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Abstract

Natural killer (NK) cells represent a critical first-line of immune defense against a
bevy of viral pathogens, and infection can provoke them to mediate both supportive and
suppressive effects on virus-specific adaptive immunity. Previous studies have shown
that licensed Ly49G2+ NK cells confer murine (M)CMYV resistance in mice expressing
MHC I D", a specific ligand of the inhibitory Ly49G2 receptor, which results in
enhanced adaptive immunity due to accelerated accumulation of virus-specific CD8+ T
cells. However, relatively little is known about the licensed NK-cell effect on T cell
priming or ensuing effector and memory T-cell responses. We found that CD8+ T cell
dependence on CD27 co-stimulation for early priming and differentiation is shaped by
the efficiency of NK responses to virus infection. Moreover, T cell priming in the
presence or absence of licensed NK cell control resulted in a profound skewing of CD8+
T cells into memory precursor effector cells (MPEC) or sustained short-lived effectors
(SLEC), respectively. This T cell differentiation effect endured through viral latency such
that the frequencies of memory and effector cells reflected differences observed for the
strains at day 10. Transfer of virus-experienced CD8+ T cells from mice with or without
licensed G2+ NK cells improved resistance against secondary challenge in naive
recipients. However, we observed distinct profiles and kinetics of resistance that likely
reflected host-specific needs for distinct modes of T cell immunity. Thus specific virus
control mediated by NK cells significantly impacts T cell priming, differentiation, and the

manner in which T cells provide long-term protective immunity.
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Preface

Natural killer (NK) cells and CD8+ T cells are critical antiviral effector cells of
the innate and adaptive immune responses to infection, respectively. While both cell
types host an arsenal of cytokines and cytotoxic granules to kill infected target cells,
unique kinetic profiles manifest as a result of their distinct target cell recognition
mechanisms. NK cells are guided by a series of signals through germline encoded
activating and inhibitory receptors on their surface, which allows them to survey targets
without need for prior sensitization (1). In contrast, CD8+ T cells are clonal in nature,
and require more time to traffic through lymphoid organs to be primed by antigen
presenting cells in conjunction with co-stimulatory signals to promote T cell immunity
over tolerance (2). In addition to kinetic differences, NK and CD8+ T cells display non-
overlapping functions for restricting certain viral infections (3—5). Moreover, the shear
diversity of viral evasion genes specific to NK cells and T cells further highlights non-
redundant roles of these cell types for effective immune control (6, 7).

Although conventional characterization of innate and adaptive immune responses
has focused predominantly on temporal separation of peak cellular activities, it is now
well appreciated that innate cell sensing of foreign pathogens informs the quality, type,
and magnitude of adaptive responses to infection (8). While a role for PAMP sensors in
driving adaptive immunity has been recognized for some time (9), the immunoregulatory
functions of NK cells have only been recently described. Certainly, frontline defenses
provided by NK cells have been recognized to yield significant influence on the extent of
early viral replication and virus-mediated tissue pathology, which can instruct the

magnitude and efficiency of T cell priming (2, 4, 10). Recent studies have uncovered



additional influences of NK cells on adaptive immunity, including regulation of DC
maturation, inflammatory and anti-inflammatory cytokine production, and direct
cytolysis of activated T cells during certain infections (11, 12). This ability for NK cells
to modulate T cell immunity has garnered much attention, particularly as we consider
new strategies for immunotherapeutic interventions to increase the efficacy of antiviral or
anti-tumor CD8+ T cells.

Despite that the role of NK cells in shaping adaptive CD8+ T cell immunity is
now widely accepted, it remains a subject of intense debate as to whether NK cells
support or suppress T cell performance. Several studies have identified NK-mediated
restriction on adaptive immunity, such that depletion of NK cells can augment the
magnitude and performance of virus-specific CD4+ T, CD8+ T, and germinal center B
cells (13-19). Other groups have identified critical functions for NK cells in stimulating
DC maturation and CD8+ T cell accumulation early after infection or disease detection
(20-24). This dichotomy of responses is to be expected across genetically distinct hosts
and various infections. Developing a stronger understanding for how different NK
responses to infection affect the spectrum of influence on T cell immunity will be

invaluable as we seek to improve targeted immunotherapies.

NK cells in antiviral immunity

NK cells comprise up to 15% of total circulating lymphocytes (2-3% in the
spleen) and can be found throughout lymphoid and non-lymphoid tissues (25). Armed
with an arsenal of cytotoxic proteins (perforin, granzyme) and death ligands (FasL,

TRAIL), NK cells can kill their targets on contact without the need for prior sensitization,



which aptly defines their namesake. Additionally, NK cells are well known for their
robust production of inflammatory cytokines including IFNy and TNFa, as well as the
maturational cytokine, GM-CSF, and the chemokines MIP-1a., and MIP-1f3. Unlike their
adaptive lymphocyte counterparts, NK cells constantly survey host tissue for indications
of stress or damage using a combination of germ-line encoded inhibitory and activating
receptors (26). Although NK cells lack somatic re-arrangement of their receptors to
account for the range of epitopes for which T and B cells recognize, they have developed
alternative mechanisms to detect a diverse variety of target cells. NK receptors are
derived from an extremely polygenic and polymorphic gene complex (27, 28). By
encoding several distinct polymorphic receptors, NK cells are equipped with an extensive
repertoire for recognizing polymorphic ligands. Moreover, these receptors are expressed
by individual NK cells in a stochastic and variegated manner, such that varied
constellations of inhibitory and activating receptor expression endow NK cells with
multiple strategies to discern healthy cells from cells that are in distress (29).

NK cells were first described in the early 1970’s for their ability to lyse syngeneic
and allogeneic tumor cells (30). Perhaps one of the most seminal discoveries was the
ability for NK cells to detect and respond to the absence of self-major histocompatibility
complex class I (MHC I) expression on select tumor cells (31). This discovery gave rise
to the ‘missing-’ or ‘altered-self” hypothesis for NK-mediated target cell recognition, and
clarified how NK cells could detect virus-infected cells or tumor cells that down-
regulated MHC I as a means to escape CD8+ T cell detection. Furthermore, it was

appreciated that NK cells are not restricted to peptide-MHC complexes in the same



fashion as CD8+ T cells, and could thus provide unique host-protective immune
functions.

NK cell responses have been well characterized beyond their reactivity to select
tumor cells, and are perhaps better known for their critical frontline protection against
viral infections. Early in vitro experiments with a variety of viral infections (vesicular
stomatitis virus, influenza (H3N2 and A/PR/8/35), vaccinia virus (VV; Lister strain),
measles, and herpes simplex virus-1 (HSV-1)) and direct administration of type I IFN to
lymphocyte co-cultures with adherent cell lines demonstrated enhanced cytotoxic
activities of human NK cells (32, 33). By ruling out the contribution of T and B
lymphocytes, the abovementioned studies helped establish an early antiviral role for NK
cells. Numerous other groups have also reported important NK cell responses to viral
infections (reviewed in (34)). Moreover, in humans, classical or functional deficiencies in
NK cells are often associated with increased susceptibility to a bevy of viral pathogens
(35-37).

Perhaps the most convincing demonstration for critical NK-mediated resistance to
viruses has been with primary herpesvirus infections, including Epstein-Barr virus, HSV-
1, varicella zoster virus, and most notably, cytomegalovirus (CMV) (35, 37). Early
investigations of host resistance to murine (M)CMV in experimental inbred mouse strains
uncovered several genetic determinants of resistance that could be attributed to both
MHC I and non-MHC I genes (38—41). The above studies also observed positive
correlations between the degree of NK cell cytotoxicity with the level of MCMV
resistance in various inbred strains, which suggested that NK cells were critical mediators

of early antiviral immunity (40). In support of their role in controlling CMV infection,



NK cell deficiencies in humans and mice were found to correspond with increased
vulnerabilities to CMV, even when adaptive T and B cell immune components were
intact (3, 4, 35, 42). Recent studies have highlighted that CMV infection in humans and
mice leave stable imprints on the frequencies and phenotypes of specific NK cell subsets,
with the most virus-responsive NK subsets accounting for the majority of the persistent
expanded populations (43, 44).

Additional evidence of NK cell contributions to antiviral immunity stems from
the evolutionary selection of NK receptors that can specifically detect virus-infected
cells. Through comparisons of the naturally MCMV-resistant C57BL/6 (B6) and
susceptible BALB/c inbred mouse strains, it was discovered that a dominant MCMV
resistance factor, Cmvl, conferred efficient viral control independent of the MHC-I
haplotype (45), and mapped to the NK gene complex (NKC) on chromosome 6 (46).
Further genomic study of the CmvI locus identified the key resistance gene as K/ra$, or
Ly49h, which is an NK cell activating receptor that can specifically detect MCMV-
infected cells that express the virus-derived m157 ligand (47—49). While this particular
resistance gene is not necessarily common amongst inbred and wild mouse populations
(50) — likely due to viral escape mutations eliminating or altering expression of the m157
ligand (51) — this finding has nonetheless demonstrated the degree of virus-specificity to
which NK cells can respond. Additional virus-specific activating receptors have since
been identified in certain strains of mice for a variety of other infections, including
ectromelia virus (52) and HSV-1 (53). Moreover, combinations of specific inhibitory NK
receptors with defined MHC I haplotypes have also been shown to improve antiviral NK

cell activities (54) [Discussed in detail below].



Thus, it is clear that NK cells are critical antiviral defenders in host immunity and
that specific mechanisms of NK recognition and response to infected target cells have
likely co-evolved with a variety of viral pathogens. Despite their classification as innate
immune cells, there is remarkable diversity in NK receptor expression between
genetically distinct hosts, which impacts how they interact with their host environment.
While this diversity underscores the importance of NK cells in mediating resistance to a
variety of viral pathogens, it also highlights the range of impacts that NK cells can have

on host immunity and the potential for differences in immunoregulation by NK cells.

Host MHC I tunes NK responsiveness

As innate defenders against viruses, NK cells are in a constant state of poise to
discern healthy from infected or stressed cells. Upon target recognition, the balance
between immunity and tolerance is guided by integrated intracellular signals from
activating and inhibitory receptors (Fig. 1.1). Amongst these receptors are the killer-
immunoglobulin receptors in humans (KIR) and the C-type lectin receptors in mice
(Ly49), both of which can either be inhibitory or activating (55). Inhibitory receptors
bind MHC I as a ligand, and are characterized by their long intracellular tails, which
include immunoreceptor tyrosine-based inhibitory motifs (ITIM). When stimulated they
can recruit tyrosine phosphatases such as SHP-1 and SHP-2 to dampen NK activation
(56). On the other hand, activating receptors have shorter intracellular tails, and are
associated with the adaptor molecule DAP12 that contains an immunoreceptor tyrosine-
based activating motif (ITAM). When activating receptors are stimulated, they signal

through DAP12 to recruit tyrosine kinases and promote NK activation. Ligands for



activating KIR or Ly49 include MHC I as well as certain viral proteins (56). Thus at a
rudimentary level, the NK responses are decided by the balance between activating and
inhibitory signals. Whereas abundant expression of MHC I on a healthy host cell will
inhibit NK cell activation, altered or missing expression of MHC I or an overwhelming
presence of stress-inducible ligands on infected cells or tumor cells will provoke
immunoreactivity (1).

In addition to the instantaneous snapshot of NK receptor interactions with target
cells, NK responsiveness is further tuned by tonic interactions with host-MHC I through a
process known as ‘licensing’ (54, 56, 57). This phenomenon was first recognized by the
fact that p2m-deficient mice (i.e. MHC I deficient mice) do not exhibit signs of NK-
mediated autoimmunity despite exhibiting normal numbers of mature NK cells (58).
Similarly, NK cells lacking self-specific inhibitory receptors can also achieve self-
tolerance in the absence of inhibition. Although somewhat paradoxical, it has been
demonstrated in both humans and mice that NK cells without prior inhibition can achieve
self-tolerance through becoming hyporesponsive, and are regarded as ‘unlicensed.’ In
contrast, NK cells that are habitually inhibited by self-MHC I attain self-tolerance
through tonic inhibitory signaling; these cells are ‘licensed,” and exhibit functionally
competent responses to activating stimuli when inhibition is released or overcome (Fig.
1.2A-C) (59-61).

While certain molecular components of NK licensing, such as SHP-1, have been
described previously (62), the precise mechanisms and molecular signatures that guide
and define licensed NK cells have yet to be determined (56). Nonetheless, much has

been learned about the process and elements of licensing NK cells: (i) Licensing is not a



binary event that determines the ability of NK cells to respond. Rather it is a tunable
process for each inhibitory receptor-MHC I pair, such that the degree of resting inhibition
determines NK cell sensitivity to changes in the expression of MHC I (63, 64). The
extent of inhibition is not only influenced by the total number of unique receptor-ligand
interactions, but also by the specific density of expression of both inhibitory receptors
and cognate MHC I ligands (65). (ii) The relative licensing status of an NK cell is
plastic, and is subject to change depending on the microenvironment. Transferring
mature NK cells between MHC-disparate hosts can reset the functional competence of
cells — to licensed or unlicensed — within a matter of days (Fig. 1.2D) (66—68).
Selectively inducing host expression of MHC I can similarly endow NK cells with
improved licensed responses to activating stimuli (69). Similarly, MHC I'™ tumor
microenvironements can also reduce functional tumor-infiltrating NK performance (70).
(ii1) Finally, optimal NK cell licensing conditions during development require cognate
MHC I expression on both hematopoietic and non-hematopoietic cells (68, 71, 72).
Restriction of MHC I expression to either hematopoietic or non-hematopoietic
compartments can reduce NK cell rejection of MHC I-deficient targets as well as NK-

mediated resistance to viral infection.



Figure 1.1. Integrated signals from activating and inhibitory NK cell receptors guide
NK cell reactivity. NK cells discern healthy from stressed cells through their variegated
expression of polymorphic activating and inhibitory NK receptors. Responsiveness to
target cells is directed by the integration of proximal receptor signals that are triggered
upon receptor stimulation. Activating receptors have a short intracellular tail, and are
paired with the adaptor signaling protein DAP12, which features an immunoreceptor
tyrosine-based activating motif (ITAM). The ITAM can recruit and phosphorylate
activation-linked signaling molecules (Vav, PIP,), which are critical to NK cell
activation. In contrast, inhibitory receptors have a long intracellular tail that features an
immunoreceptor tyrosine-based inhibitory motif (ITIM). The ITIM can recruit
phosphatases such as SHP-1/-2, and SHIP-1 for dephosphorylation of proximal activation
signaling molecules such as phosphorylated Vav or PIP; (= PIP,). Inhibitory receptors
can also induce phosphorylation of the small adaptor molecule, Crk, which causes Crk to
associate with c-Abl and sequesters this adaptor protein from the activation-signaling

complex.
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Figure 1.1
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Figure 1.2. Host MHC I licenses NK cells through tonic interactions with inhibitory
receptors. Resting MHC I interactions with NK inhibitory receptors confer enhanced NK

low

cell responsiveness to MHC I target cells through a process known as ‘licensing.” NK
cells expressing at least one self-specific inhibitory receptor for self-MHC I ligand are
tuned to detect changes in MHC I expression rather than the sole absence of MHC 1.
(A,B) In the absence of either cognate MHC I ligand or self-specific inhibitory receptors,

low

NK cells are unlicensed and demonstrate reduced cytotoxicity towards MHC I target
cells. (C) NK cells that express self-specific inhibitory receptors in environments with
their cognate MHC I ligand expressed are licensed, and mediate efficient lysis of target
cells upon loss of MHC 1. (D) Licensing is a dynamic and plastic process. Transfer of

previously unlicensed NK cells into an environment where inhibitory receptors can

interact with cognate MHC I ligands results in re-licensing of NK cells.
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Figure 1.2
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Licensed NK cells and viral infection

While licensing through most inhibitory receptors can establish a general state of
functional effector cell tolerance to self, certain MHC I ligand pairings with inhibitory
receptors have been correlated with improved host resistance to specific viral infections.
In humans, this is most notable in HIV infection, where patient expression of inhibitory
KIR3DL1 and human leukocyte antigen (HLA)-Bw4 corresponds with delayed disease
progression to AIDS (73). Previous studies have further noted specific expansions of NK
subsets expressing inhibitory KIR3DLI in the peripheral blood of HIV+ patients when
HLA-Bw4 was also expressed (74). Moreover, in vitro investigations of NK cell
cytotoxicity against autologous CD4+ T cells infected with HIV demonstrated that the
magnitude of target cell rejection corresponded with the degree of licensing as
determined by KIR3DL1 and HLA-Bw4 expression density (65). Likewise, favorable
pairings of inhibitory NK receptors with HLA subtypes have also been reported for
improved resistance to hepatitis C virus (HCV), influenza, and VV (75).

Inbred mouse strains display variable resistance to experimental infections, and
have been useful for exploring the influence of MHC I (H-2) haplotypes on the
responsiveness of NK cells with a given repertoire of receptors. These receptor
repertoires are genetically encoded in the highly polymorphic NKC, which varies
between inbred mouse strains. As mentioned previously, early characterizations of
inbred strain resistance to MCMYV infection revealed MHC I as well as non-MHC I
linked resistance factors (38—41). Although the Ly49H NK activating receptor provides
enhanced antiviral protection in B6 mice, H-2 linked resistance is a prominent

determinant of viral protection amongst a number of other strains. Notably, H-2" (k

14



haplotype of MHC I) has long been associated with improved host resistance to MCMV
infection for a number of strains, including CBA and C3H/HeN mice (38, 41). Marsh
albino Murray (MA/My) mice also express H-2* and demonstrate robust NK-dependent
antiviral responses to MCMYV infection (76). Utilizing classical genetic techniques to
compare the extent of MCMYV resistance in MA/My mice (H-2*) and more susceptible
C57L (H-2") or BALB/c mouse strains (H-2¢), our lab and others have determined that
the MHC I D*(D") locus, but not MHC I-K*, is critical to NK-mediated MCMV
resistance (77—79). We also demonstrated that transgenic expression of D* in C57L mice
confers improved viral resistance (71).

