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Abstract

CDS8" T cells are vital cytotoxic lymphocytes against intracellular
pathogens and tumor cells. CD8" T cells utilize a fast-acting degranulation of
granzyme/perforin and slow-acting receptor:ligand, FasL:Fas, pathway of
inducing target cell lysis. The importance of degranulation based target cell
killing by CD8" T cells has been well established while the FasL:Fas based
mechanism of killing has been far less characterized. Additionally, it remains
unclear as to the purpose of possessing the slow-acting FasL:Fas mechanism of
killing in CD8" T cells. In this thesis, I investigated the differential expression
patterns of intracellular FasL and GrB in stimulated CD8" T cells to further
delineate the roles between degranulation and FasL. Interestingly, while I found
GrB expression in CDS8" T cells to be proportional to the level of stimulation,
weak stimulation is more favorable for FasL expression. In ex vivo stimulated
CDS" T cells, while strong stimulation induced expression of intracellular FasL,
only weakly stimulated cells were able to sustain FasL expression over an
extended period of time. Using allogeneic tumors, I further demonstrated that
high antigen availability stimulates CD8" T cells to express GrB and FasL while

low antigen availability favors intracellular expression of FasL expression.

Collectively, these results suggest two strategies of effector molecule expression:

a low antigen level strategy favoring FasL expression and high antigen level

strategy of GrB and FasL expression.



In addition to CD8" T cells, NK cells are also potent cytotoxic
lymphocytes. As part of the innate immune system, NK cells were not believed to
possess adaptive immune cell features. However, recent studies have
demonstrated that following stimulation, NK cells may possess a number of
memory cell-like features such as longevity, antigen specificity and enhanced
secondary responses. While no definitive memory marker(s) have been found for
memory NK cells, Ly-6C, a memory marker for CD8" T cells, is a promising
candidate. In my study, I first demonstrated that Ly-6C positive NK cells are
mature NK cells based on effector function and phenotype. Additionally, based on
Ly-6C staining with monoclonal AL-21 and iMAP antibodies, two subsets of Ly-
6C positive NK cells are visible, an AL-21 only reactive subset, Ly-6C*"?', and
an AL-21/iMAP reactive subset, Ly-6C**2"™MAP 1 further demonstrated that Ly-
6C positive NK cells develop from Ly-6C negative NK cells and that Ly-6C*™
2UIMAP NIK cells develop from Ly-6C*2' NK cells. In long term studies, this
progression of Ly-6C expression suggests that Ly-6C*"*"MAP NK cells may
represent a previously undescribed differentiation state of long-lived NK cells.
Collectively, AL-21 and iMAP co-reactivity towards Ly-6C may further define

the population of memory NK cells.
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Chapter 1: General Introduction

The immune system

The immune system is tasked with sensing and eradicating potentially
hazardous biological threats to a host. Jawed vertebrates have two main systems to
combat potentially deadly intracellular and intercellular infections; the innate immune
system and the adaptive immune system (1). Classically, the distinction between the
innate and adaptive immune system is well defined. Innate immune cells are short
lived cells that do not generate memory lineage cells and response from the innate
immune system, following any repeated intrusion, is not enhanced due to prior
activation or stimulation. The pathogen sensory system of innate immune cells rely
on simple but reliable receptor:ligand pairs with limited diversity. In contrast,
adaptive immune cells are able to generate highly precise epitope specific long lived
memory cells following an infection and, collectively, display an enhanced response
upon a subsequent infection (Figure 1-1).

With an array of germline encoded pattern recognition receptors (PRR), such
as Toll-like receptors, immunoglobulin (Ig)-like receptors and lectin-like receptors,
the innate immune system is the first line of defense against viral and microbial
insults to a host (2, 3). Members of the innate immune system include cells such as
neutrophils, monocytes, dendritic cells (DCs) and natural killer (NK) cells. A vital
function of the innate immune system is the rapid containment of an invading
pathogen, if not the elimination of the infection, while assisting in the development of
long-lasting pathogen-specific responses by the adaptive immune system (4).

The adaptive immune system itself is further divided into humoral-mediated
immunity, provided by B cells, and cellular-mediated immunity, provided by CD4"
and CD8" T cells. In contrast to the innate immune system, a hallmark of both B and
T cells of the adaptive immune system is the ability to recognize intruding pathogens
with a high degree of specificity, however, full activation typically requires several

days. It is believed that B and T cells are able to recognize up to ~3x10° different



Immune Response Intensity

Time

Figure 1-1: Immune response intensity by the immune system.

A representative immune response by classical innate (red), classical adaptive (black)
immune system and memory NK cells (orange) following a primary, subsequent
secondary and tertiary infection. A traditional view of innate immune response
predicts an equivalent response to all three infections (red), while the adaptive
immune system can provide increasing immune responses following each subsequent
stimulus (black). Recent studies have demonstrated enhanced NK cell response to a
secondary stimulation, compared to a primary stimulation, therefore mimicking
responses of the adaptive immune system (black and orange). However, one study has
found that NK cell responses following a tertiary stimulus do not differ in intensity
compared to the secondary stimulus response (orange) (5).



pathogenic antigen variations through cell surface expression of B cell receptors
(BCR) and T cell receptors (TCR), respectively (Kuby Immunology 5™ edition 2003) .
This remarkable diversity is driven recombination-activating genes (RAG)
performing somatic gene rearrangements of the BCR and TCR genes during B and T
cell development, respectively (6). Experimentally, deletion of RAG genes in mice
result in the complete abolishment of mature B and T cells (7, 8). Furthermore,
another trademark of the adaptive immune system is the generation of immunological
memory against previous invading pathogens. Antigen specific memory B and T cells
are able to respond more efficiently and effectively to a second infection by a
pathogen of the host than naive B and T cells, leading to an enhanced control and
clearance of the pathogen upon a subsequent exposure (9, 10).

NK cells and CD8" T cells represent the cell mediated cytotoxic arm of the
innate and adaptive immune system, respectively. Both NK cells and CD8" T cells
express perforin and granzymes within cytoplasmic granules as well as death receptor
ligand FasL (11). Upon activation and engagement of a target cell, stimulated NK and
CDS" T cells degranulate releasing perforin and granzyme-containing granules and
engage Fas expressed by target cells through FasL, ultimately inducing apoptosis of
the engaged target cell. Utilizing degranulation and receptor mediated mechanisms of
effector function, NK cells and CD8" T cells are vital in the host defense of invading

intracellular pathogens and surveillance of tumor progression.

T cell development

T cells develop in the thymus from migrating T cell precursors exiting the
bone marrow. Once in the thymus, developing thymocytes express RAG genes and
undergo gene rearrangement events that produce a functioning TCR. Positive and
negative selection processes then ensure T cell recognition of host major
histocompatibility complex (MHC) and deletion of auto-reactive T cells, respectively
(12-14). In conventional CD4" and CD8" T cells, the TCR is composed of an a chain
and a B chain. Initially T cell progenitors in the thymus do not express CD4 or CD8



co-receptors and are termed double negative (DN) thymocytes. In the DN stages of T
cell development, RAG genes are activated and first rearrange the variable (V),
diversity (D), and joining (J) gene regions for the TCR 3 chain. Once complete, the
TCR B chain is paired with an invariant pre-TCR a chain forming a pre-TCR that is
expressed on the surface of the developing thymocyte. Formation of a pre-TCR
allows for further differentiation of DN thymocytes into CD4" and CDS" expressing
double positive (DP) thymocytes. During this transition, RAG genes rearrange the V
and J gene segments of the TCR a chain generating a functioning TCR a chain that
heterodimerizes with the existing TCR [ chain (14). At the DP stage, thymocytes
uniquely express both CD4 and CD8 co-receptors and a fully assembled TCR
complex. At this point, DP thymocytes undergo positive selection by engaging MHC
expressed by thymic epithelial cells to ensure TCR recognition of MHC and also
selection of a CD4 or CDS8 co-receptor. While a number of models have been
suggested for CD4/CD8 lineage determination, current understanding is best
described by the kinetic signaling model. During positive selection, DP thymocytes

terminate CD8 gene expression to become an intermediate CD4 " /CD8"Y

expressing
DP thymocyte. In the kinetic signaling model, if TCR-pMHC engagement is
maintained, CD4"/CD8'" thymocytes are believed to further develop into CD4"
single positive (SP) thymocytes and MHC class II restricted CD4" T cells. In contrast,
if TCR-pMHC recognition is lost, following the down regulation of CD8 expression,
the developing thymocytes undergo co-receptor reversal. These developing
thymocytes then re-engage CDS8 gene transcription and terminate CD4 gene
transcription. It has been suggested that yc cytokines may also contribute to the
silencing of CD4 expression and re-initiation of CD8 expression. The thymocytes that
proceed through co-receptor reversal then develop into a CD8" SP thymocyte and
MHC class I (MHCI) restricted CD8" T cells (13). To prevent the generation of large
quantities of potentially auto-reactive cells, DP and SP T cells undergo a process call
negative selection. During this progression, thymocytes with high affinity for self-

antigen bearing MHC complexes on thymic epithelial cells, and are therefore



potentially auto-reactive, are eliminated through apoptosis while low-reactive SP
thymocytes are allowed to develop into mature CD4" or CD8" T cells (13, 15). Key
transcription factors, such as AIRE, promote ectopic expression of peripheral tissue-
restricted antigens in thymic epithelial cells that would not normally be expressed in
the thymus (16, 17). These transcription factors allow for negative selection of auto

reactive T cells to host peripheral antigens.

CDS8" T cell activation

After CD8" T cells mature from the thymus, they circulate between the blood
and secondary lymphoid organs. Receptors such as CD62L and CCR7 facilitate
trafficking of naive CD8" T cells to lymph nodes where they await stimulation by
antigen-presenting cells (APC) (18). Upon infection, stimulated and matured APCs
travel to secondary lymphoid organs to activate naive CD8" T cells. Optimal
stimulation of CD8" T cells are believed to require three signals: TCR recognition of
MHCI-peptide complex on APCs, where the peptide is of foreign origin (signal 1),
co-stimulation by co-stimulator ligands expressed on the mature APCs (signal 2) and
a signal from pro-inflammatory cytokines, such as IL-12 or type I IFNs (signal 3)
(19). In addition to signal 1 and 2, DC maturation resulting from PRR recognition of
pathogen derived products or through CD4" T cell help via CD40L ligation, induces
production of IL-12 and/or type I IFNs (19, 20). Additionally, in vitro studies have
suggested that CD4" T cells can help CD8" T cell activation through IL-2 production
(21, 22). IL-2 has been suggested to be important during primary infection for
programming CD8" T cells for a full secondary response (23). CD4" T cells have also
been shown to be vital for the generation of functioning memory CD8" T cell
following an acute infection (24, 25).

Following stimulation, antigen-specific naive CD8" T cells are able to
undergo multiple rounds of cell proliferation and expansion and increase in
population size by ~10* to 10° fold in as little as eight days (10, 26-28). While signal

1 and 2 were recognized early on as vital for CD8" T cell expansion, naive CD8" T



cells stimulated without the presence of pro-inflammatory cytokines were found to be
defective in effector function potential (19, 27, 29). Past studies have demonstrated
that without pro-inflammatory cytokine signal 3, stimulated CD8" T cells have
reduced lytic potential of target cells and reduced capacity for cytokine production
(27, 30). Interestingly, ex vivo stimulated naive CD8" T cells in the absence of IL-12
were unable to lyse target cells despite being able to degranulate as indicated by
degranulation marker CD107a expression (29). Additionally, the nature of the
infection may determine the specific requirements for signal 3. For instance, antigen-
specific CD8" T cells following lymphocytic choriomeningitis virus (LCMV)
infections are critically dependent upon type I interferons, while IL-12 is vital for

CDS" T cell mediated protective immunity against vaccinia virus (VV) (31, 32).

The role of co-stimulation in CD8" T cell activation

The discovery of co-stimulatory molecules provided evidence for a ‘signal
two’ requirement during T cell activation. T cell co-stimulation is defined as an
engagement of cell surface receptors on the T cell surface, distinct from the TCR, that
provides a supportive second signal for T cell activation (33). As a means of
peripheral tolerance, co-stimulatory molecules are initiated following microbial insult.
Accordingly, T cells require TCR and co-stimulatory signals from APCs for effective
activation and over the years, a large number of additional co-stimulator molecules
have been discovered (34, 35). Most co-stimulatory molecules can be classified into
the CD28/B7 family or the tumor necrosis factor receptor (TNFR/TNF) family.
Broadly defined, co-stimulatory molecule pairs function to synergize with TCR
signaling to enhance T cell proliferation, survival, production of effector molecules
and even memory generation (36). The TNFR/TNF family of co-stimulator molecules
contains multiple extracellular cysteine repeats to form disulfide bridges (36).
Functionally, TNFR/TNF co-stimulatory molecules are expressed as trimers on T
cells and APCs (37). Intracellullarly, TNFRs signal through TNFR-associated factor
(TRAF) adaptor proteins. The recruitment of TRAF proteins are able to initiate NF-



kB, MAPK and NFAT signaling cascades to promote cell proliferation, survival and
enhanced cytokine production (38). The CD28/B7 family of molecules, on the other
hand, are characterized as proteins with an Ig-like extracellular domain and a short
intracellular cytoplasmic tail for signaling (36). Members of the CD28/B7 family of
co-stimulators are predominantly type I transmembrane proteins that contain disulfide
links in the stalk region to form functioning homodimer receptors (39). Among the
CD28 family, the effects of CD28/B7 co-stimulation on CD8" T cell activation are

most well characterized and studied.

CD28/B7 co-stimulation in CD8" T cell activation

CD28 is expressed on nearly all CD8" T cells in mice with increased
expression levels shortly after TCR stimulation (40). Following TCR-pMHCI
recognition, engagement of CD28/B7 augments CDS8" T cells production of IL-2 and
induction of anti-apoptotic proteins, which result in enhanced T cell proliferation and
survival (38). Initial studies into CD28/B7 requirements for CD8" T cell activation
were controversial. Following acute LCMV infections, negligible differences in the
expansion and response of WT and CD28 deficient CDS" T cell were observed (41,
42). CD8" T cells from CD28 knock-out mice were able to generate LCMV
specificity and killed LCMV target cells comparable to CD8" T isolated from wild-
type virus infected mice (42). In contrast, blocking of B7 during influenza infections
greatly diminished CD8" T cells IFNy responses and ex vivo cytolysis capabilities
(43). In vivo studies using vesicular stomatitis virus (VSV), murine
gammaherpesvirus-68 and influenza indicated that CD28/B7 co-stimulation was
necessary for primary responses by CD8" T cells as well as long-term survival of
virus specific CD8" T cells and secondary memory CD8" T cell responses (44-46).
Additionally, deficiency in CD28 or disruption of co-stimulation provided by B7-
CD28 was also shown to reduce CD8" T cell responses to a number of influenza virus
epitopes (47, 48). Interestingly, the discrepancy in CD28 signaling requirements came

from differences in TCR signal duration between the different viral infections (36).



Viruses with high replicative rates, such as the case with LCMV, are able to provide a
stronger and longer lasting TCR signal from APCs and thus may overcome the
absolute requirement for CD28 co-stimulation (49). Conversely, CD28 co-stimulation
may help lower the activation threshold for easier optimum T cell stimulation,
particularly for sub-dominant epitopes (50). Additionally, not only is CD28 co-
stimulation required for CD8" T cell activation during a primary infection, it is also
required for maximum memory CD8" T cell responses against influenza and Herpes
simplex virus-1 (51).

While CD28 lacks intrinsic catalytic functions, it is able to recruit a number of
signaling proteins. Tyrosine phosphorylation of the YMNM sequence motif initiates
CD28 signaling and leads to the recruitment of PI3K and Grb2 (34, 52). Recruitment
of PI3K initiates production of PIP2 and PIP3 which in turn activates AKT and
increases T cell survival, proliferation and cellular metabolism (53). Additionally,
signaling through Grb2 is able to induce IL-2 production through the activation of the
NFAT/AP-1 signaling pathways (53, 54). Finally, CD28 can also activate NF-kB
through a three protein complex; CARMAL, Bcl10 and MALTI1 (34, 53).

LFA-1/ICAM-1 co-stimulation in CD8" T cell activation

Lymphocyte function-associated antigen-1 (LFA-1) expressed on T cells bind
to intercellular adhesion molecule-1 (ICAM-1) expressed by APCs. Formed by non-
covalently linked a- and B- subunits, LFA-1 is best known for its function as an
adhesion molecule and responsible for stabilizing T cell and APC interactions during
T cell activation (55). However, LFA-1 has also been suggested to provide T cell
activation signals in a capacity similar to functions performed by co-stimulatory
molecules. LFA-1 co-stimulation has previously been shown to influence AP-1, PI3K,
Ras and Erk 1/2 signaling in CD8" T cells (56-59). Additionally, LFA-1 also
enhances IL-2 production by stabilizing IL-2 mRNA in an actin polymerization
dependent mechanism, distinct from CD28 mediated IL-2 mRNA stability (58, 60,
61). Also, while both CD4" and CD8" T cells express LFA-1, LFA-1 signaling has



been suggested to be able to synergize with B7 for IL-2 induction in CD8" T cells
(62). Additionally, LFA-1 enhancement of CD4" T cell proliferation cannot be
compensated for by high density presentation of TCR ligands, suggesting a role for
LFA-1 beyond simple adhesion mediated increase in TCR signal strength (63).
Nonetheless, deficiency in ICAM-1 expression by APCs significantly reduced the
duration of contact between CD8" T cells and DCs during stimulation and resulted in
greatly inhibited memory cell formation (64). Collectively, these studies suggest that
LFA-1/ICAM-1 interactions may mediate more than adhesion during T cell activation
and, in a broader sense, provide co-stimulatory signals for CD8" T cell during

stimulation.

CDS8" T cell memory generation

Following clearance of an acute infection, CD8" T cells undergo a massive
contraction phase reducing the numbers of activated CD8" T cells by as much as
90~95% (10). This process is believed to be driven by intrinsic and extrinsic
mechanisms involving the balance of pro- and anti-apoptotic protein activity and
death receptor ligations, such as Fas-FasL, respectively (65). The remaining
previously stimulated CD8" T cells remain in the host as antigen-specific memory
CDS" T cells capable of heightened responses and protection upon a subsequent
infection of the host (10) (Figure 1-2). This functional difference may be a result of,
in part, epigenetic modifications of key effector genes in memory T cells compared to
naive T cells (66, 67).While the existence and functional properties of memory CD8"
T cells have been well documented, how memory CD8" T cell development occurs
following a primary infection still remains unresolved. Currently, there are a number
of proposed models for memory CD8" T cell generation; decreasing potential model,
fixed lineage model and fate commitment with progressive differentiation model (68)
(Figure 1-3).

The decreasing potential model suggests that effector T cells initially all have

equal memory potential. However, as effector T cells encounter increased or



prolonged stimuli, they progressively lose memory potential and become short lived
effector cells (SLEC) (10). In the fixed lineage model, memory lineage and effector
lineage T cells represent distinct branches of T cell activation and are determined
early following antigen stimulation, perhaps as early as the first round of cell division.
In this model, all effector T cells are destined for cell death during the contraction
phase while stimulated T cells destined for memory development do not progress
through an intermediary effector stage (10). This model is supported by findings
demonstrating asymmetric division of daughter CD8" T cells at the first division (69).
Chang et al. observed that one daughter cell preferentially adopted a memory cell
phenotype whereas the other an effector cell phenotype (69). Finally, the fate
commitment with progressive differentiation model is a combination of the previous
described models. In this model, high signal strength generate SLECs with high
effector potential whereas reduced signal strength allows for the generation of
memory precursor effector cells (MPEC). Cells destined for memory development,
MPECs, display some effector properties and are not required to become memory
cells. In fact, during the course of the infection, if MPECs encounter further or
prolonged activation signals, they may progress to become SLECs. While the MPEC
memory cell lineage is not fixed, SLEC cells are fixed and cannot become memory

cells (10) (Figure 1-3).

Early days of natural killer cell discovery and characterization

The “natural killing” ability of NK cells was initially identified as a functional
observation of splenic lymphocytes rather than an effector function of a specific cell
type. Isolated splenocytes were found to be able to lyse certain tumor cell lines ex
vivo without the need for prior sensitization; an effector function uncharacteristic of
cells of the adaptive immune system (68, 70). The “natural killing” activity was also
observed in isolated splenocytes depleted of both B and T cells resulting in a

population of cells roughly 1~5% of original splenic lymphocyte population (71). By
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Figure 1-2: CD8" T cell and NK cell kinetics following infection.

The graph shows total antigen-specific CD8" T cell (black) and NK cell numbers
(orange) following a primary and secondary infection (red). The primary expansion,
contraction/memory homeostasis and secondary response phases are depicted.
Notably, while CD8" T cells have a rapid and dramatic contraction phase, NK cell
contraction is more gradual and prolonged, reminiscent of CD4" T cell contraction.
Additionally, while epitope specific CD8" T cells are estimated to be between 10%-10°
cells/spleen, following acute LCMV strain infection, antigen specific CD8" T cells
expand nearly 2000 fold. Following clearance, memory CD8" T cells maintain a
population between 10°-10° cells/spleen (28). Upon re-stimulation, memory CD8" T
cells have nearly a six fold enhancement in their proliferative capacity over naive
CD8" T cells (72). Comparatively, MCMYV reactive Ly49H" NK cells represent
roughly 50% of all NK cells in the spleen of a naive mouse and expand 100 fold in
numbers following MCMYV infection. However, when normalized, naive and memory
NK cells have comparable proliferative capabilities (73).
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Figure 1-3: Models of CD8" T cell memory development.

Currently there are three models of memory CD8" T cell development.

Decreasing Potential Model: All stimulated naive CD8" T cells have the potential to
become long-lived memory cells through the MPEC stage. However, as MPECs
acquire stronger/more sustained activation signals, they may lose memory potential to
become SLECs and are then destined for high effector function and cell death during
the contraction phase.

Fixed Lineage Model: Following naive CDS8" T cell stimulation, memory lineage and
effector lineages are determined and fix early on, perhaps even after the first cell
division. MPEC cells are destined to become long-lived memory cells whereas SLEC
are destined for high effector function and cell death.

Fate Commitment with Progressive Differentiation Model: This model is a
combination of the Decreasing Potential and Fixed Lineage Models. Following naive
CDS8" T cell stimulation, activated T cells can become either MPECs or SLECs. As in
previous models, SLECs are destined for high effector function and cell death while
MPEC:s lineage cells have the potential for memory. However, if MPECs encounter
further stimulation, they may differentiate into SLECs.
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the mid 1980’s, the identification of the NK1.1 marker proved instrumental in
characterizing NK cells in C57BL/6 mice (74). NK cells were later found to
preferentially kill MHCI deficient tumor cell lines while sparing MHCI expressing
parental cell lines in vivo and ex vivo (75). Additional studies using 3,-microglobulin
mutant cells further confirmed the importance of MHCI expression on a target as an
inhibitor of NK cell killing (76, 77). Collectively, these studies suggested that, in
stark contrast to CD8" T cells, NK cell mediated immune surveillance may function
through the detection of the loss of MHCI, “missing self” by surrounding cells. Later
studies would reveal that NK cells use a combination of inhibitory and activating

receptors to recognize healthy “self” cells from transformed or infected cells.

NK cell development

In the bone marrow, common lymphoid progenitors (CLP) are precursor cells
to all lymphocyte subsets including NK, T and B cells, but have lost the potential for
myeloid cell development (78, 79). One of the early steps of NK cell development is
the commitment of CLPs to NK cell precursors (NKP). Expression of IL-15 receptor
B chain has been demonstrated on NKPs and responsiveness to IL-15 is an important
differentiation step downstream of CLPs (79). In vivo, deficiencies in IL-15 result in
marked reduction in NK cell development while overexpression of IL-15 in mice
results in early expansion of NK cells numbers (80-82). In addition to cytokine
requirements, the transcriptional repressor, 1d2, has also been shown to be vital for
NK cell development from the bone marrow (83, 84). For NK cell development, 1d2
has been reported to suppress a number of E proteins, which are essential for
commitment of B cell progenitors from CLPs (84, 85). As NKPs develop, they
acquire a number of NK cell receptors including DX5 and NK1.1 in C57BL/6 mice
and become immature NK cells (iNK) (85). It is also at this stage that iNK cells
acquire expression of MHCI recognition receptors, such as inhibitory Ly49 receptors,
and initiate the education process for NK cells (85). Further maturation of NK cells

can be identified by surface expression of CD11b and CD27 (86, 87). In the spleen,
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four subsets of NK cells based on CD11b and CD27 are present; CD11b CD27 ,

CDI11b CD27", CD11b"CD27" and CD11b'CD27 (88). Chiossone et al.
demonstrated that there is a clear NK cell developmental progression from

CD11b CD27 to CD11b CD27" to CD11b'CD27" and finally CD11b"CD27 (88).
Additionally, while CD11b NK cells are often regarded as ‘immature’, these NK
cells are able to exert cytotoxic and cytokine effector function (86). It has also been
suggested that fully differentiated NK cells express the inhibitory receptor KLRGI. In
accordance with this notion, KLRG1 has only been reported on CD11b"CD27 NK
cells (87, 89).

NK cell education

The missing “self” MHCI concept and its related ideas has been the guiding
principle of our understanding of NK cell functions. During development, NK cells
undergo an education process that renders NK cells capable of recognizing “self”
MHCI molecules with inhibitory receptors a full range of effector functions,
including cytotoxicity and cytokine production (90). To educate NK cells to
recognize self, and therefore not become auto-reactive, one hypothesis is that NK
cells are instinctually endowed to be hyporesponsive. In this model, NK cell
inhibitory receptor engagement of MHCI during development "arms" or "licenses"
NK cells to be responsive to activating signals. Therefore, only NK cells capable of
being inhibited by self MHCI expressing cells will be functional. Alternatively, in the
"disarming" hypothesis, NK cells are initially responsive. However, if NK cells do
not encounter MHCI inhibitory signals, and are therefore chronically stimulated, the
NK cells become anergic or "disarmed" (90, 91). While these two classical NK cell
education models are not mutually exclusive, more recently, a third "tuning" or
"rheostat" model of NK cell education has also been proposed (91).

In C57BL/6 mice, there are two main inhibitory Ly49 receptors, Ly49 C and I,
that recognize self MHCI H-2K" and a third inhibitory receptor, CD94/NKG2A, that

recognizes the non-classical MHCI molecule Qalb presenting peptide derived from
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the H-2D" leader sequence (92, 93). In C57BL/6 mice, individual NK cells have been
found to express between zero, one, two or all three of the three inhibitory receptors
(94, 95). Previous studies have approximated that 85% of splenic NK cells express at
least one inhibitory receptor and accordingly, roughly 15% of NK cells do not express
any of three aforementioned inhibitory receptors (90, 95). It was found that NK cells
that express higher numbers of different inhibitory receptors were increasingly more
responsive upon stimulation (94, 95). Conversely, NK cells that do not express any
inhibitory receptors responded poorly to many ex vivo stimuli, even to MHCI
deficient tumor cells (94). Collectively, a strong net stimulation of NK cells during
development, possibly due to low expression of inhibitory receptors, drives a reduced
state of responsiveness. In contrast, a weak net stimulus, resulting from the balance of
activating and inhibitory receptor signals, directs a highly responsive NK cell. These
recent studies challenge previously held assumptions that all NK cells expressed at
least one inhibitory receptor specific for self MHCI. Additionally, these studies also
suggest that during NK cell education, NK cell responsiveness may be determined in
a rheostat-like fashion and not simply as either a responsive and hyporesponsive NK

cell state (90).

NK cell activating and inhibitory receptors

Unlike T cells, initiation of NK cell effector function is determined through a
balance between signals from activating and inhibitory receptors. In mice, a number
of inhibitory receptors, such as Ly49C and I, that engage classical MHCI expressed
by target cells have been described (96). When engaged, inhibitory receptors signal
through intracellular immunoreceptor tyrosine-based inhibitory motifs (ITIMs)
located on the cytoplasmic tail of the receptors. While the specific mechanism of how
ITIM signals interfere with NK cell activation remains to be fully characterized, it is
believed that a key aspect of ITIM signaling is the downstream phosphorylation and
dephosphorylation of various cellular components (96, 97). Upon engagement, [TIMs

are tyrosine-phosphorylated and recruit tyrosine phosphatases such as Src homology
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2 (SH2) domain containing phosphatases (SHP1 or 2) (96, 98). It is believed that
SHP-1 recruitment to ITIM motifs dephosphorylates a guanine nucleotide exchange
factor, Vav-1 (90, 96). Stebbins et al. suggested that engagement of NK cell
inhibitory receptors recruit and localize SHP-1 where SHP-1 is then able to
selectively dephosphorylate Vavl1, thus disrupting actin polymerization (99). Vav-1
has been proposed as a common point of intersection between activating and
inhibitory signals in NK cells (96, 100). Additionally, Peterson and Long previously
demonstrated that engagement of inhibitory receptors on NK cells also induced
tyrosine phosphorylation of adaptor protein Crk (97). Furthermore, inhibitory signals
can override degranulation signals provided by activating receptors (100). As such
inhibitory receptors are considered more dominant to NK cells than activating
receptors. The outcome of mixed activating/inhibitory signals therefore typically
favor the inhibition of NK cell activation (101).

