. 2.8). This receptor can be activating or

inhibitory, depending on the level of 2B4 expression, the extent of 2B4 cross-linking, and
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the relative abundance of signaling lymphocyte activation molecule-associated protein
(50). OX-40, 4-1BB, and ICOS are expressed at only low levels by Q9:VP.139-specific
CDS8 T cells (Fig. 2.8). In contrast, CD94/NKG2A expression increases after d 12 p.i. and
is maintained at high expression levels (Fig. 2.6D and Fig. 2.8). We previously showed
that CD94/NKG2A is expressed by MHC class Ia-restricted, MPyV-specific CD8 T cells,
where it inhibits cytotoxicity whereas increasing IL-2 production and proliferative
potential (51, 52). However, the impact of CD94/NKG2A expression varies depending on

infection model (53-55). Whether CD27, 2B4 or CD94/NKG2A expression on
Q9:VP2.139-specific cells regulate IFN-y functionality of these cells remains to be

determined.

In this study, we explored CD4 T cell and CD28/CD40L costimulation as
determinants for the inflationary kinetic profile of an MHC class Ib-restricted antiviral
CD8 T cell population. We demonstrated that CD4 T cell help and intrinsic CD28
costimulation are necessary for expansion of Q9-restricted, MPyV-specific CD8 T cells,
and that CD4 T cell help is important for survival of these cells during their Ag-
independent maintenance phase. Together with our previous study on the role of Ag in
expansion and maintenance of Q9:VP2.139-specific CD8 T cells (12), we propose the
following model: Q9:VP2.139-specific CD8 T cells are primed in a CD4 T cell-
independent fashion, expand in response to combined signals provided by cognate Ag,
CDA4 T cell help and intrinsic CD28 signaling, and are then maintained independent of Ag
and CD28/CD40L but dependent on CD4 T cell help. This sustained dependence on

CDA4 T cell help, which does not involve a CD40L-dependent mechanism or 1L-2,
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suggests a novel mechanism of help for maintaining anti-MPyV MHC class Ib-restricted

CDS8 T cell response.
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Figure Legends

Figure 2.1: Q9:VP2.139-specific cells depend on CD4 T cell help for expansion.
GK1.5 mAD or rat IgG were administered to B6.K" D" mice coincident with MPyV
inoculation and then once weekly for 1 mo. (A) Frequency (+SD) of Q9:VP2.139-
specific CD8 T cells in blood over time, determined by cell surface Q9:VP2.139 tetramer
staining. (B) Number (=SD) of Q9:VP2.139-specific CD8 T cells in spleen detected by
cell surface Q9:VP2.139 tetramer binding and VP2.139 peptide-stimulated intracellular
IFN-y production at day 29 p.i. (C) Numbers of MPyV genome copies as determined by
qPCR in indicated organs at day 29 p.i. Each point corresponds to an individual mouse,
and horizontal lines indicate geometric mean. (D) Expression of indicated surface
molecules by splenic Q9:VP2-139—specific CD8 T cells on day 29 p.i. Average
geometric MFI values are indicated in the top right corner of molecules for which a
significant difference was observed between experimental and control groups. Data are

representative of six mice per group from two independent experiments. *p < 0.05, **p <

0.01.

Figure 2.2: Expansion of Q9:VP2.139-specific CD8 T cells depends on CD28 and
CD40L costimulation. A mixture ofMR-1 (anti-CD40L) and CTLA-4-Ig was
administered to B6.K"”" D" mice coincident with MPyV inoculation and then once
weekly for 1 mo. Control mice received no Ab. (A) Frequency (+SD) of CD8+
Q9:VP2.139-specific cells in blood over time, determined by cell surface Q9:VP2.139
tetramer staining. (B) Number (£SD) of splenic Q9:VP2.139-specific CD8 T cells at day

28 p.i. determined by tetramer staining and VP2.139 peptide-stimulated intracellular IFN-
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v production. (C) Numbers of MPyV genome copies were determined by qPCR in
indicated organs at day 28 p.i. Each point corresponds to an individual mouse, and
horizontal lines indicate geometric mean. Data are representative of six mice per group

pooled from two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.

Figure 2.3: Expansion of Q9:VP2.139-specific CD8 T cells depends on CD28
costimulation. MR-1 (anti-CD40L) or CTLA-4-Ig were administered to B6.K*' D"
mice before and weekly during MPyV infection. Control mice received no Ab. (A)
Frequency (£SD) of CD8" Q9:VP2.139-specific cellsin the blood over time. Significance
indicated is the result of comparing CTLA-4—Ig-treated mice with controls. There was no
significant difference betweenanti-CD40L—treated mice and controls. (B) Number (£SD)
of Q9:VP2.139-specific cells in spleen were determined by tetramer staining and
intracellular anti-IFN-y staining at day 29 p.i. (C) Number (+SD) of MPyV genome
copies was determined by qPCR in indicated organs at day 29 p.i. (D) Number (+SD) of
Q9:VP2.139-specific cells in spleen was determined by tetramer surface and intracellular
anti—IFN-y staining at day 15 p.i. Significance indicated is the result of comparing
tetramer’ or IFN-y" cell numbers of experimental with control mice. (E) Number of
MPyV genome copies was determined by qPCR in indicated organs at day 15 p.i. (C, E).
Each point corresponds to an individual mouse, and horizontal lines indicate geometric
mean. Data are representative of six mice per group pooled from two independent
experiments. *Sample is below the limit of detection; to calculate mean for this group,

500 copies/mg organ was substituted for values below the limit of detection. *p < 0.05,

##p < 0.01, ***p < 0.001.
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Figure 2.4: Q9:VP2.139-specific cells depend on intrinsic CD28 costimulation for
expansion. (A and B) A total of 1 3 106 Q9:VP2.139 TCR retrogenic GFP" cells were
transferred i.v. into B6 mice, which were subsequently infected with wild-type (WT)
MPyVor A2. H145A. (A) Representative dot plots of splenocytes in recipient mice at day
40 p.i., gated on viable lymphocytes. (B) Frequency (+SD) of GFP" Q9:VP2.139-specific
CDS8 T cells in blood over time. n = 3 mice. (C) Experimental design for (D)

and (E): Q9:VP2.139 TCR retrogenic CD8 T cells derived from Thyl.1 B6.PL and
B6.CD282/2 bone marrow were mixed 1:1 and transferred to B6 mice, which were
inoculated with WT MPyV. (D) Frequency of Q9:VP2.139-specific CD8 T cells from
B6.PL and CD28” bone marrow donors in blood over time. Dots represent individual
mice. N = 7 mice pooled from two independent experiments. (E) Frequency of
Q9:VP2.139-specific cells from B6.PL bone marrow donors compared with cells from
CD28" bone marrow donors in the blood over time after a cotransfer (+ SD). n = 3 mice

pooled from two independent experiments.

Figure 2.5: Q9:VP2.139-specific cells do not depend on costimulation for
maintenance. B6.K* D"~ mice were infected with MPyV and 3 mo p.i.given a mixture
of MR-1 (anti-CD40L) and CTLA-4-Ig weekly for 1 mo. Control-infected mice received
no Ab. (A) Frequency (6SD) of Q9:VP2.139 specific CD8 T cells in blood over time.
Baseline indicates frequency before start of treatment. (B) Number (=SD) of splenic
Q9:VP2.139-specific CD8 T cells was determined by tetramer staining and VP2.139

peptide-stimulated intracellular anti—IFN-y staining after 1 mo of treatment. (C) Number
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of MPyV genome copies was determined by qPCR in indicated organs after 1 mo of
treatment. Each point corresponds to an individual mouse, and horizontal lines indicate
geometric mean. (D) Expression of indicated surface molecule by CD8" Q9:VP2.139-
specific splenocytes after 1 mo of treatment. (E) CD28 expression on Q9:VP2.139-
specific CD8 T cells in MPyV-infected B6.K* D"’ mice at the indicated time p.i. Data
are representative of six mice per group pooled from two independent experiments. The
limit of detection of this assay is 2000 copies of genomic viral DNA. One thousand

copies per milligram organ was substituted for values below the limit of detection.

Figure 2.6: Q9:VP2.139-specific cells depend on CD4 help for maintenance. B6.K""
D" mice were infected with MPyV for 3 mo before the start of GK1.5 or rat IgG
treatment. (A) Frequency (+ SD) of Q9:VP2.139 tetramer’ CD8 T cells in blood over
time. (B) After 1 mo of treatment, the number (+ SD) of splenic Q9:VP2.139-specific
CDS8 T cells [same mice as in (A)] was determined by tetramer staining and intracellular
anti-IFN-y staining (white bars) after ex vivo VP2.139 peptide stimulation. (C)
Expression of indicated surface molecules by Q9:VP2-139 tetramer’ CDS8" splenocytes
after 1 mo of treatment are indicated in (top right corner of panels) for molecules in
which a significant difference was observed between experimental and control groups.
Data are representative of six mice per group pooled from two independent experiments.
(D) Number of MPyV genome copies was determined by qPCR in indicated organs after
1 mo of treatment. Each point corresponds to an individual mouse, and horizontal lines
indicate geometric mean. The limit of detection of this assay is 2000 copies of genomic

§§

viral DNA. T, mouse with salivary gland tumor. %%, sample is below the limit of detection.
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To calculate mean for this group, 1000 copies/mg organ was substituted for values below

the limit of detection. *p <0.05, **p <0.01, ***p < 0.001.