NK subset-specific depletion studies in mice with D* have identified that NK cells
expressing inhibitory receptor Ly49G2 (G2) are critical for mediating enhanced
resistance (71, 78). Interestingly, Disa cognate ligand for the inhibitory G2 receptor
[Ly49G2°° ™™™ alleles; Ly49G2" does not bind to D*] (80), and can thus license G2+
NK cells for enhanced cytotoxicity in response to activating receptor stimulation as well
as MHC I"°Y target cells (68, 71). Moreover, we observe specific expansion and
accumulation of G2+ NK cells in response to MCMYV in mice with the D* ligand
expressed, but not when the ligand is absent or restricted to specific tissue compartments.
Whether these licensed G2+ NK cells are responding largely to subtle changes in D"
expression or whether their reactivity is paired with another activating signal that is
augmented by the licensing process remains to be determined.

Genetic screens and in vitro studies have suggested a role for activating receptor
Ly49P mediating D*-dependent resistance to MCMV (79, 81). Recognition and response

to infected cells by Ly49P required expression of D* in complex with MCMV-derived
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protein m04, however the importance of Ly49P in vivo has not been verified due to the
lack of Ly49P monospecific depleting antibodies (54). Nonetheless, our studies have
demonstrated an important role for inhibitory G2 receptor pairing with its cognate D*
ligand in mouse resistance to MCMV.

Despite the robust level of immunity conferred by D*-licensed G2+ NK cells
during MCMYV infection in certain strains, it is still debated whether licensing improves
or hinders NK-mediated immunity. Studies of Ly49H+ NK-mediated immunity in B6
mice demonstrate that co-expression of self-specific inhibitory receptors with Ly49H can
actually limit proliferative bursts and persistence of MCMV-specific NK cells, relative to
NK cells without self-specific inhibitory receptors expressed (82, 83). During influenza
infection, NK cells expressing inhibitory receptors can be functionally inhibited by viral
clustering of MHC I ligands (84). Moreover, NK cells without self-specific inhibitory
receptors (and even NK devoid of all Ly49 receptors) demonstrate improved perforin-
dependent mechanisms of viral control (85). Stable imprints of CMV infection on human
NK cells are prominently characterized by the expression of activating KIR and lectin-
receptor NKG2C, although self-specific inhibitory KIR are also commonly co-expressed
(43). Hence, the perceived benefits of inhibitory receptor licensing to NK cell
performance against a viral infections are likely to vary based on the particular
combinations of MHC ligands and NK receptors expressed as well as the nature of the

viral pathogen.

NK-DC interactions
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Whereas NK cells are patrolling effector cells constantly poised to detect and
defend against infected or cancer cells, dendritic cells (DCs) are professional antigen
presenting cells that act as sentinels to sample and present antigen to T cells. Most
phagocytic cells are known for their abilities to engulf and present antigen via MHC class
IT (MHC II) molecules. However, DCs additionally have the ability to cross-present
exogenous antigen through MHC I, which allows them to efficiently prime CD8+ T cells
(86). DC exposure to antigen — either local or systemic — results in antigen uptake,
processing, and presentation to T lymphocytes (87). Antigen presentation alone,
however, is not sufficient to stimulate T cell immunity. DCs regularly sample antigen in
the periphery as a result of cellular turnover and subsequently traffic to lymphoid organs
where they present antigen to CD4+ T and CD8+ T cells. Despite this process,
autoimmunity against peripheral tissues is not observed, and peripheral tolerance is
maintained via deletion of self-reactive T cells and induction of regulatory T cells (88).
When DCs acquire antigen under inflammatory conditions, however, phenotypic and
functional maturation of DCs can ensue (characterized by increased surface expression of
co-stimulatory ligands and improved production of inflammatory cytokines, respectively)
and interactions with T cells can now promote immunity over tolerance (88—90). Thus,
in addition to surveying antigen, DCs function as critical sentinels that bridge the gap
between innate and adaptive immune responses.

NK cells efficiently respond to infected- or tumor target cells, and thus influence
both the amount and type of antigen available for DC uptake and the degree of DC
maturation. As a demonstration of this potential, Hoebe and colleagues transferred varied

amounts of MHC I-deficient target cells that expressed an immunogenic peptide as a
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minor histocompatibility antigen into MHC I replete mice (91). NK cell rejection of the
transferred target cells released immunogen, which was then taken up by DCs and used to
prime CD8+ T cell responses in a dose-dependent manner. Accordingly, NK-mediated
apoptosis of the target cells was sufficient to increase inflammatory signaling and lead to
the maturation of DCs (91, 92). Similarly, in a mouse model of influenza infection
(PRS), NK cells were demonstrated to promote efficient DC and T cell recruitment and
priming in the mediastinal lymph nodes via two non-redundant mechanisms: (i) NK cell
IFNy was demonstrated to be critical for the up-regulation of chemokines CXCL10 and
CCL21, both of which are required for efficient recruitment of T cells and DCs. (ii) NK
release of perforin was necessary to induce apoptosis of infected cells, which would
release antigen in the lung for uptake and presentation by DCs (93). Finally, for
infections that occur in secondary lymphoid organs, the efficiency of NK cell responses
can impact lymphoid organization, which can have direct impacts on how DCs interact
with T cells (10, 94). These studies demonstrate how the kinetics of NK responses to
damaged- or diseased tissues can influence the initiation of adaptive immunity.

Whereas the impact of NK cells on available antigen and tissue integrity may be
viewed as a byproduct of overlapping arms of immunity, direct NK-DC interactions have
previously been observed with bidirectional effects on both NK and DC immunity. The
earliest indication of direct NK-DC interactions came from studies that examined the
ability of fms-like tyrosine kinase-3 (F1t3) ligand expanded DCs to improve NK cell
rejection of solid tumors in athymic nude mice (95). In that study, in vitro co-cultures of
DCs with NK cells further confirmed that cell-to-cell contact was required for optimal

enhancement of NK cell performance. Numerous studies have identified key signaling
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mediators that are exchanged via direct cell-to-cell interactions or across tight immune
synapses (95, 96). These molecules include IL-12, IL-15, IL-18, and type I IFN, all of
which can influence NK cell activation, survival, proliferation, and cytokine release (97,
98).

NK cells can also provide specific maturation signals to DCs through both soluble
and contact-dependent means. Co-cultures of fresh or IL-2 activated NK cells with
immature DCs (iDCs) were shown to increase DC production of IL-12 and expression of
co-stimulatory ligands (CD80, CD86, HLA-DR) (99, 100). Interestingly, the maturation
effects of NK cells on immature DCs (iDCs) are dependent on the ratio of NK cells to
iDCs, with low ratios promoting positive maturation of DCs and high ratios inhibiting
NK-mediated maturation or even killing of iDCs (100). Removal of iDCs by NK cells
can promote immunity by selecting for DCs that are most likely to prime rather than
tolerize naive antigen-specific T cells. This process of DC editing has been previously
described (101), and may have important implications for understanding how certain
chronic viral infections, such as HIV, interfere with NK-DC crosstalk in order to evade
adaptive immunity (102).

It is worth noting that during MCMYV infection NK cells and DCs can occupy
similar spaces in the spleen. Splenic stromal cells lining the marginal zone are amongst
the first and most prominent cells to become infected (103, 104). Within 48-96 hours
following infection, both DCs and NK cells line the marginal zone (10, 94), presumably
to sample antigen and to lyse infected cells, respectively. Thus the potential for these two
cell subsets to interact with one another is relatively high. NK cell-mediated killing of

infected stromal cells could provide abundant antigen for the DCs, and likewise, cytokine
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feedback loops between the two cells (IFNy, IL-12, IL-15, type I IFN, etc.) could amplify
NK activation and DC maturation. While this has yet to be formally demonstrated in
vivo, it has been previously shown that CD8o+ DCs are required to aid the proliferative
burst of MCMV-specific Ly49H+ NK cells in an IL-12 and IL-18 dependent manner
(105).

Interestingly, the efficiency of NK cell-mediated resistance to acute MCMV
infection corresponds with the preservation and recovery of splenic DCs, which
consequently impacts the ability to prime antiviral CD8+ T cell responses (23, 24, 105,
106). That being said, the ultimate cause for a loss of DCs during MCMYV infection has
yet to be determined. In a study by Robbins ef al. it was shown that efficient viral control
by Ly49H+ NK cells could restrict the early production of type I IFNo/f3 by
plasmacytoid DCs (pDCs), which was posited to be directly toxic to DCs during infection
(23). However, recent studies have challenged this notion of type I IFN toxicity to DCs.
Type I IFNa receptor (IFNAR) deficient mice demonstrated increased levels of MCMV
infection in DCs, which induced a state of functional paralysis characterized by unstable
expression of MHC I and a general downregulation of surface co-stimulatory molecules.
Moreover, neither IFNAR deficiency nor pDC depletion is sufficient to protect against
specific loss of DCs during MCMYV infection [Nash et al. Submitted]. Thus, alternative
mechanisms of DC loss are likely. DCs can be targeted for infection by MCMV, and it is
possible that NK-mediated elimination accounts for the drastic DC loss (107—-109).
However, depletion of total NK cells during infection has thus far proven insufficient to
rescue DC numbers (24) [Nash et al. Submitted]. Several groups have confirmed that

while DC infection is possible, the number of MCMV-infected DCs in vivo is relatively
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minimal, which makes NK-mediated elimination unlikely (103, 104, 106, 110, 111).
Another possibility is that under extreme viral duress, DCs traffic out of the spleen to
prime T cells in alternative lymphoid organs, but there is currently little evidence to
support this outcome [Nash et al. Submitted]. Regardless of the cause for DC loss during
MCMYV infection, what is clear is that NK cells can mediate improved DC maintenance
and/or rescue, and this can yield substantial impacts on adaptive immune responses.
Whether NK cell impacts on DCs during MCMYV infection are direct via cell-to-
cell interactions or indirect through viral control remains to be clarified. Infecting
susceptible mouse strains with low dose MCMYV infections or engineered MCMV strains
that can be induced to arrest viral replication has demonstrated improved DC recovery
and preservation similar to that of more resistant mouse strains (23, 24). Similarly, high
does MCMYV infection (in excess of two-logs) in more resistant strains was sufficient to
recapitulate DC loss seen in susceptible animals infected with moderate doses of MCMV
(Nash and Brown, unpublished data). While these studies support a dominant influence
of viral control on DC retention, they also highlight robust differences between the
mechanisms of NK cell viral control in different mouse strains. Given that cell-to-cell
contacts are required for bi-directional NK-DC interactions and that these cells traffic to
similar regions of the spleen during MCMYV infection, it is plausible that diverse NK
responses to infection engage in unique interactions with DCs. Combined with holistic
influences on the host immune environment, these NK-DC interactions could promote

distinct DC profiles.

CD8+ T cell immunity
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NK cells and CD8+ T cells are both armed with cytotoxic granules (perforin,
granzyme), death ligands (TRAIL, FasL), and inflammatory cytokines (IFNy, TNFa), yet
they perform distinct functions as innate and adaptive components of the immune system
(112). As discussed above, the kinetics of activation and execution of effector activities
for NK and CD8+ T cells temporally separates these cell subsets. This is largely
attributed to the differences in how these effector lymphocytes generate diverse
specificities for target cells. While NK cells rely on variegated expression of multiple
polymorphic, germline encoded receptors to rapidly distinguish healthy and stressed
cells, CD8+ T cells utilize somatically re-arranged receptors (V(D)J recombination) that
are exquisitely specific to peptide-MHC complexes on the surface of cells. This random
rearrangement of receptors theoretically comprises up to ~10" unique T cell receptors
(TCR) — though most of these clones are likely deleted during thymic selection (113—
115). However, specificity comes at a cost, such that in order to sustain this degree of
clonal diversity, the frequency of naive antigen-specific T cells is significantly lower than
the frequency of NK cell subsets with a given receptor display. Thus, small clonal
populations of T cells must be screened, selected, and amplified prior to mediating an
effective immune response, and this process of T cell activation requires time (~5-7 d)
(116). Nonetheless, the advantages to clonal specificity are clear, as this amplification of
antigen-specific ‘foot-soldiers’ contributes to the rapid clearance of target cells and is
often necessary to effectively control viral pathogens (117).

In addition to the differences in how NK cells and CD8+ T cells survey their
targets, the manner in which they form effector-target conjugates may further distinguish

their specific cytotoxic capacity. Using intravital two-photon microscopy, NK cells have
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been previously shown to form short, dynamic contacts with target cells (<10 min.),
whereas CD8+ effector T cells establish more stable conjugates (>20 min.) (118-120).
Despite this difference in effector cell mobility, NK cells have not been demonstrated to
be any less cytotoxic than T cells (118). Thus it was hypothesized that NK cells form
ephemeral contacts with their targets, and through repeated on-off contact, or through
multiple hits from different NK cells, targets can be eliminated with a cumulative
delivery of cytotoxic granules. In contrast, it is believed that the tight synapse formation
of CD8 T cells with their target cells sustains repeated delivery of perforin and granzyme
for effective cell killing (121). Prolonged contact between CD8+ T cells and their targets
has been demonstrated to polarize lytic granules towards surrounding cells independent
of antigen-restriction, which may account for the observed rapidity of CD8+ T cell killing
(122). Recent studies have challenged this paradigm for effector conjugate formation and
estimate that T cell killing of infected cells is actually much slower than previously
estimated. Tracking primed cytotoxic T lymphocyte killing of MCMV-infected cells in
vivo, Halle et al. observed that individual T cells only killed an average of about 2-16
targets per day and often required multiple T cell contacts to effectively eliminate
infected cells (123). In that study, T cell killing capacity resembled that of NK cells, and
suggested that higher densities of antigen-specific T cells may be required to effectively
control viral infection. These models of T cell killing are not mutually exclusive, since
differences in tumor targets and viral infections are likely to affect the manner and
efficiency through which T cells eliminate target cells. These distinct effector-target
interactions highlight unique functions for both NK and CD8+ T cells, and may even

suggest cooperative roles in controlling certain infections or tumors.
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CD8+ T cell differentiation

One of the most prominent features that has distinguished CD8+ T cells from NK
cells is the formation of memory (116, 124). While this distinction has been challenged
recently with descriptions of persistent, adaptive-like NK cells after exposure to certain
viral infections and pro-inflammatory environments (43, 44, 125, 126), many features of
memory, including functional heterogeneity and multipotency, continue to distinguish
NK and CD8+ T cells . In response to viral infection clonal CD8+ T cells undergo robust
proliferation and traffic to peripheral tissues to eliminate pathogen-infected cells. Upon
clearance or effective control of virus, 90-95% of these cells die during T cell
contraction, and 5-10% of remaining antigen-specific cells establish the stable, long-lived
memory T cell compartment that exceeds the initial frequency of naive antigen-specific T
cells. CD8+ memory T cells provide enhanced host-protection against secondary or re-
activated infection through rapid recall response. These responses are aided by a
combination of (i) improved ability to proliferate and differentiate into effector T cells,
and (ii) the greater frequency of starting antigen-specific T cells (127). Memory T cells
also retain the ability to homeostatically proliferate in the absence of cognate antigen
(128), and do so in an IL-7 or IL-15-dependent manner (129, 130).

It is important to note that the formation of memory CD8+ T cells is not a fixed
proportion of all activated antigen-specific T cells (131), nor does it create a homogenous
population of memory cells with equal functions (132). CD8+ T cells integrate a variety
of signals, including TCR interactions with cognate peptide-MHC (signal 1), co-

stimulatory interactions with DCs (signal 2), and inflammatory or anti-inflammatory
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cytokines in the host-environment (signal 3), all of which inform their differentiation fate
(131). These signals are likely to be influenced by early innate immune responses to
pathogen challenge (8, 9). Several models for how memory T cell differentiation occurs
have been previously proposed, including (i) the uniform potential model, where
activated CD8+ T cells comprise a homogenous pool of effector cells with equal potential
to form memory cells; (ii) the fixed lineage model, which postulates that effector and
memory lineage commitment occurs early during initial CD8+ T cell responses to
stimulation; and (iii) the progressive differentiation model, where memory precursor cells
are established after initial T cell stimulation, but retain plasticity to differentiate into
either terminal effector cells or memory cells (reviewed in (131)). Data for each of these
models has been compelling, and its likely that the particular set of immunizing or
infectious conditions driving T cell differentiation can manifest properties of each.
What’s more is that each of these models highlights a vast heterogeneity within the T cell
compartment, and this warrants brief review and consideration.

At the peak of CD8+ T cell responses to acute viral infection, antigen-specific T
cells can often comprise two broad cell types: short-lived effector cells (SLECs) and
memory precursor effector cells (MPECs). SLECs are classic CD8+ effector T cells that
are functionally characterized by their cytolytic capabilities (killing assays, granzyme B)
and robust production of inflammatory cytokines (IFNy, TNFa) in response to TCR
stimulation. Phenotypically, these cells are CD44"™, KLRG1+, and CD127- (IL-7Ra)
(127, 133—135). SLECs are regarded as terminally differentiated cells that die off in the
absence of antigen or IL-15, although KLRG1" ‘intermediate SLECs’ capable of

producing IL-2 have been described to retain a limited degree of effector plasticity after
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infection (135). MPECs, which are not yet fully matured memory cells, generally survive
the effector-to-memory transition better than SLECs during the course of infection. These
cells are phenotypically characterized as CD44", KLRG1-, and CD127+ and functionally
known to produce IFNy, TNFa, and IL-2, but not granzyme B (127, 133, 134, 136, 137).
Additional expression or downregulation of specific co-stimulatory receptors (CD27,
CD28) can also help to identify SLECs and MPECs (138, 139).