In contrast to inhibitory receptors, NK cell activating receptors recognize cell
stress related proteins, such as NKG2D recognition of Rae-1, Mult-1 and H60, or
viral products such as Ly49H recognition of murine cytomegalovirus (MCMV) viral
product m157 (96). Additionally, NK cell activating receptors signal through
immunoreceptor tyrosine-based activating motifs (ITAMs). While these motifs are
not expressed on the cytoplasmic tail of activating receptors, they are expressed by
adaptor molecules non-covalently associated with activating receptors (96). When
engaged, NK cell activating receptors such as NKG2D and Ly49H associate with
ITAM containing DAP-12 molecules through a negatively charged residue in the
transmembrane domain to initiate NK cell activation (96, 102). Following
aggregation, the tyrosine residue in the ITAM motif is phosphorylated and SH2
domain containing kinases such as Syk and ZAP-70 are recruited, both expressed by
NK cells (103, 104). Since no significant functional defects were detected from Syk
or ZAP-70 deficient NK cells in mice, Syk and ZAP-70 may exhibit a level of
redundancy in transmitting ITAM activating signals in NK cells (105, 106).
Alternatively, activating receptors such as NKG2D may also signal through
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association with DAP-10, another signaling adapter protein (96). The cytoplasmic tail
of DAP-10 contains a SH2 domain-binding site that is able to recruit p85 and signal
through PI3K (96, 107). While NKG2D is able to associate with DAP-10 and DAP-
12, the functional outcome of signaling through both adaptor molecules differ. DAP-
10 signaling results in only cytotoxicity of an engaged target cell whereas DAP-12
signaling induce both cytokine production and cytotoxicity (108).

NK cell activation by cytokines

In addition to specific activation of NK cells through activating receptors, NK
cells can also be activated through pro-inflammatory cytokines, a mechanism
independent of activating ligands for specific activating ligands or foreign products.
In a viral infection, such as MCMYV, NK cells from C57BL/6 mice have been shown
to demonstrate two stages of activation; an early stage mediated non-specifically
through pro-inflammatory cytokines and a later stage mediated by Ly49H specific
stimulation by MCMYV viral product m157 (109, 110). During the first two days of
MCMV infection, there are no distinguishable differences in response from m157
specific Ly49H positive and m157 non-specific Ly49H negative NK cells, however,
by day six, there is a preferential proliferation of Ly49H positive NK cells (110). The
early stage of NK cell activation has previously been attributed to pro-inflammatory
cytokines such as IL-12, IL-18 and IL-15 (111-113). Additionally, while each of
these cytokines are able to augment NK cell activation, synergistic effects of these
cytokines on NK cells have also been demonstrated (114, 115). In addition to viral
infections, NK cells pre-activated with IL-12, IL-18 and IL-15 have demonstrated

sustained effector functions against established tumors in vivo (116).

Role of IL-15 in NK cell function
IL-15 is a member of the yc family of cytokines. The IL-15 receptor is
composed of three subunits; a common y chain shared with other yc cytokines, such

as [L-2, IL-7 and IL-21, a common B chain shared with the IL-2 receptor and a unique
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IL-15 high affinity a chain (115). As a vital cytokine for NK cell development and
survival, deficiency in IL-15 results in the absence of mature NK cells (80, 115, 117).
Interestingly, the IL-15 high affinity o receptor functions to present IL-15 from an IL-
15 producing cell to an adjacent cell expressing the IL-15 receptor B and common y
chains in a process called trans-presentation (TP) (118, 119). The mechanism of IL-
15 TP explains previous puzzling findings that NK cells do not require the expression
of the unique IL-15 receptor a chain, but rather, a chain expression is required on
neighboring cells for NK cell homeostatic maintenance. Instead, only the § and
common Yy chains are required to be expressed by NK cells (120-122). Furthermore,
when APCs are stimulated, such as the case with LPS stimulated DCs, the DCs are
able to prime NK cells by IL-15 TP (119, 123). IL-15 TP-primed NK cells produce
higher quantities of IFNy and have higher cytolytic abilities (123, 124). Additionally,
the effects of IL-15 TP can synergize with IL-12 to augment NK cells stimulation
(123, 124).

Role of IL-12 in NK cell function

IL-12 was first characterized for its ability to induce IFNy, cytotoxic activity
and proliferation in NK cells in vitro (115, 125, 126). IL-12 is formed by a disulfide
linked IL-12p40 and p70 subunit and was initially called the “NK cell stimulating
factor” (115, 126). Indeed, a major role of IL-12 on NK cells in vivo is the induction
of IFNy following viral infections, such as MCMV (112, 127). IL-12 has also been
shown to augment NK cell [IFNy response to antibody-coated tumor cells ex vivo and
is critical for optimal memory NK cell development in vivo (125, 128, 129). In IL-12
deficient mice, NK cells have significantly decreased IFNy production capabilities
while cytotoxicity functions remain intact (112). Much like IL-15, IL-12 is produced
by antigen presenting cells, such as DCs, and is produced early after viral infections
in vivo (113, 130, 131). As a positive feedback loop, IL-12p40 subunit production has
also been shown to be augmented by NK cell derived IFNy during a Toxoplasma
gondii infection (132). Interestingly, the delivery of IL-12 produced by DCs to NK
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cells is contact dependent and involves the formation of an immunological synapse
(133). In addition to synergistic effects of IL-12 with IL-15, as mentioned above, IL-
12 and IL-18 have been reported to cooperatively induce optimal NK cell expansion
(134). IL-12 and IL-18 have also been suggested to be capable of inducing NK cell
responses in mice deficient of IL-15 (135, 136).

Role of IL-18 in NK cell function

Similar to IL-12, IL-18 was also initially recognized as an IFNy inducing
factor capable of enhancing NK cell effector function (115). In accordance,
deficiency in IL-18 has been shown to result in reduced NK cell responses (137, 138).
NK cell production of IFNy from IL-18 signaling is critical for a number of bacterial,
fungal, parasitic and viral infections with IL-18 being constitutively expressed in an
inactive precursor state as prolL-18 (113, 115, 139). Following infection, prolL.-18
must be cleaved by proteases, most commonly caspase 1, to become biologically
active (115, 139). Similar to IL-15 and IL-12, effective IL-18 mediated induction of
IFNy in NK cells by IL-18 expressing DCs requires cell-to-cell contact (140). Indeed,
during priming of NK cells, DCs polarize IL-18 to the immunological synapse
between DCs and NK cells (141). The polarization is a Ca*"-dependent and tubulin
mediated process that allows for directed secretion of IL-18 to the engaged NK cells
(141). Recently, IL-12, IL-18 and IL-15 stimulated NK cells have been demonstrated
to enhance anti-tumor capabilities by retarding tumor expansion in vivo (116).
Additionally, cytokine stimulated NK cells have also recently been shown to possess
adaptive immune features such as longevity and enhanced effector cell functions

(142-144).

NK cell memory
While NK cells have traditionally been viewed as the cytotoxic lymphocyte
population of the innate immune system, recent findings are now challenging this

concept. Recently, a number of model systems have been utilized to study memory
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NK cells or ‘memory-like’ features of NK cells; a liver restricted memory NK cell
model, a MCMYV induced memory NK cell model and a cytokine induced ‘memory-
like’ NK cell model (145, 146) (Figure 1-4). In these studies, similar to the cells of
the adaptive immune system, memory NK cells are long-lived cells capable of
enhanced effector function such as cytotoxicity against target cells and IFNy
production, as compared to naive NK cells, and in some circumstances, are able to
recognize target cells in an antigen-specific manner (146, 147). Additional studies
have also demonstrated co-stimulatory and cytokine requirements for memory NK
cell generation (129, 148). Collectively, these studies are drawing new parallels

between NK cells and CD8" T cells (149) (Figure 1-5).

Liver restricted memory NK cell model

The first descriptions of memory NK cells in mice were generated using
classical hapten based contact hypersensitivity (CHS) models with chemical irritants
2,4-dinitro-1-fluorobenzene (DNFB) and 4-ethoxymethylene-2-penyl-3oxazlin-5-one
(oxazalone) (147). Using Rag?2 deficient mice, which lack mature T and B cells,
hapten sensitized mice displayed an enhanced hypersensitivity response upon a
secondary hapten challenge (150). Similar to recall responses of the adaptive immune
system, for enhanced NK cell secondary response, the same chemical hapten was
required for the primary and secondary stimulations (150). However, NK cell
mediated CHS responses were not found to increase with repeated hapten
stimulations beyond a second challenge (5). O’Leary et al. further demonstrated that
enhanced hapten sensitivity in Rag deficient mice was transferable to an unstimulated
mouse through adoptive transfer of hepatic NK cells, but not splenic NK cells (150).
Later, hepatic NK cells from Rag deficient mice were shown to be able to generate
antigen-specific memory against influenza, HIV, VSV virus-like particles and to VV
(151, 152). Expression of CXCR6, a chemokine receptor, on hepatic NK cells was
found to be critical for memory NK cell mediated CHS responses (151). CXCR®6 has
a single known ligand, CXCL16, which is constitutively expressed by the liver
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Figure 1-4: Memory and ‘memory-like’ NK cell systems in mice.

A variety of factors and systems have been used to study adaptive immune features in
NK cells. Using chemical haptens and viral infections or virus-like particle
immunizations, hepatic NK cells have been shown to mediate chemical specific and
viral specific secondary responses. While the receptor for this specificity in hepatic
NK cells is currently unknown, surface expression of CXCR6 on NK cells is vital to
hepatic memory NK cell generation. In contrast, splenic NK cells have been shown to
mediate MCMYV specific memory via Ly49H-m157 interactions. Studies using the
MCMV model have suggested that co-stimulation and cytokine stimulation are vital
for optimal memory NK cell development through DNAM-1 and IL-12, respectively.
Additionally, ‘memory-like’ NK cells can be generated through cytokine stimulation
with IL-12, IL-18 and IL-15. ‘Memory-like’ NK cells are non-antigen specific.
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It is well documented that CD8" T cells require three signals from mature DC for
optimal activation; 1) a TCR-pMHCI signal, 2) co-stimulation signal, classically

provided by CD28-B7, and 3) pro-inflammatory cytokine signal from IL-12 and/or

Type I IFNs. NK cell activation and priming by DCs follow a similar three signal
requirement. Signal 1 is provided by engagement of activating receptors/ligands,
signal 2 is a co-stimulatory signal, perhaps DNAM-1-CD155, and lastly, a pro-
inflammatory cytokine signal provided by IL-12.
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sinusoidal endothelium (153, 154). Using fluorescein isothiocyanate (FITC) as a
chemical hapten, Peng ef al. later demonstrated that sensitization of mouse skin with
FITC resulted in FITC-laden cells in the liver but not the spleen (155). Using
parabiotic mice, where the circulatory system of two mice are conjoined, Peng et al.
also demonstrated that hepatic memory NK cells remained stationary in the liver of
the sensitized mouse and did not circulate in the blood or to the adjoining
unsensitized mouse (155). From these studies, hepatic memory NK cells were also
found to express Thyl, CD49a and, lack DX35, a traditional splenic NK cell marker
(150, 152, 155). Currently, how liver derived memory NK cells are able to generate
such specificity to virus-like particles and chemical irritants is still unknown.
However, antigen/chemical specific hepatic memory NK cells may have these
capabilities due to intrinsic properties of hepatic NK cells or through the influence of

the microenvironment in the liver.

MCMYV induced memory NK cell model

In C57BL/6 mice, roughly 50% of all NK cells express Ly49H, which
recognizes the MCMV viral product m157 and is vital in mediating C57BL/6 mice
resistance to MCMYV infections (145, 147). After MCMYV infections, there is an
expansion of Ly49H" NK cells followed by a contraction phase and establishment of
a long-lived pool of memory Ly49H expressing NK cells (73). This pool of memory
NK cells was able to undergo a secondary expansion phase, enhanced IFNy
production and degranulation through ex vivo anti-NK1.1 stimulation and increased
protection of naive neonatal mice against MCMYV infections compared to naive NK
cells (73). The expansion and development of Ly49H " memory NK cells are
dependent on Ly49H stimulation, as m157 deficient MCMYV infections do not induce
the expansion and establishment of a Ly49H™ memory NK cell pool (73). This study
identified a number of key adaptive immune features in NK cells;
expansion/contraction phases, enhanced secondary protection and viral product

dependent recognition (Figure 1-2 and 1-4). While NK cells functionally possess
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hallmarks of a cytotoxic lymphocyte, like CD8" T cells, the kinetics of Ly49H" NK
cell contraction is reminiscent of the more prolonged and gradual kinetics seen for
CD4" T cells contraction (73, 156). Furthermore, optimal generation of Ly49H"
memory NK cells also requires signaling through pro-inflammatory cytokine and co-
stimulatory molecule such as IL-12 and DNAM-1, respectively (129, 148). In contrast
to the CHS models, Ly49H" memory NK cells can be generated from splenic as well
as hepatic origins (73, 129, 148, 149). In parallel, splenic NK cells also generate
memory against vaginal immunization with herpes simplex virus type-2 (HSV2) in
mice (157). Abdul-Careem et al. showed that NK cells from a prior immunization
with HSV-2 exhibited enhanced IFNy production up to 60 days post-immunization
and reduced HSV-2 induced genital lesions up to three weeks post-immunization

(157).

Cytokine induced memory NK cell model

While expansion of Ly49H" NK cells is well documented from MCMV
infections, during the early stages of infection, there is an expansion of NK cells that
is independent of Ly49H expression (109, 110). This early phase of NK cell
expansion seems to be driven by cytokine stimulation soon after infection (111, 112).
Recently, work from the Yokoyama laboratory demonstrated that NK cells activated
with IL-12 and IL-18 imprint long-lasting effects on NK cell activity (142). In their
study, adoptively transferred IL-12, IL-18 and IL-15 activated splenic NK cells from
Rag deficient mice were capable of enhanced IFNy production up to three weeks
post-transfer compared to non-activated NK cells upon a secondary ex vivo
stimulation (142). These NK cells were designated as ‘memory-like’ as their
stimulation was not dependent upon a specific ligand interaction or foreign antigen
specificity (142). In a later study, Keppel et al. demonstrated that the enhanced IFNy
responses of ‘memory-like’ NK cells are maintained following subsequent
homeostatic proliferations in vivo (143). Additionally, IL-12, IL-18 and IL-15 were

shown to enhance NK cell mediated suppression and clearance of tumor growth in
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vivo with a detectable population of ‘memory-like’ NK cells in the spleen, liver,
blood and lungs up to 90 days after adoptive transfer (116). In parallel, human
‘memory-like” NK cells have also been described to possess enhanced IFNy

production capabilities ex vivo (141).

Killing pathways of cytotoxic lymphocytes

Activated CD8" T cells and NK cells are able to eliminate transformed and
intracellular pathogen infected cells. The lysis of target cells is mediated by 1) a
degranulation mechanism of Iytic molecules and is extracellular Ca** dependent and 2)
a receptor:ligand dependent mechanism whereby FasL expressing effector cells
induce apoptosis of Fas expressing target cells (11). Early studies demonstrated that
these two mechanism account for most of the cytolytic function in CD8" T cells and
NK cells (158). Initially, studies in human cell lines suggested that FasL is stored in
lytic granule compartments together with perforin/granzyme in effector cells (159,
160). However, recent studies have suggested that FasL and granzyme storage are
independently compartmentalized in distinct vesicular compartments (161, 162)
(Figure 1-6). Functionally, FasL mediated protection was thought to only be relevant
in the absence of degranulation mediated immunity (163). In contrast, recent studies
have uncovered vital roles for FasL in tumor surveillance and viral immunity (164-
170). Additionally, FasL is expressed in activated cytotoxic lymphocytes in a

biphasic manner, resulting from an early and late wave of FasL expression (160, 171).

Mechanism of degranulation mediated killing

Perforin, a membrane pore forming protein, is exclusively found in cytolytic
granules of cytotoxic lymphocytes such as CD8" T and NK cells (11). Perforin
expression is an integral part of cytotoxic lymphocyte immunity as perforin-knockout
mice are more susceptible to tumor progression and infections (172, 173). While

perforin is essential, it alone is unable to fully mediate degranulation dependent
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Figure 1-6: Killing mechanisms of cytotoxic cells.

Cytotoxic cells, such as CD8" T cells and NK cells utilize two main killing
mechanisms; 1) a degranulation based mechanism employing perforin and granzymes
and 2) a receptor-ligand mediated mechanism, mainly FasL-Fas. Following
recognition of the target cell, either through TCR-pMHCI recognition by CD8" T
cells or activating receptors/ligands by NK cells, secretory granules containing
perforin and granzymes are released in a targeted fashion towards the target cell.
Once in the cytosol, the proteolytic activity of granzymes activate caspases resulting
in target cell apoptosis. In parallel, FasL, which is stored in distinct granule vesicles
than perforin/granzymes, are translocated to the surface where they engage Fas
receptors expressed on the target cell. Following engagement, the death-inducing
signaling complex (DISC), is recruited and activates caspase 8 which, in turn, can
induce target cell apoptosis or also activate caspase 3.
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killing by CD8" T cells and NK cells. Instead, perforin works cooperatively with
granzymes, one of the most characterized being granzyme B (GrB). How perforin and
GrB navigate entry into the target cell is still not fully understood. However, there are
currently two working theories centered around the pore forming properties of
perforin (174, 175). In the first model, after the granular contents are released from
the cytotoxic lymphocyte, perforin forms pores in the cell membrane of the target cell
and, through diffusion, GrB enters the target cell (174, 175). In the alternative
hypothesis, perforin and GrB first bind to the cell surface of the target cell. GrB
binding may be accomplished through either receptors expressed by target cells, such
as a receptor for mannose-6-phosphate, or through electrostatic properties; positively
charged free GrB molecules interacting with negatively charged surface structures on
the cell surface of the target cell in a non-specific manner (176-178). Subsequently,
perforin and GrB are both endocytosed whereby perforin then disrupts the endocytic
vesicle, releasing GrB into the cytoplasm (174, 175). Once free, GrB is then able to
cleave and activate pro-caspase 3 directly or indirectly through activation of caspase 8§,

and ultimately inducing target cell apoptosis (11) (Figure 1-6).

Fas:FasL death receptor pair

Ligation of Fas induces the rapid assembly of the intracellular “death-inducing
signaling complex” (DISC). Composed of Fas, the adaptor protein FADD (Fas-
associated death domain protein) and caspase 8, DISC assembly is able to induce cell
apoptosis (179). As a tetrameric complex, four FADD bind four Fas molecules
through interactions between the “death domains” of Fas and FADD (180).
Recruitment of FADD promotes dimerization and conformational change of pro-
caspase 8 to initiate auto-proteolytic activation of caspase 8. Active caspase 8 is then
released from the DISC to trigger apoptosis or activate additional apoptotic elements,
such as caspase 3 (179) (Figure 1-6).

In vivo, tumor cells have been found to enhance Fas expression compared to

ex vivo culture conditions (181). Additionally, a number of pro-inflammatory
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cytokines have been shown to increase Fas expression on tumor cells, including IL-12,
IFNy and TNFa (166, 168, 182). In contrast, factors and signals that enhance FasL
expression on cytotoxic lymphocytes have been less defined. In humans, IFNy and
IL-2 have been reported to only slightly increase FasL expression on CD4" T cells
and NK cells, respectively (183, 184). Additionally, stimulation through CD28 and
CD44 have also been reported to up-regulate FasL expression in human T cells (185,
186). In mice, however, IL-2 has been reported to stabilize FasL mRNA in T cells
and both CD4" and CD8" T cells from mice infected with respiratory syncytial virus
(RSV) co-expressing IL-4 have enhanced FasL compared to T cells from animals
infected with RSV that do not express IL-4 (187, 188). However, recent reports have
found that IL-2, IL-12, IL-15, IL-18, IFNy, IFNa and TNFa all had minimal effects
on FasL protein expression in CD8" T cells (168, 189). Of note, surface staining of
FasL, which is most often used to determine FasL expression, is difficult to detect as
FasLL may be expressed in a membrane bound form or cleaved from the cell surface
by metalloproteases forming soluble FasL (179). Nonetheless, only membrane bound
form of FasL, but not soluble FasL, is important for Fas mediated apoptosis (190).
Currently, no reports have closely examined the effects of co-stimulatory signals on

FasL expression in murine CD8" T cells.

Ly-6C

Expression of Ly-6 family of molecules has proven invaluable for the
characterization and identification of immune cells in mice. Ly-6 genes are encoded
on murine chromosome 15 and are membrane bound molecules expressed on the cell
surface by a C-terminal GPI anchor (191). While there are multiple members in the
Ly-6 family, genomic studies have confirmed two alleles for many of the Ly-6 genes
in mice. The Ly-6.1 haplotype strains include BALB/c, CBA and C3H/J mice,
whereas Ly-6.2 haplotype strains include C57BL/6, 129/J, AKR/J and DBA/2 mice
(191). A few of the more notable Ly-6 members include Ly-6 A/E (more commonly
referred to as Sca-1), Ly-6G and Ly-6C have been used widely as markers to
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differentiate between different cell types. Sca-1 has been shown to be expressed on
CD4 and CD8 DN thymocytes with increased expression later on mature CD4 " and
CDS8" T cells (192). Ly-6G (also known as Gr-1) has been particularly useful as a
granulocyte-differentiation marker present on neutrophils but absent on monocytes,
macrophages and lymphocytes (191, 192). Lastly, among lymphocytes, expression of
Ly-6C has been found on CD8" T cells, NK cells and, depending on mouse strain,
CD4" T cells (191-193).

In the past, Ly-6C has been used as a memory CD8" T cell marker in
conjunction with other memory markers such as CD44 (194-196). The core element
of Ly-6C is an 89 amino acid long LU domain. The LU domain is present as a three
finger-fold structure and contains five disulfide bonds. Despite the absence of a
cytoplasmic tail, Ly-6C may initiate signaling cascades due to its association with
lipid rafts (191). Ly-6C expression has also been suggested to mediate endothelial
adhesion for CD8" T cell homing into lymph nodes, specifically, central memory
CDS" T cells (197, 198). In accordance with this, Ly-6C stimulation has also been
shown to induce LFA-1 clustering on CD8" T cells (199). While the specific ligand
for Ly-6C has not be identified, CD22 expressed on B cells has been suggested as a
possible ligand (200). However, in the same report, chimeras of Ly-6E and Ly-6I
displayed much stronger binding than Ly-6C chimeras to CD22 (200). Additionally,
recent studies suggested Ly-6C expression may identify terminally differentiated
immune cells. Ly-6C expression has been found to identify terminally differentiated
plasma cells from other B cell subsets, differentiated high effector function memory

CD4"' T cells, and memory NK cells from MCMYV infected mice (73, 201, 202).

Project overview and Hypotheses

CD8" T cells are an integral component of the mammalian immune system.
As part of the cytolytic function of CD8" T cells, previous studies have identified the
importance in FasL mediated host protection under low antigen availability

conditions. I hypothesize that FasL may have a distinct role from GrB in CD8" T cell
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immunity and is not simply a redundant lytic mechanism to degranulation. However,
how co-stimulator ligands affect FasL protein expression in CD8" T cells has not
been well characterized. Additionally, kinetic studies of intracellular FasL expression
were limited to mRNA expression. The kinetic expression of FasL on the protein
level and its relation to antigen dose remains to be defined. To address these
questions, I examined the expression kinetics of intracellular FasL over time
following co-stimulation by CD28-B7.1 and LFA-1-ICAM-1 pairs and in in vivo
stimulated CD8" T cells following injection of allogeneic tumors.

Among the innate immune system, NK cells have recently been shown to
possess adaptive immune cell features, such as longevity. While NK cell maturation
markers such as CD27, CD11b and KLRG1 have been well defined, markers
identifying long-lived NK cells remain elusive. One potential candidate marker is Ly-
6C. I hypothesize that Ly-6C expression may provide a means to further characterize
and differentiate mature NK cell stages of differentiation. To further characterize the
relationship between Ly-6C expression and NK cell longevity, I closely examined
phenotypic changes to Ly-6C expression in purified NK cells subsets following

adoptive transfer into congenic hosts.

Study objectives

1) Determine the role of co-stimulator ligands in intracellular FasL expression
compared to GrB expression.

2) Examine whether antigen availability determines intracellular FasL
expression compared to GrB expression.

3) Examine expression of Ly-6C epitopes on NK cells in different
differentiation states.

4) Characterize long-lived NK cells for their expression of Ly-6C epitopes.

30



Chapter 2: Materials and Methods

Mice and Reagents

Six to eight week old female C57BL/6 mice and congenic CD45.1 C57BL/6
were purchased from Charles River and housed in conventional housing conditions.
Recombinant mouse chimeric B7.1Fc and ICAM-1Fc proteins were purchased from
R&D Systems and reconstituted as per the manufacturer’s instructions. Anti-CD3g
cross-linking antibody (clone 145-2C11) was produced from hybridoma clones in our
laboratory under sterile conditions. Fluorescently labeled anti-CD3¢ (145-2C11),
anti-CD8a (53-6.7), anti-CD44 (IM7), anti-CD62L (MEL-14), anti-CD4 (GK1.5),
anti-Ly-6C (AL-21), anti-Ly-6 A/E (D7), anti-Ly-6G (RB6-8C5), anti-CD45.1 (A20),
anti-CD45.2 (104), anti-CD27 (LG.7F9), anti-CD11b (M1/70), anti-KLRG1 (2F1),
anti-IFNy (R4-6A2), anti-FasL. (MFL3), anti-active caspase 3 (C92-605) and
biotinylated anti-B7.1 (16-10A1) and anti-ICAM-1 (YN1/1.7.4) antibodies were
purchased from eBiosciences or BD Biosciences. Anti-granzyme B (GB12), goat-
anti-rabbit IgG secondary antibodies and CellTrace CFSE Cell Proliferation Kit and
CellTrace Violet Cell Proliferation Kit were purchased from Life Technologies.
Recombinant mouse IL-2 and anti-CD16/32 Fc blocking antibody (2.4G2) were
produced in our laboratory. Mouse serum was isolated from blood of >six week old
C57BL/6 mice purchased from Charles River. Recombinant mouse IL-12 and IL-15
were purchased from PeproTech and recombinant mouse IL-18 was purchased from

Medical and Biological Laboratories Co.

Cell Line and Culture Conditions

The P815 mastocytoma (H-2% and L1210 leukemia (H-2%) cells were
maintained as single cell suspensions in DMEM media supplemented with 8% dCS.
Fas transfected L1210 cells (Fas.L1210) were maintained in RPMI-1640 media
supplemented with 5% FCS and 0.055mM 2-ME. EL4J lymphoma, HEK293T human
kidney cell line, RF33.70 T-T hybriomas, RMA lymphoma and MDAY-D2
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lymphoma cells were maintained in DMEM or RPMI-1640 containing 5% FBS, 2mM
L-glutamine, 100U/ml of penicillin and 100pug/ml of streptomycin. Fas.[.1210 cells
were obtained from Dr. R.C. Bleackley (University of Alberta, AB, Canada). EL4J
Ly-6 transfectants were kindly provided by Dr. T.R. Malek (University of Miami
School of Medicine, FL). HEK293T cells were transfected with Ly-6A.2/E.1, Ly-6C2
or Ly-61.2 plasmids kindly provided by Dr. A.L. Bothwell (Yale School of Medicine,
New Haven, CT) using lipofectamine 2000 (Invitrogen) as per manufacturer’s
recommendations. RF33.70 cells were provided by Dr. K.L. Rock (University of
Massachusetts, MA). MDAY-D2 cells were obtained from Dr. J.W. Dennis (Samuel

Lunenfeld-Tanenbaum Research Institute, ON, Canada).

Anti-CD3¢ and recombinant B7.1Fc or ICAM-1Fc coating of plates

Twenty-four well tissue culture treated plates from Corning were incubated at
4°C overnight with 150ul PBS containing the desired concentration of stimulating
anti-CD3e antibody and/or recombinant B7.1Fc or ICAM-1Fc. The next day, excess
unbound antibody and recombinant proteins were washed extensively with PBS.
Unbound sites were blocked with 2% BSA in PBS at 37°C for at least 30 minutes and
again washed extensively with PBS. Quantification of immobilized antibody and

protein was determined by ELISA.