Figure 2.7. Exogenous IL-2 therapy does not prevent loss of the Q9:VP2.139-specific
population following maintenance-phase CD4 depletion. B6.K"' D" mice were
infected with MPyV for 3 mo. Before administering anti-CD4 (clone GK1.5), peripheral
blood lymphocytes were surface stained with Q9:VP2.139 tetramers, anti-CD8a, and
anti-CD44 (designated “baseline”). Synchronistic with the start of anti-CD4 1i.p.
injections, 3 of 6 mice received 15,000 units/mouse recombinant human IL-2 i.p. every
12 h. Anti-CD4 was administered on d 0, d2 and d 9. Mice were bled weekly. Values
indicate the frequency of Q9:VP2.139-specific CD8 T cells in the blood over time after

initiation of IL-2 treatment.

Figure 2.8. Phenotypic characterization of Q9:VP2.139-specific CD8 T cells in
B6.K"" D" mice during expansion and maintenance phases. (A) Expression of the
indicated molecules by Q9:VP2.139 tetramer’ CDS8 T cells at d 12 and d 41 p.i., with
isotype controls. (B) Expression of the indicated molecules by Q9:VP2.139 tetramer
CDS8 T cells at 3 mo p.i., with isotype controls. Histograms are representative of 6 mice

from 2 independent experiments.
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Chapter 3

Polyomavirus-specific class Ib-restricted CD8 T cells
are protective across MHC class Ia haplotype

barriers.

All figures and tables in Chapter 3 are based on data generated by the Ph.D. candidate.
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Abstract

Unlike the polymorphic MHC class Ia molecules, MHC class Ib molecules are
oligomorphic or nonpolymorphic. We recently discovered a protective CD8 T cell
response to mouse polyomavirus (MPyV) in H-2" haplotype mice that is restricted by H2-
Q9, a member of the Qa-2 MHC class Ib family. Here, we demonstrate that immunization
with a peptide corresponding to a virus capsid-derived peptide presented by Q9 also
elicits MHC class Ib-restricted MPyV-specific CD8 T cells in mice of H-2° and H-2¢’
strains. Expansion of these CD8 T cells is associated with decreased MPyV levels. These
findings support the concept that immunization with a single MHC class Ib-restricted

peptide can protect against viral infection in MHC class Ia allogeneic hosts.
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Conventional af T cell receptor (TCR)-expressing CD8 T cells recognize antigens
presented by polymorphic MHC class Ia molecules. This presents a challenge for
peptide-based vaccine strategies to elicit pathogen-specific CD8 T cells; i.e., any single
peptide will only bind a fraction of the MHC molecules in an outbred population.
However, it is now well-established that af TCR CD8 T cells also recognize microbial
antigens in the context of MHC class Ib molecules. The limited polymorphism of MHC
class Ib molecules raises the possibility that the same peptide can be used as an
immunogen to recruit protective anti-pathogen CDS8 T cells across MHC class la

allogeneic hosts.

Polyomaviruses are ubiquitous viruses that persist in a smoldering infectious state
in many vertebrate species, including humans (1-3). In healthy hosts, polyomavirus
infection is clinically silent (4). However,.immunosuppression resulting from HIV/AIDS,
aging, and immunodulatory agents may result in unchecked viral replication with life-
threatening complications, such as nephropathy in kidney transplant patients, central

nervous system demyelination, and cutaneous malignancies (5-10).

Using MHC class la-deficient C57BL/6 mice (B6.K"D"”), we recently
discovered a class Ib-restricted CD8 T cell response that confers protection against
MPyV infection (11). A peptide derived from amino acids 139-147 of the VP2 capsid
protein (VP2.139; HALNVVHDW) binds Q9, a f,m-associated MHC class I molecule
encoded in the mouse Qa-2 locus. H2-Q9 is non-polymorphic in mice (12). In addition,
H2-QO9 shares the peptide binding specificity of the nearly identical Qa-2 family member
H2-Q7 (13). In this study, we tested the hypothesis that immunization with the VP2.139

peptide will generate Q9:VP2.139-specific CD8 T cells in mice of non-H-2" haplotypes
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that express Q9 and/or Q7. H-2° and H-2% strains express Qa-2 (14, 15). We confirmed
Qa-2 expression in SJL (H-2%) and NOD (H-2¢7) mice by positive staining of splenocytes
with Qa-2 antibody (clone 1-1-2, BD Biosciences) which recognizes the Qa-2 antigen

expressed by Q6, Q7, Q8 and Q9 (16, 17) (data not shown).

Adult (6-13 wk) female SJL and male NOD mice were injected in a hindfootpad
with 100 pg VP2.139 peptide emulsified in Complete Freund’s Adjuvant (CFA)
containing 1 mg/mL heat-killed Mycobacterium tuberculosis. Control mice received
phosphate buffered saline (PBS) emulsified in CFA. Male NOD mice were used because
their incidence of diabetes is lower than in NOD females (18). Two weeks later, mice
were boosted with 50 pg VP2.139 peptide emulsified in Incomplete Freund’s Adjuvant
(IFA) injected subcutaneously (s.c.) at the tail base. Control mice received PBS
emulsified in IFA. As shown in Fig. 3.1, this prime-boost regimen elicited a Q9:VP2.139-
specific response in the majority of SJL and NOD mice. Two-3 weeks after the IFA
boost, mice were infected with 2 x 10° PFU of MPyV (strain A2) intraperitoneally (i.p.).
Six days later, samples of spleen, kidney, salivary gland and heart were snap-frozen.
DNA was isolated from these organs and Tagman-based quantitative (q)PCR performed
as previously described (19). Single cell suspensions of RBC-lysed splenocytes prepared
from each of these mice were treated with FcBlock (BD Biosciences) then co-stained
with tetramers (described below) and antibodies as previously described (20). Samples
were run on BD FACSVerse (BD Biosciences). FACS data were analyzed using FlowJo

(Tree Star) and statistical analyses were performed using Prism (GraphPad).

Engagement of CD8 coreceptors with Q9 is likely handicapped by an unusual

structure and orientation of a CD8-binding loop of the Q9 a3 domain (21). Therefore, a
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novel Q9 tetramer having the a3 domain of H-2K", which efficiently binds CDS8 (22),
was constructed by The NIH Tetramer Core Facility. This chimeric Q9(K"):VP2.139
tetramer stains CD8 T cells from MPyV-infected B6.K* D" mice with approximately
2-fold higher mean fluorescence intensity than Q9:VP2.139 tetramers (data not shown).
To control for nonspecific tetramer binding, a chimeric Q9(K®) tetramer containing a Q9-
binding peptide from the L19 ribosomal protein (23) was also constructed by the NIH

Tetramer Core Facility.

As shown in Fig. 3.1A-D, Q9:VP2.139-specific CD8 T cells are readily detected
in VP2.139-immunized mice at day 6 p.i. PBS-immunized mice showed no tetramer
binding above background staining by Q9:L.19 tetramers. The Q9:VP2.139-specific CD8
T cell response often reached higher frequencies in NOD mice than in SJL mice; because
of this difference, we used the NOD mice for further analyses. Moreover, it is important
to note that Q9:VP2.139-specific CD8 T cells are detected in only a third of C57BL/6
mice infected with MPyV, with Q9:VP2.139 tetramer’ CDS8 T cells first detected at day 8
p.i. (11). In this experimental setup, most VP2.129 peptide-immunized mice produced a

Q9:VP2.139-specific CD8 T cells by 6 days after MPyV inoculation.

Q9:VP2.139-specific CD8 T cells express a phenotypic profile suggestive of a
memory recall response after initial priming under high inflammatory conditions. The
Q9:VP2.139-specific CD8 T cells were predominantly CD62L", as expected for a
secondary effector response (Fig. 3.1E). Most of the Q9:VP2.139 tetramer’ CD8 T cells
expressed CD127, which may be a consequence of CFA-based immunization (24). In
addition, nearly 50% of the Q9:VP2.139-specific CD8 T cells were KLRG-1", which

may similarly reflect the highly inflammatory CFA priming environment (25, 26). The
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majority of the tetramer” cells were CD27"CD43"™, which has been associated with
potential for antigenic recall (24). The Q9:VP2.139-specific CD8 T cells were
predominantly CD28", as expected for activated T cells (27). Approximately half of the
tetramer’ cells expressed CD94-NKG2A/C/E (clone 20d5). In B6 mice, NKG2A is the
predominant form expressed by this heterodimeric receptor (28), and has been interpreted
as a T cell activation marker (29-31). These data are consistent with our previous
observations that NKG2A expression increases while CD28 expression decreases on

Q9:VP2.139-specific CD8 T cells over the course of MPyV infection (20).

Importantly, viral titers were significantly lower in the spleens of VP2.139
peptide-immunized NOD mice having Q9:VP2.139 CD8 T cell responses (Fig. 3.2). This
indicates that the Q9:VP2.139 specific response elicited by VP2.139 + CFA
immunization is able to decrease the early viral burden. That a difference in viral titers is
only seen in the spleen may be due to the route of infection, as i.p.-delivered virus may

initiate infection in the spleen before the other organs examined here.

We consistently observed a less robust Q9:VP2.139-specific response in SJL
mice than NOD mice. The diversity and level of expression of Qa-2 MHC class Ib
molecules varies among inbred mouse strains due to differences in their germline
representation of H-2Q6, Q7, Q8, and Q9 (32). In addition, H2-Q7 and -Q9 differ by only
a single amino acid outside their peptide-binding grooves and have overlapping peptide-
binding repertoires (13, 23, 33). In contrast to B6 mice, which express both Q7 and Q9
(34), NODs express either Q7 or Q9 (14). There is also evidence that SJLs express less
surface Qa-2 than B6 mice (35). It is possible that differences between SJL and NOD in

the composition of Qa-2 genes may affect the level of Q9:VP2.139 epitope density and
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explain the differences in magnitude of antigen-specific CD8 T cells observed between

these mouse strains.