Analysis of transcriptional regulators has helped discriminate between these two
effector populations. Two of the most prominent transcription factors include the
homologous T-box transcription factors T-bet and Eomesodermin (Eomes), which
generally correlate with SLEC and MPEC differentiation, respectively (140, 141). While
these transcription factor signatures correspond with specific differentiated cell
populations, in early effector activation, they function cooperatively to engender full
cytotoxic activities and stabilize expression of CD122 (IL2/IL-15Rf) (142). Hence,
these transcription factors are cooperative, and affect differentiation through a balance of
signals. Joshi ef al. demonstrated that the development of SLECs was skewed by the level
of inflammation experienced by CD8+ effector T cells during infection (IL-12 in
particular), and IL-12 signaling increased T-bet expression in a dose dependent manner
(133). In contrast, Eomes expression is highly correlated with CD8+ memory T cell
differentiation, and in its absence, memory CD8+ T cells are less well preserved and fail
to efficiently re-expand after secondary viral challenge (141, 143). Studies of additional
transcriptional regulators (Blimp-1, 1d2, 1d3, FOXO1, Bcl-6, TCF7) have continued to
inform our understanding of underlying mechanisms of T cell differentiation (140, 141).

As we have revealed the contributions of various transcription factors, we have also been
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able to explore cell extrinsic signals that regulate the regulators, such as co-stimulatory
molecules and cytokines.

Although T cells can be programmed to clonally expand and differentiate into
functional effectors after a single brief exposure to antigen (144), during viral infections,
they will typically be guided by a variety of inputs (signals 1-3) for variable durations
depending on the efficiency of host immunity (116). Several investigations have
examined the contribution of co-stimulatory interactions and cytokine signaling to
priming CD8+ T cell immunity, most of which have utilized targeted knockouts or
monospecific antibodies to investigate the contribution of individual pathways (reviewed
in (145-147)). However, we are only now beginning to unpack the importance of how
different combinations of co-stimulatory ligands/receptors paired with specific cytokines
further influence the qualities of T cell differentiation. In the context of viral infection,
the TNF superfamily (CD27-CD70, 0X40-OX40L, 4-1BB-4-1BBL, HVEM-LIGHT) is
of particular interest, as many of the receptor-ligand pairs are tightly regulated and have
integral roles in influencing T cell proliferation, survival, and differentiation (148).
Many of these receptors have demonstrated context dependent impacts on T cell
immunity, such that manipulation of specific TNF superfamily pathways can yield
opposing outcomes depending on the dose or type of infection and the timing of
intervention (149—154). In addition to the effects of co-stimulatory signals on T cell
intrinsic functions, they can also manipulate how T cells receive, integrate, or deploy
extrinsic cytokine signals, which can bear heavily on differentiation of effector T cells, as

previously discussed (155—157). Thus many factors align during viral infection to inform

27



effector cell differentiation, and minor alterations in virus control or T cell priming can
provoke substantial impacts.

Beyond the first divergence of T cells into either SLECs or MPECs, MPECs can
additionally mature into memory cells with varied features and functions. Sallusto and
colleagues first described this divergence in human memory T cell populations upon
noticing differences in chemokine expression (CCR?7), localization, and function, and
established the concept of central and effector memory subtypes (158). In brief, central
memory T cells are characterized by their expression of CD45R0, CCR7 and CD62L (L-
selectin), which enable them to traffic to secondary lymphoid organs, extravasate through
the high endothelial venules, and home to the T cell zones. In contrast, CD45R0+
effector memory T cells are categorized by their lack of CCR7 and CD62L, and while
prevented from trafficking to secondary lymphoid organs, these cells can circulate and
penetrate into peripheral tissues and immediately restrain viral infection. The function of
these populations demonstrate varied reactivity to antigen stimulation with central
memory T cells exhibiting reduced effector-like functions, but robust proliferation
potential and generation of effector cytotoxic T lymphocytes. Effector memory cells, on
the other hand, have shorter lifespans and less homeostatic proliferation, but are equipped
for more immediate responses to target cells (132, 158, 159).

The ultimate impact of these two memory cell populations is a diversified
memory response to secondary infections. With effector memory cells, antigen-specific
T cells are poised for response in greater starting frequency and can mediate immediate
protection at the site of infection. At the same time, central memory cells, though slower

to react to secondary challenge, maintain the capacity to self-replenish the memory pool
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whilst producing a new pool of effector cells (132). Ideally, both memory populations
would be generated in order to benefit from antigen-specific immunity that is both
immediate and maintained in reserves, and depending on the infectious challenge, one
may be more beneficial than the other (132, 160, 161). The balance of central and
effector memory is likely to be determined by the nature of the pathogen and the
antigenic burden. Indeed, pathogens and immunizations that limit antigen exposure tend
to favor the formation of central over effector memory (161, 162). Conversely, persistent
viral infections with recrudescent antigen presentation (e.g. CMV) and heterologous
prime/boost vaccinations bias T cells towards effector memory cells via recurrent
peripheral exposure to antigen (159, 163, 164).

Despite these observations, the progression of signals and primacy of
differentiated memory populations is still hotly debated. The linear differentiation model
posits that effector memory cells comprise an intermediate subpopulation of memory
cells, and in the continued absence of antigen, these cells will revert to central memory
(161). Alternatively, the progressive differentiation model argues that effector and
central memory cell differentiation is determined by the duration and/or chronicity of
antigen/signal exposure, such that sustained or repeated stimulation favors effector
memory cell differentiation and that limited or delayed exposure primes central memory
(165). Interestingly, in both models, the extent of TCR-antigen stimulation during initial
acute infection determines the rate of effector-to-central memory conversion or the ratio
of effector to central memory differentiated cells, respectively . Further studies to clarify
the host-factors that influence antigen abundance and persistence during acute infection

will be invaluable to the design of effective vaccines against a bevy of chronic infections.
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CMV-specific CD8+ T cell responses

While NK cells have co-evolved with CMV and have acquired unique receptor
repertoires to efficiently detect and eliminate CMV-infected cells (166, 167), an adaptive
T cell response to CMV is still required to ultimately control active viral replication.
Cytotoxic T lymphocytes have been known to provide critical resistance against CMV in
both humans and mice for some time. Both specific transfer of primed T cells and
interventional treatment with IL-2 to expand and activate T cells has been shown to
improve antiviral efficacy (5, 168—171). Studies of MCMYV in severe combined
immunodeficient (SCID) mice have demonstrated that while NK cells can restrain early
viral infection, without an adaptive immune response, these mice succumb to persistent
infection (3). Moreover, NK depleted mice or mice with inefficient NK responses to
MCMYV can eventually control infection in a T cell dependent manner (3, 24, 106).
Antibodies have been demonstrated to restrict dissemination, but are not critical for direct
antiviral control (172).

The requirement for different arms of immunity at distinct phases and tissues of
the immune response likely dictates the functional contributions of NK and T cell
responses. CMYV is a prototypical B-herpesvirus, and like all herpesviruses can establish
lifelong infection through achieving viral latency (173, 174). CMV also exhibits
progressive dissemination throughout the host and tissue-specific tropisms, with the
greatest reservoir of latent CMV infection detected in the salivary gland. Whereas NK
cells can restrict early viral dissemination and pathogenesis, CD8+ T cells can effectively

terminate acute infection and continue to patrol for reactivated virus in peripheral organs
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(171, 175). Although both NK cells and antigen-specific CD8+ T cells can be detected in
the salivary gland during latent MCMYV infection, neither cell subset exhibits potent
cytotoxic control against reactivated virus in the gland, and it is the CD4+ T cells that are
critical for immune protection (109, 176—178). Recent studies, have clarified the
importance of memory CD8+ T cells resident in the salivary gland, noting that while they
may be inefficient at protecting against reactivated or systemically introduced infection,
which undergo several rounds of selection for viral escape mutants, direct infection of the
submandibular gland elicits a protective effector memory T cell response (179, 180).

In addition to these diverse host mechanisms for immune surveillance and control
of CMV, examination of viral evasion tactics underscores unique immune pressures from
both NK cells and CD8+ T cells. Common viral strategies to avoid detection by CD8+ T
cells involve the regulation of MHC I expression on the surface of infected cells.
However, viruses must strike a balance between limiting MHC I presentation of virus-
derived peptides and maintaining sufficient MHC I levels to prevent “missing-self”
detection (6, 181). HCMV utilizes several immunoevasin proteins to selectively decrease
MHC I expression on the surface of infected cells (Fig. 1.3). Although seemingly
redundant, the varied timing of expression, mechanisms of action, and allelic-specificities
of these immunoevasins indicate a tightly orchestrated manipulation of MHC I
expression contributes to HCMV’s successful evasion of the immune system. Both US3
and US6 non-specifically retain MHC I in the endoplasmic reticulum (182-184). US2
and US11, on the other hand, target and bind to specific, non-overlapping alleles of HLA-
A and -B molecules for degradation in the cytosol, leaving residual HLA-C and -E

expression to bind NK inhibitory receptors and protect against NK-mediated lysis (185—
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187). The non-overlapping specificities of these latter immunoevasins are indicative of
the virus’s acquired responses to the high degree of MHC I polymorphism (188).
MCMYV also encodes several glycoproteins that modify surface expression of MHC I
molecules. MCMYV gp40 sequesters loaded MHC I molecules in endoplasmic reticulum—
Golgi intermediate compartments (189), whereas gp48 re-routes mature MHC I
molecules to endo-lysosomal compartments for degradation (190).

To balance this broad MHC I downregulation, MCMYV gp34 binds to and
promotes MHC I expression at the cell surface to protect against missing-self detection
(77, 191, 192). These immunoevasins are both cooperative and antagonistic in function,
and through a hierarchy of allele-specific binding, MCMYV regulates surface MHC I
expression to evade detection by NK cells and CD8+ T cells (193-195). As an additional
measure to protect against NK mediated-killing in the absence of MHC I, CMV can also
use MHC I-related protein mimics that directly interfere with NK cells. The HCMV
glycoprotein UL18, for example, binds to the human inhibitory NK receptor ILT2/LIR-1
to interfere with LIR1+ NK-cell mediated cytotoxicity (196). In MCMV, m144 fulfills
an orthologous mechanism of NK-cell inhibition, mimicking key structural features of the
H-2 molecule (197-199), although the cognate receptor for this mimic is unknown.
m157 is another MHC I-related molecule that may have specifically evolved in MCMV
to engage NK-cell inhibitory receptors (48, 49, 200). Despite its dominant activating
properties in B6 mice and strains bearing Ly49H, it was hypothesized that m157 initially
evolved to inhibit NK cells in the wake of broad downregulations of endogenous MHC I
molecules, similar to m144. Support for m157’s immune evasive role can be gleaned

from studies that found that m157 variants isolated from wild outbred mice bind an array
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of inhibitory Ly49 with a wide range of affinities while very few of them activate Ly49H
(200). Thus, CMV has evolved a number of immunoevasive strategies in order to avoid
efficient detection by both NK and CD8+ T cells, which highlights the importance of

both of these potent effector cell control mechanisms.
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Figure 1.3. Viral manipulation of the MHC I antigen processing and presentation.
The presentation of self- and foreign-peptides on MHC I molecules is integral to the
regulation of both NK and CD8+ T cell immunity. Viruses have developed multiple
strategies to interfere with MHC I antigen presentation, with the ultimate goal of evading
both innate and adaptive immune recognition. Manipulation of MHC I molecules can
occur at various stages of the MHC I expression pathway: (1) peptide antagonists
produced during proteasomal degradation of cytoplasmic proteins dictate the affinity of
MHC I interactions with inhibitory NK receptors and CD8+ TCR; (2) immunoevasins
interfere with the proper loading and folding of the MHC I molecules, and even retain
properly folded molecules in the endoplasmic reticulum; (3) viral proteins promote the
export of MHC I molecules into the cytosol for proteasomal degradation or re-direct
MHC I trafficking from the endoplasmic reticulum to endo-lysosomal compartments; (4)
viral proteins promote the expression of classical and non-classical MHC molecules, as
well as MHC I mimics, to specifically inhibit NK-cell activation. For more information

on specific viral immunoevasins not addressed here, please refer to (54).
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Further support for the importance of CD8+ T cell during CMV infection stems
from the hallmark inflation of memory CD8+ T cells seen in CMV infected hosts (164,
201). Memory inflation is characterized by the continuous expansion of CMV-specific
memory cells beyond control of acute infection. This is most prevalent in elderly CMV
seropositive patients, and up to 15% of the total T cell repertoire can be accounted for by
CMV-specific CD8+ T cells (164). In humans this was initially thought to occur as a
result of persistent or reactivated viral infection (202-204). However, studies in mice
have revealed that viral spread and replication is not required to stimulate memory
inflation (205-207). Instead sporadic de-silencing of viral genome in latently infected
endothelial cells is sufficient to prime CD8+ T cells that circulate throughout the host
(208). Interestingly, the clonal repertoire of inflationary memory cells is not restricted to
the peptides presented during initial acute infection and can expand to efficiently
recognize viral peptides that are exclusively expressed during latent viral infection (209,
210). Thus these cells are not necessarily recently differentiated effector cells from
central memory T cells primed during acute infection, and indeed, are derived from a
naive population of T cells (205). Moreover, the phenotype of these cells resemble that
of persistently stimulated cells, and appear to be more terminally differentiated with little
homeostatic proliferation (159, 205, 211). Altogether, the presence of inflationary
memory cells helps to boost host immune sensing for reactivated CMV infection, and
although energetically demanding, this likely reflects the importance of specifically

restraining persistent viral infection.

NK cell influences on T cell immunity
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With NK cells and T cells exhibiting overlapping periods of effector activity
during most viral infections, its not surprising that NK cells have recently been described
to be important regulators T cell immunity. Just as the detection of PAMPs and DAMPs
can inform the nature of systemic immunity to infection or cancer (8), the manner and
quality of early NK cell responses to viral challenge can mold ensuing adaptive immune
responses (11, 12). Specific activation of NK cells can affect the magnitude and
dissemination of early viral replication, which can directly impact the abundance of
antigen available for DC cross-presentation to CD8+ T cells (4, 91, 93). The efficiency
of NK cell viral control has also been linked to the preservation of secondary lymphoid
organ architecture and maintenance of white pulp for efficient induction of adaptive
immune responses (10, 94, 212). In addition to cytotoxicity, specific cytokine production
by NK cells including IFNy, TNFa, GM-CSF, and IL-10 can influence the maturation,
trafficking, and co-stimulatory potential of DCs (20, 21, 99, 100, 213, 214). These
cytokine signals can also act on T cells directly and affect differentiation, particularly
IFNy and IL-10 (215-222). Finally, NK cells have been shown to target and eliminate
activated CD4+ and CD8+ T cells during certain viral infections, which restricts the
development of adaptive immunity and can impact both the persistence of viral infection
and the extent of immunopathology mediated by CD8+ T cells (13—17, 223). Whether
the impacts of NK cells on CD8+ T cells are supportive or suppressive to adaptive
immunity likely depends on the host-intrinsic and virus-specific conditions that shape the
nature of the NK response.

The coordination of NK and CD8+ T cells responses to MCMYV infection has long

been recognized as a classic paradigm for the sequential roles of innate and adaptive
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immunity: Early NK cell responses to infection limit the extent of viral spread, and
consequently restrict the effects of viral- or cytokine-induced suppression of T cells (3, 4,
42). Furthermore, the relative efficiency of NK-mediated resistance in genetically
distinct mouse strains — with varied expression of NK receptors and MHC I ligands — has
been demonstrated to correspond with enhanced CD8+ T cell immunity (23, 24). In
those studies, the predominant influence of efficient NK cell control on T cells was
mediated through effective protection or recovery of DCs during MCMYV infection.
Whether or not NK-DC interactions additionally shaped the maturation and priming
potential of these protected populations has yet to be determined, although experimental
cessation of viral control via NK-independent means was demonstrated to sufficiently
rescue enhanced accumulation of effector T cells. Despite this, coordination between NK
and CD8+ T cell activities is not always positively correlated. Alternative studies
examining the impact of NK depletion and less efficient NK responses to MCMV have
reported improved T cell immunity despite experiencing heightened viral levels in the
absence of efficient NK-mediated viral control (106, 109, 224, 225). Interestingly,
improved T cell priming in at least one study was attributed to the protection of infected
DCs from NK cell killing, which were shown to efficiently prime T effector cells ex vivo.
Thus, even within the context of MCMV, variable impacts of NK cells on DCs and T
cells can be seen.

To explain these diverse outcomes mechanistically, Waggoner and colleagues
proposed a ‘rheostat’ model, such that the impact of NK cells on T cell immunity is
dependent on the level or dose of viral infection (13, 226). In this model, depletion of

NK cells during a low dose infection would elevate the infection to moderate titers, but
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not so much that they suppress T cells; in contrast, NK depletion or inefficient NK
control under moderate dose conditions could raise the titers significantly and prevent T
cell priming through virus-induced immunosuppression. Therefore, a ‘Goldilocks zone’
of NK-restricted viral spread must exist in order to prime the T cells ‘just right’ without
invoking suppressive programs. While this inflection point of NK control may be best
understood with regard to viral antigen, additional antiviral factors must also be
considered, such as the distinct cytokine milieu, lymphoid organization, and the balance
with various immune cells like DCs, macrophages, and monocytes after infection.
Moreover, intrinsic features of how the NK cell responds to infection will further affect
their impact on adaptive immunity, as host-specific NK responses can vary greatly in
their functions and phenotypes.