ELISA determination of antibody and recombinant protein immobilization
Antibody and protein immobilized 24 well plates were stained with biotin
conjugated anti-B7.1, anti-ICAM-1 or anti-Armenian hamster antibody for one hour
at room temperature. Excess biotin conjugated antibody was washed extensively with
0.05% Tween-20 in PBS. Plates were then incubated with ExtrAvidin-Alkaline
Phosphatase (Sigma) for two hours at room temperature and again washed
extensively with 0.05% Tween-20 in PBS and lastly, phosphatase substrate (Sigma)
was then added. Substrate reaction was determined by a Kinetic microplate reader

(Molecular Devices) at the wave length of 405nm.
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Isolation of CD44" CD8" T cells for ex vivo stimulation

Mice were anesthetized with isofluorane (Pharmaceutical Partners of Canada
Inc.) and euthanized via cervical dislocation. The spleens and lymph nodes
(superfacial, axillary, brachial and inguinal) were removed, pooled and disrupted with
a tissue homogenizer. CD44" naive phenotype CD8" T cells were isolated using
EasySep Negative Selection Mouse CD8" T cell Isolation Kit (Stemcell Technologies)
with the addition of 0.03pg/1 x 10° cells of anti-CD44 biotinylated antibody (IM7)
from eBioscience during the antibody labeling isolation step. Typical CD44" naive
CD8" T cells yields were between 7~10 x10° cells per mouse with a purity of greater

than 90%.

Plate bound ex vivo CD8" T cell stimulation and preparation

Twenty-four well tissue culture treated plates were coated with 0.2pg/ml of
anti-CD3e¢ antibody with or without 10nm, 20nm or 30nm of recombinant B7.1Fc or
2.5nm, 5nm or 10nm recombinant ICAM-1Fc¢ protein overnight at 4°C. The next day,
unbound antibody or protein was removed by extensive washes with PBS and
unbound sites in the wells were blocked with PBS containing 2% BSA for at least 30
minutes at 37°C and washed extensively with PBS. Three-hundred thousand isolated
CD44" naive phenotype CD8" T cells were plated in Complete Culture Media (CCM)
(RPMI supplemented with 10% FCS, 2mM L-glutamine, 100pg/ml
penicillin/streptomycin, 0.lmM non-essential amino acids, ImM sodium pyruvate
and 53nM B-mercaptoethanol). On day two, the CD8" T cells were transferred to a
new 24 well plate in CCM plus 5U/ml of recombinant IL-2. On the indicated days,
intracellular expression of FasL and GrB in stimulated CD8" T cell was determined

by flow cytometry.

Intraperitoneal allogeneic P815 stimulation
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Between 0.02x10° to 25x10° P815 (H-2%) cells were injected intraperitoneally
(ip) into C57BL/6 mice (H-2") of eight to twelve week old mice at a volume of 500p1
in PBS. At the indicated days, peritoneal exudate lymphocytes (PELs) were recovered
from tumor challenged mice. To do so, peritoneal cavities of mice were flushed twice

with 4ml of PBS using a 23G needle.

Intracellular FasL and granzyme B cell staining and flow cytometry analysis
Isolated PELs were first treated for 20 minutes with 4% mouse serum from
C57BL/6 mice in RPMI containing 2.5ug of 2.4G2 antibody per 100ul volume to
block Fc receptors and then surface stained with anti-CD3g, CD8a, CD44 and CD62L
fluorescently labeled antibodies both at 4°C in the dark. Next, the cells were fixed in
PBS containing 2% Formaldehyde, 2% FCS and 5mM EDTA for 15 minutes at room
temperature in the dark. Cells were then permeabilized and stained in 0.2% saponin in
PBS containing 2% FCS and 5SmM EDTA for 30 minutes at 4°C in the dark. Data was
acquired on a BD Fortessa flow cytometer and analyzed with FCS Express 3 software

(De Novo Software).

Active caspase 3 killing assay

Active caspase 3 analysis by flow cytometry has previously been used to
determine FasL mediated killing by cytotoxic T lymphocyte clones as an alternative
to °'Cr release assay (161). Effector PELs were isolated by peritoneal lavage with
PBS as described above, and erythrocytes lysed with 0.15M NH4Cl in Tris. To
discriminate between target L1210 or Fas.L1210 cells and allo-antigen simulated
effector PELs from >21 day P815 stimulation ip in vivo, effector cells were labeled
with 0.5uM of CFSE for 20 minute at 37°C. The dye was then quenched with the
addition of CCM of at least five times the labeling volume for 10 minutes at 37°C and
washed twice with RPMI supplemented with 2% FCS. Additionally, L1210 and
Fas.L.1210 cells were pre-incubated with 4mM EGTA/3mM MgCl, in PBS
containing 2% FCS or PBS containing 2% FCS for 30 minutes at 37°C before mixing
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with the CFSE labeled effector PEL cells. Once mixed, effector and target cells were
centrifuged at 200 x g for 3 minutes and incubated together for four hours at 37°C.
Following incubation, the cells were fixed, permeabilized and stained with primary
anti-active caspase 3 antibody and fluorescently labeled secondary goat-anti-rabbit-
IgG antibody. Data was acquired on a BD Fortessa flow cytometer and analyzed with

FCS Express 3 software (De Novo software).

LCMYV infections

More than 6 week old female C57BL/6 mice were infected ip with 2x10° PFU
of LCMV-Armstrong (gift from Dr. Pamela Ohashi) and housed in a level 2 bio-
containment facility. At the indicated times splenic and lymph node T cells were
isolated from the infected mice using EasySep T cell enrichment kits and cell surface

markers were analyzed by flow cytometry.

IFNy ELISPOT assay for LCMV specific memory CD8" T cells

Splenic CD8" T cells from C57BL/6 mice infected with LCMV >40 days
were sorted into Ly-6C™MAP(eg lo.intorhi)
either LCMV peptides (gp33-41, gp276-286, NP394-404) purchased from NeoMPS

Inc. or influenza A/PRS8 peptide (NP366-374) purchased from BIOpeptide Co., for

subsets. EL4 target cells were pulsed with

one hour at 37°C and washed extensively to remove excess unbound peptides.
Purified CD8" T cells were incubated with peptide pulsed EL4 cells at an
effector:target ratio of 1:100 in a 96 well MultiScreen-HA plate from Millipore. The
MultiScreen plates were coated with anti-IFNy antibodies (AN-18) for five hours at
37°C. Following incubation, the ELISPOT plate was washed and biotin-conjugated
anti-IFNy antibody (R4-6A2) was used to detect capture of IFNy followed by HRP-
conjugated streptavidin. Plates were subsequently developed using BCIP/NBT
substrate and IFNy spots enumerated with a Bioreader-4000 (Biosys.).

Isolation of splenic and intrahepatic lymphocytes
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For isolation of splenic lymphocytes, spleens were retrieved from C57BL/6
mice and gently disrupted using a tissue homogenizer in PBS containing 2% FCS and
SmM EDTA. The cells were then strained through a 70pm cell strainer and
erythrocytes depleted using 0.15M NH4Cl solution. Lastly, the cells were washed
extensively with RPMI containing 10% FCS, 2mM of L-glutamine 100U/ml of
penicillin, 100pg/ml of streptomycin and 0.055mM 2-ME.

For isolation of intrahepatic lymphocytes, a modified mechanical isolation procedure
from Blom et al. was utilized (203). Briefly, the inferior vena cava was first severed
and the liver was perfused with 5Sml of PBS via the hepatic portal vein until the liver
became blanched. Next the liver was carefully removed from the mouse and the gall
bladder excised. The liver was then minced and forced gently through a sterile
200um-gauge stainless steel mesh using a sterile 10ml syringe plunger. The cell
suspension was then re-suspended in 50ml of RPMI containing 10% FCS and 2mM
of L-glutamine and centrifuged for 1 minute at 60 x g at room temperature with the
brake-off setting. Next, the supernatant was recovered (~45ml volume) and the cells
pelleted by centrifuging at 480 x g at room temperature for 8 minutes with a high-
brake setting. The pelleted cells were then re-suspended in a 37.5% Percoll solution
in HBSS containing 100U/ml of heparin and spun at 850 x g for 30 minutes at room
temperature with the brake-off setting. The supernatant was discarded and the pellet
re-suspended in 2ml of 0.15M NH4Cl solution to lyse any remaining erythrocytes
from the sample preparation. Lastly, the cells were washed extensively with RPMI
containing 10% FCS, 2mM of L-glutamine 100U/ml of penicillin, 100pg/ml of
streptomycin and 0.055mM 2-ME.

iMAP antibody generation

IMAP (mouse IgM) antibody was generated by immunizing BALB/c mice
with C57BL/6 A-LAK cells, as previously described (204). iIMAP was purified from
protein free hybridoma media by (NH4),SOj4 precipitation and dialyzed against PBS.
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iIMAP was fluorescently labeled with Alexa Flour 488 Protein Labeling Kit from Life

Technologies as per manufacturer’s instructions.

Surface Ly-6C and intracellular IFNy staining of CD8" T and NK cells
Lymphocytes from C57BL/6 spleens or livers followed a three step antibody
staining procedure. First, Fc receptors were blocked with 4% mouse serum with
2.5ug of anti-CD16/32 (2.4G2) antibody per 100ul in RPMI for 20 minutes at 4°C in
the dark. Following incubation, where indicated, fluorescently labeled anti-CD3¢,
CD8a, NK1.1, CD45.1, CD45.2, CD11b, CD27 and KLLRG1 antibodies and unless
otherwise indicated, specified amounts of AL-21 were also added directly into the
staining sample and further incubated for an additional 20 minutes at 4°C in the dark.
Lastly, indicated quantities of iIMAP were added directly to the sample and the cells
incubated for an additional 20 minutes at 4°C in the dark. For some experiments, the
order AL-21 and iMAP antibody addition may be reversed. Following this last
incubation step, the cells were washed to remove any unbound antibodies with PBS
containing 2% FCS plus 5SmM EDTA. For samples requiring intracellular IFNy
detection, the cells were subsequently fixed with 2% formaldehyde in PBS containing
2% FCS with 5mM EDTA for 15 minutes at room temperature in the dark. The cells
were then permeabilized and stained with fluorescently labeled anti-IFNy antibody in
0.2% saponin in PBS containing 2% FCS and 5SmM EDTA for 30 minutes at 4°C in
the dark. The cells were then washed extensively to remove any excess unbound
antibody. Data was acquired on a BD Fortessa flow cytometer and analyzed with FCS

Express 3 software (De Novo Software).

Hapten sensitization
Hapten sensitization of mice was performed as previously described (151).
Briefly, abdomens of six to eight week old C57BL/6 mice were shaved using an

animal hair clipper. On day zero and one, the shaved abdomen was sensitized with
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50ul of 0.5% DNFB in acetone. On day four, hepatic NK cells were isolated and

purified via cell sorting for adoptive transfer.

Cytokine stimulation

Cytokine stimulations of NK cells were performed as previously described
with modifications (142). Briefly, purified splenic NK cells by cell sorting were
stimulated with 10ng/ml of IL-12, 50ng/ml of IL-1 and 10ng/ml of IL-15 or as control,
10ng/ml of IL-15 alone overnight (13~15 hours). For short term stimulations, purified
splenic NK cells were incubated with IL-12 and IL-15 for four hours with the
addition of Brefeldin A (BFA) after the first hour of incubation.

NK cell Adoptive transfer and sub-lethal irradiation of recipient mice

Purified NK cells via cell sorting were washed extensively with PBS and
loaded into a 26G needle syringe and adoptively transferred into recipient mice at a
volume of <250ul via tail vein injection. The quantity of cells transferred ranged from
3x10° to 1x10° per mouse. Where indicated, recipient mice received total body sub-
lethal irradiation (5Gy) using a Cesium-137 GC3000E irradiator, prior to NK cell
adoptive transfer. For in vivo proliferation assays, stimulated NK cells were labeled
with CellTrace Violet Cell Proliferation Kit per manufacturer’s instructions (Life

Technologies).

Cell sorting

Hepatic and splenic lymphocytes were labeled with indicated fluorescent
antibodies and re-suspended in PBS containing 2%FCS, 5mM EDTA and 25mM
HEPES at a concentration of roughly 100x10° per ml. NK cells were sorted on a BD
Aria III cell sorter at a rate of between 20,000 to 25,000 events/second. For increased
recovery, NK cells were sorted into heat inactivated FCS serum for an approximate

final serum concentration of >10% serum. Typically, approximately 300,000 hepatic
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NK cells can be isolated per liver and roughly 1x10° splenic NK cells per spleen.
Final sort purity is generally greater than 95%.

Statistical analysis

Statistical analysis of results was done using unpaired Students ¢ test with

Prism software (Graphpad Software, La Jolla, California, USA.).
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Chapter 3: Activation Signal Strength Dependent Expression of Intracellular

FasL and Granzyme B in CD8' T Cells

Introduction

CDS8" T cells are able to provide sterilizing immunity against tumor and
intracellular pathogens. Activated effector CD8" T cells utilize two mechanisms of
target cell lysis; a degranulation pathway consisting of granzyme/perforin cytolytic
molecules and cell surface presentation of FasL against Fas expressing target cells
(11). Upon T cell receptor recognition of appropriate peptide/MHCI complexes,
secretory granules are transported to the immunological synapse with the target cell
whereby granzyme/perforin molecules are released and FasL displayed to the target
cell (205). The prevailing view had been that granzyme/perforin-mediated target cell
killing was the dominant effector pathway over FasL-Fas mediated target cell lysis. In
many regards, the FasL pathway had been suggested to only be essential for viral
clearance in the absence of the degranulation pathway (163). Consequently, from
these studies very little was understood regarding the role of FasL mediated immunity.

More recently, FasL has been shown to be important in a number of viral
infections in various capacities. During influenza infection, FasL was shown to be a
key contributor in limiting the emergence of influenza variants containing mutations
in the immunodominant NP366-374 epitope recognized by CD8" T cells (170). FasL
also contributed to reduced LCMYV viral titers in the spleen following infection and
reduced West Nile virus titers and host protection (164, 169). In addition to new
findings regarding the importance of FasL during viral infections, FasL has also been
shown to be essential for controlling tumor metastasis (166-168). In these studies,
FasL contributed to the reduction in the numbers of metastasized pulmonary tumor
nodes and enhanced survival of tumor challenged mice. While FasL-mediated target
cell killing is slower than granzyme/perforin based degranulation killing (205-207),
collectively, these studies illustrate a non-redundant role for FasL in CD8" T cell

mediated immunity.
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He et al. has previously shown that intracellular FasL is stored in separate and
distinct vesicle compartments from granzyme/perforin containing lytic granules and
cell surface presentation of intracellular stored FasL is extracellular Ca**-independent
(171). This is in stark contrast to the Ca*"-dependency of CD8" T cell degranulation
(208, 209). Additionally, He ef al. and others have also demonstrated a lower
threshold of T cell receptor stimulation required for intracellular FasL expression and
function in CD8" T cell compared to induction of degranulation (161, 210). These
studies suggest differential mechanisms for controlling FasL and degranulation
dependent granzyme/perforin molecule expression. In accordance with this notion,
Meiraz et al. have recently shown that following allogeneic intraperitoneal (ip) tumor
challenge in mice, responding CD8" T cells in the peritoneum cavity switch from
utilizing both perforin and FasL early following tumor challenge to FasL only
mechanisms of effector function over time (211). However, in their study, expression
of FasLL was inferred through examination of mRNA levels (211). Thus, expression of
intracellular FasL at the protein level in activated CD8" T cells over time following T
cell activation has not been characterized.

During CD8" T cell activation, co-stimulatory molecules augment CD8" T cell
proliferation, survival and effector function (35). A recent study suggested that FasL
is required for optimum CD8" T cell immune surveillance of spontaneous B cell
lymphomas in vivo and dependent upon CD28 co-stimulation, the receptor ligand for
the classical B7 co-stimulatory molecule (212). In addition, ICAM-1 has previously
been shown to co-stimulate CD8" T cell activation, separate from B7 co-stimulation
(58, 62). Our laboratory also demonstrated that [ICAM-1 co-stimulation enhanced
effector molecule expression and function in CD8" T cells in culture (Dr. Hockley
Thesis). However, the specific role of B7 and ICAM-1 co-stimulation on FasL
expression has not been fully addressed.

In this chapter, I quantitatively compared the expression patterns of
intracellular FasL and GrB in ex vivo and in vivo activated CDS8" T cells over a period

of up to 11 days after plate bound culture with stimulating anti-CD3¢ antibodies plus
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recombinant B7.1 or [ICAM-1 and up to 21 days after ip tumor challenge, respectively.
I revealed distinct FasL and GrB expression patterns in activated CD8" T cells. My
data indicates, in agreement with previous findings, a lower threshold of T cell
activation requirement for FasL induction compared to GrB induction. I showed that
while GrB expression is not maintained, FasL expression in activated CD8" T cells is
sustained at least three weeks after allogeneic tumor challenge in vivo. During early
responses to allogeneic tumor challenge, low quantity of antigen burden preferentially
induces FasL expression over GrB expression in CD8" T cells. My results suggest

that in activated CD8" T cells, expression of FasL and GrB may depend, at least

partially, upon activation signal strength.
Results

Determining the amount of anti-CD3¢ stimulating antibody for sub-optimum TCR
stimulation

During T cell activation, co-stimulatory molecules enhance the activation
signal provided through the TCR and determine the functional outcome of the
activated T cell (35). To properly evaluate the contribution of co-stimulatory signal
strength to intracellular FasL expression, I first needed to determine a sub-optimum
level of anti-CD3¢ antibody that would provide a sub-optimal TCR stimulation of
naive CD44'° CD8" T cells. Additionally, as my objective is not only to evaluate the
role of co-stimulation on FasL expression, but also a comparison of intracellular FasL
and GrB expression kinetics, the induction of GrB was used to determine the quantity
of anti-CD3¢ antibody required for sub-optimum TCR stimulation. A suitable level of
sub-optimum TCR stimulation alone would induce a minimal proportion of GrB
responding naive CD44'"° CD8" T cells with a strong augmentation of responding T
cells in the presence of co-stimulatory molecules. Therefore, isolated naive CD44'"
CD8" T cells using commercially available negative isolation kits were stimulated in

24 well plates coated with varying concentrations of anti-CD3¢ (0.1pg/ml ~0.5ug/ml)
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alone or with 10nm of recombinant mouse ICAM-1 or B7.1. After two days of
stimulation, which mimic previous findings of T-DC cell interactions in lymph nodes
(213), the CD8" T cells were removed from the stimulating plate and allowed to rest
in low level of recombinant IL-2, as a survival factor. The next day, intracellular
expression of GrB was examined by flow cytometry.

Following stimulation and irrespective of the quantity of immobilized anti-
CD3e antibody, only 10~15% of stimulated CD8" T cells produced GrB and based on
flow cytometry analysis, GrB production was very limited (Figure 3-1A). However,
the addition of immobilized co-stimulatory molecule presentation strongly augmented
GrB production in stimulated CD8" T cells. Co-immobilization of 10nm of ICAM-1
increased the percentage of GrB expressing CD8" T cells even at low TCR
stimulation of 0.1pg/ml of anti-CD3¢ antibody. Starting at 0.2pug/ml of anti-CD3¢
levels, ICAM-1 co-stimulation enhanced GrB production in greater than 90% of
stimulated CD8" T cells. Additionally, with higher TCR stimulation, ICAM-1
augmented not only the percentage of GrB expressing CD8" T cells, but also the
quantity of GrB produced per cell as examined by flow cytometry (Figure 3-1 B). In
contrast, B7.1 only weakly co-stimulated GrB production in CD8" T cells at lower
levels of TCR stimulation and strongly at high levels of anti-CD3e stimulation. An
increasing trend of B7.1 co-stimulated GrB production and percent of GrB expressing
CDS" T cells was observed with increasing TCR stimulation (Figure 3-1 C). The
reduced production of GrB in B7.1 compared to ICAM-1 co-stimulated CDS" T cells,
despite equimolar amounts of ICAM-1 and B7.1, suggests that ICAM-1 is a better co-
stimulator of GrB expression. Since ICAM-1 was able to greatly enhance GrB
production of 0.2ug/ml anti-CD3e stimulated CD8" T cells, this concentration of
TCR stimulating antibody was determined as the amount for sub-optimal TCR

stimulation.

High levels of recombinant B7.1 and ICAM-1 do not reach saturating levels in 24
well plates
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Figure 3-1: Determination of sub-optimum TCR stimulation.
Isolated naive CD44"° CD8" T cells from spleen were stimulated in 24 well plates
coated with 0.1pg/ml to 0.5 pg/ml of anti-CD3¢ stimulating antibody (A) or plates
coated with anti-CD3¢ antibody plus 10nm of ICAM-1 (B) or B7.1 (C) for 48 hours.
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On day two, the cells were transferred to a new 24 well plate with the addition of low
levels of IL-2. The next day, GrB production was examined by flow cytometry.
Histograms represent flow cytometry analysis of GrB production from cells
stimulated with varying levels of anti-CD3¢ stimulating antibody in the presence or
absence of B7.1 or ICAM-1 co-stimulation: 0.1pg/ml (black), 0.2 pg/ml (blue), 0.3
pg/ml (purple), 0.4 pg/ml (green) and 0.5 pg/ml (yellow). Histograms represent one
of three experiments. Statistical significance was determined using unpaired two-
tailed t tests. Bar graph data represent mean = SEM of three experiments.*p<0.05,
*#%p<0.001 and n.s. not significant.
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Thus far, I have determined a suitable sub-optimum concentration of anti-
CD3¢ antibody (0.2pg/ml) for TCR stimulation of naive CD8" T cells. To effectively
evaluate the quantitative contributions of co-stimulatory molecules to intracellular
FasL and GrB expression, varying levels of recombinant B7.1 or ICAM-1 were
immobilized in the stimulating plates. Additionally, since ICAM-1 and B7.1 have
differing levels of GrB co-stimulating effects (Figure 3-1), with ICAM-1 being a
stronger co-stimulator of GrB production than B7.1, differing concentrations of low,
medium and high levels of ICAM-1 (2.5nm, 5Snm and 10nm) and B7.1 (10nm, 20nm
and 30nm) were assessed. To ensure these concentrations do not exceed saturating
binding levels and therefore potentially obscuring high level co-stimulatory effects to
intracellular FasL and GrB production, the amounts of anti-CD3¢ antibody, ICAM-1
and B7.1 coated 24 well plates with 2.5nm, 5Snm or 10nm of ICAM-1, or 10nm, 20nm
or 30nm of B7.1, plus 0.2pug/ml of anti-CD3¢ antibody was determined by ELISA
with ICAM-1 and B7.1 specific antibodies. Anti-hamster IgG was used to determine
the level of anti-CD3e¢ binding also by ELISA.

The optical density (OD) values for low, medium and high levels of
immobilized B7.1 and ICAM-1 co-stimulator ligands ranged from 1.0 to 2.0 and 0.3
to 0.7, respectively, with a continuous increase in the OD readings with increasing co-
stimulator ligand concentration (Figure 3-2 A and B). Additionally, to ensure a
consistent level of TCR stimulation, plate binding of anti-CD3¢ stimulating antibody
at the differing B7.1 and ICAM-1 co-stimulatory molecule concentrations was also
assessed. Using anti-hamster IgG antibodies, I observed a relatively stable plate
binding level of anti-CD3¢ stimulating antibody at all concentrations of B7.1 and
ICAM-1 with OD values between 0.5 to 0.6 (Figure 3-2 C and D). Collectively, these
results demonstrate that B7.1 and ICAM-1 co-stimulatory molecule are immobilized
in 24 well plates in a concentration dependent manner. Low, medium and high levels
of B7.1 or ICAM-1 immobilization do not exceed saturating levels and presentation
of TCR stimulating antibody remained relatively constant between all levels of B7.1

and ICAM-1 co-stimulation.
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Low levels of B7.1 co-stimulation augment intracellular FasL expression

With sub-optimal TCR stimulating antibody and low, medium and high levels
of B7.1 concentrations determined for GrB expression, I next sought to evaluate the
quantitative effects of B7.1 co-stimulation on the kinetic expression of intracellular
FasL compared to GrB in naive CD8" T cells. Previous studies have suggested that
CD28 co-stimulation of human CD4" T cells and mouse CD8" T cells, the T cell co-
stimulatory partner of B7, may enhance FasL expression and apoptotic function (185,
212). However, neither of these studies examined the quantitative effects of B7.1 on
the intracellular protein expression levels of FasL and GrB.

To investigate the contribution of B7.1 co-stimulation signal strength to
intracellular FasL and GrB expression, I isolated naive CD44'° CD8" T cells that were
then activated with low, medium and high levels of B7.1 (10nm, 20nm and 30nm) in
the presence of sub-optimum TCR stimulation for 48 hours, to allow for sufficient
activation of CD8" T cells. On day two, stimulated CD8" T cells were removed from
TCR and B7.1 co-stimulation and transferred to a new plate containing low level of
IL-2, as a survival factor. Intracellular FasL and GrB expression in stimulated CD8"
T cells were analyzed by flow cytometry starting on day three and every other day
until day 11.

After transferring CD8" T cells from the stimulating plate, increases in the
percent of GrB producing T cells was dependent on the quantity of B7.1 co-
stimulation and time. With low levels of B7.1 co-stimulation, the percent of GrB
expressing T cells steadily increased with 80% of the cultured CD8" T cells
expressing GrB by dayl1. When co-stimulated with medium and high levels of B7.1,
the percentage of GrB expressing T cells also increased over time, however, a more
rapid increase was observed. Under medium and high levels of B7.1 co-stimulation,
around 80% percent of CD8" T cells produced GrB by day seven and day five,
respectively (Figure 3-3 A). At low levels of B7.1 co-stimulation, the percent of

intracellular FasL expressing stimulated CD8" T cells increased steadily over time
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Figure 3-2: Recombinant B7.1 and ICAM-1 plate coating do not exceed plate
binding saturation levels.

Twenty-four well plates were coated with 0.2 pg/ml of anti-CD3e stimulating
antibody plus 10nm, 20nm or 30nm of B7.1 or 2.5nm, 5Snm or 10nm of ICAM-1 over
night at 4°C. The next day, excess unbound antibody and co-stimulatory molecules
were washed out and unbound sites blocked with 2% BSA in PBS. The level of B7.1
(A) and ICAM-1 (B) presentation in the coated 24 well plates were determined by
ELISA with antibodies that bind B7.1 and ICAM-1, respectively. Additionally, plate
binding of anti-CD3¢ antibody in the presence of 10nm, 20nm and 30nm of B7.1 (C)
or 2.5nm, 5Snm or 10nm ICAM-1 (D) in the 24 well plates was also measured by
ELISA. Data represent average of two experiments. Error bars represent the OD
value range of the two experiments.
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from day three to day 11, similar to production of GrB (Figure 3-3 B). However,
when co-stimulated with medium or high levels of B7.1, an initial increase in the
percent of FasL expressing CD8" T cells was observed (Figure 3-3 B). On day five, |
observed a peak in the percent of intracellular FasL expressing CD8" T cells which
subsequently decreased steadily, after this time point (Figure 3-3 B). By day 11, over
half of the CD8" T cells co-stimulated with low level of B7.1 were positive for
intracellular FasL expression, whereby less than half of the medium and high B7.1
co-stimulated CD8" T cells expressed intracellular FasL (Figure 3-3 B). When
examining intracellular FasL and GrB co-expression, under low level of B7.1 co-
stimulation, I observed a steady increase in the proportion of intracellular FasL/GrB
double expressing T cells through day 11. In contrast, when co-stimulated with
medium and high levels of B7.1, on day seven, a substantial population of FasL/GrB
double positive and GrB only expressing CD8" T cells were observed. The
percentage of FasL/GrB expressing CD8" T cells, however, decreased gradually
beyond day seven, resulting in the overall apparent loss of FasLL expression in
stimulated CD8" T cells (Figure 3-3 C). From these findings, it is possible that
different B7.1 co-stimulatory signal strengths induce differential expression of
intracellular FasL and GrB in CD8" T cells. Specifically, strong B7.1 co-stimulation
favors a robust and sustained expression of GrB in stimulated CD8" T cells, whereas
weaker B7.1 co-stimulation allow for a gradual and sustained expression of

intracellular FasL and GrB in CD8" T cells.