In summary, evidence is presented here that immunization with an antigenic
determinant presented by an MHC class Ib molecule can elicit a cross-MHC haplotype
CDS8 T cell response. Importantly, peptide-elicited MHC class Ib-restricted CD8 T cells
can limit the extent of a primary virus infection. These data support the concept that
vaccines based on single antigenic polypeptides may confer protection against microbial

infection.
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Figure Legends

Figure 3.1: VP2.139 peptide-immunized NOD and SJL mice generate Q9:VP2.139-
specific CD8 T cell responses. A and B: Representative Q9:VP2.139 tetramer staining
of splenocytes from VP2.139 peptide-immunized NOD (A) or SJL (B) mice at day 6 p.i.
by MPyV. “VP2.139” indicates mice immunized with CFA + peptide. “No Peptide”
indicates control mice receiving CFA +PBS. Q9:L19 is the control tetramer for
Q9:VP2.139. Numbers indicate the frequency of tetramer’ CD8" lymphocytes. Data are
representative of (A) 6 mice or (B) 10 mice per group pooled from two separate
experiments. C and D: Frequency of Q9:VP2.139-specific CD8" lymphocytes, with
Q9:L19 tetramer staining subtracted, in VP2.139 peptide-immunized NOD (C) and SJL
(D) mice at day 6 p.i. Horizontal lines indicate geometric mean. Dots represent individual
mice. T indicates a mouse with no Q9:VP2.139 tetramer staining; because this mouse
lacked a VP2.139-specific CD8 T cell response, it was not included in the analysis of
MPyV levels (Fig. 3.2). E. Phenotyping of Q9:VP2.139-specific NOD splenocytes.
Q9:VP2.139 tetramer’ CD8 T cells were surface-stained with antibodies to the indicated
molecules. Data are clustered by costained markers, as indicated in the y axis. + indicates
cells which are positive for the indicated molecule, and — indicates cells which are
negative for the indicated molecule. Data are representative of 5 mice pooled from two

separate experiments.

Figure 3.2: Q9:VP2.139-specific CD8 T cells protect against MPyV infection in

peptide-immunized NOD mice. MPyV genome copies in the indicated organs at day 6
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p.i. by MPyV were determined by Tagman-based gPCR. Open circles: VP2.139 peptide-
immunized NOD mice. Closed circles: PBS control NOD mice. Horizontal lines
represent geometric mean of each group of samples. Dots represent individual mice,
pooled from two separate experiments. p value was calculated using a two-tailed Mann-

Whitney t test.
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CDS8 T cells safeguard the body from intracellular infection and malignancy. Vaccines
prime the exquisite sensitivity and killing mechanisms of CD8 T cells, among other
components of the adaptive immune system. It has recently become clear that MHC
class Ib molecules can present peptides to CD8 T cells. In contrast to MHC class la
molecules, MHC class Ib molecules are largely non-polymorphic. Therefore, it is
possible that a protective CD8 T cell response restricted by a peptide bound to a class Ib
MHC molecule could be elicited in individuals who have otherwise dissimilar MHC
haplotypes. It is important to better characterize the role of class Ib MHC molecules in
the immune response. This knowledge may allow us to exploit class Ib-binding

molecules in vaccines to generate consistent, protective CD8 T cell responses.

Peptide-based vaccines are an attractive alternative to killed or live-attenuated
vaccines. Advantages to peptide-based vaccines include safety, stability and cost
effectiveness (1-4). It is cheap to mass produce a defined peptide determinant and no
cold-chain is needed for its distribution (5). In comparison to constructs where a peptide
or protein antigen is engineered into a vector, there is never a concern about prior or
subsequent immunity to the vector (5). In comparison to attenuated pathogens, there is
no concern about reversion to a virulent strain (5). The ability to identify potentially
immunologically relevant MHC-binding peptides was improved by the use of mass
spectrometry to identify the sequences of peptides bound to HLA class I and II.
Successful use of this method increased between 1990 and 2006 (2). The appeal of
peptide-based vaccines makes identification of relevant HLA-binding epitopes

increasingly important.
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However, there are also important disadvantages to the use of peptide-based
vaccines. In terms of efficacy, a peptide moiety is typically non-immunogenic. Some
type of adjuvant must be used to trigger the adaptive immune response. This is especially
important in the case of class I-directed peptides, as cross-priming by APCs is necessary
to display exogenously-delivered antigens on the cell surface. Furthermore, such a potent
trigger as a targeted peptide can lead to unforeseen consequences, such as induction of
tolerance or autoimmunity, rather than immunity (5). Further challenges include
degradation of the peptides by proteolysis (1), and the inability of these vaccines to

protect against viral escape mutants (5).

One important disadvantage of peptide-based vaccines is a consequence of the
exquisite specificity of the MHC peptide-binding groove (6). Any peptide found to bind
a particular HLA-A,-B or -C molecule is not likely to cross-react with other alleles of the
HLA molecule. Therefore, an individual lacking expression of the correct MHC allele to
bind a given peptide would be unprotected by this peptide (4). In humans, over 1000
HLA variants have been identified to date (7). For example, among a single Dutch
population, more than 14 HLA-A antigens can be detected by serological methods among
2400 individuals. Vaccines must offer a range of antigens, increasing the odds that at
least one peptide will bind appropriately to one of an individual’s MHC class la
molecules. For the Dutch population study, it was estimated that peptides binding a
minimum of 5 different HLA-A molecules would be required to achieve 95% coverage of
this population. However, Shipper et al. note that HLA-A is the least polymorphic of the
human class Ia MHC types (4). Furthermore, HLA molecules should be typed at the

DNA level, rather than serologically, because differences that are undetectable by
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antibodies can still affect peptide binding (4). This was verified by Longmate et al. (6).
Fourteen molecularly-typed alleles were estimated necessary for 90% coverage of an
ethnically diverse population, with 17 alleles needed to guarantee that all three of the
Asian-, African- and Caucasian-American groups in the study would have 90% coverage.
A caveat to these studies is that HLA supertypes have been identified, where multiple
HLA alleles have overlapping peptide repertoires (2, 6). However, immunodominance
and response magnitude do not necessarily correlate simply with expression of a peptide-
binding MHC molecule. Longmate et al. demonstrate that a theoretical 90% coverage
panel derived from CMYV proteins only generates a response in vitro from 75% of CMV-
positive blood donors (6). The specificity that makes class [a MHC-TCR interactions so

sensitive also stands as a barrier to peptide-based vaccines.

In contrast, class Ib molecules display little to no polymorphism. Only two or
three proteins, which differ by single amino acid exchanges, are encoded by 11 HLA-E
alleles in the human population (8-12). Importantly, many of the alleles encode silent
nucleotide substitutions. When a nucleotide substitution encodes an amino acid
difference, the two resulting products are allelic isoproteins (13). The most consistently
reported isoproteins of HLA-E differ by an arginine to glycine substitution in a
connecting loop of the protein, not involved in peptide binding (8, 14). A third reported
allele codes for a protein which differs by an arginine to glycine substitution in the a2
domain of HLA-E, but oriented such that the side chain faces away from the amino acid
binding groove (14). However, this allele has not been consistently observed (9, 12).
Other human MHC class Ib genes that exhibit limited polymorphism include HLA-F,

with 4 isoproteins, HLA-G, with 15 isoproteins, and HLA-H, which has 9 isoproteins (10,
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11). In addition, HLA-G encodes 2 null alleles, which encode no protein (11, 15). The
mouse functional equivalent to HLA-E, Qa-1, has 4 alleles (16), and no functional
differences have been found between them (17). It has been suggested that HLA-G is the
functional homolog of Qa-2, akin to the HLA-E:Qa-1 relationship (18). It is important to
note that while HLA-E/Qa-1 and HLA-G/Qa-2 appear to be functional homologs, they
are not orthologs. The convergent evolution of these proteins underscores the importance
of their respective functions (19). That these proteins maintain limited polymorphism in
the outbred human population might be interpreted as further evidence that

polymorphism of these proteins is not beneficial.

The limited polymorphisms of class Ib molecules might be useful for peptide-
based vaccine development. Class Ib molecules have a bias towards TCR interaction, as
evidenced by their structural homology with the class Ia molecules (20). This makes
class Ib molecules prime suspects for antigen presentation, even if such function has not
yet been discovered. Furthermore, several class Ib molecules have been observed bearing
pathogen antigens in mouse models and in humans (21). Our group demonstrated that
the Q9 molecule can present a peptide from MPyV that primes a protective CD8 T cell
response against MPyV. Importantly, this response is protective across MHC class la
haplotype barriers. It is therefore conceivable that human class Ib molecules could prime

protective CD8 T cell memory responses in humans.