In addition to T cell support or immunosuppression occurring as a byproduct of
NK-mediated viral control, the rheostat model also proposes a potential
immunoregulatory role for NK cells to prevent T cell-mediated immunopathology (13).
This notion is perhaps best supported by studies of persistent lymphocytic
choriomeningitis virus (LCMV; clone 13) infection, which activates NK cells, but does
not invoke a virus-specific NK response (3). During LCMV infection, NK cells can
regulate adaptive T cell immunity through direct cytotoxicity of activated APCs, CD4+,
and CD8+ T cells (13, 15, 18, 223). A number of mechanisms exist to prevent
constitutive NK cytotoxicity of activated immune cells, including type I IFN-mediated
upregulation of inhibitory MHC I and downregulation of natural cytotoxicity receptor
ligands on T cells, as well as expression of the 2B4 inhibitory signaling lymphocyte

activation molecule (SLAM)-receptors on NK cells that can inhibit cytotoxicity
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independent of MHC I (16, 17, 223). Nevertheless, even with these inhibitory pathways
in place, NK cells can still restrict the development of protective T cell immunity.
Interestingly, depending on the dose of infection, this immunoregulation can be host-
protective (13). While NK cells do not control LCMYV infection directly, their restrictions
on T cell immunity early after infection can indirectly affect the spread of virus, and
consequently the extent of virus-mediated T cell exhaustion. Under high dose LCMV
(clone 13) infections, NK restriction of T cells leads to a persistent, but non-lethal viral
infection that overwhelms and exhausts T cell immunity; this limits immunopathology
mediated by cytotoxic CD8+ T cells. On the other hand, with moderate doses of LCMV
(clone 13), early NK regulation of T cells provokes a persistent infection that
continuously stimulates T cells without inducing lymphocyte exhaustion, and prolonged
T cell immunopathology can lead to host mortality. Similar observations have also been
made for MCMYV, whereby the absence of total or virus-specific NK cells during acute
infection enhances effector CD8+ and CD4+ T cell activities in the spleen and salivary
gland, respectively, but also permits greater T cell mediated pathology and mortality
(221, 227). Hence, the measure of T cell accumulation and effector activity does not
alone indicate protective adaptive immunity, and the context in which these responses are
elicited can affect the host immensely.

Studies investigating the influence of NK cells on T cell immunity have generally
regarded NK cells as a broad class of innate lymphocytes, relying on complete NK
depletions to determine their impact under a set of given conditions. However, NK cells
comprise an extremely heterogeneous population of lymphocytes, and can be further

tuned by specific interactions with host-MHC I (54, 56). Therefore, subtle variations in
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the manner that NK cells and specific subsets of NK cells respond to viral infection are
likely to have lasting impacts on the quality of CD8+ T cell priming and differentiation
outside of the kinetics of viral control. This may include differences in specific
trafficking and colocalization with other immune cells; unique maturation profiles that
inform cytokine production versus cytotoxicity; and proliferation and frequency of cell-
to-cell encounters. Distinct receptor repertoires may further dictate not only how NK
cells detect infection, but also how they interact with other immune cells. Licensed NK
cell responses to viral infection are inherently characterized by expression of inhibitory
NK receptors (54, 56, 57), and inhibitory NK receptors have been demonstrated to limit
NK killing to T cells (16, 17, 223). As similar protective mechanisms have also been
described to protect NK cells from NK-mediated ‘fratricide’ (228), it is likely that these
measures of inhibition also help to protect a variety of other cell types. Other models of
NK cell responses to viral infection demonstrate that NK cells lacking expression of self-
inhibitory receptors can dominate responses to infection and have been shown to be much
more proliferative and cytotoxic to infected target cells (82, 83). Interestingly, these
same highly responsive NK subsets have been shown to restrict T cell immunity through
elimination of infected DCs (109). Whether or not inhibitory receptor interactions can
inhibit this immune cell killing remains to be determined. Future studies seeking to
clarify the impacts of specific NK subsets in hosts with defined MHC I alleles on

adaptive immunity are warranted.
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Significance & Summary

The need for coordinated innate and adaptive immune responses to persistent viral
infections, such as MCMYV, has been well established (3—5, 42). However, the
mechanisms guiding coordination between these immune cell compartments remain less
clear. The efficiency of viral control provided by specific NK cell responses to MCMV
can be correlated with improved accumulation of CD8+ effector T cells in response to
infection (23, 24, 42). However, it remains to be clarified whether or not distinct
mechanisms of NK cell activation and response additionally influence the quality of T
cell differentiation through manipulation of effects on co-stimulation and cytokine
profiles. Moreover, as we seek to modify specific arms of immunity through targeted
engineering and specific immune depletions, it is paramount that we understand the span
of influence that these cells exert on one another — not only in isolated tissues or in
response to specific pathogens, but also in the context of different host environments with
varied genetic determinants of immune function.

While several studies have focused on the contribution of Ly49H+ NK cell-
mediated viral control to adaptive immune development (23, 109, 221, 224), the
frequency of this specific receptor in inbred and wild mouse strains is actually quite rare
(50). This suggests that alternative mechanisms of NK resistance are likely to exist. Our
research group has previously demonstrated that MHC 1 D" is a critical resistance
molecule for antiviral immunity in mice expressing inhibitory receptor Ly49G2, for
which D" is a cognate licensing ligand (71, 78). Moreover, D*-licensed G2+ NK cells
have been shown to accelerate and enhance CD8+ T cell accumulation through specific

recovery of DCs (24). Although non-D* mice without specific licensed NK responses to
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MCMYV can also mount robust CD8+ effector T cell responses, the peak cytotoxic
activity of these effectors is delayed. We therefore hypothesized that mice with or
without highly specific licensed NK cell responses to MCMYV affect T cell priming
environments, and that these differences elicit unique CD8+ T cell differentiation profiles
beyond acute infection. The original research described herein addresses two key
questions: (i) How do licensed NK cells specifically impact co-stimulatory ligand display
by DCs to promote early effector T cell efficient differentiation? (ii) Does early viral
control mediated by licensed NK cells influence memory cell differentiation?

In Chapter II, we explore the possibility that D*-licensed NK cells preferentially
induce co-stimulatory ligand expression to efficiently prime CD8+ T cells. We establish
that CD8+ T cell responses primed in mice with licensed NK-mediated resistance to
MCMYV are dependent on CD70-CD27 interactions, and that these CD70 dependent
responses can proceed independent of CD4+ T cell help. However, rather than inducing
a preferential up-regulation of CD70 ligand, we observe that licensed NK cell control of
MCMYV dampens expression of CD70 and CD86. Furthermore, whereas T cells primed
in mice with licensed NK cell control of infection are critically dependent on CD70-
CD27 interactions, primary T cell responses in mice without specific licensed NK cell
control can proceed independent of CD70-CD27 co-stimulation. These studies suggest
that specific co-stimulatory requirements for priming CD8+ T cells during acute infection
and the duration of co-stimulatory ligand display can be guided by the efficiency of NK-
mediated viral control.

In Chapter III, we extend our analyses of effector T cell priming to examine how

licensed NK cells impact early differentiation of CD8+ T cells into SLECs or MPECs.
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We discovered that the presence of specific licensed NK cell responses to MCMYV biases
early CD8+ T cell differentiation towards an MPEC fate, whereas mice without specific
NK-mediated resistance to MCMYV predominantly feature terminally differentiated
SLECs. This skewing of virus-specific CD8+ T cell populations is durable and lasts
throughout persistent and latent infection. Both effector and memory T cells cells from
latently infected mice are capable of mediating efficient viral control upon secondary
challenge, though to varying degrees depending on the challenge conditions. We believe
that the skewed representation of these cell subsets in D*-disparate mice reflects host-

specific needs for distinct modes of T cell immunity .
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Chapter 11

Acute virus control mediated by licensed NK cells sets primary CD8+ T

cell dependence on CD27 costimulation

" J Teoh et al. Manuscript accepted. J Immunol (2016).
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Introduction

NK cells are vital to protect against a variety of viral infections and cancer cells
(229). Classical and functional deficiencies in human NK cells are associated with
increased susceptibility to recurrent infections, particularly by members of the
Herpesviridae family, including cytomegalovirus (CMV) (36, 37). While their role as
direct antiviral mediators has been well studied (6, 75), recent investigations have
revealed broader immunoregulatory roles for NK cells, including regulation of adaptive
immune responses (11, 12, 230). As potent cytokine producers and highly cytotoxic
effector cells, NK cells can bridge innate and adaptive immunity by aiding dendritic cell
(DC) maturation for better T cell priming (20, 21, 97, 231) and increasing the availability
of antigen for cross presentation (93). Efficient NK cell resistance to infection can also
limit antigen availability and decrease inflammation, which may decrease the overall
magnitude of CD8+ T cell responses (106, 109). Furthermore, NK cell lysis of activated
CD4+ and CD8+ T cells, and even other NK cells, which could prevent immune-related
pathologies, was also shown to interfere with virus clearance during chronic infections
(13, 15-18). NK cells therefore serve in a variety of different roles during viral infection,
and both the type of viral infection and the host-genetic factors regulating NK cell
responses likely guide their involvement in antiviral defenses and host immunity.

MHC I D" is a dominant genetic resistance factor that enables NK cells
expressing Ly49G2 (G2) inhibitory receptors, for which D"isa cognate ligand, to
efficiently restrain MCMV infection (71, 78). While D" expression on healthy cells
prevents G2+ NK cell responses, altered expression of D* during MCMV infection is

thought to release G2-mediated inhibition of stimulatory NK receptors, thereby triggering
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efficient target cell lysis (54). Alternately, D*-dependent licensing could serve to
increase G2+ NK cell functionality and specific responsiveness to MCMYV targets (54,
59, 68, 71). In either case, licensed G2+ NK cells were found to selectively and
specifically expand and limit MCMV spread only in mice with self-MHC D* ligands
expressed (68, 71, 77, 78, 232).

In response to virus infection, NK cells have also been shown to help protect,
recover, and license DCs, which resulted in enhancements to cytotoxic T-cell immunity
(23, 24, 213). In particular, we found that D¥-licensed G2+ NK cells can accelerate the
recovery of CD8a+ and CD11b+ DCs, which then corresponds to enhanced virus-
specific CD8+ T cell accumulation (24). Cross-presenting CD8o+ DCs have been shown
to be critical for priming non-inflationary MCMV-specific CD8+ T-cell responses (233),
and DC interactions with early responding NK cells may indirectly impact the quality of
subsequent T-cell priming (97).

Given the differences in CD8+ T-cell kinetics in Dk-disparate mice (24), we
predicted that D*-licensed G2+ NK cells regulate co-stimulatory ligands displayed on DC
early during MCMYV infection. CD28-CD80/86 (234) and TNF superfamily members
CD27-CD70 (235), OX40/40L (151), and 4-1BB/4-1BBL (150) were previously shown
to provide critical co-stimulatory signals to virus-specific CD8+ T cells, though their
spatiotemporal importance varied over the course of MCMYV infection (153). Whereas
CD28 is necessary for T-cell expansion during initial priming events (234, 236), 0X40
and 4-1BB pathways have been demonstrated to drive latent and inflationary CD8+ T-
cell accumulation during persistent MCMYV infection (150, 151). CD27 plays an

interesting role in MCMYV infection since it has been shown to be critical for both acute
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non-inflationary and persistent inflationary accumulation of MCMV-specific CD8+ T
cells (235). Moreover, immature NK cells express CD27, and several studies have
correlated CD27 stimulation with the functional responsiveness of NK cells (237-239).
Although these co-stimulatory pathways have been extensively studied, whether NK cells
also specifically license DC for co-stimulatory ligand expression is unknown. Moreover,
as host- and virus-specific effects influence how CD8+ T cells are primed via specifically
licensed DC, understanding the NK cell role in shaping DC co-stimulatory ligand display
is highly relevant (146, 149).

This study investigated how D*-licensed G2+ NK cells accelerate and shape
virus-specific CD8+ T cell accumulation during acute infection. We predicted that
licensed NK-mediated virus resistance would enhance DC licensing by regulating co-
stimulatory ligands required in CD8+ T-cell priming. We found that CD70-CD27 co-
stimulatory interactions were required in licensed NK cell enhancement of CD8+ T-cell
responses. Although CD70 ligand up-regulation in DCs was found to be a common
response to MCMYV, irrespective of the extent of virus resistance, we discovered that the
efficiency of NK-mediated resistance determined the requirement for specific co-
stimulatory cues to prime CD8+ T cells. Thus, in mice without licensed NK-mediated
MCMYV resistance, CD8+ T-cell priming was delayed and occurred independent of CD27
signaling. Our results indicate that specific virus control via licensed NK cells influences

the set of cues that prime and shape primary effector CD8+ T-cell responses.
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Results

CD70 prompts accumulation of antiviral CD8+ T cells without impacting licensed
NK cell responses to MCMV

We first examined DC co-stimulatory effects on virus-specific T cells acquired
during MCMYV infection in MHC I D* congenic mice with licensed G2+ NK cells.
Heterozygous (D) mice were used so that MCMV M45-specific (i.e. M45-D"-
restricted) CD8+ T cells could be analyzed. As expected, CD3+ T cells on the whole
expanded significantly by d 6 in response to MCMYV (Fig. 2.1A). However, CD70
neutralization effectively blocked accumulation of total CD8+ and antigen-specific CD8+
T cell subsets, including M45-specific CD8+ T cells, in comparison to isotype-treated
control mice (Fig. 2.1A). It is unlikely this was due to a direct effect on NK cells since
virus control in spleen was intact at 3.5 and 6 d post-infection, and G2+ NK cells accrued
and matured normally in CD70-blocked mice (Fig. 2.1B-D, Fig 2.2A). In contrast, sole
blockade of either CD86 (Fig. 2.2B) or CD80 (Fig. 2.2C) failed to reduce T-cell
accumulation, though in combination they did (Fig. 2.2D). These results are consistent
with previous work to indicate that both CD27 and CD28 signals contribute to non-
inflationary T-cell outcomes (235, 240). Our results further demonstrated compensatory
mechanisms for CD28 stimulation via CD80 or CD86, whereas CD27 was critically
dependent on signals from CD70.

CD70-CD27 and CD80/86-CD28 interactions were previously shown to serve
complementary and non-redundant roles during influenza infection (236). Whereas
CD28 stimulated CD8+ T cells to begin cycling, CD27 promoted survival and

accumulation of activated CD&8+ T cells. Herein we observed that transient CD70-
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blockade had little impact on the frequency of total CD3+ T cells, but significantly
reduced the relative proportion of CD8+ T cells (Fig. 2.2E). In contrast, dual blockade of
CD80/86 significantly reduced the frequency of total CD3+ T cells, but failed to similarly
affect the proportion of CD8+ T cells (Fig. 2.2F). These observations may implicate a
similar complimentary co-stimulation cascade, as CD28 stimulation drives total T cell
accumulation, and CD27 specifically supports the proportional accumulation of activated
CD8+ T cells. Interestingly, TLR agonism alone, such as that induced during viral
infection, is sufficient to drive CD80 and CD86 expression on DCs, whereas CD70
typically requires additional co-stimulatory input (e.g. CD40/40L) (241-243). We
therefore further investigated CD70-CD27 signaling and its accessibility to licensed NK-

cell regulation.
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Figure 2.1. CD70 prompts accumulation of antiviral CD8+ T cells without impacting
licensed NK cells responding to MCMYV. MHC congenic R7 (D) mice were either
PBS-injected (uninf), or treated with rat IgG (isotype) or mAb FR70 (a-CD70) prior to
and concurrent with MCMYV infection. MCMYV levels (d 6) in spleen tissues were
measured and fluorescent mAb-stained splenocytes were analyzed by flow cytometry.
(A) Graphs show the means (= SD) for the number of viable single cell-gated CD3+
CD19- T cells, and total and M45-specific CD8+ T cells for the indicated groups of mice
(n = 3-4 mice/group). (B) The graph shows individual spleen virus levels in the indicated
mice. (C) The bar graphs show the mean (= SD) number of total viable single-cell gated
CD3- CD19- NKp46+ NK cells (left) and G2+ NK cells (right). (D) Graphs show the
mean (£ SD) number of immature CD27+ CD11b- (left), maturing CD27+ CDI11b+
(center), and mature CD27- CD11b+ (right) NK cells. Results are representative of at
least 4 independent studies. Statistical comparisons were calculated using one-way

ANOVA when appropriate (*P <.05, **P <.01, ***P < .001, ****P <.0001).
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Figure 2.1
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Figure 2.2. Blockade of CD70 specifically impacts the proportion of CD8+ T cells.
MHC congenic R7 (D) mice were treated with rat IgG (isotype), mAb FR70 (a-CD70)
(A), mAb GL1 (a-CD86) (B), mAb 16-10A1 (a-CD80) (C), or combination a-CD80/ot-
CD86 (D) during MCMYV infection. (A) Individual spleen virus levels are shown for the
indicated cohorts (d 3.5). (B-D) Representative bar graphs show the mean (+SD) number
of total splenic CD3+ T cells, total CD8+ T cells, and M45-tetramer+ CD8+ T cells per
group (d 6). Individual spleen viral levels for each of the cohorts are also shown (far
right). (E-F) Graphs show the mean (+=SD) frequency of CD3+ (left) and CD8+ T cells
(right) for a-CD70 (E) and a-CD80/86 treatment groups (F). Data are representative of
one (A,C,D,F) or two (B,E) independent experiments (n=3-4 mice/ group). Statistics
were calculated using one-way ANOV A where appropriate (*P < .05,

P <01, ¥**P <.001, ****P < .0001).
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Figure 2.2
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CD70 controls effector CD8+ T cell differentiation during acute infection in mice
with licensed NK cell control of MCMV

During viral infection, CD8+ T cells are exposed to many antigenic, co-
stimulatory and cytokine signals that can affect expression of key transcription factors
such as T-box expressed in T cells (Tbet) and eomesodermin (Eomes), and ultimately cell
survival and effector functionality (133, 244, 245). While the duration of antigenic
stimulation and exposure to specific cytokine milieus can affect differentiation of CD8+
T effector cells (133, 135, 244), CD70-CD27 co-stimulation can also impact the quality
of effector and memory T cell differentiation via the regulation of Eomes (155, 156, 235,
246).