Low levels of ICAM-1 co-stimulation sustain intracellular FasL expression

From the contrasting B7.1 co-stimulation results on FasL and GrB expression
in CD8" T cells, I next wanted to examine the effects of another co-stimulatory
molecule. ICAM-1 has previously been suggested to not only be an adhesion
molecule during T cell activation, but also a co-stimulator ligand for CD8" T cell
activation and also distinctly co-stimulates CD8" T cells independently of B7.1 (58,
62). Additionally, previous work in our laboratory has demonstrated that ICAM-1 is a
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Figure 3-3: Differential production of granzyme B and intracellular FasL by
activated CD8" T cells to increasing amounts of recombinant B7.1 co-stimulation.
Isolated naive CD44"° CD8" T cells from spleen were stimulated in 24 well plates
coated with 0.2pug/ml of anti-CD3¢ antibody plus 10nm, 20nm or 30nm of
recombinant B7.1 for 48 hours. On day two, the cells were transferred to a new plate
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containing 5U/ml of IL-2. The percent of GrB positive CD8" T cells (A) or
intracellular FasL positive CD8" T cells (B) was determined by flow cytometry on the
indicated days. Data represent mean = SEM of three experiments. A representative
dot plot of three experiments of intracellular FasL and GrB staining of stimulated

CDS8" T cells on days 7, 9 and 11 is also shown (C).
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more effective CD44" CD8" T cell co-stimulator ligand than B7.1 in terms of cell
proliferation and GrB induction (Dr. Hockley PhD thesis). Therefore, I next sought to
examine the contributions of [CAM-1 to FasL and GrB production.

To investigate the role of ICAM-1 co-stimulatory signal strength to FasL and
GrB expression, naive CD44' CD8" T cells were co-stimulated with low, medium
and high levels of plate bound ICAM-1 (2.5nm, Snm or 10nm) in combination with
sub-optimum amounts of immobilized anti-CD3¢ crosslinking antibody for 48 hours.
Following stimulation, the CD8" T cells were transferred to a new plate containing
low levels of IL-2. Starting on day three, FasL and GrB expression was examined in
the stimulated cells every other day until day 11. Under low level of ICAM-1 co-
stimulation, similar to low level B7.1 co-stimulation, the percent of GrB expressing T
cells increased continuously over time. By day 11, >80% of the cultured CDS8" T cells
expressed GrB. Comparatively, when co-stimulated with medium and high levels of
ICAM-1, nearly all of the T cells expressed GrB by day five and, furthermore, the
proportion of GrB positive T cells were maintained until day 11 (Figure 3-4 A). In
contrast, over time, FasL production was not proportional to the amount of I[CAM-1
available for co-stimulation. Similar to what I observed with B7.1 co-stimulation, low
level of ICAM-1 stimulation induced and sustained FasL expression in roughly
40%~50% of stimulated CD8" T cells from day three to day 11. With medium and
high levels of ICAM-1 co-stimulation, a maximum of between 40%~50% of
stimulated CD8" T cells expressed FasL on day five. Beyond day five, the percent of
FasL expressing T cells gradually decreased over time (Figure 3-4 B). When
examined together, similar to what I observed with low level of B7.1 co-stimulation,
low level of ICAM-1 co-stimulation augmented a sustained increase in FasL/GrB
double expressing CD8" T cells. In contrast, a substantial population of T cells co-
stimulated with medium and high levels of ICAM-1expressed FasL and GrB or GrB
only by day seven. However, beyond day seven, FasL/GrB expressing CD8" T cells
gradually lost expression of FasL resulting in an increase in the proportion of GrB

only expressing CDS8" T cells (Figure 3-4 C). Collectively, these results suggest that,
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Figure 3-4: Differential production of granzyme B and intracellular FasL by
activated CD8" T cells to increasing amounts of recombinant ICAM-1 co-
stimulation.

Isolated CD44" CD8" T cells from spleen were stimulated in 24 well plates
coated with 0.2ug/ml of anti-CD3¢ antibody and 2.5nm, 5Snm or 10nm recombinant
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ICAM-1 for 48 hours. On day two, the cells were transferred to a new plate
containing 5U/ml of IL-2. The percent of GrB positive CD8" T cells (A) or
intracellular FasL positive CD8" T cells (B) was determined by flow cytometry on the
indicated days. Data represent mean = SEM of three experiments. A representative
dot plot of three experiments of intracellular FasL and GrB on days 7, 9 and 11 is also
shown (C).
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much like what was observed with B7.1 co-stimulation, strong ICAM-1 co-
stimulation augmented a rapid expression of FasL and GrB in stimulated CD8" T
cells, however, only GrB expression was maintained over time. In contrast, weak
ICAM-1 co-stimulation allowed for a more gradual increase in GrB complemented

with a sustained expression of FasL.

Sustained T,; CD8" T cell response to allogeneic tumor challenge

Thus far I have demonstrated differential FasL and GrB expression kinetics
depending on the degree of B7.1 or [CAM-1 co-stimulation in vitro. Additionally,
FasLL mediated tumor responses have previously been suggested to be pivotal in
tumor surveillance, clearance, controlling tumor metastasis and relapse (166, 167, 182,
212, 214). Additionally, a number of tumors have been shown to up-regulate Fas
surface expression following pro-inflammatory cytokine stimulations such as IFNy
and upon in vivo injection (166, 168, 181, 182). From these studies, I utilized
injections of allogeneic tumor cells to examine the expression kinetics of FasL and
GrB in activated CD8" T cells in vivo. A similar system had previously been
employed but was limited in that only mRNA levels of FasL. was examined (211).

For allogeneic stimulations, C57BL/6 (H-2°) mice were ip injected with
25x10° P815 (H-2") mastocytoma cells, a quantity commonly used to examine T cell
responses to tumor cell injections (181, 211, 215). Peritoneal-exudate lymphocytes
(PEL) were then isolated by intraperitoneal lavage with PBS and CD8" T cells, as
defined by CD8" CD3" cells, were examined by flow cytometry. To effectively
determine the kinetic patterns of FasL and GrB expression in activated CDS8" T cells,
I first sought to characterize the CDS8" T cell response in the peritoneum after tumor
challenge. As the peak of CD8" T cell responses occur between eight to ten days after
stimulation in vivo (156), I examined CD8" T cells in the peritoneal cavity from eight
to 21 days post injection. The percentage, recovered numbers of CDS" T cells and
percent of activated CDS8" effector T cells (T.s), characterized by a surface phenotype
of CD44"CD62L" (216), among the total CD8" T cell population were examined. As
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early as day eight, both the percent and number of infiltrating CD8" T cells increased
dramatically after tumor injection (Figure 3-5 A & B). CD8" T cells represented over
half of the PEL population by day 11 and numbered over 10x10° cells by day eight
(Figure 3-5 A & B). By day 21, CD8" T cells still numbered roughly 1x 10° cells and
accounted for close to 35% of all PELs (Figure 3-5 A& B). While these represent a
significant decrease in terms of cell numbers and representation among the PEL
population from the peak observed on day eight and 11, these findings still represent
a significant increase in overall CD8" T cell representation when compared to day
zero (Figure 3-5 A & B). Additionally, nearly all CD8" T cells examined in the
peritoneal cavity between day eight and day 21 post-injection were of an activated
CD44" CD62L" T.s phenotype (Figure 3-5 C). Importantly, there was no significant
difference in the proportion of CD8" T, observed on day eight to day 21 (Figure 3-5
C). Collectively, my results suggest that CD8" T cells respond robustly to an
allogeneic tumor challenge, demonstrated by an increased number of infiltrating
CDS" T cells, representation and level of CD8" Tes. Additionally, the CD8" T cells
response to P815 is sustained over a period of three weeks. With this prolonged CD8"
T cell response, injection of allogeneic tumor cells is ideal for evaluating the long
term relationship between intracellular FasL and GrB expression in CD8" Te cells in

Vivo.

Tosr CD8" T cells express intracellular FasL and granzyme B early following
injection but lose granzyme B expression over time

To induce CD8" T cells in vivo, mice were ip injected with 25x10° P815
cells, as previously described. Every other day starting eight days post-injection until
day 21, PEL CD8" T cells were identified as CD44"CD62L° CD8" T cells. The
expression kinetics of intracellular FasL and GrB in CD8" T cells were then
examined by flow cytometry.

On day eight post-P815 challenge, nearly all of the CD8" T cells expressed

GrB. However, beyond day eight, I observed a steady and consistent decrease in the
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Figure 3-5: Sustained PEL CD8" T cell response to allogeneic P815 injection.
C57BL/6 mice were ip injected with 25x10° P815 on day zero. On days 8, 11, 13, 15,
18 and 21 after injection, the percent of CDS" T cells in the total PEL population (A),
total numbers of CD8" T cells (B) and percent of PEL CD8" Tegr cells
(CD44"CD62L"°) in peritoneum (C) were determined by flow cytometry. The total
number of CD8" T cells in the peritoneum lavage was calculated based on
hemocytometer cell counts and the percentage of CD8" T cells determined by flow
cytometry. Bar graphs represent mean + SEM of three experiments with at least three
mice per indicated day. Statistical significance was determined using unpaired two-
tailed t tests. *p<0.05, **p<0.01, ***p<0.001 and n.s. not significant.
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percentage of GrB positive CD8" T cells. By day 21, only 10% of CD8" T cells
expressed detectable levels of GrB (Figure 3-6 A). In contrast, about half of the CD8"
Tegr cells present in the PEL expressed detectable levels of intracellular FasL on day
eight, but this percentage of FasL expressing CD8" T.s was maintained until day 21
(Figure 3-6 B).

When examined for co-expression of FasL and GrB, nearly all CD8" T cells
on day eight were positive for GrB, but only about half of these cells also expressed
FasL (Figure 3-7 A). By day 13 distinct GrB positive and negative populations of
CDS8" Ter cells were observed, and by day 21, the vast majority of recovered CD8"
Tesr cells did not express detectable levels of GrB (Figure 3-7 A). Interestingly,
expression level of FasL and the percentage of FasL positive PEL CD8" T cells
remained relatively elevated over the various post-injection time points (Figure 3-7
A). As the CD8" T cells gradually lost expression of GrB, I observed a significant
decrease in percentage of FasL/GrB double expressing and GrB only expressing
CDS8" Tescells (Figure 3-7 B and C). In contrast, the proportion of FasL only
expressing CD8" T cells increased significantly over the same three week time
period (Figure 3-7 D).

Collectively, these findings suggest differential expression kinetics between
FasL and GrB in in vivo Tey CD8" T cells. My findings complement previous FasL
mRNA studies that suggest in vivo CD8" Te cells switch from a degranulation/FasL.
dependent response during early stages to a FasL dependent late stage response
following an allogeneic tumor cell challenge (211). Of note, my results demonstrated
that FasL protein is expressed at relatively consistent levels during all time points
examined, whereas GrB is only expressed in high percentages of CD8" Tecells

during the early stages of the tumor cell challenge.
Ex vivo killing assay using day 21 peritoneal exudate [ymphocytes

Thus far I have demonstrated a sustained CD8" T cell response to ip

injection of P815 tumor cells. Additionally, in vivo response of CD8" Tegrcells to the
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Figure 3-6: Sustained intracellular FasL expression in activated PEL CD8" T
cells to P815 injection.

C57BL/6 mice were ip injected with 25x10° P815 on day zero. On days 8, 11, 13, 15,
18 and 21 after injection, the percent of GrB positive (A) and intracellular FasL.
positive (B) PEL CDS8" T cells were determined by flow cytometry. Data represent
mean = SEM of three experiments with at least three mice per day. Statistical
significance was determined using unpaired two-tailed t tests. ***p<0.001 and n.s.
not significant.
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Figure 3-7: Gradual loss of granzyme B in activated PEL CD8" T cells to P815
injection over time.

C57BL/6 mice were ip injected with 25x10° P815 on day zero. On days 8, 11, 13, 15,
18 and 21 after injection, PEL CD8" T cells were analyzed for expression of
intracellular FasL and GrB. A representative staining of intracellular FasL and GrB in
CDS8" T cells on the indicated days is shown (A). The percent of T CDS" T cells
expressing both intracellular FasL and GrB (B), intracellular GrB only (C) or
intracellular FasL only is also shown (D). Data represent mean = SEM of three
experiments with a total of at least three mice per day in B, C and D. Statistical
significance was determined using unpaired two-tailed t tests. ** p<0.01 and
**%p<0.001.
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allogeneic tumor challenge can be observed for at least 21 days post-injection.
Interestingly, after three weeks, the majority of CD8" Tes cells did not have
detectable levels of GrB, however, a considerable proportion of CD8" T cells
maintained detectable levels of FasL. From this finding, I next sought to evaluate the
FasL dependent effector function capabilities of CD8" Tefr cells present during the
later stages of an allogeneic response to tumor cells.

As previously described, 25x10° P815 cells (H-2%) were injected into
C57BL/6 mice (H-2b). On day 21, PELs were isolated and used as effector cells for
an ex vivo killing assay. For target cells, I used L1210 and Fas transfected L1210 cells
(Fas.L1210), both MHCI H-2¢ haplotype tumor cells. L1210 cells do not naturally
express Fas receptor, whereas Fas.L.1210 cells have detectable levels of Fas receptor
expression on the cell surface (Figure 3-8 A). To distinguish between effector PELs
and target cells, effector cells were labeled with CFSE while target cells were not
labeled. Additionally, effector PELs were incubated with or without EGTA/MgCl,; in
PBS for 30 minutes, to chelate extracellular Ca**, prior to culture with L1210 or
Fas.L1210 target cells and during the four hour killing assay. The presence of
extracellular Ca”" has previously been demonstrated to be essential for degranulation
but not intracellular pre-stored FasL mediated effector function of CD8" T cells (161,
208, 209). Delivery of the lethal hit of FasL by effector CD8" T cells on Fas
expressing target cells activates caspase 3 (11). As such, to determine L1210 and
Fas.L1210 killing, the presence of active caspase 3 in the target cells was examined
by flow cytometry, as previously established (161, 217).

After a four hour incubation of target and PEL effector cells at an E:T ratio of
10:1, as expected, none of the L1210 target cells stained positive for active caspase 3,
regardless of the presence or absence of EGTA/MgCl, (Figure 3-8 B). In contrast, a
small but noticeable population of Fas..1210 target cells stained positive for active
caspase 3 when incubated with PEL effector cells, regardless of presence or absence
of EGTA/MgCl, (Figure 3-8 B). Collectively, these findings suggest that while nearly

all the CD8" T cells three weeks after H-2¢ allogeneic tumor challenge do not
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Figure 3-8: T CD8" T cells three weeks post P815 injection kill ex vivo targets
via FasL.

Mice were ip injected with 25x10° P815 cells on day zero. On day 21, PEL were
isolated and pre-incubated with PBS or PBS containing EGTA/Mg,Cl for 30 minutes
and labeled with CFSE and used as effector cells. L1210 and Fas.LL.1210 cells were
used as target cells. Cell surface expression of Fas on L1210 and Fas.L1210 cells was
examined by flow cytometry (A). Effector to target cells of 10:1 were incubated for 4
hours at 37°C in the presence or absence of EGTA/Mg,Cl. Percentage killing of
CFSE negative target cells was assessed via intracellular staining for active caspase 3

by flow cytometry (B). Histograms are representatives of one of two experiments.
Shaded histograms represent isotype staining control.
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express detectable levels of GrB, these CD8" Tercells are still able to lyse allogeneic
Fas-expressing H-2¢ target cells, albeit to a low degree. Furthermore, my results also
suggest that the ex vivo killing of target cells was dependent on FasL expression by
CDS8" T cells and not the degranulation pathway as killing was only seen in
Fas.LL1210 cells. As expected, ex vivo FasL mediated killing by activated CD8" T

cells was also found to be extracellular Ca*" independent.

Reduced P815 tumor dose induces a sub-maximum CD8" T cell response

Thus far, I have demonstrated distinct FasL. and GrB expression kinetics in in
vivo CD8" T cells following allogeneic tumor challenge. In accordance with
previous findings, FasL and degranulation dependent effector molecules are
expressed during early stages of CD8" T, cells response to an allogeneic tumor cell
challenge, however, as the immune response progresses, CD8" T cell shift to
primarily FasL expression (211). This shift in effector molecule expression has been
proposed to be driven by antigen availability, as lower levels of allogeneic antigen are
expected during later, rather than early, stages of the tumor challenge (211). Several
other groups have also suggested that FasL. mediated immune response or
surveillance is more pronounced under lower CD8" T cell stimulating conditions (171,
210, 212). Therefore, I next sought to further define the effect of antigen quantity on
FasL and GrB expression. Specifically, how reduced allogeneic tumor cell injections
influences the expression of FasL and GrB in CD8" Tecells. 1 hypothesized that with
a lower P815 challenge dose, antigen availability will be limiting and result in sub-
maximum response from CD8" T cells in the peritoneal cavity and a bias, perhaps,
toward FasL expression.

I first examined the CD8" T cell response to lower levels of allogeneic tumor
cells. Mice were therefore injected ip with titrated doses of P815 cells ranging from
0.02x10° to 2.5x10° cells on day zero. On day eight, the CD8" T cell response was
assessed in terms of infiltrating cell numbers, percentage among total PEL population

and also the percentage of CD8" T.ramong CD8" T cells found in the peritoneal
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cavity. As expected, with a low P815 injection dose (0.02x10°), a significantly lower
presence of CD8" T cells were found in the peritoneum as compared to higher P815
injection doses (2.5x10°). These differences were observed when comparing total
infiltrating CD8" T cell numbers, roughly 1x10° compared to 10x10° CD8" T cells, as
well as proportion of CD8" T cells found among total PELs, approximately 10%
compared to 25% (Figure 3-9 A & B). Additionally, among the responding CD8" T
cells in the peritoneum, I observed a significantly lower percentage of CD8" T cells
among total CDS8" T cells in mice challenged with lower rather than higher doses of
P815. Only about 50% of the total CD8" T cell population in the peritoneum was of
Tetr CD44"CD62L" phenotype in 0.02x10° P815 injected mice. In contrast, at higher
doses of P815 injection (2.5x10°), over 90% of CD8" T cells in the peritoneum were
CDS8" T cells (Figure 3-9 C and D). Collectively, these results demonstrate that by
reducing the dose of P815 injected, a sub-maximum state of CD8" T cell response can
be induced in the peritoneal cavity. Importantly, this experimental setup allowed me
to examine how antigen availability from the quantity of tumor cell injection

influences the expression patterns of FasL and GrB in responding CD8" T cells.

Intracellular FasL expression requires a lower antigen dose than granzyme B
Using the titrated P815 injection doses described above, I next examined the
expression pattern of intracellular FasL and GrB in CD8" Te cells in the peritoneum
eight days post-injection. At low doses of P815 injection (0.02x10%), while only half
of the responding CD8" T cells are of effector phenotype (Figure 3-9 C),
approximately only half of the CD8" T cells expressed detectable levels of GrB. As
expected, at high doses, the percentage of GrB positive CD8" T cells increased. At
an injection dose of 2.5x10° P815 cells, over 90% of CD8" Tegrcells expressed GrB
(Figure 3-10 A). In contrast, roughly 75% of CD8" Tes cells expressed FasL eight
days following low level of P815 injection. When the injection dose of P815 cells

was increased to 0.1x10° cells, nearly 90% of the CD8" T cells in the peritoneum
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Figure 3-9: Sub-maximum PEL CDS8" T cell response to lower P815 injection.
C57BL/6 mice were ip injected with 0.02, 0.1, 0.5 or 2.5x10° P815 cells on day zero.
On day eight, the total number (A) and percent of CD8" T cells (B) in PEL of day
zero mice or day eight mice receiving the indicated tumor doses are shown. The
proportion of PEL CD8" T cells among total CD8" T cells (C) and a representative
dot plot of CD44 and CD62L staining of CD8" T cells from mice injected with P815
eight days prior are shown (D). Data represent mean + SEM of at least three
experiments with a total of at least three mice per day in A, B and C. Statistical
significance was determined using unpaired two-tailed t tests. *p<0.05** p<0.01 and
**%p<0.001.
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expressed detectable levels of FasL. Additionally, there was no significant difference
in the percent of FasL positive CD8" T in mice treated with 0.1, 0.5 or 2.5x10° P815
cells on day eight (Figure 3-10 B). When co-expression of FasL and GrB were
examined, at low doses of tumor challenge (0.02x10°), half of the CD8" Te cells
expressed both FasL and GrB with a substantial population of FasL only expressing
CDS8" T cells. Additionally, as the injection dose increases, a diminished proportion
of FasL only and increased FasL/GrB double expressing CD8" T cells was observed
(Figure 3-10 C). There was a significant increase in the percentage of FasL/GrB
double expressing and decrease in FasL only expressing CD8" T cells in mice
exposed to 0.02 or 2.5x10° P815 cells, respectively (Figure 3-10 D).

Collectively, my results suggest that in circumstances of limiting antigen
availability, expression of FasL, is more pronounced in CD8" T, cells, compared to a
strong antigen challenge. Previous studies have also suggested a lower antigen
threshold of FasL expression and function than GrB (171, 210, 212). However, none
of these studies had compared the expression levels of intracellular FasL. and GrB
from in vivo stimulated CDS" T cells. My data demonstrates that at low P815 doses, a
higher percentage of CD8" T cells express FasL than GrB. Additionally, my results
also suggest that a lower antigen burden level may be more optimal for CD8" Tt
expression of FasL compared to GrB in vivo. It would seem that under very low
levels of activation signal strength, activated CD8" T cells preferentially utilize FasL

over degranulation mediated immunity, as previously postulated (210).

Summary

In this chapter, I examined the expression patterns of intracellular FasL and
GrB in ex vivo and in vivo stimulated CD8" T cells. The results suggest that FasL
expression dose not correlate with GrB expression in activated CD8" T cells. While
activation does induce the expression of both effector molecules, strong activation

signal strength seems to favor a rapid and robust expression of GrB. In contrast, CD8"
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Figure 3-10: Intracellular FasL expression in T CDS" T cells require a lower
P815 stimulation dose than granzyme B.

C57BL/6 mice were ip injected with 0.02, 0.1, 0.5 or 2.5x10° P815 cells on
day zero. On day eight, intracellular GrB and FasL expression in PEL CD8" Tecells
were examined by flow cytometry. The percent of GrB expressing (A) and
intracellular FasL expressing (B) T CD8" T cells are shown. A representative dot
plot of intracellular GrB and FasL staining of PEL CD8" Ty cells from day eight
P815 injected mice are shown (C). In addition, the percent of PEL CD8" T cells
positive for both intracellular FasL and GrB or intracellular FasL only (D) are also
shown. Data represent mean + SEM of three experiments with a total of at least three
mice per day in A, B and D. Statistical significance was determined using unpaired
two-tailed t tests. ** p<0.01, ***p<0.001 and n.s. not significant.
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T cells seem to favor FasL expression over GrB expression in situations of weak
activation signal strength. Using knock-out mice models, several groups have
suggested the importance of FasL. during low level antigen stimulation situations
against tumor and viral infections (165, 210, 218).

From the ex vivo experiments, I observed that both medium and high levels of
both B7.1 and ICAM-1 co-stimulation induce a robust GrB response in stimulated
CDS8" T cells, however, FasL expression, while induced early following T cell
activation, is not sustained over time. Low levels of both B7.1 and ICAM-1, while
augmenting GrB expression more slowly than higher levels of co-stimulation,
induced a sustained expression of FasL in stimulated CD8" T cells. Additionally,
since no difference in FasL expression patterns were observed between B7.1 and
ICAM-1, it is possible that either co-stimulation with B7.1 and ICAM-1 results in a
similar kinetic induction of FasL or that neither B7.1 nor ICAM-1 specifically
amplify FasL expression. It would therefore be interesting to examine additional co-
stimulatory molecules for their potential effect on FasL expression in activated CD8"
T cells. However, these ex vivo stimulating results suggest a positive correlation
between collective activation signal strength and expression of GrB in stimulated
CDS" T cells, while maintenance of FasL expression is inversely correlated with
initial activation signal strength.

My in vivo examination of CD8" Te cells also suggested a similar correlation
between activation signal strength and FasL and GrB expression. Shortly after
challenge with high numbers of allogeneic tumor cells, nearly all infiltrating CD8"
Tegr cells were high expressers of GrB. In contrast, about half of the infiltrating CD8"
Tesrcells expressed detectable levels of FasL. Over a three week period, as tumor
immunity progresses, presumably decreasing tumor antigen availability, GrB
production and the proportion of GrB expressing CD8" T cells decline significantly.
In contrast, FasL production and expression among CD8" T cells remained
relatively constant throughout. These findings are reminiscent of a previous study

examining mRNA levels of degranulation dependent perforin and FasL in tumor
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injected mice (211). Here, Meiraz et al. ultimately concluded that during late stages
of a tumor immune response by CD8" T cells, a switch from degranulation/FasL
mediated immunity to largely FasL dependent was a result of reduced tumor antigen
availability (211). Interestingly, when I examined the effects of very low doses of
tumor cell challenge, a higher percentage of FasL than GrB expressing CD8" T. cells
were observed eight days post injection. Compared to GrB induction, optimum
induction of FasL in CD8" T cells occurred at a much lower tumor injection dose.
These results suggest that, similar to my ex vivo results, in vivo, FasL expression is
not correlated with GrB expression in activated PEL CD8" T cells. Additionally, the
relative expression patterns of FasL and GrB may in part be determined by antigen
availability and consequently, perceived activation signal strength by CD8" T cells.
Collectively, the ex vivo and in vivo results suggest that FasL and GrB
expression in stimulated and activated CD8" T cells are regulated differentially. The
differential expression patterns of FasL. and GrB may reflect the distinct roles and
importance of FasL and GrB in response to low and high antigen challenge situations,
respectively. In vivo, the importance of low antigen dependent FasL. mediated
immunity may likely occur in one of two scenarios: first, early during a natural
infection or tumor development; second, during late stages of tumor and acute viral
clearance or control of a chronic infection. While a number of studies have
demonstrated the importance of FasL in one or both of these scenarios to a tumor or
viral challenge (165, 211, 212, 218), none of these studies examined the possibility of
both scenarios using the same stimulation system. From the complexity of the
immune system, it may be likely that not every viral or tumor challenge would
require FasL engagement, however, my experiments have demonstrated a
predominant protein expression of FasL over GrB expression by activated CD8" T

cells during lower antigen stimulation conditions.

70



Chapter 4: High Expression of Ly-6C Identify Resting Memory CD8" T Cells
and Long-Lived Splenic NK Cells

Table 4-1 and Figures 4-1 and 4-2 were previously generated by Dr. Chew Shun
Chang.
Figure 4-3 was previously generated by Dr. Andy I. Kokaji.

Introduction

Ly-6C is a member of the Ly-6 superfamily. Encoded on murine chromosome
15, Ly-6 molecules are C-terminal GPI anchored cell surface proteins. While a
number of Ly-6 family proteins are expressed in mice, rat and humans, no Ly-6C
syntenic region is present in rats and humans. In mice, Ly-6C is expressed on a
number of cell populations, including T cells, neutrophils, macrophages and NK cells
(191, 192). While the specific function of Ly-6C has not been determined, stimulation
of Ly-6C has previously been shown to induce T cell activation and enhanced Ly-6C
expression has been observed following stimulation with type I and IT IFN (191, 219-
221). Ly-6C has also been reported to contribute to CD8" T cell adhesion to high
endothelial venules and trafficking into lymph nodes (197, 198). However, the
specific ligand for Ly-6C is also currently undetermined. In many cases, Ly-6C
expression has been associated with higher differentiation states in developing
lymphocyte and leukocyte populations. Prominent expression of Ly-6C has been
observed on myeloid cells as they differentiate into neutrophils and monocytes, Ly-
6C also identifies plasma cells from other subsets of B cells and Ly-6C has been
utilized as a memory CDS8" T cell marker (191, 193, 196, 201). Additionally, recently
identified memory NK cells following MCMYV infections have been suggested to be
present in the Ly-6C expression subset of NK cells (73). These observations raise the
possibility that Ly-6C expression may be utilized to identify late stages of
differentiation on a number of different cell types. Additionally, not all anti-Ly-6C
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antibodies demonstrate the same reactivity towards Ly-6C (193, 219). As such, it is
important to examine Ly-6C using multiple anti-Ly-6C monoclonal antibodies.

In this chapter, we characterize and describe a novel monoclonal anti-Ly-6C
antibody, iMAP (immunological memory associated protein). While iMAP was
initially generated in our laboratory against adherent lymphokine activated killer (A-
LAK) cells from C57BL/6 mice to search for novel NK cell markers, iIMAP showed
specificity towards a subset of Ly-6C expressing lymphocytes. iIMAP demonstrated
some overlapping recognition patterns of Ly-6C compared to AL-21, a commercially
available anti-Ly-6C monoclonal antibody. In uninfected mice, AL-21 identified Ly-
6C expressed on CD4" and CDS8" T cells, whereas iMAP only recognized Ly-6C
expressed on CD8" T cells. Following the clearance of an acute LCMV infection,
iMAP reactivity on CD8" T cells identified IFNy responding antigen specific memory
CDS8" T cells. Additionally, iMAP recognition of Ly-6C partially interferes with AL-
21 recognition of Ly-6C on ex vivo splenocytes. In contrast, AL-21 staining does not
interfere with iMAP staining of Ly-6C. We also demonstrated a higher percentage of
Ly-6C expressing NK cells among long-lived splenic NK cells, but not long-lived
hepatic NK cells, thus Ly-6C may be a potential marker to identify long-lived splenic
NK cells.