Recently, Swanson et al. identified the specific peptide and class Ib molecule
restricting a class la-independent CD8 T cell response against MPyV. The VP2.139
peptide, derived from the VP2 capsid protein, is presented by Q9. Most importantly,

Swanson et al. demonstrated this response was able to decrease viral loads in B6.K* D"
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mice infected with wild-type virus, as compared to H145A, an engineered mutant virus
which does not present the VP2.139 peptide. Only a fraction of Q9:VP2.139-specific
CDS8 T cells produce IFN-y in response to peptide in a 5 hour ex vivo ICCS. The
Q9:VP2.139-specific CD8 T cell response displays unique inflationary kinetics in B6.K>
"D"" mice. The Q9:VP2.139-specific CD8 T cells are undetectable until ~1 wk p.i.
After that, they expand for three months, followed by a plateau phase. Although the
Q9:VP2.139-specific population expands in class la-sufficient B6 mice, priming was
inconsistent (22). Swanson et al. went on to explore the unique inflationary kinetics of
the Q9:VP2.139-specific response in K "D* mice, demonstrating that persistent MPyV
infection drives long-term expansion of the T cell clone. Curiously, only one or two T
Q9:VP2.139-specific CD8 T cell clones expand in any individual mouse, but the V3
clonotypes differ between mice. After antigen levels decrease, the Q9:VP2.139-specific
cells cease proliferation. Thereafter, the cells are maintained at a high level, without
appreciable death or turnover. This plateau can be attributed to a lack of VP2.139-
presenting APCs (23). The identification and characterization of the Q9:VP2.139-

specific CD8 T cell response was the foundation of my dissertation project.

Several characteristics distinguish the Q9:VP2.139-specific CD8 T cell response
from classical class Ia-restricted responses. First, the use of the nonclassical class Ib
MHC molecule for peptide presentation. Second, the slow, inflationary kinetics of
expansion of the Q9:VP2.139-specific CD8 T cells, and their failure to appreciably
contract. Third, the discordance between tetramer-binding cells and IFN-y-producing
cells, indicative of a deficit in IFN-y production. For my dissertation project I explored

possible mechanisms for the unique kinetics and IFN-y deficiency of the Q9:VP2.139-
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specific CD8 T cell response. I also investigated whether or not Q9:VP2.139-specific
cells, which respond to a nonpolymorphic MHC molecule, might be protective across

MHC class Ia haplotype barriers.

Expanding on Swanson et al.'s investigation into the kinetics of the Q9:VP2.139-
specific response, I showed that Q9:VP2.139-specific CD8 T cells in B6.K"" D"’ mice
require CD4 help and autochthonous CD28 costimulation, as well as antigen, for their
initial expansion. During the plateau phase, I determined that CD28 and CD40L are

dispensable for maintenance. However, CD4 help is necessary for survival at this stage.

It is unclear how CD4 T cells promote survival of the Q9:VP2.139-specific CD8
T cells during the plateau phase. A preliminary experiment revealed that twice-daily
administration of recombinant human IL-2 did not rescue plateau-phase Q9:VP2.139-
specific CD8 T cells from decline in the face of CD4 depletion (Figure 2.7). These data
deviate from what has been seen before with prototypical Th-dependent and Th-
independent antiviral CTL responses. Janssen et al. demonstrated that CD4 help is
needed to program CD8 T cells to expand upon restimulation, but addition of exogenous
IL-2 could rescue the memory capacity of unhelped CTL (24). Previously in our lab,
Kemball et al. showed that MPyV-specific class Ia-restricted CD8 T cell responses
require CD4 help during persistence to enable new recruitment of CD8 T cells (25).
However, the data from Swanson et al. does not support a large role for new naive T cell
recruitment due to the relative lack of death or proliferation during the plateau phase (23).
The ability of certain CD4 " subsets expressing the high-affinity IL-2R to act as an IL-2
sink is debated (26, 27). It is possible that removal of CD4 T cells leads to a glut of IL-2

in B6.K""D"" mice, which could program the cells for apoptosis (28-30), although this
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role for IL-2 is also debated (31). However, CD4-depleted mice treated with IL-2
appeared to have a more rapid decline of Q9:VP2.139-specific CD8 T cells (Figure 2.7),

which would support an IL-2-mediated apoptotic effect on the CD8 T cell population.

Alternatively, other CD4 T cell-produced cytokines could promote the survival of
the Q9:VP2.139-specific population. One likely candidate is IL-21, which has been
shown to support CD8 T cell survival and effector function during chronic infection (32-
34). MPyV-specific CD4 T cells produce IL-21 (35). The importance of IL-21 in
maintaining the Q9:VP2.139-specific CD8 T cell responses could be directly assessed by
generating Q9:VP2.139-specific retrogenic CD8 T cells in an IL-21R” mouse. The
retrogenic cells would be co-transferred with retrogenic cells from a wild-type mouse into
a B6 mouse, which was then infected by MPyV. If the retrogenic CD8 T cells from IL-
21R”" mice declined, while those from WT mice reached the plateau phase, it would
indicate a dependence on IL-21 for survival. Alternatively, dependence could also be
tested by administration of an IL-21R-blocking antibody, or IL-21R fused onto the Fc
portion of murine IgG (36). Either of these reagents administered during the maintenance
phase would phenocopy CD4 depletion in B6.K*' D" mice if IL-21 signals are critical

for the survival of the Q9:VP2.139-specific CD8 T cell population.

CD4 T cells may be providing help to the Q9:VP2.139-specific CD8 T cells more
directly, through the ligation of costimulatory molecules. Although CD40L and CD28
proved unnecessary for the maintenance of the Q9:VP2.139-specific CD8 T cells, other
costimulatory molecules may be important. As shown in Figure 2.8, CD27, 2B4, and
ICOS are costimulatory molecules that are expressed at day 12 of the Q9:VP2.139-

specific response in B6.K"' D" mice. Surface expression of ICOS and CD27 declines
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after day 12, although expression is maintained out to 3 mo. p.i. NKG2A is also
expressed at day 12, although expression of this inhibitory protein is higher thereafter.
CD27 and ICOS are known costimulatory molecules (37, 38). 2B4 has been reported to
have inhibitory or costimulatory functions depending on the experimental model (39). It
would be revealing to attempt antibody blockade of these molecules individually, or
simultaneously, during the maintenance phase of the Q9:VP2.139-specific CD8 T cell
response. However, CD27 and ICOS are expressed at a higher level early in the response

rather than later, suggesting that they are of limited importance during maintenance.

Antibody blockade of the CD27 or ICOS during the expansion phase of the
Q9:VP2.139-specific response could allow us to discern whether these costimulatory
molecules contribute to the expansion and survival of the Q9:VP2.139-specific CD8 T
cell response. We could then attempt to increase the frequency of the Q9:VP2.139-
specific CD8 T cell response in vivo through antibody-mediated agonism of the relevant
receptors. For example, even though 4-1BB appears to be expressed only on a small
fraction of the Q9:VP2.139-specific population at day 12 p.i., (Figure 2.8), Phillip A.
Swanson II was able to increase the frequency of Q9:VP2.139 tetramer’ B6 mice by a
single administration of anti-4-1BB at day 5 post-immunization (P.A. Swanson II,
unpublished observations). In conjunction with this observation, the one instance when
we observed the expansion of a Q9:VP2.139-specific CD8 T cell response in a SJL
mouse immunized with psoralen-cross-linked VV.VP2.139 (described in more detail
below) corresponded to a mouse that received 4-1BB 5 days post immunization (A.R.

Hofstetter, unpublished observations). Better understanding of the costimulatory
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molecules that drive proliferation and survival of the Q9:VP2.139-specific CD8 T cell

population could facilitate the study of this population in a wild-type host.

When B6 mice are infected with a typical dose (10° pfu) of MPyV, there is no
detectable Q9:VP2.139-specific CD8 T cell response (22). In order to expand the
Q9:VP2.139-specific CD8 T cell population without an immunization regimen, it is
necessary to use a low-dose infection (10° pfu), which decreases early bystander
inflammation (40). Even then, only one-third of B6 mice will have a detectable
Q9:VP2.139-specific response. Therefore, to consistently study the Q9:VP2.139-specific
population in class la-competent mice, we turned to the retrogenic T cell model
developed by Dario Vignali’s lab (41). We collaborated with Dr. Andrew Brooks and
Dr. Lucy Sullivan from the University of Melbourne to develop the TCR retrogenic mice.
This gave us access to a large quantity of naive Q9:VP2.139-specific retrogenic CD8 T
cells for adoptive transfer into class Ia-competent mice. While this protocol circumvents
the time that would be needed to develop a transgenic mouse, it is an inefficient method.
There is a virtually 1:1:1 ratio of bone marrow donor mice, bone marrow recipient mice,
and retrogenic T cell recipient mice, depending on the number of retrogenic T cells that
are needed for the experiment. Also, the process is expensive, due to the cost of the mice
needed and cytokines for culture. Finally, it takes 7 weeks from the infection of the bone
marrow to when transgenic cells are available for adoptive transfer. Due to these
constraints, [ was unable to take full advantage of this protocol. There are a number of
experiments I would like to have done, given more time. Most importantly, I would have
liked to titrate down the number of retrogenic cells as far as possible. It is important to

determine the minimum number of Q9:VP2.139-specific CD8 T cells needed to
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consistently expand a detectable response to MPyV. This would then give a slight
overestimate of the endogenous precursor frequency of Q9:VP2.139-specific CD8 T
cells. The restricted VP repertoires of the Q9:VP2.139-specific response suggests that the
endogenous precursor frequency is very close to one cell per mouse, which may
contribute to the difficulty of expanding such clones in competition with class Ia-
restricted CD8 T cell populations. Knowing the minimum precursor frequency required
to consistently observe a detectable Q9:VP2.139-specific CD8 T cell population would
stretch the retrogenic mice further, so more experiments could be done per retrogenic
mouse developed. This would also allow us to get better understanding of the early
kinetics of the Q9:VP2.139-specific response in direct competition with the class Ia-
restricted response. Repeating CD4 depletion and costimulation blockade experiments
from my first paper in a retrogenic B6 model system would allow me to validate my
results in the wildtype mouse. The retrogenic cells would also allow us to conduct a
head-to-head comparison of the impact of costimulation blockade or CD4 depletion on
the Q9:VP2.139-specific response versus the class la-restricted response. These
experiments would be an elegant follow-up to both my manuscript and that of
Christopher Kemball, who published the CD4 help and costimulation requirements of the

MPyV-specific class la-restricted CD8 T cell responses (25, 42).