To determine its role in T-cell priming, we first examined how CD70 blockade
affects CD8+ T-cell differentiation. We assessed CD44 and the B2-integrin CD11c to
broadly examine total antigen-experienced T cells, rather than solely focusing on M45-
specific CD8+ T cells (247, 248). Importantly, CD44+ CD11c+ T cells were specifically
detected after infection, but not in naive mice (Fig. 2.3A). As with M45-specific T cells,
accumulation of CD44+ CD11c+ CD8+ T cells in response to MCMYV was CD70
dependent (Fig. 2.3A-C). We thus further examined CD70's effect on the differentiation
of antigen-experienced CD8+ T cells into either short-lived effector cells (SLEC;
KLRG1+ CD127-) or memory precursor effector cells (MPEC; CD127+ KLRGI-) as
defined by Kaech and colleagues for T cells responding to lymphocytic choriomeningitis
virus (LCMV) (133, 134). Similar to LCMYV infection, antigen-experienced T cells were
skewed towards KLRG1+ SLECs in MCM V-infected (d 6) mice, with a near 10-fold

accrual of SLECs over naive controls (Fig. 2.3A, 2.3D). CD70 neutralization decreased
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the accumulation of SLECs to less than half of what was observed in control mice. Even
within the population of antigen-experienced CD8+ T cells, CD70 blockade reduced the
proportion of CD8+ T cells that were KLRG1+ (Fig. 2.3D). We also observed
significant differences in the numbers of CD127+ antigen-experienced MPECs when we
compared control and CD70-blocked mice. However, this could have been due to
disparities in the total number of antigen-experienced cells since CD127+ cell
frequencies were equivalent (Fig. 2.3E). These results suggested that CD70 stimulation
promotes MPEC accumulation during acute MCMYV infection, consistent with previous
reports (235).

To determine whether the differences in SLEC differentiation also affected
functionality, we next assessed CD8+ T-cell cytokines produced in response to ex vivo
restimulation with two different MCMYV peptides, both of which are expressed during
acute infection. Similar to its effect on T-cell differentiation, CD70 blockade
dramatically decreased the numbers of M45- and m139-specific [FNy+ (Fig. 2.3F) and
TNFa+ (Fig. 2.3G) CD8+ T cells in MCM V-infected mice. Even without additional
peptide restimulation, CD8+ T cells from isotype-treated mice exhibited a trend toward
higher cytokine production. Taken together, these results suggested that CD70-CD27
signals prime CD8+ T cells to efficiently produce effector cytokines in mice with

licensed NK cell control of MCMV.
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Figure 2.3. CD70 controls effector CD8+ T cell differentiation during acute infection
in mice with licensed NK cell control of MCMYV. Mice were treated with rat isotype
IgG or anti-CD70 and infected with MCMV as in Figure 1. (A) Shown are representative
contour flow plots for the frequencies of antigen-experienced (CD44+ CD11c+) T cells
(top) and SLEC (KLRGI1+ CD127-) and MPEC (CD127+ KLRG1-) differentiated CD8+
T cells (bottom). (B-C) Graphs represent the mean (£ SD) number of total CD8+ (B) and
antigen experienced CD8+ T cells (C). (D-E) Graphs show the mean (= SD) numbers
and frequencies of antigen experienced SLEC (D) and MPEC (E) CD8+ T cell
populations. (F-G) Bar graphs show the intracellular expression of INFy (F) and TNFa
(G) by CD8+ T cells for each peptide restimulation. (n = 3-4 mice/group). Data is
representative of at least 4 independent studies. Statistical comparisons were calculated
using one-way ANOVA when appropriate (*P < .05, **P <.01, ***P <.001, ****P <

.0001).
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Figure 2.3
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CD8+ T cell dependence on CD70 signaling is intact in CD4+ T cell-depleted mice
with licensed NK control of MCMV

We previously found that licensed NK cells can augment virus-specific CD8+ T-
cell immunity without CD4+ T-cell help (24), consistent with prior work that
demonstrated CD4+ T cell-independent CD8+ T-cell responses during MCMYV infection
(176). However, DC licensing for CD70 expression was thought to require co-stimulatory
support from CD4+ T cells or helper subsets (e.g. NKT) that support CD40/40L
interactions (241-243, 249-252). To pursue this, we analyzed the effect of CD70
neutralization on CD8+ T cells responding to MCMYV in CD4+ T cell depleted mice (Fig.
2.4A, 2.4B). The mere absence of CD4+ T cells had little impact on CD8+ T cells
responding to MCMYV, whereas additional blockade of CD70 reduced total CD8+ T-cell
numbers somewhat (Fig. 2.4C). We suppose that increased homeostatic T cell expansion
after CD4+ T cell depletion may have accounted for the reduced efficacy of CD70
blockade on overall CD8+ T cells (see Figs. 2.1, 2.3). Nonetheless, CD70 blockade
significantly muted M45-specific CD8+ T-cells in CD4 T cell-depleted mice (Fig. 2.4D).
Still, we observed some variability in the extent of its effect in CD4+ T cell replete and
depleted settings, which resulted in 4-fold or 2-fold declines in virus-specific CD8+ T
cells, respectively (Fig. 2.1, 2.4D). The results suggested that licensed NK cell control of
MCMYV may impart CD70-mediated enhancement of CD8+ T cell immunity without
CD4+ T cell help.

We next addressed this question by repeating the CD70 neutralization treatment
in experimental groups of mice, with or without CD4+ T cells, that could be directly

compared (Fig. 2.5). As expected, CD4+ T cell depletion per se had no effect on CD8+
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T cells responding to MCMYV (Fig. 2.5A, 2.5C, 2.5D). Importantly, direct comparisons
showed that CD70 signaling was equally important to expand (4-fold) overall and virus-
specific CD8+ T cells, irrespective of CD4+ T cells. Similar patterns were also detected
for M45-specific SLECs and MPECs (Fig. 2.5E, 2.5F). Thus, these results indicated that
enhanced accumulation of MCMV-specific CD8+ T cells in the presence of licensed NK
cells is CD70-dependent and proceeds even in the absence of CD4+ T cells.

We next sought to determine whether interactions between CD40L and CD40
were necessary to prime efficient virus-specific CD8+ T-cell responses. While helper
CD4+ T cells are perhaps best known for CD40L expression, the ligand can also be
displayed by other leukocytes including CD8+ T cells, y0-T cells, NK cells, NKT cells,
monocytes, basophils, and mast cells (249). In fact, NK cells were found to drive in vitro
maturation of monocytes via CD40/40L interactions, which then primed M. tuberculosis
antigen-specific CD8+ T cells (253). Thus, we assessed if licensed NK cells express
CDA40L in response to viral infection. We found only limited intracellular stores of
CDA40L, however, and there were no differences observed among licensed and unlicensed
NK cells (Fig. 2.5G). To determine if CD40L has a role in helping licensed NK cells to
prime CD8+ T cells, we gave repeated doses of anti-CD40L blocking mAb to D* mice
during infection. CD40L blockade, however, had little impact on total CD8+ T-cell
accumulation in comparison to control mice (Fig. 2.4E). Additionally, CD40L blockade
yielded only modest and insignificant reductions in M45-specific CD8+ T cells (Fig.
2.4F). In aggregate, these data demonstrated that CD70 effectively costimulates CD8+ T
cell immunity in a CD4+ T cell- and CD40/40L-independent manner in mice with

licensed NK cell control of MCMV.
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Figure 2.4. CD8+ T cell dependence on CD70 signaling is intact in CD4+ T cell-
depleted mice with licensed NK control of MCMYV Anti-CD4 (GK1.5) depleting

antibodies were administered to MHC congenic R7 (D"

) mice to effectively deplete
CD4+ T cells. CD4-depleted mice were additionally treated with rat isotype IgG or anti-
CD70 blocking antibodies during MCMYV infection. (A) The dot plots represent
frequencies of splenic CD8+ and CD4+ T cells from the indicated cohorts (d 6). (B-D)
Bar graphs show the mean (= SD) of total CD4+ (B), CD8+ (C) and tetramer+ CD8+ T
cells (D). Data are representative of 2 experiments with 3-4 mice per group. (E-F)
Congenic R7 (D) mice were treated with neutralizing anti-CD40L (MR1) monoclonal
antibody during MCMV infection. Bar graphs show the mean (= SD) number of total (E)
and M45-D"-tetramer+ CD8+ T cells at d 6. Data are representative of 3 experiments (n

= 3-4 mice/group). Statistical analyses were performed using one-way ANOVA (*P <

05).
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Figure 2.4
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Figure 2.5. CD70-dependent CD8+ T cell immunity proceeds in the absence of CD4
T cells and licensed G2+ NK cell expression of CD40L. CD4+ T cell replete and
depleted D* mice were infected with MCMYV and treated with a-CD70 or rat isotype
during infection. (A-F) Bar graphs show the mean (£SD) number of total splenic CD3+
(A), CD4+ (B), CD8+ (C), and M45-D’-tetramer+ CD8+ T cells (D). (E-F) Mean (+SD)
numbers of SLECs (KLRG1+ CD127-) and MPECs (KLRG1- CD127+) were identified
within the M45-specific CD8+ T cell population, and are displayed for each of the
treatment cohorts. Data are representative of a single independent experiment (n=4
mice/group). (G) Mice with D* were infected with MCMYV, and splenic NK cells were
observed for intracellular CD40L expression at 0, 36, 60, and 72 h post-infection. Shown
are representative flow plots (left) for total NK-cell expression of CD40L. The histogram
(right) shows the mean (+SD) number of splenic CD40L+ NK cells for G2+ and G2- NK
cells (D*-licensed and unlicensed, respectively). Data are representative of 2 independent
experiments (n = 4 mice/group). Statistics were performed using one-way ANOVA (*P

<.05, **P < .01, ***P <.001).
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CD27-deficiency dampens virus-specific CD8+ T cell immunity without impairing
licensed NK cell control of MCMV

Next we examined the role of CD70-CD27 co-stimulation in distinct CD8+ T cell
immune responses in mice with or without licensed NK cell control of MCMV by
assessing the effect of CD27 deficiency in our D*-disparate mouse strains (see Materials
and Methods). To validate the model of licensed G2+ NK-cell virus control in CD27 KO
mice, we examined spleen tissues on d 6 after infection. As expected, MCMV was below
detection in mice with D*-licensed NK cells, irrespective of CD27 expression (Fig.
2.6A). In fact, virus spread was fully restrained by 3.5 days p.i., which further indicated
that licensed NK-mediated virus control in D mice is not delayed by CD27 deficiency
(Fig. 2.7A, 2.7B). In contrast, virus levels were generally 3-logs higher in both strains
without D*. Although larger numbers of total and G2+ NK cells responding to MCMV
were generally observed in CD27 KO-D* mice, they did not differ significantly from
CD27 KO NK cells in non-D* mice (Fig. 2.7C, 2.7D). Significant elevations in activation
(CD69+) and maturation (CD11b+) markers were also observed in the CD27 KO NK
cells, which suggested that these cells were indeed responding and specifically
controlling viral infection (Fig. 2.7E, 2.7F). Non-D* mice exhibited a 2-fold greater
number of total CD69+ NK cells (d 3.5), which likely reflected the sustained elevation of
splenic viral levels and the continued non-specific activation of NK cells, as these
parameters have been previously correlated (78). Nonetheless, these results indicated
that licensed NK cell-mediated resistance to MCMYV is CD27-independent.

While the ability of D*-licensed NK cells to efficiently respond to and restrain

acute MCMYV infection was unhindered by CD27 deficiency, previous work established
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that CD8+ T cell expression of CD27 is necessary to mediate CD70-dependent virus-
specific T cell immunity (235). Thus, we further examined the role of CD70-CD27
signaling in driving distinct CD8+ T cell responses to MCMV in our D*-disparate
congenic strains. As expected (254), CD4+ and CD8+ T cell numbers in naive mice were
unaffected, indicating that CD27 had little impact on the homeostatic maintenance of
naive T cells (Fig. 2.6B-D). However, MCMYV induced accumulation of total and M45-
specific CD8+ T cells in mice with both D* and CD27 (Fig. 2.6B, 2.6D, 2.6E). Total
numbers of CD4+ T cells were unaffected by the presence of D or CD27 (Fig. 2.6C),
however previous studies have identified deficiencies in antigen-specific CD4+ T cell
responses to MHC II restricted MCMYV peptides in the absence of CD27 (235). As with
CD70 neutralization, CD27-deficiency severely limited M45-specific CD8+ T cell
accumulation in mice with D*-licensed NK cell control of MCMV. In fact, CD8+ T cells
expanded similarly sans CD27 signaling regardless of whether D* was expressed.

In addition to CD27-dependent accrual of virus-specific CD8+ T-cells, we found
that CD27 was also critical for priming SLECs and IFNy-competent CD8+ T cells in D*
mice. In comparison, the absence of either CD27 or D" significantly interfered with
CD8+ T SLEC differentiation and cytokine production at d 6 (Fig. 2.6F, 2.6H). Once
again, these effects were not limited to a single T-cell epitope, as peptide re-stimulation
with m139 recapitulated the difference in numbers of cytokine producing CD8+ T cells
amongst different groups. In the M45-specific population, there was little evidence of
CD8+ T MPEC differentiation at d 6 (Fig. 2.6G). In aggregate, these results indicated

that although licensed NK cell activation, accumulation and control of MCMYV proceeded
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independent of CD27, CD8+ T cell priming in the wake of efficient MCMYV control still

required CD70-CD27 signaling for early accumulation of KLRG1+ SLECs.
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Figure 2.6. CD27-deficiency dampens virus-specific CD8+ T cell immunity without
impairing licensed NK cell control of MCMYV CD27 KO, CD27 KO-D¥, CD27 WT and
CD27 WT-D* mice were infected with MCMV for 6 d. (A) The graph shows individual
spleen virus levels in the indicated mice. (B-E) Bar graphs show the mean (+ SD)
number of total CD3+ (B), CD4+ (C), CD8+ (D), and M45-D’-tetramer+ T cells (E). (F-
G) Bar graphs show the mean (+ SD) number of tetramer+ SLECs (F) and MPECs (G)
per spleen at d 6. (H) Graphs represent the mean (= SD) number of total [FNy+ CD8+ T
cells detected for each peptide stimulation (No stimulation, M45, and m139). Data are
representative of 3 independent experiments (n = 3-4 mice/group). Statistical
comparisons were calculated using one-way ANOVA (*P <.05, **P < .01, ***P < .001,

Fackkp <.0001).
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Figure 2.6
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Figure 2.7. CD27 is dispensable for licensed NK cell control of MCMYV. D*-disparate
CD27 WT and CD27 KO mice were infected with MCMV. (A-B) Scatter plots show
individual spleen MCMYV levels for CD27 WT (A) and CD27 KO mouse strains (B) at d
3.5. (C-D) Bar graphs show the mean (£SD) number of CD3- CD19- DX5+ NK cells (C)
and G2+ DX5+ NK cells per spleen (D). (E-F) Bar graphs display the mean (£SD)
number of activated CD69+ NK cells (E) and mature CD11b+ NK cells (F). Statistical
analyses were performed using one-way ANOVA (*P <.05, **P <.01) or unpaired

Student t-tests where appropriate (***P < .001, ****P < .0001).
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Licensed NK cell control of MCMYV adjusts the duration of CD70 expression on DC
Intriguingly, CD27-deficiency did not further impede CD8+ T-cell accumulation
in mice without D* (Fig. 2.6D, 2.6E). This suggested one of two possibilities: (i) CD70
could be selectively regulated by efficient NK cell control of MCMV. If so, CD27
expression on CD8+ T cells should have little impact on virus-specific T-cell
accumulation in non-D* mice. (ii) Alternatively, poor virus control due to the absence of
licensed NK cells might interfere with early CD8+ T-cell priming, regardless of access to
co-stimulatory mediators. If so, analysis of d 6 T-cell features to test the role of CD70-
CD27 signaling in non-D* mice may be challenging since previous work showed that
poor virus control corresponded with a delay in the acquisition of functionally competent
effector T cells in vivo (24). Both of these possibilities were therefore pursued to
investigate if licensed NK cells regulate CD27-dependent T-cell accumulation.

To investigate whether licensed NK cells influence CD70 expression on DCs, we
examined splenic DCs in Dk-disparate mice after infection. MCMYV levels were similar at
36 h, but began diverging as early as 48 h for the two mouse strains (Fig. 2.8A).
Surprisingly, Cd70 gene expression increased with similar kinetics and magnitude in D*
and non-D* mice early after infection (Fig. 2.8B). While Cd70 expression had increased
slightly in DC relative to naive controls by 36 h, it increased substantially in both mouse
groups by 48 h postinfection. By 72 h, Cd70 expression in D* mice had returned to
baseline, whereas it remained elevated in non-D* mice 72-96 h. These data indicated that
licensed NK-cell resistance coincided with restrained Cd70 expression in DCs. We next
examined MCMV-induced DC cell surface expression of costimulatory ligands and MHC

IT (I-A/I-E) (Fig. 2.8C). Consistent with transcriptional kinetics, both D" and non-D*
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mice had increased expression of CD70 and CD86 at 48 h postinfection. For D* mice,
maximal CD70 and CD86 expression occurred at 48 and 72 h, respectively, and then
decreased afterward. In contrast, non-D* mice had increased expression (MFI) for both
CD86 and CD70 through 96 h postinfection. These results suggested that co-stimulatory
ligands in DCs were negatively regulated in D* mice in comparison to prolonged CD70
and CD86 expression in non-D* mice. In addition to higher expression of these
maturational markers, DC frequencies and total numbers of DCs expressing CD70 and
CD86 were also significantly elevated in non-D* mice at 96 h (Fig. 2.8D, 2.8E). Whether
this was due to downregulation of co-stimulatory ligands in mature DCs, or expansion of
immature DCs from pre-DCs in D* mice remains to be determined. Thus, counter to
expectations, MCMYV infection resulted in increased costimulatory ligand gene and
protein expression, with slightly greater and extended up-regulation in non-D* mice

lacking highly efficient licensed NK cell virus control.