Results

iMAP recognizes a distinct Ly-6C subsets from clone AL-21

Using previously published methods and C57BL/6 A-LAK cells from spleens,
our laboratory generated an IgM producing hybridoma, iMAP, in BALB/c mice (204).
The iMAP antibody recognized A-LAK cells generated from different mouse strains,
including C57BL/6, 129/], AKR/J, C57BL/10 and DBA/2. However, iMAP failed to
react with A-LAK cells from BALB/c, C3H/He, CBA/J and NOD/LtJ mice (Table 4-
1). IMAP reactivity to A-LAK cells corresponded closely with Ly-6.2 haplotype

expressing mice (191). Therefore, to determine the specific Ly-6 family allele
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Mouse strain iMap reactivity on A-LAKs™® Ly-6 haplotype

C57BL/6 +++ Ly-6.2
C57BL/10 +++ Ly-6.2
DBA/2 +H++ Ly-6.2
129/1 ++++ Ly-6.2
AKR/J 4t Ly-6.2
BALB/c - Ly-6.1
C3H/He - Ly-6.1
CBA/) - Ly-6.1
NOD/LtJ - Ly-6.1

Table 4-1: iMAP stain A-LAK and bone marrow granulocytes derived from
different Ly-6 haplotype mouse strains.

* The anti-HLA-B27, B27M2, was used as an isotype control. In all instances, the
mean fluorescence intensity of the isotype control samples was between 3 to 6
relative log fluorescence units.

® When positive staining of A-LAKs were observed, two distinct populations, Ly-
6C™MAP* and Ly-6C™A"" were detected.

“~““sign indicates no iMap staining was detected.



recognized by iMAP, EL4 and HEK293T cells were transfected with Ly-6.2 allele
members and iMAP antibody reactivity examined by flow cytometry. When
examined, iMAP only recognized EL4 and HEK293T cells transfected with Ly-6C
but not Ly-6A/E, G or I, indicating iMAP reactivity against Ly-6C (Figure 4-1 A).
Additionally, iMAP reactivity to Ly-6C did not mirror that of AL-21 exactly, a
commercial anti-Ly-6C clone known to stain expression of Ly-6C in Ly-6.1 and Ly-
6.2 mice (197, 201). AL-21 was able to stain Ly-6.2 haplotype expressing RF33.70,
RMA and MDAY-D2 cells whereas iMAP staining was not observed (Figure 4-1 B).
Additionally, as iMAP and AL-21 fluorescence staining pattern of Ly-6C transfected
EL4J and HEK293T cells were very similar, it is therefore unlikely that differential
staining of IMAP and AL-21 staining on RF33.70 and RMA cells was due to weak
antibody affinities of iIMAP for Ly-6C. Collectively, our results suggest that IMAP
not only recognizes Ly-6C, it is likely recognizing a different Ly-6C epitope from
that of AL-21.

Monoclonal iMAP antibody specifically recognizes Ly-6C expressed on CD8" T
cells but not CD4" T cells

Since Ly-6.2 haplotype T cell lines demonstrated differential iIMAP and AL-
21 recognition patterns of Ly-6C, we next sought to determine if these differences
would be observed in ex vivo cells from C57BL/6 mice. Thymocytes and bone
marrow granulocytes were isolated and expression of Ly-6C determined by iMAP
and AL-21 staining. Not surprisingly, Grl" granulocytes expressed Ly-6C and were
IMAP and AL-21 reactive, however, thymocytes were largely Ly-6C negative (Figure
4-2 A) (191, 193, 221). When splenic and lymph node T cells were examined, Ly-6C
expression was observed on a population of CD4" and CD8" T cells. Of note, Ly-6C
expressing CD8" T cells were identifiable using AL-21 or iMAP antibody staining. In
contrast, Ly-6C expression on CD4" T cells was only observed when stained with
AL-21 but not iMAP (Figure 4-2 B). AL-21 may represent a pan-Ly-6C recognizing
antibody capable of reacting to Ly-6C expression on both resting CD4" and CD8" T
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Figure 4-1: iMAP recognizes Ly-6C.

EL4J or HEK293T cells transfected with Ly-6A/E, C, G or I and untransfected EL4J
cells (top left histogram) were stained with iMAP. Insert histograms represent
staining of transfected Ly-6 proteins with respective antibodies. Expression of Ly-
6A/E, C and G were examined using monoclonal antibodies clones D7, AL-21 and
Rb6-8CS, respectively. No Ly-6I antibodies are commercially available (A).
Distinctive Ly-6C detection by AL-21 and iMAP. Expression of Ly-6C on RF33.70 T
cell hybridoma, RMA lymphoma and MDAY-D2 lymphosarcoma cells were not
detected using iMAP. Insert histograms show Ly-6C expression on the indicated cell
lines detected by AL-21 (B).

75



A

Bone marrow
granulocytes

Thymocytes

Splenic T cells

L
e

e—
we 10¢ 10

0 30 60 90 120150
1

0 20 40 60 20 100

iy

bl T
w0 10° g0

=)

z
"5
AL-21

!
10!

10 10° 1o

CDs

=
e o
10e w® et T !

CD4

LN T cells

0 30 60 90 120150
0 20 40 60 g0 100

iMap
10?107 102 107 10!

=

AL-21

w09 10! 102 107 10d

T T T
1w 10l w? wd ged

CD4

Figure 4-2: Detection of Ly-6C expression in resting ex vivo hematopoietic cells
using AL-21 and iMAP.

Ly-6C expression on Gr-1" bone marrow granulocytes and thymocytes were detected
using iMAP (top panel) or AL-21 (bottom panel). Dashed and solid lines represent
isotype and anti-Ly-6C antibody (iMAP or AL-21) staining, respectively (A). Splenic
and lymph node T cells were identified using anti-CD4 or anti-CD8 antibodies.
Expression of Ly-6C on CD4" and CD8" T cells were examined using AL-21 and
iMAP (B).
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cells in C57BL/6 mice. Collectively, our results suggest that monoclonal iIMAP
antibody is capable of recognizing Ly-6C in ex vivo cell from C57BL/6 mice.
Additionally, unlike monoclonal AL-21 antibody, which is reactive to Ly-6C
expressed on both CD4" and CD8" T cells, among T cell subsets, iIMAP only
recognized Ly-6C expressed on resting CD8" T cells from the spleen and lymph

nodes.

Dynamic expression of iMAP reactive Ly-6C on CD4" and CDS8" T cells following
LCMYV infection

Previous studies have demonstrated Ly-6C is up regulated on T cells upon
TCR stimulation and IFNa/B and IFNy stimulation (196, 220). Additionally, Ly-6C
expression has been shown to closely correlate with CD44 expression on TCR
stimulated CD8" T cells and has been suggested to be a memory CDS8" T cell marker
(195, 196, 222). However, as iIMAP antibody uniquely recognizes Ly-6C on resting
CDS" but not CD4" T cells (Figure 4-2 B), we next sought to examine the kinetic
expression of iMAP reactivity to Ly-6C during a primary response to an acute
infection. To investigate this, C57BL/6 mice were infected ip with LCMV and iMAP
reactive T cells in the spleen and lymph nodes were analyzed over the course of the
infection. As previously demonstrated, on day zero, iMAP only stained CD8" but not
CD4" T cells from the spleen and lymph nodes. From day three to nine after LCMV
infection, we observed a dramatic increase in the proportion of iMAP reactive CD8"
T cells from the spleen as well as from the lymph nodes. In fact, during this period,
nearly all of the CD8" T cells found in the spleen and lymph nodes were iMAP
reactive. By day 32 after infection, the level of iMAP staining on CD8" T cells
returned to pre-infection expression levels in the spleen and lymph nodes (Figure 4-3
A). Surprisingly, while iMAP was non-reactive to resting CD4" T cells, iMAP
strongly stained splenic and lymph node CD4" T cells on day three and day six after
LCMV infection. However, CD4" T cells quickly lost reactivity to iMAP antibody by
day nine post-infection (Figure 4-3 A).
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Our observations demonstrated dynamic iMAP reactivity to Ly-6C expression
pattern on CD8" and CD4" T cells following LCMV infection. During the peak of
CDS8" T cell response, nearly all CD8" T cells expressed iMAP reactive Ly-6C
molecules. Furthermore, while iMAP did not recognize Ly-6C expressed on resting
CD4" T cells, LCMV infection strongly induced expression of iMAP reactive Ly-6C
in CD4" T cells. However, into the memory phase of T cell responses, only CD8" T

cells retained expression of iIMAP reactive Ly-6C.

Antigen-specific CD8" T cells found within highly iMAP reactive CD8" T cell
subset

As Ly-6C expression can account for as high as 40% of CD8" T cells in the
spleen of an unchallenged mice (193, 220), it is unlikely that all Ly-6C expressing
CDS" T cells are LCMV specific memory CDS8" T cells (Figure 4-3 A). However, as
iIMAP staining of splenic T cells after viral clearance was once again exclusive to
CDS" T cells, iMAP reactivity may be used to distinguish between antigen-specific
memory CD8" T cells from other CD8" T cells subsets and CD4" T cell. To examine
the relationship between memory CD8" T cell specificity and iMAP reactivity,
splenic CD8" T cells from LCMV infected mice >70 days were sorted into Ly-
6CMAPM) Ty 6CMAPINY T v 6C™MAPIO) gnd Ly-6C™MAPN® reactive cells. The ability
of each isolated CD8" T cell subset to respond to secondary antigen challenge was
then assessed. Sorted CD8" T cells were stimulated with EL4 cells pulsed with a
LCMV or influenza peptide for five hours and IFNy production by stimulated CD8" T
cells was assessed by ELISPOT. Our results demonstrated that when stimulated with
LCMV peptide pulsed cells, a high level of Ly-6C™*"™ and Ly-6C™A"™ CD8" T
cells were able to secrete [IFNy (Figure 4-3 B). In contrast, a relatively low number of
stimulated Ly-6C™*( and Ly-6C™A"™® CD&" T cells produced IFNy (Figure 4-3
B). In contrast, a significantly higher number of Ly-6C™*"® sorted CD8" T cells
produced IFNy than Ly-6C™*P(" CD8" T cells (Figure 4-3 B). As expected, sorted

CD8" T cells did not produce any noticeable level of IFNy secretion when stimulated
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Figure 4-3: iMAP recognizes in vivo activated CD4" and CD8" T cells and resting
antigen specific memory CD8" T cells.

CD4" and CD8" T cells from C57BI/6 mice were isolated on days 0, 3, 6, 9, 19 and
32 following LCMYV infection. Expression of Ly-6C on splenic and lymph node
CD4" and CD8" T cells were determined by iMAP staining. Fluorescence intensity of
CD4 or CDS staining is indicated on the x-axis and iMAP staining is indicated on the
y-axis (A). CD8" T cells from previously LCMV infected mice (>70 days) were
sorted into Ly-6C™MATNe® 1y eCMAPIO) [y 6C™MAPIY and Ly-6C™MAPM populations,
as indicated on the histogram. The sorted subsets of CD8" T cells were incubated
with LCMV or influenza peptide pulsed EL4 target cells for five hours and secretion
of IFNy was detected by ELISPOT as described in the Materials and Methods chapter

(B).
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with EL4 cells pulsed with influenza peptides (Figure 4-3 B). Our results suggest that
following LCMV infection, antigen-specific memory CD8" T cells are found
primarily in the Ly-6C™*P™ and Ly-6C™4P™ population and contain a higher
frequency of IFNy producing cells than Ly-6C™® naive CD8" T cells. Our findings
demonstrate that antigen-specific memory CD8" T cells can be identified by high
iIMAP antibody staining.

iIMAP recognizes Ly-6C expression on splenic NK cells

In addition to Ly-6C expression on splenic CD4" and CD8" T cells, Ly-6C expression
has also be described on splenic NK cells but not splenic B cells (201, 223).
Additionally, with the preferential recognition of iMAP for Ly-6C expression on
CDS" T cells compared to CD4" T cells, we next sought to further characterize iMAP
reactivity to Ly-6C on other splenic lymphocyte populations. Splenocytes from
uninfected mice were stained with anti-CD3¢ and anti-NK1.1 antibodies, to identify
NK cells, plus iMAP or AL-21 monoclonal antibody and examined by flow
cytometry. Based on AL-21 reactivity, a notable population of NK cells expressed
Ly-6C (Figure 4-4). Not surprisingly, as the iIMAP hybridoma was generated against
A-LAK cells, a previously published method to generate monoclonal hybridomas
against NK cells (204), iMAP stained Ly-6C expressed on NK cells. Our results
indicated that in addition to CD8" T cells, splenic NK cells also express AL-21 and
iIMAP reactive Ly-6C. However, from these results, it was difficult to determine
whether AL-21 and iMAP reactive Ly-6C was expressed on the same cells or
different cells. Additionally, since iMAP failed to recognize Ly-6C on resting CD4" T
cells (Figure 4-2 B), it is likely that iMAP and AL-21 recognize different Ly-6C
epitopes. It was therefore possible that distinct subsets of Ly-6C expressing CD8" T
and NK cells may be further defined through a closer examination of iMAP and AL-

21 reactivity.
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Figure 4-4: iMAP recognizes Ly-6C expressed by NK cells.

Splenic NK cells were identified as NK1.1" CD3¢™ splenocytes (left). Ly-6C
expression on NK cells were determined by iMAP staining (top right) or AL-21
staining (bottom right) by flow cytometry. Shaded histogram represents isotype
staining. Flow cytometry plots are representative of one of two experiments.
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iIMAP antibody partially interferes with monoclonal AL-21 antibody recognition of
Ly-6C on splenic CD8" T and NK cells

A number of anti-Ly-6C monoclonal antibodies have been described in the
past and a number of anti-Ly-6C antibody pairs have been reported to compete for
binding of Ly-6C on splenic T lymphocyte populations (193, 197, 219, 221). For
example, immunoprecipitation and Western blotting of Ly-6C from BALB/c
splenocytes demonstrated blocking of AL-21 recognition of Ly-6C by SE9, another
anti-Ly-6C monoclonal antibody. However, when immunoprecipitation was
performed with a separate anti-Ly-6C monoclonal antibody, G10, Ly-6C detection by
AL-21 was reduced but not completely inhibited (197). Therefore, we sought to
further define the binding characteristics of iMAP monoclonal antibody to Ly-6C in
relation to AL-21.

Splenic CD8" T and NK cells were identified as CD3g" CD8" and CD3¢"
NKI1.17, respectively, and stained with three different concentrations of iMAP or AL-
21. Typically, for cell surface staining, antibody concentrations between 0.5ug to
0.05ug per 100ul of staining volume yield sufficient separation of positive and
negative populations of cells. As such, CD8" T cells (Figure 4-5 A) and NK cells
(Figure 4-5 B) from whole splenic lymphocytes were single stained for Ly-6C
expression using iMAP (0.03pg ~ 0.65ug per 100ul volume) or AL-21
(0.05pg~0.4pg per 100ul volume). From our results, Ly-6C expressing CD8" T and
NK cells were easily identified by iMAP and AL-21 even at low concentrations
(Figure 4-5 A and B). At high iMAP and AL-21 staining concentrations, Ly-6C
positive CD8" T and NK cells are highly fluorescent, as expected (Figure 4-5 A and
B). However, at low antibody concentrations, while fluorescence intensity is reduced,
Ly-6C positive CD8" T and NK cells are still clearly distinguishable from Ly-6C
negative cells (Figure 4-5 A and B).

Next, to determine potential dependent staining characteristics of iMAP and

AL-21, staining of Ly-6C on splenocytes using AL-21 or iMAP were performed in
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Figure 4-5: iMAP and AL-21 titration staining on CD8" T and NK cells.

Splenic CD8" T cells were identified as CD3e'CD8" (A left panel) and NK cells
identified by CD3g NK1.1" staining (B left panel). Additionally, 0.65ug/100ul
(black), 0.05ug/100ul (blue) and 0.03ug/100ul (purple) of iIMAP (middle panel) or
0.4pg/100ul (black), 0.1ug/100ul (blue) and 0.05ug/100ul (purple) of AL-21 (right
panel) was used to determine the expression of Ly-6C on CDS8" T and NK cells. The
shaded histograms represent isotype control staining of Ly-6C expression on CD8" T
and NK cells. Flow cytometry plots are representative of one of two experiments.
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consecutive stages of antibody labeling. The binding ability of each antibody was
then determined through fluorescence intensity examined by flow cytometry.

Splenocytes from unchallenged mice were first incubated with 4% mouse
serum plus monoclonal 2.4G2 antibody, to block Fc receptors and limit non-specific
binding by fluorescently labeled antibodies, and followed by staining with anti-CD3g,
CD8 and NK1.1 plus iMAP (0.03ug~0.65ng) and subsequently 0.05ug of AL-21
(Scheme 1) or AL-21 (0.05png~0.4ug) followed by 0.03ug of iMAP antibody
(Scheme 2) (Figure 4-6 A). Additional samples of splenocytes were also stained with
anti-CD3¢, CD8a and NK1.1 with either IMAP or AL-21 antibodies only followed by
the respective isotype controls of AL-21 or iMAP as positive and negative controls.
All antibody staining steps were performed at 4°C in the dark for 20 minutes.

When CD8" T cells and NK cells were stained with AL-21 in the absence of
iIMAP, high levels of AL-21 fluorescence was observed among Ly-6C expressing
cells (Figure 4-6 B and C top panel). When CD8" T cells and NK cells were first
incubated with iMAP antibody, at low quantities, fluorescence due to AL-21
remained relatively high (Figure 4-6 B and C top panels). However, at higher iMAP
pre-incubation concentrations, staining of AL-21 on both CD8" T cells and NK cells
was noticeably decreased (Figure 4-6 B and C top panels). The fluorescence intensity
of AL-21 staining was maintained when splenocytes were first stained with 0.03ug of
iIMAP antibody, however, when pre-incubated with 0.65ug of iMAP, the fluorescence
intensity from AL-21 binding was nearly a log lower than on CD8" T cells and NK
cells stained without any iMAP antibody (Scheme 1) (Figure 4-6 B and C top panels).
As expected, when CD8" T cells and NK cells were stained with iMAP with no
addition of AL-21, Ly-6C positive cells were highly stained by iMAP (Figure 4-6 B
and C bottom panels). Ly-6C positive and negative CD8" T cells and NK cells were
easily identified. However, in contrast to Scheme 1, when AL-21 was used for Ly-6C
staining prior to iMAP staining, at all tested AL-21 concentrations, the fluorescence
intensity of iMAP stained CD8" T cells and NK cells remained relatively high (Figure
4-6 B and C bottom panels). We did not observe a large decrease in iMAP staining
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Figure 4-6: iMAP antibody partially interferes with AL-21 recognition of Ly-6C.
Isolated splenocytes from mice were incubated with 4% mouse serum plus Fc
blocking antibody, 2.4G2, for 20 minutes followed by stained with anti-CD3¢g, CD8
and NK1.1 antibodies and first anti-Ly-6C antibody of either 0.03ug ~ 0.88ug of
iMAP (Scheme 1) or 0.05pg ~ 0.4pg of AL-21(Scheme 2). Following the first 20
minute staining, the second anti-Ly-6C antibody was added; either 0.05pg of AL-21
(Scheme 1) or 0.03pg of iIMAP (Scheme 2) for 20 minutes (A). Staining of iMAP and
AL-21 on CD8" T cells (B) and NK cells (C) using Scheme 1 (top panels) and
Scheme 2 (bottom panels) are shown. Top left dot plots show Ly-6C staining using
only AL-21 and bottom left dot plots show Ly-6C staining using only iMAP on CD8"
T cells (B) and NK cells (C). Flow cytometry plots are representative of one of two
experiments.
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with pre-incubation of AL-21 (Scheme 2) (Figure 4-6 B and C bottom panel).
Collectively, our results suggest an intriguing dynamic between AL-21 and iMAP
staining of Ly-6C; AL-21 recognition of Ly-6C may be inhibited partially by iMAP
binding whereas iMAP recognition of Ly-6C is independent of AL-21. Importantly,
using both anti-Ly-6C antibodies, we have identified two distinct subsets of Ly-6C
expressing CD8" T and NK cells; an AL-21 only single stained and an AL-21/iMAP
double stained Ly-6C positive population.

Increased percentage of Ly-6C expression among long-lived splenic NK cells
Recent studies of NK cell functions have revealed previously unappreciated
adaptive immune features of NK cells (145, 146, 149). Using the MCMYV infection
model, Sun et al. demonstrated that while Ly-6C expressing NK cells can be found in
naive unchallenged mice, long-lived Ly49H" NK cells six weeks after MCMV
infection are highly enriched in the Ly-6C expressing population of NK cells (73).
Additionally, stimulation with pro-inflammatory cytokines IL-12, IL-18 and IL-15
have also been shown to generate long-lived murine and human NK cells (142, 144).
Murine memory-like NK cells, so termed as the NK cells are not activated by a
specific foreign antigen or ligand, were found to persist for at least three weeks and
possess enhanced IFNy production capabilities following re-stimulation (142).
However, Ly-6C expression on memory-like cytokine stimulated NK cells had not
been previously examined. We therefore sought to determine the expression pattern
of Ly-6C in cytokine generated long-lived memory-like NK cells using monoclonal
AL-21 and iMAP antibodies. Additionally, since iMAP staining of Ly-6C on NK
cells was not inhibited by AL-21, to characterize Ly-6C expression, we therefore first
stained NK cells with AL-21 followed by iMAP (Scheme 2) (Figure 4-6 A). From our
previous data, staining of NK cells with Scheme 2 identified three subsets of NK cells
based on Ly-6C expression; cells absent in Ly-6C expression (Ly-6C~®), cells
expressing Ly-6C stained by AL-21 only (Ly-6C*"*") and cells stained by both AL-
21 and iMAP (Ly-6C**2"™AP) (Figure 4-6 B bottom panel). Mouse splenic NK cells
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were sorted based on NK1.1" CD3g staining and stimulated for 14~16 hours with
either [L-12, IL-18 and low levels of IL-15 or low level of IL-15 only as a control, as
previously published (142). Following stimulation, cultured NK cells were adoptively
transferred into CD45.1 age-matched congenic mice via tail vein injection. The usage
of congenic mice allowed us to easily differentiate between transferred and host NK
cells based on the expression of CD45.2. After a six week rest period, Ly-6C
expression profile of long-lived transferred NK cells were examined. Ly-6C on
recipient mouse NK cells, based on the absence of CD45.2 marker, was also
examined for comparison (Figure 4-7 A). To ensure sort purity, percentage of NK
cells pre- and post-sort were also determined by flow cytometry. Before sorting, less
than 3% of splenocytes were NK cells based on NK1.1" CD3¢ staining. Post-sort,
NK cell purity was >95% (Figure 4-7 B). Additionally, prior to adoptive transfer, I1L-
12, IL-18 and IL-15 cultured NK cells were stimulated to produce IFNy whereas NK
cells cultured with low levels of IL-15 only, served as a control, did not produce
detectable amounts of IFNy (Figure 4-7 C).

Six weeks after adoptive transfer, Ly-6C expression on splenic NK cells from
congenic mice receiving IL-12, IL-18 and IL-15 stimulated NK cells, or IL-15 only
cultured NK cells are shown in Figure 4-7 D top and bottom panel, respectively.
Long-lived NK cells pre-cultured with either IL-12, IL-18 and IL-15 or IL-15 only,
represented less than 2% of the total recipient mouse splenic NK cells population,
based on CD45.2 expression. Interestingly, while around 40% of the recipient
CDA45.2 deficient NK cells stained positive for Ly-6C, greater than 60% of the long-
lived transferred CD45.2 expressing NK cells expressed Ly-6C, regardless of
previous stimulation. Furthermore, we observed an increase in the proportion of Ly-
6CA2VMAP K cells within the transferred CD45.2 NK cell population (~30%)
compared to host NK cells (~15%) (Figure 4-7 D). These findings suggest that Ly-6C
expression may be associated with NK cell longevity. Additionally, much of the
increase in Ly-6C positive long-lived NK cells are reactive to both AL-21 and iMAP

monoclonal antibodies.
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Figure 4-7: Increased percentage of Ly-6C expression among long-lived splenic
NK cells.

Sorted NK cells (NK1.1" CD3¢") from 7~8 week old C57BL/6 mice were cultured
overnight with IL-12, IL-18 and IL-15, or IL-15 only, and transferred into age
matched CD45.1" congenic mice. Following a six week rest period, Ly-6C expression
using AL-21 and iMAP of splenic NK cells in the recipient mice were analyzed by
flow cytometry. Pre-incubated long-lived NK cells were distinguished from recipient
NK cells by expression of the congenic CD45.2 marker (A). Percentage of NK cells
were examined pre- and post-sort based on anti-NK1.1 and CD3¢ staining (B).
Production of IFNy was examined in IL-12, IL-18 and IL-15 stimulated and IL-15
only treated sorted NK cells after overnight culture by flow cytometry. Solid
histogram line represents intracellular staining of IFNy and shaded histogram
represents intracellular staining using an isotype control antibody (C). Six weeks post
transfer, using AL-21 and iMAP staining (Scheme 2), Ly-6C expression on NK cells
in the spleen of recipient mice were analyzed using flow cytometry. NK cells were
identified as NK1.1" CD3¢ and transferred and host NK cells distinguished by
CD45.2" and CD45.2" expression, respectively. Top panel are NK cells from recipient
mice that received IL-12, IL-18 and IL-15 cultured NK cells, whereas the bottom
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panel are NK cells from recipient mice that received NK cells cultured with IL-15
only overnight (D).
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Long-lived hepatic NK cells are negative for Ly-6C expression

Thus far, we have showed a higher representation of Ly-6C positive NK cells
among long-lived splenic NK cells compared to splenic NK cells isolated from a
conventionally housed untreated mouse. Furthermore, recent studies of memory NK
cells have suggested hepatic rather than splenic NK cells mediate antigen specific
adaptive immune features in response to haptens and some viral sensitizations (5, 150,
151). Recent studies have also identified unique NK cell markers associated with the
generation of hapten and viral specific memory NK cells from the liver, such as
CXCR6 and CD49a expression, which are not highly expressed on splenic NK cells,
and a lack of expression of DX5, which is expressed on nearly all splenic NK cells
(151, 155). Liver restriction of hapten specific memory NK cells may reflect a unique
immunological feature of hepatic NK cells and/or possibly a result of a distinct NK
cell developmental pathway unique to liver resident NK cells (224, 225). However, a
specific marker for liver derived long-lived memory NK cells has not yet been
identified. Therefore, we next sought to examine Ly-6C expression on hepatic NK
cells and, specifically, long-lived hapten sensitized hepatic NK cells.

To evaluate changes in Ly-6C expression in hepatic NK cells, we first
compared the Ly-6C expression pattern between hepatic and splenic NK cells in
untreated mice using Ly-6C staining Scheme 2 (Figure 4-6 A). To examine hepatic
NK cells, the liver was first perfused with PBS to remove lymphocytes in the
circulating blood supply in the liver and then using a previously published mechanical
disruption protocol, described in the Materials and Methods chapter, isolated hepatic
lymphocytes (203). Both hepatic and splenic NK cells from unchallenged mice
displayed a similar distribution of Ly-6C expression. While the majority of NK cells
from both organs do not express Ly-6C, populations of splenic and hepatic Ly—6CAL'
*land Ly-6CA-2"MAP NK cells were observed (Figure 4-8 A). To induce hapten
specific memory NK cells, mice were sensitized with 0.5% DNFB in acetone on the
surface of their shaved abdomens on day zero and day one, as previously reported

(150, 151). On day four, hepatic NK cells were purified via cell sorting of NK1.1"
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CD3¢ cells and adoptively transferred into age-matched CD45.1 congenic recipient
mice. Six weeks post transfer, Ly-6C expression on transferred hapten pre-sensitized
CD45.2 positive and host CD45.2 negative hepatic NK cells were examined by flow
cytometry (Figure 4-7 B). To ensure sorting efficacy, hepatic NK cell purity pre- and
post-sort was analyzed via flow cytometry. Pre-sort, roughly 7% of total hepatic
lymphocytes were NK cells, whereas, post-sort, hepatic NK cell purity was greater
than 95% (Figure 4-8 C). The sorting purity of hepatic NK cells was very similar to
the sorting purity seen with splenic NK cells (Figure 4-7 B). Six weeks post transfer,
Ly-6C expression on hepatic NK cells in the recipient mice were examined. A small,
population of adoptive transferred hepatic NK cells was easily distinguished from
recipient host hepatic NK cells based on CD45.2 expression (Figure 4-8 D left).
While the majority of host CD45.2 negative hepatic NK cells did not express Ly-6C,
a noticeable population of hepatic NK cells expressed Ly-6C molecules reactive to
AL-21 antibody or both AL-21 and iMAP antibodies (Figure 4-8 D right). This
phenotype closely resembled the Ly-6C staining profile seen on hepatic NK cells
from unchallenged mice (Figure 4-8 A). Interestingly, adoptively transferred long-
lived hapten pre-sensitized NK cells were nearly all negative in Ly-6C expression
(Figure 4-8 D right). These findings are in stark contrast to our findings in long-lived
splenic NK cells (Figure 4-7). Collectively, our findings suggest that Ly-6C may not

be a suitable marker for long-lived and, by extension, memory hepatic NK cell.