Q9:VP2.139-specific CD8 T cells expand during the first three months p.i. in
B6.K* D" mice, marked by increasing numbers and frequencies in lung and spleen
(22), as well as expression of Ki67, indicating cell cycling (23). However, when B6.K*"
D" mice are infected with an acute virus (vaccinia) expressing VP2.139 (23), or when a

Q9:VP2.139-specific CD8 T cell response is observed in B6 mice due to either low-dose
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infection or retrogenic cell transfer ((22) and Figure 2.4), the early kinetics change. In
these cases, the Q9:VP2.139-specific CD8 T cells exhibit an expansion and contraction
typical of a classical class Ia-restricted CD8 T cell response to an acute antigen. That is,
they expand to peak between 11 days and 2 weeks p.i., then contract to a memory
setpoint by day 25 (Figure 2.4 and (22, 23)). As demonstrated by Swanson et al., the
ability to avoid contraction correlates with a persistent availability of antigen (23).
However, this does not explain why the Q9:VP2.139-specific population contracts in B6
mice infected with MPyV. It is possible that in B6 mice, class la-restricted CD8 T cells
constrain virus to a titer that is lower than is attained by the class Ib-restricted CD8 T
cells alone in B6.K*"D*" mice. However, MPyV genome copies are equivalent between
B6 mice and B6.K*' D" mice at days 8 and 35 p.i. (22). These results suggest that both
the relatively empty T cell niche of the B6.K* D" mice and persistent infection are

required to avoid contraction of the Q9:VP2.139-specific population.

One way to determine whether competition from the class Ia-specific CD8 T
cells prevents the inflationary expansion of the Q9:VP2.139-specific CD8 T cells in B6
mice would be to mutate the three immunodominant class la-restricted epitopes in MPyV
(43). We could then compare the kinetics of the Q9:VP2.139-specific CD8 T cell
response as it expands in response to the triple epitope knockout MPyV in B6 and B6.K"™
D" mice. 1 predict that in B6 mice infected with a triple epitope knockout MPyV,
Q9:VP2.139-specific CD8 T cells will expand to peak at around day 11 or before, as is
observed when B6 mice are infected with low-dose MPyV (22). However, I would
expect the maximal expansion to be larger due to the lack of competition with the class Ia

MHC-restricted response for antigen or growth factors. If both antigen persistence and a
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perturbed T cell pool are required to avoid contraction, a defined contraction would be
observed immediately following the maximal expansion of the Q9:VP2.139-specific
population in B6 mice. However, if the triple epitope knockout virus drives inflationary
expansion of the Q9:VP2.139-specific response in B6 mice, then the contraction
observed with wild-type MPyV in B6 mice could be attributed to competition with the

class la-restricted CD8 T cell response.

Availability of a class la-restricted epitope knockout MPyV might help elucidate
other CD8 T cell responses to MPyV. It is well established that deleting a viral epitope
allows immunodominance of less dominant epitope-restricted responses (44-46).
Overlapping peptide libraries revealed three class Ia-restricted CD8 T cell responses to
MPyV in acutely infected B6 mice (43). It is possible that there are further class Ia-
restricted CD8 T cell clones available in the repertoire that never expand due to the
efficient clearance by the three dominant responses. More importantly, P. A. Swanson II
observed that the MPyV-derived peptide MT264-272 (LQQIHPHIL) binds Q9 in vitro
(unpublished observations). We were able to demonstrate by ELISA assay that this
peptide will compete with VP2.139 for binding to Q9 (P.A. Swanson and A.R. Hofstetter,
unpublished observations). However, we have not been able to consistently demonstrate
a Q9:MT246-specific CD8 T cell response in vivo. A class la epitope knockout MPyV
would replicate to high viral titers, possibly expanding Q9:MT264-specific CD8 T cells.
Such a virus would be an important tool to better understand the contribution of MHC

class Ib-restricted CD8 T cells to the anti-MPyV CDS8 T cell response.

T cells specific for peptides in the context of Q9 may be less likely to pass the

selection mechanisms in the thymus. It has been demonstrated that GPI-linked MHC



147

molecules fail to appropriately educate cytotoxic CTL in the thymus. Both negative
selection and positive selection for DP-specific TCR are broken when the only D
molecules expressed in the thymus are GPI-linked. DP-specific CTL are not completely
deleted, although they are tolerant to a D"-expressing skin graft. P14 transgenic mice
expressing a GPI-linked D" molecule fail to positively select P14 cells (47). It has been
demonstrated that GPI-linked MHCs bind exogenous antigen more readily than
endogenous antigens, the latter being critical for thymic education (48). These data
suggest that thymic Q9 expression is a poor selection determinant for developing
thymocytes. Q9-specific CD8 T cells might only escape the thymus rarely, as stochastic
error. This is reinforced by Swanson’s et al's demonstration that the Q9:VP2.139-
specific CD8 T cell population has a severely limited Vf repertoire that varies between
mice (23). Deficient thymic education would also explain the slow expansion kinetics for
Q9:VP2.139-specific CD8 T cells in B6.K" D" mice, as an abnormally small precursor
frequency must expand to the point of tetramer recognition. The GPI tail of H2-Q9 may

be a structural detriment for the education of Q9-specific CD8 T cells.

Although the GPI tail of Q9 may lead to less efficient signal transduction,
retrogenic Q9:VP2.139-specific CD8 T cells do mature in mice receiving retrovirus-
transformed bone marrow (Figure 2.4). This suggests that there is a highly restricted
repertoire of TCRs that can efficiently signal upon engagement of Q9. Use of the TCRaf3
encoded in the retrovirus avoids the random processes of gene rearrangement that might
or might not generate a Q9-specific TCR. Interestingly, Holst et al. report that greater
than 50% of the GFP" retrogenic T cells in retrogenic BM-recipient mice should express

the proper TCR. In contrast, we only observed 20-30% of the GFP" CD8a" retrogenic T
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cells from retrogenic bone marrow recipient mice with the correct VP chain (49). It is
possible that weak signaling through the retrogenic TCR due to weak TCR:Q9
interactions may allow the developing T cells to rearrange and express an endogenous
TCR. Simultaneous expression of two TCR Vf chains occurs for ~1% of T cells
naturally (50). Because transduced TCRs must compete for endogenous TCRs for
binding to CD3 proteins, a retrogenic TCR may not be expressed on the cell surface
despite translation of the retrogenic o and 3 chains (51). The low frequency of
Q9:VP2.139-specific CD8 T cells that exit the thymus of retroviral bone marrow-
recipient mice suggests that Q9:VP2.139-specific TCRs are less fit to signal through CD3

than the average endogenous TCR.

Outside the thymus, Q9-specific T cells may receive poor-quality signals from
their cognate MHC. Two structural abnormalities of Q9 make it less fit for engaging
TCR than classical class [a MHC molecules. The GPI tail increases the binding of MHC
molecules to exogenous peptides, which has been attributed to inefficient endogenous
peptide loading in the endoplasmic reticulum (48). It also makes the TCR:pMHC
interaction less efficient due to the high mobility of a GPI-linked protein (48). With
equal levels of peptide loading, CTL lyse cells with transmembrane MHC molecules with
several hundredfold greater efficiency than cells expressing GPI-linked MHC molecules
(48). This is supported by Swanson et al.'s observation that a longer (12 h rather than 4
h) in vivo CTL assay was necessary to observe killing by Q9:VP2.139-specific CD8 T

cells than for MHC class la-restricted MPyV-specific CTL (22, 52).

The second structural abnormality is the orientation of one of the CD8a-binding

loops in the a3 domain of the Q9 molecule. The a3 domain of H-2K" includes two loops
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which are important for binding CD8aa (and presumably CD8af): the AB and CD loop.
The CD loop is the most important structure determining the interaction of H-2K" and
CD8oa (53). A mutation of amino acid 227 within the CD loop of H-2D? abrogates
binding of H-2D to CD8aa (54). In H-2K" amino acid 227 is an asparagine residue that
forms a hydrogen bond with CD8aa (53). Four other hydrogen bonds stabilize the CD
loop within a pocket formed by the dimerization of the two CD8a proteins. In contrast,
the AB loop only contributes two hydrogen bonds to the interaction with CD8aa (53).

He et al. (55) demonstrated by protein crystallography that while the CD loop is
relatively normal, the AB loop is turned away from the CD8ao molecule. The two
residues mediating hydrogen bonding are mutated in Q9 from their long-chain
hydrophilic counterparts in H2-K°, making them less favorable for interaction with CD8o.
(55). In fact, Kern et al. predicted that Qa-2 would not bind to CD8 based on these AB
loop mutations, three years before He et al. solved the Q9 crystal structure (53, 55).
Whether or not Q9 binds CD8 has not been determined. However, it seems likely that the

interaction of Q9 with the CDS8 coreceptor is considerably less efficient than for H2-K".