73



Figure 2.8. Licensed NK cell control of MCMYV adjusts the duration of CD70
expression on DC (A) MCMV genome levels in individual D*-disparate mice at the
indicated times postinfection are shown. (B) Spleen CD11c+ DCs were positively
selected at the indicated times postinfection. The graph displays the mean (+ SD) fold-
change in normalized Cd70 expression relative to naive DCs. (C) The histogram
overlays of viable (single-cell) CD3- CD19- MHC II" gated DCs demonstrate
representative expression of co-stimulatory ligands CD70 (top) and CD86 (middle), as

well as MHC II (I-A/I-E) (bottom) for the indicated time points (black dashed lines = D

k.,
9

red solid lines = non-D¥; shaded graphs = CD70 FMO or d 0 CD86 and MHCII). Median

fluorescent intensities for each of the ligands from D" (top black) and non-D* (bottom

red) mice are also displayed in each histogram. (D,E) Graphs represent the total numbe

T

and frequency (+ SD) of DCs expressing CD70 (D) or CD86 (E). Data are representative

of 2-independent experiments (n = 3-4 mice/group) (*P < .05, **P <.01, ****P<.0001

by one-way ANOVA).
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Figure 2.8
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Inefficient NK-mediated control of MCMYV results in delayed and CD27-
independent accumulation of KLRG1+ SLECs

Given CD70’s protracted expression in DC due to inefficient virus control, we
pursued its effect on CD8+ T cells later during infection. As in Figure 2.6, total and
antigen-experienced CD8+ T cells were again less abundant in infected (d 6) non-D*
mice (Fig. 2.9A-D). As a result, deficits in SLECS and MPECs were also observed,
regardless of CD27 expression (Fig. 2.9E, 2.9F). However, by d 8 CD3+ and CD8+ T
cells in both WT and KO non-D* mice were on par with T cells in D* mice (Fig. 2.9B,
2.9C). Moreover, as the antigen-experienced CD8+ T cells in D* mice declined at d 8, in
non-D* mice they significantly increased (Fig. 2.9A, 2.9D). Even more striking,
KLRG1+ SLEC differentiation increased more than 2-fold in both WT and KO non-D*
mice (Fig. 2.9A, 2.9E). These data suggested that a lack of efficient MCMV control,
rather than CD70-CD27 signaling, led to significantly altered CD8+ T-cell
differentiation. On the other hand, CD127+ KLRG1- CD8+ T cells decreased as the
population of KLRG1+ CD127- cells increased, but this had little effect on the total
number of CD127+ CD8+ T cells (Fig. 2.9A, 2.9F). Significant contractions of the
SLEC population in D* mice and compensatory growth in the number of differentiated
CD127+ MPEC:s at d 8 were also observed. Moreover, this bias toward SLEC contraction
and MPEC accrual was reversed in CD27 WT-D* mice through specific depletion of G2+
NK cells prior to MCMV infection (Fig. 2.9G), which confirms a specific role of D*-
licensed G2+ NK cells in shaping CD8+ T-cell immunity. Together these data therefore
suggested that the balance of licensed NK cell-mediated virus resistance distinguished the

patterns of CD8+ T cell differentiation in response to MCMYV infection. Whereas more

76



efficient NK-mediated virus control coincided with earlier CD8+ T-cell priming and
SLEC formation, higher viral burden corresponded to later CD27-independent

accumulation of KLRG1+ SLECs and fewer MPECs.
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Figure 2.9. Inefficient NK-mediated control of MCMYV results in delayed and CD27-
independent accumulation of KLRG1+ SLECs. Representative contour plots show the
frequency accumulation of antigen experienced CD8+ T cells (top) and the differentiation
of antigen experienced CD8+ T cells into SLECs and MPECs (bottom) for CD27 WT-D¥,
CD27 WT, and CD27 KO mice at 6 and 8 d. (B-F) Bar graphs display the mean (+ SD)
number of total CD3+ T cells (B), total CD8+ T cells (C), antigen experienced CD8+ T
cells (D), SLECs (E), and MPECs (F). (G) CD27 WT-D* mice were treated with isotype
or depleting mAb 4D11 (a-Ly49G2) prior to MCMYV infection. Bar graphs show the
mean (£ SD) frequencies of total CD8+ T cells, CD44+ CD11c+ CD8+ T cells, SLECs,
and MPECs. Data are representative of 2 independent experiments (n = 3-4 mice/group).
Statistical comparisons were calculated using two-way ANOVA (*P < .05, **P < .01,

AP <.001, **F**P <.0001).
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Although CD27 stimulation has been implicated as a primary mediator of
memory conversion in CD8+ T cells (155, 235, 236, 254), CD70-CD27 interactions have
also been proposed to have opposing effects on CD8+ T cells, depending on the
chronicity of infection (152, 255). Penaloza-MacMaster et al. (152) demonstrated that
CD70-CD27 interactions are vital for priming CD8+ T cells during acute LCMV
Armstrong infection, but that persistent CD70 signaling during chronic LCMV clone-13
infection actually decreases CD8+ T cell accumulation by d 21. Similarly, prolonged
CD27 stimulation during chronic LCMV has also been demonstrated to increase CD4+ T
cell production of IFN-y and TNF-a., both of which disrupt splenic architecture and
interfere with viral clearance by neutralizing antibodies (255). Given the prolonged
exposure to active viral replication, it is possible that persistent CD27 signaling due to
ineffective NK-mediated virus control is detrimental to CD8+ T cell survival and
memory conversion.

To investigate if CD27 hinders the generation of memory CD8+ T cells in
response to MCMYV in non-D* mice, we infected WT and CD27 KO D*-disparate mice
with MCMYV and followed the infections to d 21. Surprisingly, two major phenotypes
were noted: First, CD27 expression had little impact on frequencies of CD3+ or CD8+ T
cells in peripheral blood from D* or non-D* mice (Fig. 2.10A-C). However, the
frequency of circulating M45-specific CD8+ T cells was decreased in CD27 KO mice
relative to WT mice (Fig. 2.10D). Hence, CD27 was required to maintain antigen-
specific CD8+ T cells after virus clearance from spleen, which was independent of the
extent of NK-mediated MCMYV resistance or a robust CD8+ T cell response during acute

infection. Second, the frequencies of SLEC and MPEC differentiation within the
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respective populations of virus-specific CD8+ T cells revealed that effector T cell
populations expressing KLRG1 or CD127 trended within D* and non-D* mice (Fig.
2.10A, 2.10E, 2.10F). Regardless of CD27 expression, mice with licensed NK-cell
control tended to skew towards CD127+ memory CD8+ T cell responses, whereas mice
without licensed NK cell control biased CD8+ T cells towards a KLRG1+ effector CD8+
T cell fate. Thus, these results indicated that while CD70-CD27 interactions improve the
survival and accumulation of antigen-specific CD8+ T cells, differentiation skewing is

substantially influenced by early viral control mediated by NK cells.
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Figure 2.10. CD27 is critical for maintaining virus-specific of CD8+ T cells after
acute MCMYV infection. CD27 WT-D¥, CD27 WT, and CD27 KO mice were infected
with MCMYV, and peripheral blood was sampled at 21 d. (A) Representative contour
plots display the frequencies of SLECs and MPECs for D*-disparate CD27 WT and CD27
KO mice. (B-F) The bar graphs display mean (+SD) frequencies of total CD3+ (B),
CD8+ (C) and tetramer+ CD8+ T cells. Graphs for SLECs (E) and MPECs (F) are
shown as proportions of M45-tetramer+ populations (n = 4-5 mice per/group). Statistical
comparisons were calculated using one-way ANOVA (*P <.05, ** P <.01, ***P <.001,

Fackkp <.0001).
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Figure 2.10
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Discussion

The ability to mount highly functional and specific NK cell responses to viral infection is
integral to protecting hosts against repeated virus challenges (37, 229). In addition to the
direct antiviral properties of NK cells, these innate lymphocytes also play critical roles in
preventing excessive immunopathology (13, 18, 227), preserving lymphoid organ
architecture (212), and licensing DCs for improved priming of T cells (20-22). Whether
the impacts of NK cells on CD8+ T-cell immunity are ultimately beneficial or
detrimental to protective host immunity is still debated, and likely depends on host- and
virus-specific contexts (11, 12, 256). Particularly for NK cells, host genetic factors yield
considerable influence over the cues to which the NK cells can respond (27, 54, 75), and
likewise, the manner in which the virus manipulates infected target cells informs the type
and quality of NK reactivity (6).

Here we investigated pathways through which licensed NK cells responding to
MCMYV infection improve adaptive CD8+ T cell immunity. We found that similar to
other mouse models of efficient NK-mediated MCMYV resistance (234, 235), CD27 and
CD28 co-stimulatory interactions were necessary to promote accumulation of CD8+ T
cells by d 6. Moreover, CD70 specifically impacted the proportional accumulation of
CD8+ T cells and shaped effector cell differentiation. Given the critical role for CD27 in
driving CD8+ T cell responses in mice with D*-licensed NK cells and the minimal effect
of CD27 deficiency in mice with much less efficient virus resistance, we expected
licensed NK cells responding to MCMV to specifically induce of CD70 on DCs.
However, we found that CD70 was equally upregulated on splenic DCs early after

infection, even in the absence of licensed G2+ NK cells. Thus, rather than influencing
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the expression of the CD70 on splenic DCs, licensed G2+ NK cells determined the set of
cues necessary for priming and differentiating acute CD8+ effector T cells.

CD8+ T cells are exposed to a variety of signals during viral infection that
influence their priming and differentiation. These signals include (i) the strength and
duration of antigen recognition by the TCR (signal 1), (ii) co-stimulatory interactions at
the immunological synapse (signal 2), and (iii) cytokines in the inflammatory milieu
(signal 3) [reviewed in (116)]. Tight regulation and coordination of signal 2 is key to
driving a controlled cytotoxic T-cell response without inducing anergy or
immunopathology (153, 257). While many of these co-stimulatory pathways are shared
across diverse viral infections, several reports have acknowledged that distinct families of
viruses as well as the relative persistence of viral infections can significantly impact T-
cell reliance and host-benefits from certain co-stimulatory cues (146, 149, 152, 255, 258).
Croft and colleagues (258) previously correlated the virulence of recombinant vaccinia
strains with increased utilization of CD27 and OX40 co-stimulatory pathways. In that
study, deficiencies in CD27 or OX40 receptors were only detrimental when the host was
challenged with highly virulent vaccinia virus. In related work, CD70-CD27 interactions
were shown to be either critical or dispensable for CD8+ T-cell immunity depending on
whether mice were infected with acute LCMV Armstrong or chronic LCMV clone-13,
respectively (152). It was hypothesized that while CD70-CD27 co-stimulation was vital
for immune responses to acute LCMV with low antigenic exposure, chronic LCMV
infection likely induced alternative co-stimulatory pathways that precluded dependence

on CD70. Moreover, over-stimulation of CD27 has actually been shown to impede
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adaptive immune responses during chronic viral infection and prolong the time to viral
clearance (152, 255).

Here, rather than comparing the impacts of different virus strains (e.g. Armstrong
vs. clone-13) on the outcomes of co-stimulatory signaling pathways, we varied the host
models and their ability to efficiently control infection. We predicted that prolonged
exposure to MCMYV in mice without efficient licensed NK cell control would increase the
number and diversity of co-stimulatory signals utilized by antigen-specific CD8+ T cells.
Similar to the studies with LCMV Armstrong and clone-13, the efficiency of viral control
was a chief determinant of acute CD8+ T cell dependence on CD27. Whereas D* mice
were critically dependent on CD27 for enhancement of CD8+ T cell accumulation, mice
without D demonstrated a delayed but CD27-independent accrual of T cells. While
conditions of prolonged viral antigen exposure likely induced additional co-stimulatory
or inflammatory pathways that could drive acute CD8+ T cell accumulation and
differentiation, CD27 was still integral for establishing CD8+ T memory cells in both D
and non-D* mice, and did not provoke the negative effects previously seen with LCMV
clone-13 (152). Thus, regardless of the efficiency of viral control, CD27 plays a critical
role in shaping memory differentiation and survival, consistent with previous studies
(155, 156, 235, 246). However, when MCMYV is efficiently dampened via licensed NK
cells and putatively less antigen and inflammation is present, the potency of CD70-CD27
interactions is necessary to promote immunity over tolerance. Future studies are
warranted to further explore the long-term impacts of licensed NK-mediated MCMV
control on memory T cells. Given that additional stimuli may be guiding delayed CD8+ T

cell priming and that differentiation skewing is informed by the presence of licensed G2+
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NK cells, we speculate that the early influence of licensed NK cells during MCMV
infection may have lasting impacts on host immunity.

As we begin to dissolve the complexities of NK regulation of adaptive immunity,
it is clear that the ‘one size fits all’ approach is insufficient to explain the diversity of NK
cell influences that we observe across disease models. Particularly as we develop and
implement immunotherapeutic strategies against infectious diseases and varieties of
cancer, it will be important to evaluate the impact of NK cells in host-specific contexts.
In genetically diverse inbred mouse strains, we observe a plethora of NK cell influences
ranging from vital support for T cell immunity (23, 24, 93, 253) to cytolytic elimination
of activated lymphocytes (13, 16—18, 227). From studies of human NK cell responses to
viral infections — including HCMV, HIV, and HCV — it is understood that specific
pairings of NK cell receptors and HLA alleles could influence the extent of viral
resistance (54, 75). Moreover, such receptor-ligand interactions may directly influence
selective DC survival or maturation early during infection (231). In the same vein, while
the diversity of T cell co-stimulatory cues for various models of disease have been well
studied (259), it is clear that different viral infections will influence the pathways utilized
to promote protective immunity (149, 152, 258). Still, even with all of these cells and
signals in place, host-genetic factors that instruct NK cell responses may consequently
shape the impact and necessity of those signals, as demonstrated herein. Thus, in
addition to studying the cell types and signals that can foster cell-mediated immunity, we
will need to develop a more thorough understanding of early innate immunity and how it

affects the immunogenic milieu.
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Chapter 111

Licensed NK cells shape CD8+ T cell memory formation and protective

immunity
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Introduction

NK cells and CD8+ T cells are critical mediators of cell-mediated immunity
against acute, persistent, and chronic viral infections. Although historically these effector
lymphocyte subsets have been temporally divided into separate phases of the immune
response, over the last decade, several studies have identified overlapping features and
interactions of NK and CD8+ T cells (1, 11, 12, 260). NK cells are amongst the earliest
of effector cells to respond to malignant or virus-infected host cells, utilizing integrated
signals from germline encoded activating and inhibitory receptors to survey and discern
healthy self from diseased target cells (36, 75). In addition to cellular cytotoxicity, NK
cells mediate immunoregulatory functions, including (i) release of cell subset and
maturation skewing cytokines (20, 22, 97), (ii) regulation of available antigen for
lymphocyte priming (106, 109), and (iii) direct lysis of iDCs and activated CD4+ and
CD8+ T cells (12-15, 261). Previous work with genetically diverse mouse strains and
different infectious pathogens has shown that NK cells can confer supportive or
suppressive influences on adaptive immune mediators, such as CD8+ T cells. However,
the precise role of host genetics and NK cell responsiveness to particular pathogens on
CD8+ T cell immunity remains incompletely understood.

Cytomegalovirus (CMV) is a prototypical beta-herpesvirus that establishes
lifelong, persistent infections in species-specific hosts. Having co-evolved with its host
for eons, CMV is remarkably resilient to detection and sterilizing immunity (262).
Murine (M)CMYV in particular has been instrumental for characterizing the requisite roles
of NK and CD8+ T cells in mediating viral resistance. Studies in both immunodeficient

and immunodepleted mice have demonstrated specific and non-redundant roles for these
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cell-mediated immune responses to MCMYV infection (3, 42). Likewise, analyses of
MCMYV pathogenesis and specific immunoevasins have highlighted key immune pressure
points provided by both NK and CD8+ T cells (reviewed in (6) and (262)). Genetically
distinct strains of mice demonstrate varying degrees of natural resistance to MCMYV and
unique mechanisms of NK cell-mediated virus control (38). Specific pairings of MHC
haplotypes and NK cell receptors in particular can significantly influence mechanisms of
NK cell activation and viral resistance (39, 41, 263, 264). Thus, the manner and degree
of viral control conferred by NK cells is likely to yield significant impacts on the
magnitude, differentiation, and protective capacity of adaptive immune responses.

Correlations between the efficiency of acute MCMYV control by NK cells and the
kinetics of CD8+ T cell accumulation after infection have already been well established
(23, 24). In C57Bl/6 mice, NK cells with the activating receptor Ly49H expressed,
provide critical MCMYV resistance (47) via rapid recognition and lysis of infected target
cells expressing viral peptide m157 (48, 49). Early viral control by Ly49H+ NK cells
additionally dampens excessive type I IFN production, which improves the recovery of
DCs and subsequently accelerates CD8+ T-cell accrual (23). However, accelerated T cell
immunity comes at a cost, as Ly49H+ NK cells may limit antigen-presentation via lysis
of MCMV-infected DCs, and hasten T-cell contraction (109). As a result, CD8+ T cells
displayed reduced cytotoxicity and cytokine production by CD8+ T cells in the weeks
following infection (106, 109).

MHC I D" is a different major determinant of MCMV resistance. It is also a
licensing ligand for NK cells expressing the inhibitory receptor, Ly49G2 (G2).