Summary

In this chapter we characterized the expression profile of the Ly-6C epitope
identified by the monoclonal antibody iMAP. Interestingly, iIMAP and AL-21, a
widely utilized anti-Ly-6C antibody, displayed distinct staining patterns of Ly-6C.
AL-21 recognized Ly-6C on a broad spectrum of Ly-6C transfected cell lines and
C57BL/6 hybridoma clones, as well as resting CD4" and CD8" T cells. In contrast,
while iMAP stained Ly-6C transfected cell lines, iIMAP did not recognize Ly-6C
expression on C57BL/6 derived hybridoma clones (Figure 4-1 & 4-2). iMAP
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Figure 4-8: Long-lived hepatic NK cells are negative for Ly-6C expression.
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Ly-6C expression on splenic and hepatic isolated NK cells (NK1.1°CD3¢) from
unchallenged mice using AL-21 and iMAP staining (Scheme 2) (A). C57BL/6 mice
were sensitized with DNFB hapten on the abdomen on days zero and one. On day
four, hepatic NK cells were sorted based on NK1.1'CD3¢” expression and transferred
to age matched CD45.1 congenic mice. Six weeks post transfer, Ly-6C expression of
CD45.2" and CD45.2" hepatic NK cells in recipient mice were examined by flow
cytometry (B). Purity of NK cells pre- and post-sort were examined by flow
cytometry based on NK1.1'CD3g’expression (C). Six weeks post transfer, using AL-
21 and iIMAP staining (Scheme 2), Ly-6C expressed by hepatic NK cells from
recipient mice were analyzed using flow cytometry. NK cells were identified as
NKI1.1" CD3¢ and transferred and host NK cells distinguished by CD45.2" and
CD45.2" expression, respectively (D). Experiment demonstration of n=1.
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recognition of Ly-6C is similar to the 143-4-2 monoclonal antibody. Leo ef al.
demonstrated that 143-4-2 is an anti-Ly-6C with reactivity towards Ly-6C expression
on CD8" T cells but not CD4" T cells in C57BL/10 mice, a Ly-6.2 haplotype strain
(219). Additionally, iMAP recognized Ly-6C expressed on CD8" T cells and NK
cells while only staining CD4 " T cells following an acute LCMV infection (Figure 4-
3). During competitive binding assays, pre-incubation of splenocytes with iMAP
antibody partially interfered with AL-21 recognition of Ly-6C. In contrast, pre-
staining of splenocytes with AL-21 did not affect iMAP reactivity to Ly-6C (Figure
4-6). Collectively, our results suggest that IMAP may recognize a distinct subset of
Ly-6C and a separate epitope from AL-21. Our results suggest that binding of the
IMAP epitope may result in a less accessible conformation for AL-21 binding.
However, future epitope mapping studies will be needed to further clarify these
observations.

Recently, NK cells capable of adaptive immune features have been described
following a wide variety of stimulations (73, 142, 151). Ly-6C expression has also
been demonstrated to be up-regulated on long-lived memory Ly-49H" NK cells
following MCMYV infection (73). Therefore, we examined Ly-6C expression on
cytokine stimulated and hapten sensitized long-lived NK cells from spleen and liver,
respectively. After six weeks post stimulation and transfer, over 60% of long-lived
splenic NK cells expressed Ly-6C, compared to roughly 40% from an unchallenged
mouse. In contrast, only about 10% of long-lived hepatic NK cells expressed Ly-6C
(Figure 4-7 & 4-8). The disparity in Ly-6C expression between long-lived splenic and
hepatic NK cells may reflect intrinsic differences between the two NK cell
populations as demonstrated by differential expression of surface markers and
cytokine requirements for viral response (113, 151, 155). Collectively, our results
suggest expression of Ly-6C may identify a subset of long-lived NK cells specific to
the spleen.

To build upon these findings, it would be interesting to further define other
cell surface markers in addition to Ly-6C to better define the phenotype of long-lived
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splenic NK cells, in particular, NK cell maturation markers such as CD27, CD11b
and KLRG1 (87-89). Additionally, it would also be interesting to determine if Ly-
6CN¢, Ly-6C**?! and Ly-6CAL'2”iMAP NK cells represented subsequent stages of
splenic NK cell maturation or, possibly, distinct linages of splenic NK cells

development.
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Chapter 5: Ly-6C*"2VMAP NK Cells Represent a Highly Differentiated
State of Long-lived NK Cells

Introduction

Natural killer (NK) cells are cytotoxic lymphocytes of the innate immune
system and were first described for their “natural” cytotoxic ability against tumor
cells without prior sensitization (70, 71, 78, 226). Early on, NK cells were identified
as a distinct subset of lymphocytes from the T and B cells of the adaptive immune
system (71). Unlike adaptive T and B cells, NK cells do not require somatic gene
rearrangement of their receptor genes during development (7, 227). Instead, using a
limited number of germ-line encoded activating and inhibitory receptors, NK cells
detect the presence or absence of inhibitory receptor ligands, such as MHC molecules,
or activating receptor ligands such as stress-induced ligands or virally encoded
products on transformed or infected cells (96). The balance of activating and
inhibitory receptor signals received by ligands on a target cell determines whether or
not an NK cell will become activated or tolerant to a target cell (228). Not
surprisingly, deficiencies in NK cell activity result in increased susceptibility to tumor
formations and many infections both in mice and humans (229, 230).

During mouse cytomegalovirus (MCMYV) infections, early NK cell
recognition of viral products is vital to the survival of an infected host (229). In
MCMV resistant C57BL/6 and Ma/My mice strains, Ly-49H and Ly-49P expressed
by NK cells recognize MCMV viral products m157 and m04 co-expressed with H-
2D, respectively (229, 231-233). Upon activation, NK cells are also important early
producers of a number of cytokines and chemokines, such as IFNy (78, 229). Defects
in NK cell cytotoxicity and IFNy production render mice susceptible to MCMV
infection (229). In addition to activation by direct receptor-ligand interactions, NK
cells are also activated by pro-inflammatory cytokines such as IL-12, IL-18 and IL-15
(96, 115, 229). Both IL-12 and IL-18 have been demonstrated to be integral in the
optimal induction of IFNy during culture and viral infections (113, 234, 235).
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Additionally, IL-15 trans-presented by activated dendritic cells have been shown to
prime NK cells for enhanced IFNy responses (123). While IL-12, IL-18 and IL-15
may function independently to stimulate NK cell responses under different conditions,
IL-12, IL-18 and IL-15 have also been shown to work synergistically to enhance NK
cell effector function (116, 123, 234). Using MCMYV infection and cytokine
stimulation models, recent studies have suggested additional characteristics of NK

cell functions beyond the defined innate immune functions of NK cells (146).

While immunological memory has historically been attributed to T and B cells,
recent studies have demonstrated previously unappreciated adaptive immune features
of NK cells, including longevity and memory of antigen specificity (146, 147).

Mature NK cells were previously thought to be short lived, however, recent studies
have demonstrated that NK cells are able to persist several months after in vivo
stimulation and are able to mount a secondary response (73, 151, 152, 228, 236).
Using MCMV, Sun et al. generated Ly-49H ™ memory NK cells with enhanced
protective capability compared to naive NK cells months after initial MCMV
infection (73). Additionally, memory NK cells have been shown to have remarkable
antigen specificity to previous chemical haptens and virus like particle stimulations (5,
146, 147, 151). While the mechanisms of antigen specific recognition is still
unknown, Paust ef al. demonstrated that memory NK cells generated against
influenza virus-like particles were not stimulated when treated with HIV virus like
particles in mice, and vice versa (151). However, specific antigen stimulation of NK
cells is not a requirement for memory NK cell generation. Cytokine stimulations of
NK cells have also been shown to induce long-lived memory-like NK cells in mice
and humans with enhanced IFNy production capacity upon re-stimulation (142, 144).
Additionally, IL-12 has recently been suggested to be indispensable for memory NK
cell generation (129).While a number of studies have demonstrated adaptive immune
characteristics of NK cells, a definitive memory NK cell marker or markers have not

been described.
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In this chapter, I aimed to further characterize long-lived Ly-6C expressing
cytokine stimulated NK cells. In the previous chapter, and results obtained by others,
splenic derived long-lived NK cells express high levels of Ly-6C (73, 237) (Chapter
4). Additionally, I have previously shown that Ly-6C positive NK cells can be sub-
divided into two subsets; NK cells expressing Ly-6C reactive to monoclonal AL-21
antibody only (Ly-6C*"") or to both monoclonal AL-21 and iMAP antibodies (Ly-
6CA2Y iMAP). In this chapter I first characterized the maturation state of Ly-6C"%, Ly-
6C*?! Ly-6C* VIMAP NIK cell subsets using expression patterns of CD11b, CD27
and KRLG1, established markers for evaluating NK cell developmental maturity (86,
89). While only 50% of Ly-6C"¢ NK cells expressed high levels of CD11b and low
levels of CD27 (CD11b"CD27"), the vast majority of Ly-6C*"?" and Ly-6C*2MAP
NK cells were CD11b"CD27 . Additionally, a higher percentage of Ly-6C positive
NK cells express KLRG1 than Ly-6C~® NK. These findings collectively suggest Ly-
6C*?! and Ly-6CA-2"™AP NK cells are fully mature NK cells and may be further
differentiated than Ly-6C negative NK cells. Functionally, I was unable to detect
significant differences in IFNy production from Ly-6C™¢, Ly-6C*"?' and Ly-6C*"
2UIMAP'NIK cell subsets following cytokine stimulation. However, Ly-6C ¢ NK cells
did display a slightly higher proliferative capability than Ly-6C positive NK cells
seven days after cytokine activation. Furthermore, adoptive transfer of isolated Ly-
6CN¢, Ly-6CA*2! and Ly-6C*“*"MAP NK cells into congenic hosts not only
suggested a developmental progression of Ly-6C~°¢ NK cells to Ly-6C positive NK
cells, but also a differentiation progression from Ly-6CN¢->Ly-6C***' > Ly-6CA™
2UMAP 1y NK cells. Collectively, I have described a novel stage of NK cells
differentiation using Ly-6C reactivity to monoclonal AL-21 and iMAP antibodies
expressed by NK cells.

Results

Ly-6C positive NK cells are phenotypically mature NK cells
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In the previous chapter, I demonstrated distinct binding characteristics of
iIMAP and AL-21 to Ly-6C expressed on NK cells and by utilizing both anti-Ly-6C
antibodies, I demonstrated three subsets of splenic NK cells based on Ly-6C
expression; Ly-6CN, Ly-6C**?! and Ly-6C*“2"™MAP (Chapter 4). Recent studies
have suggested that NK cells, or a subset of NK cells, are able to acquire adaptive
immune features such as longevity, antigen specificity and enhanced secondary
responses in mice (73, 142, 150). In one study, Sun et al. demonstrated that MCMV
induced Ly-49H" memory NK cells express high levels of KLRG1 and low levels of
CD27, hallmarks of NK cell maturity (73, 87-89). Additionally, memory NK cells
also expressed high levels of Ly-6C, a known marker for memory CD8" T cells (73,
196). However, a notable population of NK cells from uninfected mice also express
Ly-6C (73). As such, these NK cells may represent memory NK cells from previous
undocumented infections or perhaps generated through homeostatic proliferation,
similar to memory phenotype CD8" T cells generated through homeostatic
proliferation (238, 239). Therefore I next sought to further characterize the maturation
state of Ly-6C expressing NK cells.

Splenic NK cells from >7 week old mice were identified as NK1.1'CD3g" and
were further stained with anti-Ly-6C antibodies AL-21 and iMAP as well as anti-
CD27, CD11b and KLRGI antibodies. Based only on Ly-6C expression, the NK cell
population was subdivided into Ly-6C™°€, Ly-6C*"*! and Ly-6C**2"MAP gypbsets.
Similar to what was previously shown in Chapter 4, the majority of the NK cells were
negative for Ly-6C expression, however, around 20% of the NK cells were stained by
AL-21 and 10% were double stained by AL-21 and iMAP (Figure 5-1 A). In terms of
NK cell maturity, NK cells develop through four distinct stages; CD11b CD27 >
CD11b CD27"=> CD11b'CD27"= CD11b'CD27 (79, 88). While CD11b" NK cells
are considered mature NK cells, it is clear that CD11b"CD27 NK cells are further
differentiated than CD11b"CD27" NK cells and are thought to be a population of
terminally differentiated NK cells (86). Among the splenic NK cell population, there
was a similar frequency of CD11b CD27", CD11b CD27" and CD11b'CD27" NK
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cells, with a separate population of CD11b"CD27 NK cells making up a majority of
the NK cells (Figure 5-1 A). As the bulk of NK cells were fully differentiated, I next
sought to examine the specific relationship between Ly-6C, CD11b and CD27
expression on splenic NK cells. When sub-divided, based on Ly-6C expression and
staining, around 50% of Ly-6C™€ NK cells displayed a mature CD11b"CD27"
phenotype. Additionally, I observed a similar distribution of CD11b CD27 ,

CD11b CD27" and CD11b"CD27" Ly-6CN NK cells when compared to the analysis
of CD11b and CD27 expression from the whole splenic NK cell population (Figure 5-
1 B). When Ly-6C*"?' and Ly-6C*"2" MAP'NK cell subsets were analyzed, the
majority of NK cells were CD11b"CD27 ", 80% and 75%, respectively, with a small
cluster of CD11b CD27" NK cells present in both Ly-6C expressing NK cell subsets
(Figure 5-1 B).

In addition to CD11b and CD27 expression, KLRGI1 has also been described
as a marker of NK cells differentiation (89). Previous studies have suggested that NK
cells acquire KLRG1 expression only during later stages of maturation, specifically,
only on CD11b"CD27 NK cells (87, 89). Among Ly-6C~¢ NK cells, while nearly
half of the cells are CD11b'CD27 ", only a small subset of these NK cells express
KLRG1 (Figure 5-1 C). In contrast, between 30% and 40% of Ly-6C*"*' and Ly-
6CAL2VMAP NK cells were KLRG1 positive, respectively (Figure 5-1 C).
Additionally, in accordance with previous studies, KLRG1 expression was not
observed on CD11b CD27, CD11b CD27" and CD11b'CD27" NK cells (Figure 5-1
D). Collectively, my results suggest that Ly-6C positive NK cells are mature based on
CD11b expression and representing a subset of CD11°CD27 NK cells. Additionally,
as a much higher percentage of Ly-6C*"?' and Ly-6C*"*"™MAPNK cells are also
KLRGI1 positive, Ly-6C expressing NK cells may be further differentiated NK cells
than Ly-6C"*2 NK cells.

Ly-6C expressing NK cells produce IFNy at comparable levels to Ly-6C"* NK cells
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Figure 5-1: Ly-6C expressing NK cells express high levels of maturation markers
CD11b and KLRGI.

Splenic NK cells from 7 week old mice were stained with AL-21, iMAP, anti-CD27,
CD11b and KLRGI1 antibodies. Dot plots represent expression of AL-21 or AL-
21/iMAP double reactive Ly-6C molecules on whole splenic NK cells and staining of
CD11b and CD27 on whole splenic NK cells (A). Ly-6C™¢, Ly-6C**! and Ly-6C*"
2VMAP NK cell subsets were further analyzed for their expression of CD11b, CD27
and KLRG1. Dot plots represent typical distribution of CD11b and CD27 staining on
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Ly-6CN€, Ly-6C*2! and Ly-6C*"2""™MAP NK cell (B). Histogram represents
expression patterns of KLRG1 on Ly-6CN¢, Ly-6C*"2! and Ly-6C**"™MAP NK cell
(C). KLRG1 was not detected on immature NK cells defined as CD11b negative and
CD11b'CD27" NK cells (D). Shaded histograms represent isotype control staining.
Bar graphs represent mean of at least three experiments + SEM in B and C.
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A primary response of NK cells during host defense against foreign pathogens
is the production of cytokines (229). Upon activation from cytokines or engagement
of NK cell activating receptors, mature NK cells are able to produce large quantities
of IFNy (87, 229). Additionally, Sato et al. had previously suggested enhanced IFNy
secretion capabilities among Ly-6C positive NK cells compared to Ly-6C™€ NK cells
(223). Because Ly-6C*"?' and Ly-6CAL'2”iMAP NK cells display a mature phenotype,
I next sought to further define the functional properties of Ly-6C", Ly-6C*"2! and
Ly-6CA-2 VIMAP NIK cells; in particular, IFNy production following pro-inflammatory
cytokine stimulations.

To mitigate potential Ly-6C expression changes during stimulation, splenic

NK cells from unchallenged mice were sorted into Ly-6C™°€, Ly-6C*-?!

AL-21/iIMAP
6C :

and Ly-
subsets and stimulated separately with IL-12 (10ng/ml) and IL-15
(10ng/ml) or IL-15 (10ng/ml) only, as a control, as previously performed (142, 144).
Brefeldin A (BFA), which inhibits protein trafficking from the ER to the Golgi, was
then added to the culture after the first hour and intracellular IFNy production in the
NK cells examined via flow cytometry after four hours of stimulation (Figure 5-2 A).
The sort purity of NK cells from spleens, based on CD3e” NK1.1" phenotype, was
typically >90% (Figure 5-2 B). Additionally, the purity of sorted Ly-6CN, Ly-6C*™
I and Ly-6CA-2"™MAP NK cell subsets was typically between 70% to 90% (Figure 5-2
C). Following culture, IL-15 only stimulated NK cells did not produce notable levels
of IFNy. Not surprisingly, no more than 10% of the Ly-6C™¢, Ly-6C*"?" and Ly-
6CA2VMAP ynstimulated NK cells expressed IFNy above background levels from my
flow cytometry data (Figure 5-2 D). In contrast, between 35% and 40% of the Ly-
6CN, Ly-6C*2" and Ly-6C*-*"MAP NK cells stimulated with IL-12 and IL-15
stained positive for IFNy production (Figure 5-2 D). From the histogram, a distinct
population of IFNy producing NK cells was clearly observed based on the
fluorescence intensity (Figure 5-2 D). However, the fluorescence intensity of IFNy
expressing NK cells was comparable between Ly-6C™¢, Ly-6C*"*' and Ly-6C*"
2VMAP NK cell subsets (Figure 5-2 D). Collectively, my results suggest that Ly-6C"°€,
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Figure 5-2: Ly-6C™~® Ly-6C*"?' and Ly-6C*'"*""™A? NK Cells produce IFNy

equivalently following cytokine stimulation.
Ly-6CN€, Ly-6C*?! and Ly-6C*2"™MAP NK cells were isolated from unchallenged

mice via cell sorting and stimulated with IL-12 and IL-15, or IL-15 only, for fours.
Intracellular production of IFNy was then determined by flow cytometry (A).
Distribution of NK1.1 and CD3¢ positive splenocytes pre- and post-sort are shown.
NK cells purity was generally greater than 95% purity post sort (B). Pre- and post-
sort distribution of Ly-6CN¢, Ly-6C*"?' and Ly-6C***""MAP NK cells are shown.
Post sort, Ly-6CN€, Ly-6C*"! and Ly-6C*"2"™AP NK cell purity was typically
between 70% to 90% (C). Histograms are representative of intracellular IFNy
production in Ly-6C~° (purple), Ly-6C*"2" (blue) and Ly-6C*“2"™4P (plack) sorted
NK cells after four hour stimulation with IL-15 only (left) or IL-12 and IL-15 (right).
Shaded histogram represents isotype staining control. Bar graphs represents mean of
at least three experiments + SEM in D.
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Ly-6C*?! and Ly-6C*2"™MAP NK cell subsets are able to rapidly produce IFNy
following IL-12 and IL-15 stimulation. Furthermore, while a larger proportion of Ly-
6C positive NK cells were fully mature (CD11b"CD27"), there were no significant
differences in IFNy production between all three subsets of NK cells.

Ly-6C expressing NK cells are less proliferative than Ly-6C" NK cells

From previous studies, CD11b positive NK cells have been suggested to have
a diminished homeostatic proliferative capability compared to CD11b negative NK
cells while matured CD11b"CD27 NK cells have a further reduced proliferative
ability than CD11b"CD27" NK cells (87, 88). In addition, in line with KLRG1 as a
marker for further differentiated NK cells, KLRG1" NK cells have also been
suggested to have a lower proliferative capacity than KLRG1 negative NK cells (89).
As Ly-6C expressing NK cells have a notably higher proportion of
CD11b"CD27 KLRG1" NK cells than Ly-6C~¢ NK cells, I next wanted to examine
the proliferative potential of Ly-6C"€, Ly-6C*"*! and Ly-6C**2"™MA" NK cells.

NK cells were sorted into Ly-6CN¢, Ly-6C*?" and Ly-6C**2"MAP gybsets
and stimulated overnight with IL-12 (10ng/ml), IL-18 (50ng/ml) and IL-15 (10ng/ml),
as previously described (142). The next day the cells were labeled with CellTrace
Violet Proliferation Kit, a fluorescent membrane permeable dye, and transferred via
tail vain injection at equal numbers into separate age-matched sub-lethally irradiated
mice. CellTrace Violet Proliferation Kit allowed for the tracking of the cytokine
stimulated NK cells as well as cell proliferation by flow cytometry. An advantage of
using proliferation dyes, such as CellTrace Violet, is the ability to identify the
specific number of rounds of cell division for proliferating daughter cells. /n vivo
proliferation of NK cells are readily observed as early as seven days following
stimulation (142, 143).

First I examined possible changes in Ly-6C expression following overnight
cytokine stimulation. Ly-6CN€, Ly-6C*"*! and Ly-6C*"**"™A" gplenic NK cells

were isolated via cell sorting (Figure 5-3 A). The cells were then stimulated with IL-
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Figure 5-3: Ly-6C expression is largely unchanged during overnight cytokine
stimulations.

Ly-6CN€, Ly-6C*?! and Ly-6C*2"™MAP NK cells were isolated from NK1.1"CD3e"
splenocytes by cell sorting (A). Post-sort, Ly-6CN, Ly-6C*“2! and Ly-6CAL21MAP
NK cells were stimulated overnight with IL-12, IL-18 and IL-15. The next day,
stimulated Ly-6C™°€, Ly-6C*"?" and Ly-6C**2""™MAP NK cells were re-stained with
AL-21 and iMAP antibodies and Ly-6C expression determined by flow cytometry (B).
Dot plot is representative of three experiments.
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12, IL-18 and IL-15 overnight and the next day, re-stained with AL-21 and iMAP and
expression of Ly-6C examined by flow cytometry. No dramatic changes in Ly-6C
expression were observed following stimulation (Figure 5-3 B). The expression levels
and pattern of Ly-6C€, Ly-6C*"2!, Ly-6C*"2"MAP NK cells remained relatively
similar after stimulation compared to after isolation (Figure 5-3 B).

Seven days post-transfer, of sorted and stimulated NK cell subsets, | examined
the proliferation of Ly-6CN¢, Ly-6C*"2" and Ly-6C**2"™AP NK cells in the spleen
based on CellTrace Violet dye dilution by flow cytometry (Figure 5-4 A). From my
results, cytokine stimulated Ly-6CN€, Ly-6C**2" and Ly-6C**"MAP NK cells all
proliferated extensively in vivo (Figure 5-4 B). Based on the number of violet dye
dilutions, a number of Ly-6C™¢, Ly-6C*"?" and Ly-6C**2""™MA" NK cells progressed
through four to five rounds of division in seven days (Figure 5-4 B). While the
majority, over 80%, of Ly-6C~%, Ly-6C**?! and Ly-6C*"*"™MAP NK cells
proliferated, there was no observable difference in the percentage of proliferated cells
between the different NK cell subsets (Figure 5-4 C). However, upon closer
examination, there was a significantly higher proportion of Ly-6C" NK cells (>50%)
that proliferated four or more times than Ly-6C*"*! and Ly-6C**2"™MAP NK cells
(<40%) (Figure 5-4 C). Collectively, my results suggest that while Ly-6C*"*! and
Ly-6CAM2VMAP NIK cells are highly proliferative following cytokine stimulation, Ly-
6CNtNK cells are more capable of sustaining extensive rounds of proliferation than
Ly-6C expressing NK cells. These results further support the notion that Ly-6C
expressing NK cells may represent a further differentiated population of NK cells as

proliferation potential typically diminishes with differentiation cell state (89).

Sub-lethal irradiation enhances survival of adoptive transferred NK cells without
altering Ly-6C expression on host and transferred NK cells six weeks post transfer
From my preliminary results in Chapter 4, I showed that long-lived NK cells
are present within the Ly-6C" population of NK cells. My previous findings resemble
memory NK cell phenotypes generated following MCMYV infections (73). Among
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Figure 5-4: Ly-6C"® NK cells have higher proliferative capabilities than Ly-
6C*2! and Ly-6C**"™MAP NK cells.

Sorted Ly-6CN¢, Ly-6C*2! and Ly-6C**"™MAP NK cells were activated separately
overnight with IL-12, IL18 and IL-15. The next day the NK cells were labeled with
CellTrace Violet Dye from Life Technologies and adoptively transferred via tail vein
injection into separate sub-lethally irradiated recipient mice. Seven days post-transfer,
proliferation of transferred NK cells was determined by examining violet dye
dilutions via flow cytometry (A). Histogram show typical violet dye dilution peaks of
stimulated Ly-6CN%, Ly-6C*"?! and Ly-6C***""™MA" NK cells seven days post
transfer (B). Bar graphs display percentage of proliferated NK cells (left) or
percentage of NK cells that have undergone >4 rounds of proliferation (right) (C). Bar
graphs represent mean of at least three experiments = SEM in C. * p<0.05, **p<0.01
and n.s. not significant.
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long-lived Ly-6C expressing NK cells, I observed a large increase in the percentage
of Ly-6C*L2"™MAP NIK cells (Chapter 4). However, in those preliminary experiments,
recipient congenic mice were fully immune competent at the time of adoptive transfer
of cytokine stimulated NK cells. Consequently, the recovery of transferred NK cells
six weeks post transfer were extremely low and posed significant difficulties to the
further analysis of these long-lived NK cells. As a result, to increase recovery of long-
lived NK cells, recipient mice were sub-lethally irradiated prior to adoptive transfer
of stimulated NK cells. Sub-lethal irradiation of recipient mice temporarily reduces
host lymphocyte populations and enhances establishment of transferred NK cells
(116).

Sorted splenic NK cells were stimulated with IL-12, IL-18 and IL-15
overnight and adoptively transferred into age-matched sub-lethally irradiated
CD45.1" congenic mice the next day. Six weeks after transfer, Ly-6C expression on
transferred and host NK cells from the spleen were examined using AL-21 and iMAP
(Figure 5-5 A). Host and adoptively transferred NK1.1'CD3g” NK cells from the
spleen were identified based on CD45.2 CD45.1" and CD45.2°CD45.1°, respectively.
Six weeks post transfer, sub-lethal irradiation of recipient mice significantly increased
the recovery of adoptively transferred NK cells. Without irradiation, transferred NK
cells represented less than 2% of the total NK cell population (Chapter 4). In contrast,
following sub-lethally irradiation of recipient congenic mice, transferred NK cells
represented greater than 5% of the NK cell population (Figure 5-5 B). Six weeks post
transfer, half of the unstimulated splenic host NK cells did not express Ly-6C while
around 40% and 10% of host NK cells were stained by AL-21 or AL-21 and iMAP,
respectively (Figure 5-5 C). These findings were similar to previous results of NK
cells from naive unchallenged >7 week old mice (Chapter 4). In contrast, less than
20% of cytokine stimulated long-lived transferred CD45.2" NK cells were Ly-6C
negative while the majority of transferred NK cells expressed Ly-6C (Figure 5-5 C).
Among these NK cells, over 50% of the cytokine stimulated long-lived NK cells were
stained by AL-21 only while Ly-6C*"*"™4P NK cells represented nearly 30% of the
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Figure 5-5: Long-lived NK cells are high expressers of Ly-6C.