We were able to indirectly verify that the structure of the Q9 a3 domain is
important for TCR binding through collaboration with the NIH Tetramer Core Facility.
The Tetramer Core substituted the o3 domain of H2-K® into the structure of Q9, and
constructed tetramers with this chimeric molecule. We observed that the chimeric
tetramers bound Q9:VP2.139-specific CD8 T cells with 2-fold higher affinity than native-
conformation Q9 tetramers (Chapter 3). However, we hoped to generate more direct
evidence that the higher affinity could be attributed to increased interactions with CD8. 1

attempted to block the site of interaction between the chimeric Q9:VP2.139 tetramers and
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the CD8 molecule on Q9:VP2.139-specific CD8 T cells in vitro by pre-incubation of
splenocytes from MPyV-infected B6.K"' D" mice with an antibody known to block this
interaction. The CT-CDS antibody has been shown to decrease tetramer-CD8a.
interactions, and thereby decrease tetramer binding (56). We hypothesized that blocking
CD8a would decrease the binding of Q9(K):VP2.139 tetramer to the level of the
Q9:VP2.139 tetramer, while the latter would be unaffected. However, pre-incubation of
MPyV-infected B6.K"" D" splenocytes with CT-CD8 equally abrogated binding of both
the Q9:VP2.139 and Q9(K"):VP2.139 tetramers. Schott and Ploegh observed a similar
impact of a CD8B antibody on tetramers of H2-K” and K°D227N mutant tetramers (57).
Titrating down the concentration of CT-CD8 did not show a differential impact on
binding of either tetramer. This result makes it unclear how addition of the a3 loop from

H2-K" increased the affinity of the Q9:VP2.139 tetramer.

It is possible that steric hindrance causes the CT-CD8 antibody to occlude the
binding of tetramers to the TCR. This scenario seems unlikely, because the CD8
molecules are not recruited into direct proximity of the TCR until at least 5-10 minutes
after TCR stimulation (58). However, it would be straightforward to attempt this
blocking experiment using Fab fragments of CT-CDS. Fab fragments would introduce
less protein to the cell surface, while still blocking the CD8a molecule. It is possible that
this would reveal a difference in dependence on CD8a-binding between Q9:VP2.139 and
Q9(Kb):VP2.139. An alternative explanation for my results is that binding of CT-CD8 to
the CD8 coreceptor might cause a conformational change that disrupts the binding of
CD8 to either the CD or the AB loops. However, Schott and Ploegh suggest an

alternative scenario where an anti-CD8 antibody alters the ability of CDS to associate
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with the TCR (57). In this model, tetramer binding is weaker in the presence of an anti-
CDS8 antibody because CD8 cannot localize the TCR to lipid rafts. According to the
model, TCRs are constitutively associated with Lck-independent CD8 molecules, outside
of lipid rafts. Lck-bound CD8 localizes to the lipid rafts. Poor binding of CD8 to the
MHC means that the TCR will not be recruited to the Lck-rich lipid rafts, leading to
weaker signaling. This model is supported by data from Cawthon et al. who demonstrate
that disruption of lipid rafts decreases the functional avidity of normally high-avidity
CTL (59). Therefore, Q9 may be inefficiently recruited into Lck-rich lipid rafts,
decreasing both the length of the interaction with the APC and the quality of downstream

signals.

Antibody-mediated blocking studies may not be the best method to test the
contribution of the AB loop to the interaction of Q9 and CDS8. Mutating the H2-K® a3
loop within the context of the Q9 tetramer may afford better insight as to how the
addition of this loop improves affinity. For example, making point mutations to the
residues within the a3 loop to disrupt CD8a binding would reveal whether the effect of
the a3 loop is related to its CD8a-binding capacity or to some other mechanism. One
strategy would be to use differentially labeled Q9 and chimeric Q9(K") tetramers in a
competition assay, as demonstrated by Schott and Plouegh (57). Using chimeric
tetramers bearing point mutations at critical CD8-binding residues in such competition
assays might better reveal the characteristics of the H2-K® 3 domain which improve

binding of Q9 to CDS.

In addition to the GPI linkage and misaligned CDS8 binding loop, the interaction

of the TCR with Q9:VP2.139 may be inherently weak. Unpublished Surface Plasmon
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Resonance data from Andrew Brooks’ lab at the University of Melbourne indicates that
the interaction of the TCR from a Q9:VP2.139-specific clone with its cognate pMHC is
ten-fold weaker than that of P14 cells with their cognate p:MHC (60). Multiple structural
abnormalities along with a weak TCR:pMHC interaction suggest a poor prognosis for the

ability of Q9:VP2.139 to bind to TCRs.

It is tempting to speculate that the different factors negatively affecting the
Q9:VP2.139-TCR binding avidity might be responsible for the low frequency of IFN-y-
reactive Q9:VP2.139-specific CD8 T cells. The high mobility of a GPI-linked MHC, the
poor TCR:pMHC affinity, and the lack of coreceptor binding might together lead to
lower-quality downstream signals. To quote R. Germain (NIAID), "suboptimal binding
does not simply result in a smaller quantity of the same signals, but in a different quality
of proximal signaling" (61). In Q9:VP2.139-specific CD8 T cells, the signaling quality
may be enough to drive clonal expansion, yet only under some circumstances (prolonged
contact with pMHC, for example) would the quality of signals be enough to promote
IFN-y production. If this is true, then the longer the Q9:VP2.139-specific CD8 T cells
are exposed to antigen, the larger the percentage of the clone producing IFN-y should be.
One important experiment would be increasing the length of the ICCS assay, from the
typical 5-6 hours to 12 hours. Swanson et al (22) observed that a longer timecourse for
an in vivo CTL assay was needed to observe killing; similarly, a longer time may be
necessary to see optimal IFN-y production in vitro. However, such long exposure to BFA
could be cytotoxic (62, 63). Adding the BFA only after an overnight stimulation would

give as many cells as possible the chance to respond. Increasing the duration of the ICCS
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might be the best way to observe the true cytokine effector capacity of the Q9:VP2.139-

specific CD8 T cells.

Importantly, increasing the concentration of VP2.139 peptide from 1 uM to 50
uM during a 6 hour ICS leads to increasing frequencies of IFN-y-producing CD8 T cells
(Figure 4.1). This supports the hypothesis that IFN-y functionality determined by a 5
hour ICCS with 1 or 10 uM peptide might underestimate the functionality of the
Q9:VP2.139-specific CD8 T cells. High concentrations of peptide may be necessary to
sufficiently coat APCs in vitro at the level that an infected cell would be producing
antigen in vivo. It is possible that a high level of surface Q9:VP2.139 is necessary to

trigger the appropriate downstream signaling that elaborates IFN-y production.

I was able to observe that the frequency cells producing IFN-y in a 5 hour ICCS
relative to Q9:VP2.139-specific cells increased over the course of infection (Figure 4.1).
Memory cells are in part defined by their ability to more rapidly respond to antigen
stimulation (64). It is possible that the Q9:VP2.139-specific CD8 T cell clone gradually
acquires more memory characteristics over the course of its long kinetic expansion. In
other words, a Q9:VP2.139-specific CD8 T cell at 3 mo. p.i. would be a 'better' memory
cell than a Q9:VP2.139-specific CD8 T cell at 1 mo. p.i. This is supported by the
phenotype of Q9:VP2.139-specific CD8 T cells, which increase in CD127 and Granzyme
B expression between 1 and 6 months p.i., while decreasing in CD43, KLRG-1 and
CD62L expression (22). T cell responses have been observed to increase in affinity as
cells with the highest affinity TCRs are preferentially expanded (65). However, the
limited clonality of the Q9:VP2.139-specific response (23) makes it unlikely that TCR

affinity plays role in the increasing IFN-y production of this population.
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Poor effector cytokine function could also be related to the expression of
inhibitory receptors on the surface of Q9:VP2.139-specific CD8 T cells. Wirth et al.
demonstrated that MPyV replication decreases with the age of the mouse (66). It is
possible that the Q9:VP2.139-specific population is under some form of repression which
declines as viral inflammation decreases. We never observe much PD-1 expression on
Q9:VP2.139-specific CD8 T cells (21, 22, 49). The inhibitory receptors LAG-3 and Tim-
3 (67) are expressed on Q9:VP2.139-specific CD8 T cells from B6.K""D*" mice at day
35 p.i. — their expression has not been monitored long-term (unpublished observations). I
never observed a significant decline of NKG2A over the course of MPyV persistence.
Upregulation of CD94/NKG2A has been associated with decreased cytotoxic and
cytokine effector functions (68, 69), although Cush et al. report that in a y-Herpesvirus
model, the effector function of KLRG-1" NKG2A" CD8 T cells is not impaired, and that
this phenotype may in fact correlate with more protective CD8 T cells (70). Expression
of CD94/NKG2A on Q9:VP2.139-specific CD8 T cells increases after day 12 p.i., and is
thereafter maintained at a high level of expression (Figure 2.8). These are the same
kinetics of NKG2A expression that have been observed for the class Ia-restricted CD8 T
cell response to MPyV (68). Upregulation of CD94/NKG2A has been demonstrated to
reduce immunopathology associated with influenza virus (69). CD94/NKG2A
expression by MPyV-specific CD8 T cells may similarly be critical to prevent
immunopathology. Blockade of Qa-1° can relieve CD94/NK G2A-mediated inhibition
(68), suggesting that Qa-1" treatment of B6.K> D" mice might increase the cytotoxic or

cytokine effector function of Q9:VP2.139-specific CD8 T cells in vivo. It is possible that
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as viral titers and inflammation decrease, the Q9:VP2.139-specific CD8 T cells decrease

expression of inhibitory receptors, leading to more rapid cytokine production.