Consequently, D*-licensed G2+ NK cells are critical to virus control, and either depletion
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of or interference with normal licensing on self-MHC I D*is sufficient to impair their
capacity to mediate viral control in otherwise resistant mouse strains (24, 68, 71, 78).
Interestingly, D*-licensed G2+ NK cells were also found to protect and regulate DCs,
which could promote CD8+ T-cell priming without altering T cell contraction and further
influence early T cell differentiation (24)[Teoh et al. Manuscript accepted. J Immunol
(2016)/. However, the effect of licensed NK-mediated virus control on CD8+ T cell
memory formation and maintenance has not been previously studied. Thus, here we
examined the effect of licensed NK cells on the differentiation, long-term maintenance,

and functional performance of virus-specific CD8+ T cells during MCMV infection.
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Results

Licensed NK cell control of MCMYV specifically regulates CD8+ T cells memory
differentiation

To assess the effects of D*-licensed NK cell control on CD8+ T cell
differentiation and memory formation, we infected B6.NKC' congenic mice with MCMV
and assessed CD8+ T-cell accrual and differentiation. As expected (24, 71), D* mice
readily controlled MCMYV (d 6-10), whereas non-D* mice exhibited at least 100-fold
higher virus levels at d 6, and were still detectable at d 10 (Fig. 3.1A). Correspondingly,
D" mice had higher numbers of total and M45-specific CD8+ T-cells at d 6 (Fig. 3.1B,
C). Nonetheless, non-D* CD8+ T cells caught up by d 8, and both strains contracted T
cells equally by d 10 post-infection. In contrast, we did not observe significant
fluctuations in CD4+ T cells during acute infection in either mouse strain (Fig. 3.1D).
The results suggest that licensed NK cell control of MCMYV specifically affects CD8+ T
cell immunity.

When we further examined CD8+ T differentiation, we found that D* mice had
higher numbers and a greater proportion of both KLRG1+ CD127- short-lived effector
cells (SLECs) and CD127+ KLRG1- memory precursor effector cells (MPECs) at d 6
(Fig. 3.1E-H). A higher frequency of non-D* MPECs at d 6 could be due to delayed
CD127 down-regulation, consistent with delayed CD8+ T cell accumulation and eventual
decrease in CD127 expression (Fig. 3.1G,H). The number and frequency of M45-specific
SLECs rapidly declined after d 6 in D* mice, and paralleled increasing MPEC numbers
and frequency (Fig. 3.1E-G). In contrast, at d 8 when non-D* mice still had detectable

MCMYV, SLECs were significantly amplified, reaching a peak accumulation at least 3-
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fold greater than that of D" mice at the same time point during acute infection. Non-D*
SLECs ultimately declined by d 10, however this decrease was not accompanied by a
compensatory increase in MPECs as observed in the D strains. Accordingly, KLRG1
and CD127 median fluorescence intensity (MFT) levels on CD8+ T cells were also shifted
(Fig. 3.1H). As the MFT shifts mirrored changes in the tempo and differentiation trends,
these data suggested that cell autonomous features typify KLRG1 and CD127 expression
during MCMYV infection in the D*-disparate strains. Thus, in addition to accelerating
virus-specific CD8+ T cell accrual, efficient licensed NK cell-mediated MCMV control
biases T cell differentiation towards MPECs over SLECs.

Interestingly, we observed that SLECs could be further distinguished by their
expression of KLRG1 (KLRG1" and KLRG1", respectively) (Fig. 3.1E, Fig 3.2).
Although we observed that KLRG1 corresponded with SLEC differentiation during
MCMYV infection, it has been shown that variable KLRG1 expression corresponds with
distinct cell fate potentials. In particular, KLRG1" cells were found to expand and
differentiate into both SLECs and MPECs upon transfer into infection-matched
recipients, whereas KLRGI1"™ cells remained as terminally differentiated SLECs (135).
Hence, we analyzed CD8+ T cells responding to MCMV for KLRG1 expression features.
At d 6, both D* and non-D* mice had 2-fold higher numbers of KLRG1"™ SLECs
compared to KLRG1" (Fig. 3.1T). The KLRG1" to KLRG1" index decreased after d 8 in
D" mice, and eventually reached a 1:1 ratio. In striking contrast, the index increased to a
ratio of 4:1 at d 8 in non-D* mice, and remained much higher (2:1) than in D* mice

through d 10. Taken together, these data demonstrate unique differentiation pathways for
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CD8+ T effector cells responding to MCMV, which are highly sensitive to the extent of
licensed NK cell control.

MCMYV M45 is a non-inflationary early protein that has been noted for its anti-
apoptotic function in infected cells (265). Moreover, M45 elicits a robust,
immunodominant CD8+ T cell response during acute infection, which is ideal for
tracking virus-specific T cells (209, 266, 267). However, despite its classification as an
immunodominant protein, M45 peptide presentation by MHC I D is generally
suppressed by MCMV-derived immunoevasins gp40 (189, 268) and gp48 (190), so that
TCR interactions with M45-D® occurs via DC cross-presentation rather than through
effector-target interactions (266). Hence, it was unclear whether differences in CD8+ T
cell differentiation in our D* disparate mice represented a generalized influence of
licensed NK cells on all MCMV-experienced effector cells, or whether this effect was
limited to M45-D" cross-primed CD8+ T cells.

We assessed virus-responsive CD8+ T cells co-expressing the homing receptor,
CD44, and the beta-2 integrin, CD11c (247, 248)[Teoh et al. Manuscript accepted. J
Immunol (2016)]. The kinetics for total (Fig. 3.3A) and virus-responsive CD44+
CDl11lc+ CD8+ T cells (Fig. 3.3B) paralleled M45-specific CD8+ T-cells, with notable
differences in total d 6 accumulation, but similar numbers and contractions 8-10 d post-
infection. Likewise, CD44+ CD11c+ SLEC and MPEC differentiation trends mirrored
those observed for M45-specific CD8+ T cells in D* disparate mice (Fig. 3.3C, D).
Moreover, T cell CD107a+ degranulation and cytokine production upon re-stimulation

with M45 and m139 MCMYV peptides paralleled the abundance of SLECs (Fig. 3.3E).
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Thus, in addition to M45-D° cross-primed T cells, licensed NK cell control of MCMV
broadly affected polyclonal CD8+ T cell immunity.

Still, it remained unclear whether licensed G2+ NK cells were specifically
required to skew T cell immunity. To test this, we depleted G2+ NK cells from D* mice
before MCMV infection and compared the ensuing T cell responses. As expected, G2+
NK cells were efficiently depleted through d 8 (Fig. 3.3F). Consequently, antigen
experienced CD8+ T cells in G2+ NK-depleted mice were skewed as in non-D* mice,
with an increased frequency of SLECs and a diminished presence of MPECs relative to
controls (Fig. 3.3G-J). In aggregate, these results indicated that the licensed G2+ NK

response to MCMYV has a profound effect on CD8+ T cell differentiation.
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Figure 3.1. Early viral control by licensed NK cells promotes memory precursor
differentiation in virus-specific CD8+ T cells. D*-disparate mice were infected with
5x10* pfu MCMV (A) Individual spleen viral levels were examined on d 6-10 post-
infection. (B-I) T lymphocytes were gated on live, singlet, CD3+ CD19- cells. M45-D"-
tetramer+ cells were gated on CD8+ T cells. Graphs display the mean number (= SD) of
total (B) and M45-DP-tetramer+ CD8+ T cells (C), and total CD4+ T cells per spleen (D).
(E) Representative flow plots show tetramer+ gated SLECs (KLRG1+ CD127-) and
MPECs (KLRG1- CD127+). (F-G) Graphs show the mean numbers and frequencies (+
SD) of splenic SLECs (F) and MPECs (G). (H) Histograms display the median
fluorescence intensities for KLRG1+ and CD127+ tetramer+ cells. (I) Graph represents
the mean ratios of KLRG1"™:KLRG1" SLECs. Data are representative of 3 independent
experiments (n=3-4 mice/group). Statistical analyses were performed using two-way

ANOVA (*P <.05, **P < .01, ***P <.001, ****P <.0001).
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Figure 3.2. Median fluorescence intensity of KLRG1 identifies two distinct CD8+ T
effector cell populations. (A) Representative flow plots were gated on live, singlet,
CD3+ CD19-, CD&+, M45-Db-tetramer+, KLRG1+ CD127-T cells. KLRG1+ CD8+ T
cells were further gated on KLRG1™ and KLRG1" CD8+ T cells. (B) Graphs represent
the mean (+ SD) frequency of KLRGI"™ (top) and KLRG1" (bottom) cells for the

respective mouse strains. Data are representative of at least 3-independent experiments

(n=3-4 mice/group). Statistics were calculated using one-way ANOVA (****P < .0001).
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Figure 3.3. Licensed NK cells regulate differentiation of virus-experienced cells. D*-
disparate mice were infected as described in Fig. 3.1. (A-D) Graphs represent the mean
number (= SD) of total (A) and virus-experienced CD8+ T cells (B), as well as the mean
number (= SD) of antigen experienced SLECs (C) and MPECs (D). (E) Graphs show the
mean number (+ SD) of CD8+ T cells expressing CD107a, IFNy and TNFa upon peptide
re-stimulation with M45 and m139. (E-I) D* mice were treated with G2+ NK cell-
depleting mAD or isotype controls and subsequently infected with MCMV. Peripheral
blood mononuclear cells (PBMCs) were isolated and examined on d 8. Graphs represent
the mean (+ SD) frequency of total (left) and G2+ NK cells (right) (F), CD8+ T cells (G),
CD44+ CD11c+ T cells (H), SLECs (I), and MPECs (J). (A-J) Data are representative of
3 independent experiments (n=3-4 mice per group). Statistical analyses were performed

using two-way ANOVA or unpaired Student’s t-tests (*P < .05, **P < .01, ***P <.001).
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MCMV-specific CD8+ memory T cell differentiation is IL-10 dependent

We next examined pathways through which licensed G2+ NK cells might
influence CD8+ T cell differentiation. We reasoned that the dose of acute MCMV
infection and the efficiency of NK cell-mediated viral control may be key determinants of
T cell differentiation fate. We have observed that high dose MCMV infection in D" mice
delays splenic DC recovery similar to non-D* mice (Nash, WT and Brown, MG,
unpublished data), which suggested that DC recovery, in addition to virus-induced
inflammation, may influence T cell priming. To test this, we performed MCMYV dose
response experiments in Dk-disparate mice. We found that 100-fold more MCMV
(10*>10° pfu) was required to yield spleen viral levels in D" mice that either matched or
surpassed those observed in non-D* mice (d 8) (Fig. 3.4A). Correspondingly, infection
of D* mice with an augmented dose of MCMV caused a reduced accumulation of total
and virus-responsive CD8+ T cells similar to that seen in non-D* mice (Fig. 3.4B-F).
Despite this, the extent of terminal effector cell differentiation as measured by KLRG1
expression remained consistent with D* groups infected with lower doses of MCMYV,
whereas non-D* mice exhibited a 3.5-fold increase for this index (Fig. 3G). Thus, D*-
licensed NK cells impact T cell priming and differentiation on two levels: (i) Efficient
NK-mediated viral control hastens recovery of DCs, which can accelerate accumulation
of CD8+ T cells during infection; and (ii) additional factors of licensed NK-mediated
resistance — independent of viral control — shape effector cell differentiation.

Previously, we discovered that licensed NK cell control of MCMYV lessened the
duration of DC display of CD86 and CD70, whereas non-D* mice sustained expression of

these co-stimulatory ligands [Teoh et al. Manuscript accepted. J Immunol. (2016)]. In
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addition to this, key roles for anti-inflammatory cytokines, such as IL-10, and controlled
co-stimulation in guiding CD8+ memory T cell differentiation have been demonstrated
(133, 269, 270). Although co-stimulation is generally required to initiate T cell
responses, restraining the duration of co-stimulatory and inflammatory signaling has been
proposed to foster MPEC differentiation over terminal SLEC formation. Given the
decreased display of co-stimulatory ligands and enhanced conversion to memory
precursors in D* mice, the results suggested that IL-10 may contribute to licensed NK cell
regulation of memory T cell differentiation during MCMYV infection.

To investigate this, we neutralized IL-10 receptor signaling in D* mice during
MCMYV infection. Despite that spleen weights and splenocyte numbers were
significantly increased in IL-10R-blocked mice compared to D* and non-D* controls, IL-
10R blockade did not impede licensed NK cell-mediated viral control at d 8 (data not
shown). Likewise, total T cell accumulation, including M45-specific CD8+ T cells, was
heightened in the absence of IL-10R signaling, but the frequencies of tetramer+ cells did
not vary amongst groups (Fig. 3.5A-D). Interestingly, IL-10R blockade in D* mice
phenocopied virus-specific CD8+ T cell differentiation patterns in non-D* mice, with
increased frequencies of SLECs and decreased proportions of MPECs (Fig. 3.5E-G).
Although the absolute numbers of MPECs were similar for both D* groups, we attributed
these similarities to the increased accumulation of total T cells in a-IL-10R-treated mice,
since frequencies of MPECs were significantly lower than in D* mice. These data
indicate that D*-licensed NK cell enhancement of MPEC differentiation during MCMV

infection is dependent on early IL-10 signaling.
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Although we have not determined whether IL-10 acts directly on CD8+ T cells or
if it has a dominant role in dampening DC maturation as seen previously (270), we have
preliminarily investigated the impact of IL-10R on the inflammatory environment (d 8).
Similar to the impact on T cells, IL-10R blockade elevated the frequency and number of
total DCs during MCMYV infection (Fig.3.6B, data not shown). In addition, both CD70
and CD86 were also expressed at substantially higher levels on DCs in IL-10R blocked
and non-D* mice compared to D* mice, even though we did not observe differences in
MHC II expression (Fig. 3.6A). IL-10R-treated mice also had higher frequencies of DCs
expressing either CD70 or CD86 relative to either of the D* and non-D* control groups
(Fig. 3.6C,D). Thus IL-10 signaling may be part of a critical anti-inflammatory axis
needed to restrain DC maturation and guide MPEC differentiation in the wake of viral
control.

We next explored the impact of IL-10 on monocytes during MCMYV infection. In
line with sustained maturation of DCs, we observed a 1.5 to 2-fold increase in total
CD115+ CD11b+ monocytes in IL-10R-blocked D* mice, and non-D* mice relative to D*
control mice (Fig. 3.6E,F). Furthermore, less than 2% of the splenic monocytes in D"
mice expressed molecular pDC antigen-1 (mPDCA-1), a specific marker of type I IFN-
producing pDCs that is broadly up-regulated on most cell types following stimulation
with IFN (271)[Nash et al. Manuscript submitted]. In comparison, more than 99% of
total monocytes in o-IL-10R and non-D* groups expressed mPDCA-1 (Fig. 3.6G), which
suggested that sustained inflammatory signaling was present in these groups.

Prior studies have identified specific impacts of distinct monocyte subsets on

host-immunity to MCMYV, including inflammatory monocyte restriction of CD8+ effector
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T cell development (272) and patrolling monocyte dissemination of virus to peripheral
organs (273). Hence, we examined whether specific monocyte subsets varied amongst
D*-disparate and a-IL-10R-treated groups. Significant distinctions in proportional
monocyte populations were observed between D* mice, IL-10R-blocked, and isotype-
treated non-D* mice. Remarkably, a-IL-10R and non-D* groups exhibited a 1.5-2-fold
greater frequency of patrolling monocytes (GR1' CD11¢-) for IL-10R-blocked and non-
D" mice compared to D" mice (Fig. 3.6H). In contrast, D" mice maintained a
significantly greater proportion of inflammatory monocytes (GR1™™ CD11c¢-) than either
of the other groups (Fig. 3.6I). This bias towards inflammatory or patrolling monocytes
suggests that IL-10R signaling not only influences the duration of splenic inflammation
during MCMYV infection, but also the quality and type of monocyte subsets present,
which could shape different host immune responses. Moreover, the similarities amongst
the cellular profiles examined in IL-10R-blocked and non-D* control groups (CD8+ T
effector cells, DCs, patrolling monocytes) further supports a critical role for IL-10 in
guiding CD8+ T memory cell differentiation in mice with D*-licensed NK cell-mediated

viral control.
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Figure 3.4. Scaled infection dose delays T cell accumulation but does not skew
differentiation. D* mice were infected with increased doses of MCMV (104, 10°, and
10® pfu) and compared to non-D* mice infected with 10* pfu MCMV. (A) Shown are the
splenic viral levels for the indicated mouse groups. (B) Representative contour plots
display the d 8 post-infection frequencies of virus-experienced CD11c+ CD44+ CD8+ T
cells (left) and SLECs and MPEC:s (right). (C-F) Bar graphs display the mean number (+
SD) of total CD8+ T cells (C), antigen-experienced CD8+ T cells (D), SLECs (E), and
MPECs (F). (G) Graph displays the mean ratio of KLRGI1™: KLRG1" SLECs. Data are

representative of a single independent experiment (n=2 mice/group).
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Figure 3.4
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Figure 3.5. Licensed NK cell enhancement of CD8+ T cell MPEC conversion is
dependent on IL-10. Mice were treated with IL-10R blocking mAb (1B1.3A) or isotype
control every other day during MCMYV infection. Graphs display total numbers and/or
frequencies (+ SD) of total CD3+ (A), CD4+ (B), CD8+ (C), M45-D-tetramer+ T cells
(D), M45-specific SLECs (F), and M45-specific MPECs (G). (E) Contour plots show the
relative frequencies of M45-D-tetramer-gated SLECs (KLRG1+ CD127-) and MPECS
(CD127+ KLRG1-). Data are representative of a single independent experiment (n=4
mice/group). Statistics were performed using one-way ANOVA (*p < .05, **p <.01,

wxkp < 001, #*+#*p < 0001).
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Figure 3.6. IL-10R signaling decreases DC maturation and the prevalence of
patrolling monocytes. Mice were treated with IL-10R blocking mAb or isotype control
every other day during MCMYV infection for 8 d. (A) Histogram plots display the surface
expression of CD70 (left), CD86 (middle), and MHC II (right) for isotype-treated and IL-
10R-blocked mouse groups. Median fluorescent intensities for the indicated surface
markers are reported. (B-D) Bar graphs display the mean frequencies (+ SD) of total (B),
CD70+ (C), and CD86+ DCs (D). (E) Contour plots show the relative frequencies of
CD3- CD19- gated CD115+ CD11b+ monocytes (left) and monocyte-gated subsets
(right). (F-I) Graphs show the mean frequencies (= SD) of total monocytes (F), mPDCA-
1+ monocytes (G), CD11c- GR1" patrolling monocytes (H), and CD11c- GR1™™
inflammatory monocytes (I). Data are representative of a single independent experiment
(n=4 mice/group). Statistics were performed using one-way ANOVA (*p <.05, **p <