Sorted NK1.1"CD3¢” NK cells from wild-type CD45.2" C57BL/6 mice were
stimulated overnight with IL-12, IL-18 and IL-15 and adoptively transferred into sub-
lethally irradiated age-matched congenic CD45.1" mice. Six weeks post transfer,
staining of AL-21 and iMAP on host (CD45.1") and transferred (CD45.2") NK cells
were examined by flow cytometry (A). Host (CD45.1") and transferred (CD45.2")
NK cells were sub-gated from NK1.1°'CD3g splenocytes (B). Representative
distribution of host (CD45.1") and transferred (CD45.2") Ly-6CN, Ly-6C**?! and
Ly-6C*-2VMAP NK cells six weeks post transfer of stimulated NK cells are shown
(C). Relative ratio of the percentage of Ly-6C*"*! and Ly-6C*"*"™MAF of host and
adoptive transferred NK cells (D). Bar graphs in C and D represent mean of at least
three experiments = SEM. * p<0.05.
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long-lived transferred NK cells (Figure 5-5 C). Among all Ly-6C positive NK cells,

AL-21/iMAP
C R 1)

long-lived transferred NK cells had a significantly higher ratio of Ly-6
Ly-6C*?! NK cells compared to host NK cells in the spleen (Figure 5-5 D).
Collectively, my results suggest that cytokine stimulated long-lived splenic NK cells
express high levels of Ly-6C with a higher proportion of long-lived NK cells from
spleen expressing Ly-6C stained by both AL-21 and iMAP compared to unstimulated
host NK cells from age-matched recipient mice. While these results may be
influenced by the activation of transferred NK cells with cytokines, previous
preliminary data using NK cells cultured with low dose of IL-15, which is required
for NK cell survival and does not induce NK cell activation, suggests that increase in
Ly-6C expressing NK cells over time may be an intrinsic property of long-lived
splenic NK cells (Chapter 4). Additionally, sub-lethal irradiation of recipient mice
enhanced the recovery of the adoptively transferred NK cells six weeks post transfer
without prevent the expression of Ly-6C on host and cytokine pre-activated

transferred NK cells.

Long-lived NK cells display a mature phenotype

Phenotypically, expression of KLRG1 and CD11b have been utilized to
identify mature NK cells (87-89). Interestingly, splenic memory NK cells generated
from MCMYV infections have also been shown to express low levels of CD27 and
high levels of KLRG1 >70 days after infection (73). Therefore, I next wanted to
determine the distribution and expression level of CD27, CD11b and KLRG1 on
cytokine stimulated long-lived NK cells.
As before, NK cells were purified via sorting of NK1.1"'CD3¢ " splenocytes and
stimulated overnight with IL-12, IL-18 and IL-15 and adoptively transferred into sub-
lethally irradiated CD45.1" congenic mice. Six weeks post transfer, expression of
CD27, CD11b and KLRG1 were examined on NK cells isolated from the spleen. To
distinguish host and transferred NK cells, NK1.1"CD3g NK cells were further
divided into CD45.2°CD45.1" transferred NK cells and CD45.2"CD45.1" host NK
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cells. Not surprisingly, in accordance with my previous observations in unchallenged
mice, host NK cells displayed a similar distribution of CD11b and CD27 expression
(Figure 5-6 A). Around half of the host NK cells were matured NK cells expressing a
CD11b"CD27 phenotype while no more than 20% of the host NK cells were found
in each of the other CD11b CD27 , CD11b CD27" or CD11b"CD27 NK cell subsets
(Figure 5-6 A). In contrast, greater than 90% of long-lived adoptively transferred NK
cells were CD11b"CD27 while only a low percentage of long-lived NK cells were
found in the CD11b CD27", CD11b CD27" or CD11b"CD27" NK cell subsets
(Figure 5-6 A). In terms of KLRG1 expression, a significantly higher percentage of
long-lived NK cells expressed KLRG1 compared to host NK cells (Figure 5-6 B). In
fact, less than half of the host NK cells expressed high levels of KLRG1 compared to
over 90% of long-lived transferred NK cells (Figure 5-6 B). Collectively, my results
suggest that long-lived splenic NK cells may be found in the population of
CD11b'CD27 and KLRG1 expressing NK cells; a phenotype associated with fully
mature and fully differentiated NK cells.

Long-lived NK cell respond to cytokine re-stimulation

Thus far, I have characterized long-lived splenic NK cells as a population of
Ly-6C expressing NK cells with an increased ratio of Ly-6C*"*"MAP NK cells to Ly-
6C*?! NK cells compared to unstimulated NK cells. Not surprisingly, long-lived
splenic NK cells expressed high levels of KLRG1 and CD11b and lacked CD27
expression (Figure 5-6); a phenotype of mature NK cells (87-89). Additionally,
Cooper et al. previously demonstrated enhanced IFNy production from long-lived
cytokine stimulated NK cells compared to untreated NK cells (142). However, their
study was performed using Ragl-deficient mice which contains enhanced NK cell
numbers and lack any mature B and T cells (7, 227). Interestingly, Andrews et al.
recently suggested a potential role for Ragl in NK cell development independent of
known Ragl-dependent cells such as T and B cells (240). Therefore, I next wanted to

examine the functionality of long-lived NK cells generated in Raglsufficient
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Figure 5-6: Long-lived NK cells express high levels of CD11b and KLRGI.

NK cells were sorted from C57BL/6 mice, activated with IL-12, IL-18 and IL-15 and
transferred into sub-lethally irradiated age-matched CD45.1" congenic mice as
depicted in Figure 5-4 A. Distribution of CD11b, CD27 and KRLG1 was examined
by flow cytometry on host (CD45.1") and pre-activated adoptively transferred
(CD45.2") NK cells six weeks post adoptive transfer. Dot plot shows representative
expression patterns of CD11b and CD27 on CD45.1and CD45.2" NK cells from
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spleen (A). Histogram displays typical expression of KLRG1 on CD45.1" and
CD45.2" NK cells from spleen (B). Shaded histograms represent isotype staining
control. Bar graphs represent mean of at least three experiments = SEM in A and B.
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wild-type mice.

Splenic NK1.1"'CD3e~ NK cells were sorted and stimulated with IL-12, IL-18
and IL-15 overnight and transferred via tail vein injection into sub-lethally irradiated
CD45.1" congenic mice (Figure 5-7 A). Six weeks post transfer, NK cells from the
spleen of the recipient mice were purified again by cell sorting of NK1.1'CD3e" cells
and stimulated with IL-12 and IL-15 or IL-15 only, as control, for four hours. After
the first hour, BFA was added and NK cell intracellular production of IFNy was
determined by flow cytometry (Figure 5-7 A). Host and transferred NK1.1"CD3g”
NK cells were distinguished based on CD45.1°CD45.2" and CD45.1 CD45.2"
expression, respectively (Figure 5-7 B). Following culture, as expected, IL-15
stimulation did not induce IFNy production from CD45.1" host or CD45.2" pre-
activated transferred NK cells (Figure 5-7 C). Following IL-12 and IL-15 stimulation,
host and pre-activated long-lived transferred NK cells had a similar percentage of
IFNy producing cells and level of IFNy production (Figure 5-7 C). Collectively, these
results suggest that cytokine pre-activated long-lived NK cells generated from Ragl
sufficient mice do not have enhanced IFNy production capabilities compared to the
unchallenged NK cells. Interestingly, my results differ significantly from previous
cytokine pre-activated long-lived NK cells experiments conducted using Ragl
deficient mice (142). However, as cytokine pre-activated long-lived NK cells are
greatly enriched among the Ly-6C positive population of NK cells, I therefore next
sought to examine the IFNy production capabilities of long-lived NK cells within
each Ly-6CN¢, Ly-6C*"?" and Ly-6C**>"MA? gybset.

As before, isolated splenic NK cells were stimulated with IL-12, IL-15 and
IL-18 overnight and adoptively transferred into sub-lethally irradiated congenic mice,
as described before. Six weeks post transfer, Ly-6C*>!| Ly-6C*2"MA? and Ly-
6CN8 NK cells from recipient mice spleens were isolated via cell sorting and
stimulated separately with IL-12 and IL-15 for four hours with the addition of BFA
after the first hour of stimulation (Figure 5-8 A). Host and previously transferred NK
cells were again identified based on CD45.1 and CD45.2 staining (Figure 5-8 B).
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Figure 5-7: Long-lived NK cells as a whole do not have enhanced IFNy

production capacity.

>

NK cells from CD45.2" C57BL/6 mice were isolated via cell sorting and stimulated
with IL-12, IL-18 and IL-15 overnight and transferred into sub-lethally irradiated age-
matched CD45.1" congenic mice the next day. Six weeks post transfer, NK cells from
the recipient mice spleens were sorted and stimulated for four hours with IL-12 and
IL-15 or IL-15 only and intracellular IFNy production was determined by flow
cytometry in host CD45.1" and adoptively transferred CD45.2" NK cells (A).
Following a four hour stimulation, host (CD45.1") and transferred (CD45.2") NK
cells were sub-gated from NK1.1'CD3¢” NK cells (B). Histogram is a representative
of intracellular IFNy by host (top) and adoptively transferred (bottom) NK cells post
stimulation with IL-15 only (left) or IL-12 and IL-15 (right) (C). Histogram
represents one of two experiments.
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Figure 5-8: Long-Lived Ly-6C*"*! and Ly-6C*"2"™A? NK cells have slightly
enhanced IFNy capacity.

Cytokine activated long-lived NK cells were generated as previously described in
Figure 5-4 A. Six weeks post transfer, Ly-6C™ €, Ly-6C***' and Ly-6C*“2"MAP NK
cells were purified from NK1.1" CD3g splenocyte population via cell sorting (A).
Post sort, Ly-6CN¢, Ly-6C**! and Ly-6C*"2""MAF NK cells were stimulated with
IL-12 and IL-15 for four hour, as previously described. Post culture, host and long-
lived previously transferred NK cells were identified by CD45.1 and CD45.2 surface
staining. Intracellular production of IFNy of Ly-6C"® (left), Ly—6CAL'21 (middle) and
Ly—6CAL'21/iMAP (right) host (top) and adoptively transferred long-lived (bottom) NK
cells were determined by flow cytometry (B). Shaded histograms represent isotype
control staining. Data presented is representative of one of two experiments.
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Following stimulation, a substantial population of host NK cells produced IFNy with
over 50% of host Ly-6C*"?" and Ly-6C*"2""MAP NK cells and 40% of Ly-6C*¢ NK
cells staining positive for IFNy production (Figure 5-8 B). For CD45.2" long-lived
NK cells, roughly 40% of Ly-6C™°€ long-lived NK cells produced IFNy while
approximately 60% or more of Ly-6C*"?! and Ly-6C**2"™A" Jong-lived NK cells
produced high levels of IFNy following stimulation, respectively (Figure 5-8 B).
Collectively, my results suggest that among cytokine stimulated long-lived NK cells,
Ly-6C**?! and Ly—6CAL'2”iMAP NK cells have a slightly enhanced IFNy production
capability compared to long-lived Ly-6C™€ NK cells.

Ly-6C*"*"™MAP NK cells mature from Ly-6C***' and Ly-6C"* NK cells
From my results and others, long-lived NK cells are enriched within the Ly-
6C positive population of NK cells (73, 237) (Figure 5-5 C). Additionally, I have

CAL—21 and

demonstrated two distinct populations of Ly-6C expressing NK cells, Ly-6
Ly-6CAH2VMAP NIK cells. While these results suggest Ly-6C expression may be used
as a potential cell surface marker for long-lived or “memory” NK cells, whether
acquisition of Ly-6C expression represents a developmental progress for long-lived
NK cells or expression of Ly-6C represents a distinct subset of NK cells capable of
longevity has not been fully examined. Therefore, I next sought to examine the
relationship between Ly-6CN¢, Ly-6C**?" and Ly-6C*“2"MAP NK cells.

To determine the relationship of Ly-6C expression to long-lived NK cell
development, purified Ly-6C™¢, Ly-6C**! and Ly-6C*"2""MAP NK cells were
stimulated separately with [L-12, IL-15 and IL-18 overnight and adoptively
transferred into separate sub-lethally irradiated CD45.1" congenic mice. Six weeks
post transfer, expression of Ly-6C, CD11b, CD27 and KLRGI1 on long-lived
CD45.2" adoptively transferred NK cells from spleen were examined by flow
cytometry (Figure 5-9 A). Six weeks post transfer, a clear trend of Ly-6C expression

on long-lived NK cells was observed (Figure 5-9 B). When I examined CD45.2"
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transferred NK cells from the recipient mouse of Ly-6C"2 NK cells, a small
population of NK cells remained negative for Ly-6C expression (Figure 5-9 B).
However, the majority of Ly-6C negative origin NK cells now expressed detectable
levels of Ly-6C, with a substantial population of Ly-6C*"?! and Ly-6C*"2"MAP NK
cells observed (Figure 5-9 B). When I examined Ly-6C*"?' origin transferred
CD45.2" NK cells, a large proportion remained Ly-6C*"*' with a substantial
percentage of the NK cells now expressing Ly-6C recognized by both AL-21 and
IMAP (Figure 5-9 B). From the density plots, two distinct populations of Ly-6C
positive NK cells were clearly visible; Ly-6C*"*' and Ly-6CAL'21/ iMAP (Figure 5-9 B).
Finally, when CD45.2" Ly-6C*?""™MAP origin NK cells were examined six weeks
post transfer, the vast majority of the NK cells retained their reactivity towards AL-21
and iIMAP (Figure 5-9 B). Although less than 20% of the NK cells were solely
expressing the AL-21 recognized epitope, Ly-6C*-2!MAP
70% of the long-lived NK cells recovered (Figure 5-9 B).
Next I sought to further define the relationship between KLRG1, CD11b and

NK cells represented over

CD27 maturation markers to Ly-6C expression during long-lived NK cell
development. Given my prior results, not surprisingly, greater than 90% of the long-
lived NK cells generated from the transfer of Ly-6C"%, Ly-6C*"?! and Ly-6C*"
2VIMAP 4 igin NK cells expressed KLRG1 (Figure 5-9 C). In terms of CD11b and
CD27, the majority of long-lived Ly-6C~® origin CD45.2" NK cells expressed a
mature CD11b'CD27 phenotype (Figure 5-9 D left). Long-lived CD45.2" NK cells
that acquired expression of Ly-6C were exclusively CD11b"CD27 (Figure 5-9 D
left). A noticeable population of long-lived Ly-6C™°® origin CD45.2" NK cells that
remained Ly-6C™°¢ after six weeks were found to be negative for CD11b expression
after six weeks (Figure 5-9 D left). In contrast long-lived NK cells generated from the
transfer of CD45.2" Ly-6C*"?" and Ly-6C*"*"™MA” NK cells, were exclusively
CD11b'CD27 (Figure 5-9 D center and right).

My results demonstrate that Ly-6C expressing NK cells do not represent a

distinct subset of NK cells. Rather, long-lived NK cells acquired and/or maintained
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Figure 5-9: Ly-6C*"2™MAP NK cells are further differentiated NK cells.

Sorted Ly-6C™¢, Ly-6C*"2" and Ly-6C**>"MA" NK cells were stimulated overnight
with IL-12, IL-18 and IL-15 and transferred into separate age-matched sub-lethally
irradiated mice the next day. Six weeks post transfer Ly-6C expression based on AL-
21 and iMAP staining and CD11b, CD27 and KLRG1 on splenic long-lived CD45.2"
NK cells were profiled by flow cytometry (A). Insert dot plots depict purity of sorted
Ly-6CN8, Ly-6C*"*! and Ly-6C*"2""™A? NK cell prior to overnight cytokine
stimulation (B). Six weeks post transfer, staining of CD45.2" NK cells by AL-21 and
iMAP is shown for recipient mice initially receiving stimulated Ly-6C~¢ (left), Ly-
6C*2! (middle) and Ly—6CAL'21/iMAP (right) NK cells. KLRG1 on CD45.2" long-lived
NK cells are also shown from recipient mice injected with Ly-6C™¢ (left), Ly-6C*"'
(middle) and Ly-6C**"™MA" (right) NK cells. Shaded histograms represent isotype
staining controls (C). CD45.2" long-lived NK cells resulting from recipient mice
injection with Ly-6CN¢ (left), Ly-6C*"*' (middle) and Ly-6C**2"™4 (right) NK
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cells, were divided into Ly-6CN€, Ly-6C*"?! and Ly-6C*"2"™4? NK cell subsets
and expression of CD11b and CD27 were examined for each subset (D). Data
presented is a representative of one of two experiments with one mouse per treatment.
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Ly-6C expression over time following cytokine stimulation. Additionally, within Ly-
6C expressing long-lived NK cells, there is a progression of Ly-6C*"*' NK cells to
Ly-6CA-2VMAP NIK cells. While not definitive, the majority of transferred Ly-6C*™
2UMAP ,rigin NK cells remained reactive to both AL-21 and iMAP six weeks post
transfer and may suggest a Ly-6C expression equilibrium favorable to expression of
Ly-6C reactive to AL-21 and iMAP over time. Additionally, my results suggest that
expression of KLRG1 and CD11b and lack of CD27 may also be used in conjunction
with Ly-6C epitope expression to identify long-lived NK cells. Collectively, these
results suggest that Ly-6C expression is a further stage of NK cell differentiation
beyond the acquisition of CD11b and KLRG1 expression. In fact, within Ly-6C
expressing NK cells, the most differentiated stage of NK cells observed in my
experiments are NK cells simultaneously expressing AL-21 and iMAP epitope Ly-6C

molecules.

Summary
In this chapter, I first aimed to determine the differentiation and functional
relationship of Ly-6CN¢, Ly-6C*"*! and Ly-6C**2""MAP NK cells. Using CD11b,
CD27 and KLRG1, I characterized the maturation states of Ly-6C™ €, Ly-6C*"?! and
Ly-6CAH2VMAP NIK cells from the spleen. Only Ly-6CN€ NK cells had a significant
CAL21

proportion of immature CD11b negative NK cells. In contrast, Ly-6
6CAL2VMAP K cells were almost exclusively CD11b"CD27 . Additionally, Ly-6C

and Ly-

positive NK cells also had a significantly higher percentage of KLRG1 expressing
cells than Ly-6C"8 NK cells. These results collectively suggested that Ly-6C
expressing NK cells are mature and, as they are exclusively CD11b"CD27 ", may be a
highly differentiated subset of NK cells. Additionally, immature CD11b negative and
CD11b"CD27" NK cells were largely represented in the population of Ly-6C~¢ NK
cells, suggesting that Ly-6C expression may be acquired during NK cell development
mainly on mature CD11b"CD27 NK cells. In this sense, Ly-6C is similar to KLRG1
where both are expressed almost exclusively on mature CD11b"CD27 NK cells (87,
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89). Additionally, while Ly-6C €, Ly-6C*"2! and Ly-6C***"™MA? NK cells were all
highly proliferative, Ly-6C"*2 NK cells were clearly better able to sustain a higher

AL-21
C and

percentage of NK cells past four or more rounds of cell division than Ly-6
Ly-6CA-2VMAP NIK cells. This finding also suggests that Ly-6C expressing NK cells
may be a further differentiated subset of NK cells than Ly-6C negative NK cells.
However, in terms of cytokine production, the frequency of IFNy producing cells in
all three subsets of NK cells were equivalent following stimulation with pro-
inflammatory cytokines. However, my findings differ from previous findings of Sato
et al. where Ly-6C positive NK cells were found to secrete larger quantities of IFNy
than Ly-6C negative NK cells (223). A possible explanation of the discrepancy may
be in the stimulation methodology used. Sato et al. stimulated sorted Ly-6C positive
and negative NK cells for 48 hours and examined secreted IFNy in the supernatant via
ELISA, whereas I, and others, examined intracellular accumulation of IFNy after a
short four hour stimulation (142). Consequently, it would be interesting to examine
IFNy secretion from Ly-6CN¢, Ly-6C**?' and Ly-6C*"?"MAP NK cells following
prolonged pro-inflammatory cytokine stimulation.

Additionally, I also examined phenotypic characteristics and functional
properties of long-lived Ly-6C expressing NK cells. As demonstrated in the previous
chapter, long-lived NK cells expressed high levels of Ly-6C (Chapter 4). Not
surprisingly, these results were confirmed in sub-lethally irradiated recipient hosts,
where sub-lethal irradiation enhanced the recovery of long-lived NK cells six weeks
post transfer. My results are also consistent with previous findings in MCMV
generated memory splenic NK cells (73). However, in the previous report, Ly-6C NK
cells were not further sub-divided. Among long-lived NK cells, I observed a
significantly higher ratio of Ly-6C**>"MA? to Ly-6C***! NK cells compared to host
NK cells. This finding suggested that while NK cell longevity may be associated with
Ly-6C expression, over time, there is an increase in co-expression of AL-21 and
IMAP reactive Ly-6C on long-lived NK cells. As expected, long-lived NK cells
expressed high levels of KLRG1 and were almost completely CD11b"CD27 ; a
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phenotype representative of a highly differentiated NK cell (87-89). However,
functionally, I did not observe greatly enhanced IFNy production capabilities to a
cytokine stimulation from long-lived NK cells compared to unstimulated naive NK
cells, as previously reported (142). A possible explanation for the discrepancy may
stem from the use of Rag deficient mice by Cooper et al. Rag deficient mice are often
used for NK cell experiments as NK cells do not require somatic gene rearrangement
for expression of activating receptors, such as T cell receptors and B cell receptors (7).
Additionally, without any T or B cells, Rag deficient mice have a higher percentage
of NK cells in the spleen and slightly enhanced splenic NK cell numbers allowing for
easier and more efficient isolation of NK cells (227). However, recently, by
comparing NK cell accumulation during ontogeny, Andrews et al. suggested that
Rag-1 may have a previously unappreciated contribution to optimum splenic NK cell
development (240). Additionally, Karo ef al. also suggested that Rag gene expression
during development enable a higher level of cellular fitness in NK cells (241).

Finally, I examined the differentiation relationship between Ly-6C"%, Ly-
6C*2! and Ly-6CA-2"™MAP NK cells. Interestingly, after a six week period in vivo, 1
observed a distinct developmental progression of cytokine stimulated long-lived NK
cells from Ly-6CN€> Ly-6C*2'> Ly-6CAM2"MAY My results support the
possibility that expression of Ly-6C on NK cells occurs during later stages of NK cell
differentiation and may be used as a long-lived or memory splenic NK cell marker.
This conclusion is further supported by previous findings that memory Ly-49H" NK
cells generated from MCMYV infections are high expressers of Ly-6C (73). However,
in the previous report, whether the Ly-6C expressing Ly-49H" memory NK cells can
originated from less differentiated NK cells, such as Ly-6C negative NK cells, or
existing Ly-6C positive NK cells was not addressed (73).

From my results, it is clear that in an unstimulated state, once acquired, NK
cells do not readily lose expression of Ly-6C. Cytokine stimulated NK cells were able
to progress from Ly-6C"¢ to Ly-6C**2"™MA" within six weeks. However, even after

six weeks, approximately 25% of cytokine stimulated Ly-6C" origin NK cells
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remained negative for expression of Ly-6C (Figure 5-9). As Ly-6C"® NK cells have
an enhanced proliferative capability (Figure 5-4), it is possible that the small
percentage of long-lived Ly-6C~€ NK cells represent a self-renewing population of
previously stimulated long-lived NK cells able to sustain a population of highly
differentiated Ly-6C*"2" and Ly-6C***""MAP NK cells over a period of time. Sun ez
al. have reported findings that memory NK cells following MCMYV infection persist
up to six months post infection (236). However, the steadily declining number of
memory NK cells did make their observation more difficult (236). Additionally, it is
also possible that once Ly-6C is expressed on long-lived NK cells, expression of AL-
21 and iIMAP reactive Ly-6C may still be reversible. Recently, Omi et al. suggested
that while Ly-6C negative NK cells start to acquire Ly-6C expression in vivo in as
little as two weeks, Ly-6C positive NK cells lose Ly-6C expression following IL-15
stimulation (242). In the future, it would therefore be interesting to examine the
expression of Ly-6C on long-lived NK cells beyond six weeks to further determine
the long-term contributions of Ly-6C™°€, Ly-6C*"?' and Ly-6C**2"™MA” NK cells to
a sustained long-lived memory NK cell population.

Finally, it would be interesting to examine the expression of AL-21 and iMAP
Ly-6C epitopes on viral specific splenic memory NK cells, such as Ly-49H" MCMV
specific memory NK cells, where Ly-6C expression was first described on memory
NK cells. Additionally, while no difference in production of IFNy between cytokine
stimulated long-lived NK cells and unstimulated NK cells was observed, titration of
the quantity of cytokines used to re-stimulate long-lived NK cells may reveal

enhanced sensitivity of long-lived NK cells to a secondary stimulation.
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Chapter 6: General Discussion

Summary of Results:

FasL expression in CD8" T cells

Cell mediated cytotoxicity is largely directed by CD8" T cells and NK cells of
the adaptive and innate immune systems, respectively. Cytotoxic lymphocytes lyse
target cells through two mechanisms, a perforin/granzyme degranulation dependent
mechanism and a degranulation independent FasL-Fas receptor/ligand mechanism.
While both systems are utilized by CD8" T cells and NK cells, it still remains unclear
as to the purpose and importance of retaining both systems. In particular, the FasL-
Fas receptor/ligand killing mechanism which is kinetically a slower inducer of target
cell apoptosis and in many systems, is seemingly redundant to degranulation
mediated immunity. This question is of great importance in understanding CDS™ T
cell effector functions, which are tasked with providing sterilizing immunity against
intracellular pathogens.

Recently, new studies have reported that FasL is important in CD8" T cells for
limiting viral infections and in situations of low antigen availability, vital for tumor
surveillance and control of persistent infections (165, 169, 170, 212). While a number
of co-stimulatory molecules and pro-inflammatory cytokines have been demonstrated
to augment degranulation mediated immunity in CD8" T cells, mediators of FasL
expression have been much less characterized (19, 35). In the first part of my thesis, I
investigated the role of B7.1 and ICAM-1 on intracellular FasL expression in sub-
optimally activated CD8" T cells ex vivo. The co-stimulator ligand, B7.1 and ICAM-
1 enhance GrB expression in stimulated naive CD8" T cells in a density dependent
manner. Interestingly, while B7.1 and ICAM-1 initially augmented intracellular FasL
expression in a density dependent manner, highly co-stimulated naive CDS" T cells
lost FasL expression over time in culture. /n vivo, initial ip injections of high numbers

of allogeneic P815 tumor cells induced a strong CDS8" T cell response in the
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peritoneal cavity, with nearly all responding CD8" T cells expressing GrB and
roughly half expressing intracellular FasL, eight days after injection. However, as
immunity progressed over the span of 21 days, the responding CD8" T cells
noticeably lost expression of GrB while the percentage of FasL expressing CD8" T
cells was not significantly altered. In contrast, when mice were challenged with
reduced numbers of P815, this induced a sub-optimum response from infiltrating
CDS" T cells. Interestingly, while a lower percentage of responding T cells expressed
GrB, a high percentage of T cells expressed intracellular FasL. Additionally, a
substantial portion of the T cells stimulated under these conditions expressed
intracellular FasL without expressing GrB. Taken together, these findings support the
conclusion that FasL may be preferentially expressed over GrB by CDS8" T cell

undergoing low level stimulation.

Ly-6C expression on long-lived NK cells

In the latter half of my thesis, I explored markers of long-lived NK cells, the
prototypical cellular cytotoxic innate immune cells in mammalian organisms. At the
beginning of my studies, NK cells were still largely recognized as traditional innate
immune cells: short lived cytotoxic lymphocytes with limited foreign antigen
recognition capabilities and believed not to have enhanced immune responses upon a
second challenge. However, around the same time, the first few studies describing
adaptive immune features of hepatic NK cells against chemical haptens, a number of
different virus-like particles and splenic NK cells against MCMV had just been
published (73, 151). In one study, memory Ly49H"™ MCMYV specific NK cells were
characterized as high Ly-6C expressing NK cells (73). Our laboratory had previously
generated a monoclonal anti-Ly-6C antibody, iIMAP, and identified high iIMAP
recognized epitope expression on antigen specific memory CD8" T cells generated
from a previous LCMV infection. Additionally, while CD4" T cells also express Ly-
6C, under resting conditions, iMAP only recognized Ly-6C expressed on CD8" T

cells. Additionally, non-ligand/antigen specific pro-inflammatory cytokine induced
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‘memory-like’ splenic NK cells with enhanced cytokine production capabilities were
reported from the Yokoyama laboratory (142). While these findings described a new
arm of NK cell function, phenotypic characterization of these cells had not been fully
examined, particularly, cytokine induced ‘memory-like’ NK cells.