Alternatively, the Q9:VP2.139-specific CD8 T cells could predominantly produce
a cytokine besides IFN-y. I never observed a large population of IL-10 or IL-17-
producing Q9:VP2.139-specific CD8 T cells (unpublished observations). However, a
multiplex cytokine assay might better elucidate the cytokine effector function, or lack of
function, of the Q9:VP2.139-specific CD8 T cells. It remains unclear whether the low
frequency of cytokine-producing Q9:VP2.139-specific CD8 T cells is due to structural
characteristics of the Q9 molecule, or an incomplete examination of the parameters

needed to observe the effector function of these unique cells.

The Q9:VP2.139-specific CD8 T cell response protects against MPyV infection in
vivo. This has been demonstrated by comparing viral loads between mice infected with
MPyV and mice infected H145A. B6.K* D"’ mice infected with MPyV have over a log
lower viral titers in their kidneys at day 80 p.i. than mice infected H145A. Importantly,
adoptive transfer of 20 x 10° splenocytes from spleens of MPyV infected mice into naive
mice at the time of infection leads to significantly lower viral titers in the spleen, kidney
and salivary glands, in mice infected with MPyV as compared to HI45A. This
underscores the necessity for a high frequency of Q9:VP2.139-specific CD8 T cells to
exert detectable protection. Wilson et al. (71) recently demonstrated that IFN-y is a
major antiviral effector molecule during MPyV infection. A previous study indicated
that protection against MPyV infection is independent of perforin, fas, and TNFa (72). If
we assume for a moment that, like the class la-restricted CD8 T cell responses, the

Q9:VP2.139-specific CD8 T cells rely on IFN-v to kill infected cells, the following
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model would fit our observations. Due to the abnormalities of Q9, the Q9:VP2.139-TCR
interaction has a low avidity. This low avidity decreases the probability of a stable
interaction between the effectors and target cells. When a stable interaction is
established, IFN-y-mediated killing occurs. In scenarios where there are very few
Q9:VP2.139-specific CD8 T cells, protection is not observed due to the infrequency of
these stable interactions. Similarly, when the Q9:VP2.139-specific CD8 T cells must
compete for antigen with class Ia-restricted CD8 T cells, the class la-restricted cells
control the infection before the class Ib-restricted cell(s) in the precursor pool achieve

enough stimulation to begin division.

It was clear from our attempts to expand Q9:VP2.139-specific CD8 T cells in B6
mice that class Ia wild-type mice would be intractable to expansion of this class Ib-
restricted response. However, it was important to demonstrate that the lack of Q9
polymorphism meant the Q9:VP2.139 epitope could be recognized across allogeneic
MHC class Ia haplotypes. P. A. Swanson screened various strains of mice for Qa-2
expression. Importantly, the Qa-2-specific 1-1-2 monoclonal antibody (MAb) does not
discriminate between Q6, Q7, Q8 and Q9 (73). He discerned that mice of the H2-Q, H2-
S, and H2-V haplotypes expressed Qa-2 (P.A. Swanson, unpublished observations). This
is in agreement with the published allele expression from the Jackson Catalog (74). The
MAD 1-1-2 staining of the SJL splenocytes most closely resembled the staining pattern
seen in B6 splenocytes; I speculate that this is why he chose to attempt vaccination in the
SJL strain first. We first attempted to vaccinate SJL mice with psoralen-crosslinked
VV.VP2.139. Upon exposure to UV light, psoralen cross-links the DNA of vaccinia

virus. Random crosslinking will more likely occur in the large native vaccinia genes. In
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contrast, a small epitope-encoding minigene is relatively spared. This strategy, proposed
by Christopher Norbury (75) is intended to increase transcription of an epitope of interest
during immunization with the vaccinia vector. We were primarily unsuccessful.
Importantly, one SJL mouse, immunized with psoralen-VV.VP2.139, and treated with
anti-4-1BB five days later, expanded a detectable Q9:VP2.139-specific CD8 T cell
response. 0.55% of the CD8 T cells were Q9:VP2.139". This was the first evidence that

the Q9:VP2.139-specific CD8 T cell response could be elicited in SJL mice.

It was encouraging to have evidence that the Q9:VP2.139-specific CD8 T cell
response could expand in SJL mice, but it was critical that we be able to consistently
repeat this observation. Therefore, we turned to a very strong immunization regimen.
CFA was emulsified with the VP2.139 peptide in PBS and injected into the footpads of
SJL mice. Two weeks later, mice were boosted with VP2.139 emulsified in IFA, injected
into the base of the tail. Two weeks after the boost, mice were challenged with MPyV.
Using this regimen, [ was able to detect a Q9:VP2.139-specific response in at least 80%
of immunized mice (Figure 3.1). To compare the capacity of the primed Q9:VP2.139-
specific CD8 T cells to protect against MPyV infection, I set up a controlled experiment.
Half of the naive mice received CFA + peptide and IFA + peptide, the other half were
primed with CFA emulsified with PBS alone, and boosted with IFA emulsified with PBS
alone. Then all mice were challenged with 2 x 10° p.f.u. MPyV. The viral loads and
tetramer levels in the mice were observed at day 6 p.i (Figure 3.1). To my
disappointment, there was no significant difference in viral titers in the spleen, kidney,
salivary gland or heart in SJL mice that had been primed and boosted with Q9:VP2.139-

specific CD8 T cells (A.R. Hofstetter, unpublished observations). Furthermore, although
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over 90% of the VP2.139-primed and —boosted mice expanded a detectable Q9:VP2.139-
specific CD8 T cell response, I never observed more than 0.4% of the CD8 T cells to be

Q9:VP2.139 tetramer-positive.

While the SJL experiments were underway, I had, at the suggestion of Dr. Brian
D. Evavold, started the same prime-boost regimen in NOD mice. NOD mice are
haplotype H2-g7, which is Qa-2" (74). I verified Qa-2 expression on NOD splenocytes
with MAb 1-1-2 (A.R. Hofstetter, unpublished observation). Male NOD mice were
readily available, and a better option than females due to the diabetogenic phenotype
observed in females (76). In contrast to the SJIL mice, I was able to discern a significant
decrease in MPyV titers in the spleens of VP2.139-primed and —boosted mice at day 6
p.i. compared with PBS-primed and —boosted controls (Figure 3.2). The NOD mice that
demonstrated a detectable Q9:VP2.139-specific response tended to have a more robust
expansion of this clone than observed in SJL mice. Importantly, the two NOD mice with
the highest frequency of Q9:VP2.139-specific CD8 T cells — over 0.4% of the CD8 T cell
population - were the two mice with the lowest MPyV viral titers in the spleen. This
suggests that no protection was observed in the SJL mice because the Q9:VP2.139-

specific population was not large enough to make a discernable difference.

In retrospect, neither the priming regimen nor the mouse choices were ideal to
efficiently address the hypothesis. CFA is not an ideal priming regimen because it is
highly inflammatory. Hikono et al. demonstrated that Sendai-specific peptide + CFA-
immunized mice developed relatively poor immune responses to Sendai virus as
compared to mice previously exposed to Sendai virus. In response to a CFA + Sendai

peptide immunization, the CD8 T cell population was predominated by CD127" cells,
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and a CD27"° CD43" population that was never seen after normal Sendai infection. The
CFA-elicited Sendai-specific memory response was quantitatively and qualitatively
poorer than the memory response to Sendai infection (77). I observed many of the same
phenotypic aberrations observed by Hikono et al. in the CD8 T cells from CFA-
immunized mice (Figure 3.1E). Therefore, a less inflammatory priming regimen might

lead to the expansion of a more functional memory recall response.

Our immunization attempts with vaccinia were largely unsuccessful. Besides the
VV-VP2.139 + psoralen strategy, we also used the VV-VP2 virus, which expresses the
entire VP2 protein from MPyV. Swanson et al. demonstrated that this elicits a
Q9:VP2.139-specific CD8 T cell response in B6.K*' D" mice (23), but efforts to
immunize B6 mice were unsuccessful. We hypothesize that this is due to the large class
la-restricted CD8 T cell response generated against the vaccinia epitopes, which out-

compete any Q9:VP2.139-specific clone for antigen and growth factors.

In line with my speculation about the need for prolonged exposure to high
concentrations of antigen, an immunization regimen that deposited VP2.139 peptide, and
no other peptide antigens, for an extended period of time, would be the best method to
expand a robust Q9:VP2.139-specific CD8 T cell population. An oil-in-water adjuvant
without killed bacteria, such as IFA, can generate a short-term antigen depot and deliver a
peptide to DCs (78). Supplementing the emulsion with CpG, a potent TLR-9 adjuvant,
helps increase the IFN-y producing phenotype of the responding CD8 T cells (79).
Alternatively, our lab previously demonstrated that mouse dendritic cells permit MPyV
infection (80). DCs infected with a class Ia epitope knockout PyV could be used as a

DC-based vaccine strategy. It could be beneficial to supplement any new priming
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regimens with coadministration of recombinant human (rh)-IL-7 and -IL-15, as these
have been shown to boost the memory responses to vaccination, especially to
subdominant epitopes (81). These examples allude to the extensive variety of
immunization strategies that have been published, and different methods could be tested
alone or in combination to generate the most robust Q9:VP2.139-specific CD8 T cell

response.