I hypothesized that since highly iMAP reactive CD8" T cells identify antigen
specific memory CD8" T cells, the cell mediated cytotoxic arm of the adaptive
immune, IMAP may also be used to identify long-lived or ‘memory-like’ NK cells.
From my initial examinations, I showed that iMAP not only recognized CD8" T cells,
but also splenic NK cells. Additionally, in conjunction with clone AL-21, a
commercially available anti-Ly-6C monoclonal antibody, splenic CD8" T cells and
NK cells can be divided into three subsets: Ly-6C negative, Ly-6C*"?' and Ly-6C*"
21AMAP expressing cells. As iMAP partially interferes with AL-21 staining of Ly-6C,
these three subsets were most easily identified when AL-21 staining preceded iMAP
staining for Ly-6C expression. I also demonstrated that long-lived splenic ‘memory-
like’ NK cells had enhanced expression of Ly-6C identified by AL-21 or iMAP.
These results were in accordance with previous MCMV generated memory NK cell
studies demonstrating high Ly-6C expression (73). Of particular interest, I observed

CAL—Z 1/iMAP

an increased percentage of Ly-6 cells among long-lived NK cells six weeks

post adoptive transfer. Using AL-21 and iMAP, I demonstrated two subsets of Ly-6C
expressing long-lived NK cells that had not been previously described; Ly-6C*?!
and Ly-6C*-2"™MAP NK cells. In contrast, long-lived hapten sensitized hepatic NK
cells did not have an accumulation of Ly-6C expressing NK cells six weeks post
transfer.

From these studies, I sought to further characterize Ly-6C expressing NK cells.
Using multi-parameter flow cytometry, I showed that Ly-6C expressing NK cells, Ly-
6C*-?! and Ly-6C*2""™MAP were mature NK cells expressing a CD11b"CD27"
phenotype. In addition, Ly-6C expressing splenic NK cells from six to eight week old
mice possessed a higher percentage of KLRG1 positive NK cells than Ly-6C"t NK

cells. However, when isolated, Ly-6CN¢, Ly-6C*"2" and Ly-6C*"2"™4" did not
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differ in their ability to produce IFNy following pro-inflammatory cytokine
stimulation. Interestingly, Ly-6C"® NK cells did demonstrate a higher proliferative
rate compared to Ly-6C positive NK cells following pro-inflammatory cytokine
stimulation in vivo. In adoptive transfer experiments, long-lived NK cells expressed
high levels of KLRG1 and CD11b, as well as high levels of Ly-6C. When re-
stimulated with pro-inflammatory cytokines, adoptively transferred long-lived NK
cells and endogenous NK cells produced similar levels of [IFNy. However, among the
long-lived transferred NK cells, a higher percentage of Ly-6C positive NK cells
expressed produced IFNy than Ly-6C"¢ NK cells. Finally, I examined the
developmental relationship between NK cell differentiation and Ly-6C expression.
Over a six week period, I showed a clear trend of NK cells progressing from Ly-
6CN¢ to Ly-6C*2! to Ly-6C*-2"™MAP TImportantly, the transition from Ly-6C*"?' to
Ly—6CAL'2” MAP seemed to be subsequent to acquisition of KLRG1 and CD11b
expression, thus AL-21 and iMAP reactivity towards long-lived NK cells represents a

previously undefined stage of NK cell differentiation.
Major Contributions:

FasL expression levels in activated CD8" T cells

FasL expression in CD8" T cells are vital to combat against viral infections
and tumor progression. Recent studies have demonstrated reduced protection by
CDS8" T cells against LCMV, influenza and tumor metastases in the absence of FasL
mediated immunity (164, 166, 170). While a number of studies have examined FasL
mRNA expression, intracellular FasL expression at the protein level in CD8" T cells
has not been closely examined. In a recent study, Meiraz ef al. demonstrated that
following ip injection of allogeneic tumors in BALB/c mice, responding CD8" T cells
initially expressed both perforin and FasL mRNA (211). However, as the immune
response progressed, CD8" T cells lost expression of perforin mRNA while FasL
mRNA was still detected (211). These results suggested that during an immune
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response, CD8" T cells switch from an early perforin/FasL joint killing mechanisms
to a predominantly FasL killing mechanism later on and is dependent upon antigen
availability (211). However, in this study, FasL protein expression was never directly
assessed. Using a similar allogeneic model, I showed in vivo for the first time that
responding CD8" T cells in the peritoneum maintain extended expression of
intracellular FasL protein, whereas GrB expression slowly diminishes over time. My
results may suggest a higher dependence of FasL than degranulation mediated
response by CD8" T cells during late stages of an allogeneic challenge; similar to
what had been previously suggested from mRNA expression patterns (211).

Additionally, a number of studies have suggested that Fas[. mediated
immunity against viral and tumor infections is particularly important during low
antigen stimulation situations (212, 218). In a few studies, cytolysis by FasL requires
a notably lower level of activation compared to degranulation mediated killing (171,
210). In accordance, Meiraz et al. further suggested that the down-regulation of
perforin in CD8" T cells during late stages of allogeneic tumor challenge was due to
decreased tumor antigen availability (211). While Meiraz et al. focused on limited
antigen availability resulting from an immunological response, previous finds have
also suggested that FasL expressed on CD8" T cells are vital in preventing the initial
stages of tumor cell development in vivo (212). To further examine the relationship
between antigen dose and FasL/GrB expression, I showed in vivo that a sub-optimal
CDS" T cell stimulation to an allogeneic tumor cell injection favors expression of
FasL over GrB in responding T cells in the peritoneum. Sub-optimum stimulation
from a low tumor dose was able to induce FasL expression but not GrB expression in
a significant percentage of responding T cells. Collectively, from my in vivo data and
previous findings discussed above, it would seem that during the course of a natural
infection or tumor development, initial CD8" T cell immunity may rely strongly on
FasL mediated killing of infected or transformed cells. As the disease progresses and
antigen availability increases, CD8" T cells likely engage both FasL and

degranulation mediated immune mechanisms. Finally, as the insult subsides, resulting
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in lower levels of antigen, CD8" T cells decrease dependence on degranulation
mediated immunity (Figure 6-1). Additionally, FasL induction of apoptosis has
previously been determined to be kinetically slower than GrB mediated apoptosis by
multiple studies (206, 207). These findings also suggest a correlation between antigen
levels and killing mechanism; the slower FasL and faster degranulation driven
immunity during low and high antigen availability conditions, respectively.
Additionally, I also showed differential co-stimulatory requirements for FasL
and GrB expression in ex vivo stimulated CD8" T cells. While early induction of FasL
and GrB are augmented by higher levels of co-stimulation, FasL expression over time
decreases in T cells receiving high levels of B7.1 or ICAM-1 co-stimulation, whereas
GrB expression does not. As co-stimulatory molecules augment TCR stimulation and
therefore enhance T cell activation signals, these ex vivo experiments would suggest
that lower collective activation signal strength allows for sustained FasL expression.
While these findings may seem counter-intuitive, Seki et al. previously reported that a
number of key pro-inflammatory cytokines, such as IL-12, IL-18, IFNa, TNFa and
IFNYy, had minimal effect on FasL expression in tumor specific CD8" T cells in
culture (168). While it is likely that other co-stimulatory molecule(s) and cytokine(s)
may augment and sustain FasL expression, an alternative possibility is that optimum
FasL expression can be reached at lower levels of T cell stimulation. As a number of
studies have indicated, FasL seems important under low foreign antigen stimulation
situations in vivo. Therefore, effective FasL expression may not require high levels of
co-stimulation and/or pro-inflammatory cytokines. As such, FasL. may be an early
line of defense utilized by cytotoxic T cells during the early stages of CD8" T cell
responses to an infection or tumor cell transformation without the need for generating

a highly inflammatory environment.

Long-lived NK cells
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Figure 6-1: FasL and cytolytic granule expression in CD8" T cells.

Activated CD8" T cells may express cytolytic granule components such as
GrB and/or FasL to lyse pathogen infected or transformed cells. The kinetics of GrB
and FasL expression may depend on antigen availability. Early during an infection or
early stages of tumor cell formation, antigen availability is low. CD8" T cells
activated during this time express intracellular FasL but lack GrB expression. As time
progresses and the infection and tumor cells grow, antigen dose increases and
stimulated CD8" T cells at this time may express high levels of GrB and FasL.
However, as time further progresses and the infection or tumor subsides, antigen
levels are reduced resulting in late stage stimulated CD8" T cells to lose expression of
GrB. The expression patterns of GrB and FasL may very well reflect the relative
importance of degranulation and FasL mediated immunity provided by CD8" T cells
during varying levels of antigen availability; a higher priority for FasL mediated
cytotoxicity during low antigen doses and degranulation during high antigen doses.
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NK cells are an integral part of anti-viral immunity in mammals. Deficiencies in NK
cell recognition of MCMYV infected cells have been demonstrated to result in viral
susceptibility in otherwise resistant C57BL/6 mice (243). Using the MCMV
infection model, Sun et al. demonstrated Ly49H ™ memory NK cells can be generated
following an MCMV infection with a specificity towards m157 (73). Additionally,
NK cells have been shown to be activated independently of Ly49H expression during
early stages of MCMYV infections through activation by pro-inflammatory cytokines
(109, 110). Consequently, it is possible that pro-inflammatory cytokine stimulated
NK cells may also possess adaptive immune features. Indeed, Cooper ef al.
demonstrated that splenic NK cells activated with pro-inflammatory cytokines 1L-12,
IL-18 and IL-15 possess enhanced IFNy capabilities when re-stimulated following a
rest period of several weeks (142). These results demonstrated functional properties
of NK cells previously thought to be reserved for T and B cells. However, unlike
Ly49H expressing memory NK cells, no long-lived NK cell markers were described
by Cooper et al. (142). Therefore, in the latter half of my thesis, I examined potential
markers for long-lived NK cells following IL-12, IL-18 and IL-15 stimulation. Using
previously established NK cell maturation markers and markers found on Ly49H"
memory NK cells, I examined expression of CD11b, CD27, KLRG1 and Ly-6C on
long-lived cytokine stimulated NK cells (73, 88, 89). From my data in Chapters 4 and
5, I have determined a previously undescribed state of NK cell differentiation using
AL-21 and iMAP antibody staining of Ly-6C expressed on cytokine stimulated long-
lived NK cells.

Ly-6C expression on long-lived NK cells

Previous unpublished work from our laboratory, presented in this thesis,
demonstrated a novel monoclonal anti-Ly-6C antibody, iMAP, developed in our
laboratory that uniquely stains Ly-6C expressed on CD8" T cells but not CD4" T cells.
In contrast, clone AL-21 was found to recognize Ly-6C expressed by both CD4" and
CD8" T cells. These results suggest that CD4" and CD8" T cells may express
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different forms of Ly-6C identified through AL-21 and iMAP staining. Interestingly,
iMAP recognized antigen-specific CD8" T cells with high IFNy production
capabilities following LCMV infections in C57BL/6 mice. From my studies, |
observed that iMAP also recognized NK cells isolated from spleen and liver. In both
CDS8" T and NK cells, I observed a partial interference by iMAP on AL-21
recognition of Ly-6C. However, AL-21 was not observed to interfere with iMAP
staining. From these competitive staining experiments, it is possible that two forms of
Ly-6C may be expressed by T cells and NK cells in C57BL/6 mice. The first form of
Ly-6C may only express an epitope for AL-21 but not iMAP, as expressed by CD4" T
cells. Second, CD8" T and NK cells may express Ly-6C molecules that express
epitopes for both AL-21 and iMAP, however, binding of iMAP may hinder access of
AL-21 recognition of Ly-6C. Finally, as iMAP interference of AL-21 staining is only
partial, it is possible that CD8" T and NK cells may also express Ly-6C molecules
that contain only the epitope for AL-21 binding.

From these results, it was then prudent to examine Ly-6C expression on NK
cells with a two-step staining process; staining with AL-21 followed by staining with
iIMAP. With this procedure, I was able to identified two subsets of NK cells within
the Ly-6C positive population; Ly-6C**?" and Ly-6C*2"™MA” ' Additionally, since
previous studies have shown Ly-6C to be a potential memory NK cell marker (73), |
therefore further examined Ly-6C expression on NK cells using AL-21 and iMAP
antibodies. From my preliminary adoptive transfer studies, I observed an increased
percentage of Ly-6C positive NK cells among splenic long-lived NK cells. In contrast,
long-lived adoptively transferred hepatic NK cells were almost exclusively Ly-6C
negative even though a noticeable population of host hepatic NK cells expressed Ly-
6C, to a similar degree as previously reported for hepatic NK cells (242). While it is
unclear why I observed this difference, it is possible that differential Ly-6C
expression may be an inherent distinction between hepatic and splenic origin NK

cells.
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Recent analysis of NK cell accumulation during development suggests
potential differences between hepatic and splenic NK cells (240). In their study,
maturation of hepatic NK cells appeared complete by five weeks of age compared to
eight weeks of age needed for splenic NK cells (240). Additionally, a liver specific
CD49a" DX5 NK cell subset, not found in spleen, was observed to mediate hapten
specific memory (155). Using surgically joined congenic mice by parabiosis, Peng et
al. demonstrated that the liver specific CD49a" DX5™ NK cells do not enter peripheral
circulation without a peripheral stimulus and do not migrate to the liver of the
opposite conjoined mouse (155). However, hapten generated memory NK cells have
been shown to migrate to the site of a secondary stimulation in a hapten dependent
manner (150, 151). Since NK cells have been found and circulate among many
peripheral organs, one possible origin of the Ly-6C positive NK cells in the liver may
be from circulating splenic NK cells that have taken up residence in the liver. In
contrast, hepatic origin NK cells and hepatic origin memory NK cells may not
naturally express Ly-6C. While collectively these findings may explain discrepancies
between Ly-6C staining on long-lived hepatic and splenic NK cells, examination of
Ly-6C expression on CD49a" DX5 hepatic NK cell will need to be examined in

future studies.

Maturation markers expressed by Ly-6C positive NK cells

Splenic and peripheral NK cell maturation have been commonly defined
through staining of CD11b and CD27. From immature to mature, NK cells progress
through at least four stages; CD11b CD27 , CD1 1b CD27", CD11b"CD27" and
CD11b"CD27 (88). Additionally, NK cell maturation has also been shown to
associate with KLRG1 expression, only found on CD11b"CD27 NK cells (89). From
my results, I found that while Ly-6C positive NK cells can be divided into Ly-6C*"!
and Ly-6C*"""MAP NK cells, most of the Ly-6C positive NK cells displayed a
CD11b"CD27 phenotype with a significant population of cells also expressing
KLRGI. These findings suggest that Ly-6C positive NK cells are mature.
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Additionally, as the vast majority of Ly-6C positive NK cells are CD11b"CD27"
compared to Ly-6C negative NK cells, it is likely that acquisition of Ly-6C
expression may occur predominantly after down regulation of CD27 expression on

developing NK cells.

Proliferative and IFNy production by Ly-6C positive NK cells

Often, cells with an increased differentiation state have a lower proliferative
potential, as with KRLG1 negative relative to positive NK cells (89). As such |
examined the proliferative potential of NK cell subsets that differ in Ly-6C
expression. My results showed that Ly-6C™€ NK cells are more proliferative than Ly-
6C positive NK cells in vivo; suggesting that Ly-6C positive NK cells may be further
differentiated than Ly-6C negative NK cells.

Additionally, I tested the IFNy production capabilities of Ly-6C negative and
positive NK cells following a four hour ex vivo cytokine stimulation. Of the Ly-6C
sorted NK cell subsets, the percentage and quantity of IFNy production, as measured
by flow cytometry, were similar between Ly-6C negative and Ly-6C positive NK
cells. Interestingly, my results differ from a recent publication on IFNy production
from NK cells with regard to Ly-6C expression. In a recent findings, Omi et al.
reported higher IFNy secretion from Ly-6C negative NK cells following 24 hour
stimulation with IL-2 in combination with either IL-12 or IL-18 compared to Ly-6C
positive NK cells (242). In this report, Omi et al. examined IFNy over a much longer
time frame than in my experiments, 24 hours compared to four hours, respectively.
Additionally, Omi et al. stimulated NK cells with a much higher concentration of IL-
12 or IL-18 at 100ng/ml. In contrast, my stimulations consisted of stimulations of
10ng/ml of IL-12, a concentration previously utilized by other groups for NK cell
stimulations (142, 144). It is possible that at high cytokine stimulation concentrations
and over a 24 hour period, Ly-6C negative NK cells may secrete larger quantities of
IFNy than Ly-6C positive NK cells. However, Ly-6C positive NK cells may have a

lower threshold of sensitivity towards pro-inflammatory cytokine stimulations during
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short term stimulations. Future studies with titrated levels of cytokine stimulations

will be required to further clarify the differing findings.

IFNy production of long-lived NK cells

While a number of studies have demonstrated foreign antigen dependent
generation of memory NK cells, Cooper et al. were the first to describe an antigen
independent and activating ligand independent mechanism for memory NK cell
generation (142). Using Rag deficient mice, Cooper et al. demonstrated that long-
lived ‘memory-like’ NK cells can be generated following cytokine stimulation of
splenic NK cells with IL-12, IL-18 and low levels of [L-15, as a survival factor (142).
The resulting ‘memory-like’ NK cells possess enhanced IFNy production capabilities
compared to previous unstimulated splenic NK cells (142). Additionally, a recent
study based on NK cell accumulation during ontogeny suggested a possible role for
Rag in NK cell development (240). In their study, based on CD27 and CD11b
staining, the splenic NK cell population in WT mice were not fully developed until
eight weeks after birth whereas the limited NK cell population present in the spleen of
Rag deficient mice seemed to be developed by week two (240). Additionally, Karo et
al. recently suggested that Rag gene expression at the CLP stage of NK cell
development may enhance NK cell fitness and survival (241). In a comparison of NK
cells from Rag deficient and Rag sufficient mice, Rag deficient mice displayed a
higher killing potential of target tumor cells in vitro (241). However, in an in vivo
competitive survival assay, Karo et al. also demonstrated that NK cell from Rag
deficient mice possessed a reduced survival rate compared to NK cells isolated from
Rag sufficient mice (241). Collectively, these studies suggest that the Rag gene may
have previously unappreciated functions in NK cell development. Therefore, I sought
to examine the responses of ‘memory-like’ NK cells generated from Rag-sufficient
WT mice. I observed a similar NK cell IFNy response from long-lived ‘memory-like’
NK cells previously stimulated with pro-inflammatory cytokines and NK cells that

had not been previously stimulated; a contrast to results published by Cooper et al.
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My results suggest that in Rag-sufficient mice, long-lived ‘memory-like’ NK cells
may not have an enhanced IFNy production capability. However, the responses of
naive and long-lived ‘memory-like’ NK cells to lower levels of cytokine stimulation
were not examined. It is possible that long-lived ‘memory-like’ NK cell may have
increased sensitivity towards pro-inflammatory cytokine stimulations than naive NK
cells. Interestingly, among the long-lived NK cells, a higher percentage of Ly-6C*""
21/iMAP

NK cells produced IFNy following IL-12 stimulation compared to Ly-6C
long-lived NK cells.

Ly-6C*"*"™MAP NK cells are highly differentiated NK cell subsets

From earlier experiments, Ly-6C expression on NK cells seemed to identify
mature and highly differentiated NK cells. From past publications, Ly-6C has been
associated with highly differentiated T and B cells, specifically memory CD8" T cells
and plasma B cells, respectively (196, 201). Indeed, through adoptive transfer
experiments of sorted and stimulated Ly-6C"%, Ly-6C*"?" and Ly-6C**2"MAP NK
cells, I observed a clear NK cell differentiation trend progressing from Ly-6C~® to
Ly-6C*2! to Ly-6C*-2"MAP Qix weeks post transfer of originally Ly-6CN¢ NK

cells, a proportion of NK cells progressed to Ly-6C*"!

or remained Ly-6C deficient.
Similarly, of the transferred Ly-6C*"*' NK cells, a significant percentage of the cells
remained as Ly-6C*"*' NK cells. These results suggest that while expression of Ly-
6C is acquired on NK cells over time, continual development of NK cells from Ly-
6CN to Ly-6C*2! to Ly-6C*-"™MA” may continue beyond six weeks. Recently,
Omi ef al. also suggested that Ly-6C positive NK cells in mice develop from Ly-6C
negative NK cells (242). In vivo, two weeks following transfer of Ly-6C negative NK
cells, roughly 30% of the cells acquired Ly-6C expression (242). Additionally, NK
cells with expression of Ly-6C prior to adoptive transfer, remained Ly-6C positive
two weeks post transfer (242). Additionally, since I did not observe a substantial

reversion of Ly-6C positive to Ly-6C negative NK cells, it is possible that long-lived

Ly-6CN° NK cells may represent a long-term reservoir for the generation of Ly-6C
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positive NK cells. Nonetheless, a small percentage of Ly-6C positive origin NK cell
did seem to revert back to the Ly-6C™°€ stage. This may be a result of a population of
self-renewing contaminating Ly-6C~°¢ NK cells in the original sorted Ly-6C positive
population. Additionally, while Ly-6C expression on NK cells seemed stable, a
reversion of Ly-6C positive NK cells to Ly-6C negative NK cells may be
accomplished through high levels of IL-15 stimulation in vivo and ex vivo (242). As
my experiments utilized IL-15 competent mice as adoptive transfer recipients, it is
also possible that IL-15 stimulation of long-lived Ly-6C positive NK cells resulted in
a fraction of NK cells down-regulated Ly-6C expression. Traditionally, NK cells
were believed to be short lived innate immune cells, however, these experiments
demonstrated NK cell longevity to be much longer than previously expected. Indeed,
recent reports have suggested the potential life spans of MCMYV specific memory NK
cells to be perhaps greater than six months (236).

Furthermore, my results also identified previously unknown stages of NK cell
differentiation. While NK cell maturation has been well documented with regards to
CD11b, CD27 and KLRGI1 expression, the relationship between NK cell maturation
and Ly-6C expression had not been well characterized. Six weeks post transfer of Ly-
6CN NK cells, the vast majority of the cells displayed a CD11b"CD27 KLRG1"
phenotype with over 70% of the cells expressing Ly-6C. Following the transfer of Ly-
6C*?! NK cells, nearly all the cells remained Ly-6C positive and
CD11b'CD27 KLRG1", however, less than half of the cells progressed to become
Ly-6C*-2VMAP NK cells. Similarly, six weeks post transfer of Ly-6C*"2"™MAP NK
cells, over 70% of the NK cells remained Ly-6C*"*""™MA" and were almost
exclusively CD11b"CD27 KLRG1". These results suggest that among long-lived NK
cells, acquisition of Ly-6C expression, occur on matured CD11b"CD27 KLRG1" NK
cells thereby defining a previously undocumented stage of NK cell differentiation.
Additionally, co-expression of AL-21 and iMAP epitope Ly-6C molecules further
identified NK cells that mature from Ly-6C***'CD11b"CD27 KLRG1" NK cells
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Figure 6-2: NK cell maturation/differentiation markers.

NK cell maturation has long been characterized through surface expression of

CDI11b, CD27 and KLRG1. In the periphery, immature NK cells are negative for

CDI11b, CD27, KLRG1 and Ly-6C expression. As the NK cells mature, they gain and

lose expression of CD27 as well as acquire expression of CD11b and KLRG1. In
long-lived NK cells, matured CD11b"CD27 KLRG1" NK cells acquire Ly-6C

expression. In these NK cells, they first acquire Ly-6C molecules expressing the AL-
21 epitope followed by Ly-6C molecules expressing both AL-21 and iMAP epitopes.
The examination of Ly-6C expression on NK cells suggest a previously undescribed

stage of NK cell differentiation and may be utilized as a NK cell longevity marker in

future studies.
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(Figure 6-2). Collectively, my results describe two additional stages of NK cells

differentiation that have not previously been described (Figure 6-2).

Future Directions

FasL expression in low dose acute viral infections

Degranulation has been suggested to be the dominant mechanism for CD8" T
cell clearance of acute infections. However, recently, FasL has been shown to play a
role in mediating acute viral infections such as LCMV and influenza (164, 170). A
number of studies have also identified an important role for FasL. mediated immunity
under low TCR stimulation conditions (171, 212). Importantly, in vivo studies have
also demonstrated a role for FasL during low viral and tumor antigen levels (211,
218). Collectively, these reports and my observations of FasL protein expression in
CDS" T cells suggest that FasL may play a key role in CD8" T cell response during
sub-optimal T cell activation conditions. Therefore, it would of interest to re-examine
FasL expression patterns in CD8" T cells during infection by additional viruses.
Particularly, with low infectious doses that would induce a sub-optimum stimulation
of antigen-specific CD8" T cells, similar to that described in this thesis. Such studies
may provide further insight into the particular importance of FasL during low viral
titer infections compared to high infection titers. Future studies involving low doses
of virus infections could also be performed using mice conditionally deficient in FasL

expression in parallel.

Co-stimulatory induction of FasL expression

In this thesis, I observed an increase in FasL expression following B7.1 and
ICAM-1 co-stimulation ex vivo. Interestingly, high levels of B7.1 and ICAM-1 co-
stimulation seemed to augment FasL expression in stimulated T cells, however, it did
not induce sustained expression of FasL in the stimulated cells. Recent findings have

suggested that CD27 co-stimulation may augment FasL expression following antigen
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specific stimulation of OVA peptide restricted OT-1 CD8" T cells (244). Wensveen et
al. found co-stimulation effects on FasL expression with high rather than low levels
of peptide stimulation (244). However, in this recent report, FasL expression was
determined by cell surface staining, intracellular expression of FasL following CD27
co-stimulation was not examined (244). Therefore, it would be interesting to
determine the effects of CD27 on intracellular and surface FasL expression on co-
stimulated CD8" T cells. Additionally, it would be important to further examine
additional co-stimulatory molecules for their effect on FasL expression. From results
with CD27 co-stimulation, as a member of the TNFR family, other TNFR co-

stimulatory molecule members may also augment FasL expression.

iMAP staining on MCMV specific Ly49H" memory NK cells

My initial experiments regarding memory NK cells was triggered following
observations of MCMYV and cytokine induced adaptive features in NK cells (73, 142).
In their study, long-lived memory Ly-49H" NK cells generated following MCMV
infections were found within the Ly-6C positive population of NK cells (73).
However, no distinct long-lived NK cell markers were described following cytokine
stimulation (142). From these observations, I sought to examine whether cytokine
induced long-lived NK cells also expressed high levels of Ly-6C. With the use of
clone AL-21 and iMAP, I demonstrated two subsets of Ly-6C positive splenic NK
cell populations. Furthermore, long-lived splenic NK cells, after acquiring Ly-6C
expression, can further differentiate from Ly-6C*"2' NK cells to Ly-6C*"*>"™MA" NK
cells. My results suggest that high level expression of Ly-6C may be a hallmark of
long-lived splenic NK cells. Therefore, it would be interesting to re-examine the
expression profile of Ly-6C using both clone AL-21 and iMAP antibodies on MCMV
memory Ly-49H" NK cells. From my results, I would suspect that MCMYV specific
Ly-49H" memory NK cells may be enriched within the Ly-6C***"MAP subset of NK

cells, further defining markers for splenic memory NK cells. Furthermore, it would
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also be interesting to evaluate the protective potential of Ly-6C*"2""™MAP MCMV

memory Ly-49H" NK cells against a MCMV infection.

Functionality of long-lived memory NK cells

Recent studies have demonstrated enhanced effector functions of memory NK
cells in vivo and ex vivo (73, 151). In separate studies, hapten specific hepatic
memory NK cells have been shown to have enhanced cytolytic functions against
hapten coated target cells and MCMYV specific memory NK cells have been shown to
better protect neonatal mice against MCMYV infections (73, 151). Recently, a genomic
microarray study comparing memory CD8" T cells following VSV and memory NK
cells following MCMYV infection was conducted. This study found a number of
common effector molecule genes that are upregulated in memory CD8" T cells and
NK cells, such as GrB and FasL (245). However, in addition to direct protective and
cytolytic functions, NK cells have also been demonstrated to augment DC activation
(246). Through cell-cell contact mechanisms and IFNy production, NK cells have
been shown to enhance DC maturation and IL-12 production (247, 248). Additionally,
NK cells have also been suggested to enhance T cell functions through modulation of
DCs (249). Therefore, it would be of interest to examine DC modulatory functions of
long-lived memory NK cells. It is possible that memory NK cells, in addition to
enhanced effector functions, may also have enhanced DC modulatory properties that

augment memory T and B cells responses upon a secondary infection.
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