The prime-boost immunization studies could also be improved by optimizing the
timing and quantity of the viral challenge. The lowered viral dose (10° rather than 10°
pfu MPyV) and early timing of the experiment (day 6 p.i.) were chosen in order to allow
as much time as possible for the Q9:VP2.139-specific recall response to expand, while
delaying the class la-specific CD8 T cell response through a lower-dose infection (40).
Andrews et al. observed that the expansion of class Ia-restricted CD8 T cell responses to
MPyV was delayed after decreasing the dose of MPyV 1000-fold, from 10° to 10° pfu A2
(40). However, when B6 mice treated with the VP2.139 prime-boost regimen were
infected with 10° pfu MPyV, the immunodominant class Ia-restricted CD8 T cell
response had undergone significant expansion by day 6 p.i. (A.R. Hofstetter, unpublished
observations). This indicates that a 10-fold decrease in virus did not sufficiently delay
the expansion of the class la-restricted CD8 T cell responses. While the class la-
restricted CD8 T cell responses to MPyV in H-2° and H-2¢7 haplotypes are not known, it
is likely that they expand with similar kinetics as in B6 mice. Therefore, decreasing the
dose of the viral challenge to 10° pfu A2 might allow the memory Q9:VP2.139-specific

CD8 T cell response to expand more robustly before the delayed proliferation of the class
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Ia-restricted responses. This might allow us to see a larger difference in viral titers

between VP2.139-immunized and PBS-control mice.

In addition to the immunization and infection regimens, alternative mouse choices
could have led to better expansion of Q9:VP2.139-specific CD8 T cells. Although SJL
and NOD mice express Qa-2 on the surface of their splenocytes, this is not indicative of
the actual expression of Q7 and Q9. Lund et al. published evidence that NOD mice
express either Q7 or Q9, but not both (82). One Qa-2 reactive antibody clone induces
less complement-mediated lysis of SJL lymphocytes than B6 lymphocytes (83) which is
in agreement with the MAb 1-1-2 staining of B6 and SJL splenocytes (P.A. Swanson,
unpublished data). Qa-2 expression is thought to vary with the number of genes
encoding Qa-2 (84, 85). Therefore it is possible that SJLs express fewer Qa-2 genes than
B6 mice, but more direct evidence is needed. Of the Qa-2 genes, the Q6/Q8 and Q7/Q9
gene pairs differ significantly at the amino acid level (86). Q7 and Q9 differ by only a
single amino acid, outside of the predicted amino acid binding groove (87). Importantly,
Q9:VP2.139-specific CD8 T cell clones recognize VP2.139-pulsed Q9-expressing cells,
but not VP2.139-pulsed Q8-expressing cells (22). Therefore, a Qa-2" mouse that
expressed only a Q6 and/or Q8 gene product would not present to Q9:VP2.139-specific
CD8 T cells. It appears that we were lucky in choosing the mouse haplotypes that
express either Q7 or Q9, because they do expand a Q9/Q7:VP2.139-specific CD8 T cell
response. The lower levels of Q9:VP2.139-specific CD8 T cells observed in the SJL
mice as compared to the NOD mice may be due to differences in either the number of

genes or the gene expression levels between these strains of mice (88).
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I used the NOD mice because they were readily available in the lab. However,
NOD mice are known for developing spontaneous diabetes. This phenotype is seen more
often in females than males (76). I did not perform any tests to determine if the NOD
males were diabetic during the course of my experiments. Both the NOR mice and ICR
mice are H2-g7, but do not exhibit the diabetogenic phenotype (74). A non-diabetic H2-
g7 strain would have been a better choice, to eliminate the confounding immunologic

variables of diabetes.

I would also like to test other strains of mice in the future. H2-V and —Q
haplotypes appear to be Qa-2 positive, as indicated by P.A. Swanson’s unpublished
observations and the Jackson catalog (74). It would streamline immunization studies to
first test novel strains of mice for expression of Q7 and/or Q9. Detection would need to
be performed by molecular genotyping, because serological reagents cannot differentiate

between the Qa-2 proteins (89).

Optimizing the immunization strategy and mouse model for eliciting Q9-
restricted CD8 T cell responses would allow me to test whether other pathogens with
putative Q9-binding epitopes could drive a protective Q9-restricted CD8 T cell response.
Tabaczewski et al. published 17 intracellular pathogen-derived peptides that fit the
binding motif of Q9-binding peptides, all derived from infections for which a mouse
model is readily available. Of these, five demonstrated strong stabilization of Q9 in an
ELISA-based peptide stabilization assay; these epitopes were derived from rabies virus,
rotavirus and adenovirus (87). It would be fascinating to challenge Q9-expressing mice
with these peptides, and determine if clones specific for these peptides bound by Q9 exist

in the naive T cell pool. The existence of such clones would be an indication that Q9-
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specific CD8 T cells could contribute to protection in adenovirus, rabies or rotavirus
infections in mice. We could test this hypothesis using the optimized prime-boost
regimen, followed by virus challenge. These studies would be an elegant test of the

breadth of the immune responses contributed to by Q9.

The studies presented in this work demonstrate the role of a class Ib-restricted
CD8 T cell response to MPyV. Humans do not have a Q9 ortholog, and although HLA-G
has been suggested as a functional homolog (18), these genes map to different sections of
the overlaid human and mouse MHC locus (90). Therefore, these studies serve as a
proof-of-principle: nonclassical class Ib MHC molecules can restrict protective CD8 T
cell responses to viral infections in allogeneic hosts. The Q9:VP2.139-specific CD8 T
cell response exhibits weak protection against MPyV, which is likely to be associated
with its poor IFN-y production. It appears likely that structural abnormalities make Q9 a
poor ligand for inducing strong CTL responses. However, these characteristics need not
be the rule for class Ib-restricted CD8 T cells. Neither the native structure or function of
HLA-F is known, but this molecule may not bind peptides (19). HLA-G binds a limited
repertoire of peptides, but many lines of evidence tie this molecule to tolerogenic roles,
indicating that the ability of HLA-G to bind several immunoreceptor tyrosine-based
inhibitory receptor-associated molecules may be more important than its ability to bind
peptide (15). In contrast, HLA-E binds peptides, and while it is usually occupied by the
leader sequences of other HLA molecules (91), HLA-E restricted CD8 T cell responses to
M. tuberculosis, Salmonella typhi and cytomegalovirus have been reported (92-94).
Seredipitously, HLA-E is the human class Ib molecule with the fewest polymorphisms,

having functionally only three alleles (11). Therefore, HLA-E is a promising target for a
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universal peptide vaccine formulated with no more than three pathogen-derived peptides.
It would be of interest to screen protein databanks for intracellular pathogen-derived
peptides fitting the binding pattern for HLA-E, to determine the prevalence of such

motifs.

In summary, I have investigated the requirements to prime and sustain a class Ib-
restricted CD8 T cell response that is protective against PyV infection in allogeneic hosts.
In Chapter 2 I determined the dependence of the Q9:VP2.139-specific CD8 T cell
response on CD4 help and CD28/CD40L costimulation during two discreet phases of the
response in B6.K* D" mice. During the first month p.1., the start of the long
inflationary expansion of the Q9:VP2.139-specific CD8 T cell population, CD4 help and
CD28 costimulation are necessary for the clone to proliferate. After three months p.i.,
when the cells are maintainted at a high level, independent of antigen, I determined that
CDA4 T cells are critical for the survival of the Q9:VP2.139-specific population in a
costimulation- and IL-2-independent manner. In Chapter 3 I present the results of my
attempts to prime a Q9:VP2.139-specific CD8 T cell response, which we first identified
in the H-2° haplotype, in mice of other haplotypes. I demonstrated that a CFA + peptide
prime and IFA + peptide boost consistently elicited this population H-2* and H-2¢” mouse
strains, and that the Q9:VP2.139-specific cells were protective against MPyV infection in
H-2%" mice. These studies demonstrate that MHC class Ib-restricted CD8 T cells can
protect against intracellular infections in allogeneic hosts. It is my hope that these
findings will increase interest in studying the antigen-presenting capacity of human class
Ib MHC molecules. Such investigations could reveal novel MHC class Ib-restricted

epitope targets for peptide-based vaccines.
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Figure Legends

Figure 4.1: IFN-y production by Q9:VP2.139-specific CD8 T cells increases with
peptide dose and with time p.i. Splenocytes from B6.K" D" mice infected with
MPyV for (A) 7 weeks or (B) 6 months were stained with Q9(K):VP2.139 tetramer at
1:100 (right axis, open symbols) or stimulated with a gradient of VP2.139 peptide for 5
hours in the presence of Brefeldin A. Stimulated cells were stained for CD8a, then
treated with BD Cytofix/Cytoperm and stained for intracellular IFN-y. Cells incubated
with no peptide were used to control for background IFN-y signal. Closed symbols
represent the number of splenocytes producing IFN-y at each concentration of VP2.139
peptide. Each symbol represents one mouse. In the figure legend, percentages indicate

the relative frequency of tetramer " cells that produce IFN-y at 50 pM VP2.139.
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Figure 4.1

7 Weeks

[—=E—- J
1 —

Tetramer* Splenocytes (x10°)

O 21.8%
A 66.5%
v 49.4%

Lag] o Ao

(s01%) sa3Ld0ud[ds L A-N AT

Tetramer* Splenocytes (x10°)

= 'S
-0 W I~ & w -t Lo T o | —

100

oL
w
v
A

- ® H )

- ® H > <
= ) o > 4«
M\ = L > <

R = a > <«
& v a > <

He ) <«
S NS He ) <
1523 are
O4pO

S m._._ﬁs.., T rrrrr
) (s01%) sa3Ld0ud[ds ,A-N AT
g

100

10

0.1

0.01

VP2.139 (uM)