01, ##%p < 001, ***%p < 0001).
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Figure 3.6
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Licensed NK cell regulation of CD8+ T cell differentiation is durable

Although differentiated T cells were skewed towards MPECs in D* mice after
acute MCMYV infection, they were not fully mature memory cells (Figure 3.1, 3.3).
Additionally, it was not clear if non-D* mice could establish a sizeable memory pool due
to ongoing virus replication in the spleen through d 10. Thus, we further investigated
how NK cell-mediated skewing of T cell differentiation corresponds to CD8+ T cell
phenotypes after viral control in the spleen. We first analyzed M45-specific CD8+ T
cells in peripheral blood on d 20. CD3+ and CD8+ T cell frequencies were comparable in
naive and infected cohorts regardless of the presence of D* (Fig. 3.7A,B). Moreover, the
frequencies of M45-specific CD8+ T cells were similar for infected D* and non-D*
groups, and were significantly enriched relative to uninfected mice (Fig. 3.7C,D).
However, closer examination revealed skewed T cell differentiation patterns similar to
those already observed 8-10 d post-infection. While the frequency of M45-specific
CDI127+ CD8+ T cells in D* mice was nearly twice that of non-D* mice, a lack of
CD127+ T cells in non-D* mice was counterbalanced with an increased proportion of
effector cells (Fig. 3.7C, E-G). Here, we distinguished central and effector memory
CD8+ T cells by CD62L expression. In both groups, the frequency of effector memory
(Tem; CD127+ CD62L-) in circulation was 2-4-fold greater than the frequency of
circulating central memory cells (Tcey; CD127+ CD62L+). However, D* mice exhibited
much greater frequencies of both Tgy and Tey in comparison to non-D* mice, which
followed from the heightened accumulation of MPECs during acute infection (Fig

3.7E,F). Therefore, the influence of DX licensed NK cells on early CD8+ T cell
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differentiation persisted beyond the acute infection when NK cells are known to be the

most active.
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Figure 3.7. Licensed NK cell influence on T cell differentiation persists beyond acute
infection. D*-disparate mice were infected with 5x10* pfu MCMV ip. On d 20, PBMCs
were isolated and CD8+ T cells were examined. (A,B) Graphs represent the mean
frequency (£ SD) of CD3+ (A) and CD8+ T cells (B) shown as proportions of live
PBMCs. (C) Representative flow plots display live, CD3+ CD19-, CD8+ gated M45-D"-
tetramer+ CD8+ T cells (top) and tetramer+ gated CD127+ CD62L+ T central memory
cells (Tcm), CD127+ CD62L- T effector memory cells (Tgm), and CD127- CD62L- T
effector cells (Tgg) (bottom). (D-G) Graphs represent the mean frequency (+ SD) of
CD8+ gated M45-D°-tetramer+ T cells (D), Tem (E), Tem (F), and Tggr cells (G). Data are
representative of 3 independent experiments (n=4-8 mice per group). Statistical analysis

was performed using one-way ANOVA (*¥P < .05, **P <.01).
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Figure 3.7
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Memory CD8+ T cells primed in the presence of D*-licensed NK cells remain
elevated during viral latency

Although CD8+ T cell phenotypes at d 20 corresponded with early differentiation
profiles at 6-10 d post-infection (Figs. 3.1, 3.3, 3.7), it is possible that this reflected an
active skewing process via persistent MCMV infection. Hence, increased viral
dissemination or higher viral loads in non-D* mice might contribute to persistent
induction of effector cells, which could mask memory T-cell detection. If so, one might
expect skewed memory T cell phenotypes in the different strains to equilibrate once viral
latency is established. To test this, we next analyzed T cells in D* and non-D* mice at 8
weeks post-infection, when MCMYV latency is established in the salivary glands
regardless of the efficiency of NK cell-mediated viral control (274). As expected, at d 56
MCMYV was undetectable in spleen and liver tissues, while salivary gland virus was either
below or very near the limit of detection, consistent with viral latency (Fig. 3.8A).

Although total splenic CD4+ and CD8+ T cell numbers were comparable in the
different mice (Fig. 3.8B,C), we observed 2 to 3-fold higher numbers and percentages of
M45-specific CD8+ T cells in D* mice compared to the non-D* group (Fig. 3.8D). At
least half of the M45-specific CD8+ T cells in D* mice expressed CD127, and were 3-
times more abundant than memory T cells in non-D* mice (Fig. 3.8F). On the other
hand, KLRG1+ effector CD8+ T cell numbers were comparable for both strains, despite
that non-D* mice maintained proportionally more SLECs (Fig. 3.8E). Similar differences
distinguished virus-specific T cell subset profiles obtained for D* mice with G2+ NK
cells intact or depleted during acute MCMYV infection (Fig. 3.9A-C). Thus the impact(s)

of licensed NK cells on T cell differentiation during acute MCMV infection is not only
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durable throughout persistent infection, but also regulates memory T cell formation
during viral latency.

Although total and KLRG1+ antigen-experienced T cell numbers were similar in
the different strains, we observed higher numbers of CD127+ antigen-experienced T cells
in D* mice, consistent with skewed profiles observed for M45-specific T cells (Fig.
3.8G). Similar accrual of inflationary CD8+ T cells amongst both groups of mice at d 56
might have accounted for the reduced distinction in total virus-responsive T cell numbers,
as inflationary memory cells expand after acute infection has been resolved (203, 209).
Consequently, the effect(s) of licensed NK cell-mediated virus resistance may have less
of a pronounced impact on inflationary T cell accumulation. In support of this
possibility, both D* and non-D* mice exhibited equal numbers of cytokine-responsive
CD8+ T cells upon re-stimulation with either non-inflationary (M45, m139) or
inflationary (m139, M38, IE3) MCMYV peptides (Fig. 3.8 H,I).

Together, these data demonstrate that highly specific licensed NK cell control of
MCMYV accelerates accumulation of CD8+ T cells and biases T cell differentiation
towards MPECs over terminal SLEC fates, which endures throughout persistent and
latent viral infection. Moreover, the ability to limit viral persistence in the salivary
glands is not compromised in mice with efficient licensed NK cell control. Likewise, the
accrual of both inflationary and non-inflationary effector CD8+ T cells remains intact in

both D* and non-D* mice (Fig. 3.8).
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Figure 3.8. Efficient licensed NK cell-mediated MCMYV resistance corresponds with
improved central and effector memory CD8+ T cell maintenance during viral
latency. D-disparate mice were infected with 5x10* pfu MCMV. (A) Viral levels were
measured in spleen, liver, and salivary gland tissues (d 56). (B,C) Graphs display the
mean number (+ SD) of splenic CD4+ (B) and CD8+ T cells (C). (D-F) Shown are the
total numbers and frequencies (= SD) of M45-specific CD8+ T cells (D), SLECs (E) and
CD127+ memory cells (F). (G) Bar graphs depict total numbers (+ SD) of CD44+
CDl11c+ virus-experienced CD8+ T cells, SLECs (middle), and memory cells (right).
(H,I) Graphs display the mean number (+ SD) of IFNy+ (H, left), TNFa+ (H, right), and
CD107a+ CD8+ T cells (I) upon in vitro peptide re-stimulation with non-inflationary
(M45, m139) and inflationary MCMV peptides (m139, M38, IE3). Data are
representative of 5 (A-G) or 2 (H-I) independent experiments (n=3-4 mice/ group).
Statistics were calculated using one-way ANOVA or unpaired Student’s t-tests (*P < .05,

*4p < 01).
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Figure 3.8
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Figure 3.9. MHC I D*-licensed G2+ NK cell responses to acute MCMYV imprint on
long term CD8+ T cell differentiation skewing. D" mice were treated with G2+ NK
cell-depleting mAb or isotype control, and were subsequently infected with 5x10* pfu
MCMV for 56 d. (A-C) Graphs represent the mean (+ SD) frequency of splenic CD8+ T
cells (A), antigen experienced CD8+ T cells (B), and SLECs (left), and CD127+ CD27+
memory cells (right) (C). Data are representative of at least 3 independent experiments

(n = 3-4 mice/group (*P <.05, **P < .01 by unpaired Student’s t-test).
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Figure 3.9
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Licensed NK cells control CD8+ memory T cell immunity to secondary viral
challenge

Increased virus-specific memory CD8+ T cells in D* mice suggested that these T
cells primed in D* mice might also confer improved immunity to secondary viral
challenge. However, due to the presence of neutralizing antibodies (275), systemic
antigen stimulation of SLECs (208), and the potential for latent virus reactivation (276),
re-infecting hosts would not allow us to specifically interrogate the contributions of
memory CD8+ T cells . Hence, we adoptively transferred CD8+ T cells from latently
infected (d 56) D¥, G2+ NK cell depleted D, and non-D* mouse groups into naive, G2+
NK cell-depleted and MHC-matched hosts. At the time of transfer, donor CD8+ T cells
were phenotypically skewed as seen previously (Fig. 3.8, Fig. 3.9). Recipient mice were
immediately challenged with high dose MCMYV after cell transfer (Fig. 3.10A).
Significant body weight-loss was observed amongst all groups, though recipients of
virus-experienced T cells began recovering body weight by d 3, whereas non-transfer
recipients lost weight throughout the infection (Fig. 3.10B, left). Interestingly, recipients
of CD8+ T cells primed in either non-D* or G2+ NK cell depleted mice controlled virus
more efficiently than recipients of T cells primed in the presence of D*-licensed G2+ NK
cells (Fig. 3.10B, right). Protective immunity and viral control in this condition
therefore corresponded to higher frequencies of effector cells present in both non-D* and
G2-depleted D* mice at the time of cell transfer. Hence, these results suggested that
effector cells might remain poised to mediate efficient viral control after adoptive transfer

and followed immediately by secondary viral challenge.
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To pursue this and determine whether CD8+ memory T cells continue to persist
sans antigen, we again transferred donor T cells primed in the presence or absence of
licensed G2+ NK cells during acute MCMV infection into MHC matched recipients.
However, secondary MCMYV challenge was delayed by one week (Fig. 3.10C).
Interestingly, despite that T cells primed without G2+ NK cells displayed greater
frequencies of effector cells upon donor cell transfer, KLRG1+ CD127- CD8+ T cells
comprised less than 4% of the antigen-experienced population in both recipient groups by
d 5 post-transfer (data not shown). Upon secondary virus challenge, body weight
recovery was improved in recipients of experienced donor CD8+ T cells, regardless of
the priming condition (Fig. 3.10D, left). Moreover, CD8+ T cells primed in G2-replete
donors controlled MCMYV in spleen and liver tissues to nearly undetectable levels at d 5
post-infection (Fig. 3.10D, right). Although T cells primed in G2+ NK cell-depleted
donors also mediated significant viral control relative to the non-transfer recipients, virus
levels were nonetheless higher. These data demonstrate that CD8+ T cells primed
together with highly efficient licensed NK cell control of MCMYV infection were
competent to provide efficient immune protection against secondary viral infection.

As varied degrees of viral protection were observed depending on the nature of
the challenge, this might reflect distinct roles for the skewed subsets of virus-specific
CD8+ T cells primed in disparate hosts. Of course, despite the skewed proportions of
memory cells and SLECs in the transferred CD8+ T cells, hosts replete with G2+ NK
cells during acute infection sustained similar numbers of cytokine producing SLECs as
non-D* and G2+ NK cell depleted groups (Fig. 3.8). Therefore, mice with highly specific

licensed-NK cell control of MCMYV maintain multiple mechanisms for immediate virus-
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specific responses (NK cells, KLRG1+ SLECs), and can maintain a quiescent reserve of
central memory cells. In contrast, mice with less efficient NK cell control of infection
skew T cell differentiation to elicit a sizeable pool of virus-specific SLECs that are poised

for immediate response.
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Figure 3.10. CD8+ T cells transferred from mice without acute licensed NK cell
control confer improved viral control to secondary challenge. (A,C) Schematics for
the transfer of 3x10° (A) or 5x10° (C) splenic CD8+ T cells from primary MCMV-
infected mouse strains into naive MHC-I matched and G2+ NK cell-depleted recipients.
Transfer recipients were infected with 1x10° pfu MCMYV within 2h post-transfer (A) or
2.5x10° pfu MCMYV 1 week post-transfer (C). (B,D) Shown are the mean (= SD) changes
in body weight for the indicated recipient groups (left) and d 5 virus levels in spleen and
liver tissues (right). Data are representative of 2-3 independent experiments (n=4-6
mice/group). Statistics were calculated using one-way or two-way ANOVA (*P < .05,

P <.01, ¥**P <.001, ****P < .0001).
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Figure 3.10
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Discussion

It is well established that innate immune cell sensing and recognition of pathogen
and disease-state signatures (e.g. PAMPS, stress-inducible ligands, modification of
MHC-I) not only invokes natural immunity, but also instructs the magnitude, quality, and
type of adaptive immune responses generated (8). NK cells are potent innate lymphoid
cells that provide early resistance to viral infection and several varieties of cancer (277).
The last two decades have revealed key discoveries about how genetically encoded NK
receptors and MHC-I haplotypes influence the mechanisms through which NK cells
discern healthy self from target cells (56). Moreover, these mechanisms of NK-mediated
resistance can have far-reaching impacts on the host adaptive immune response (11).
While several studies have investigated the impacts of cytokine activated or viral ligand-
activated NK cells on adaptive immunity, the influence of specific antiviral responses by
MHC I licensed-NK cells has remained largely underexplored.

Here we examined the impacts of licensed-NK cell responses to MCMV infection
on CD8&+ T cell differentiation, maintenance, and memory recall. Comparing MHC I-
disparate mice with or without D*-licensed NK cells, we discovered that efficient
licensed NK cell-mediated viral control biases CD8+ T cell differentiation towards
MPECs over SLECs within the first 10 days of infection in an IL-10 dependent manner.
This early impact on differentiation skewing was resilient, and indeed contributed to
enhanced CD8+ T cell memory maintenance throughout viral latency. Moreover, this
skewing impacted the quality and type of CD8+ T cell immunity provided upon

secondary viral challenge (Fig. 3.11).
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Figure 3.11. Model of licensed NK cell influence on memory CD8+ T cell
differentiation and distinct T cell responses to secondary challenge. (A) Efficient D*-
licensed G2+ NK cells reduce early pro-inflammatory cytokine responses, and limit the
spread and duration of viral infection in the spleen. This corresponds with an earlier
accumulation of virus-specific CD8+ T cells. T cells are predominantly SLECs at the
peak of T cell accrual (d 6), but the proportion of MPECs increases upon T cell
contraction (d 8-10). Non-D* mice and G2+ NK cell-depleted mice do not control
MCMYV efficiently, which results in increased pro-inflammatory cytokines, prolonged
DC maturation, and sustained viral infection in the spleen. This corresponds with
delayed CD8+ T cell accumulation (d 8), and is chiefly composed of SLECs. Upon T
cell contraction, minimal MPEC accumulation is observed. In both groups, T cell
differentiation at d 10 is durable through 20 and 56 d post-infection. (B) Absolute
numbers of Tgs are equivalent for both groups in the presence of antigen (left). In
contrast, greater numbers and proportions of Tcy cells are observed in mice with licensed
G2+ NK cells (right). Whereas both groups are protected against secondary viral
challenge, the increased presence of Tcm confers improved resistance in the absence of

persistent antigen.
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Figure 3.11
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Notably, our results indicate that the influence of D*-licensed NK cells on CD8+
T cell immunity is distinct from that of Ly49H+ NK cells. Both mechanisms of NK cell
recognition and response to MCMYV confer viral control within 3.5 d (47, 71, 78).
Likewise, efficient viral resistance in through either mechanism corresponds with
enhanced recovery of dendritic cells and improved CD8+ T cell accumulation during
acute MCMYV infection (23, 24). However, despite this early support for CD8+ T cell
immunity, mice with Ly49H+ NK cell-mediated control exhibit a reduced accumulation
of virus-specific CD4+ and CD8+ T cells after acute infection compared to more
susceptible mouse strains (106, 109). In contrast to this, the present study revealed that
mice with highly specific D*-licensed NK cell responses to MCMV elicit a 3-fold greater
number of memory CD8+ T cells in, relative to mice without D*-licensed G2+ NK cells.
This disconnect between Ly49H+ and licensed-G2+ NK responses to infection and their
impacts on CD8+ T cell immunity suggests that efficient viral control in and of itself is
not a chief determinant of CD8+ T cell memory formation. Rather, these differences
indicate that distinct mechanisms of NK cell-mediated viral resistance may govern how
NK cells interact with adaptive immune cells.

Ly49H NK subsets confer critical resistance via efficient recognition of the m157-
ligand (47—49) and are more efficient at mediating viral resistance when unimpeded by
licensing/inhibitory receptors that can interact with their cognate class-I (82, 83).
However, rapid elimination of infected host cells, including infected antigen-presenting
cells such as DCs (107, 109), may limit the abundance of antigen for T cell priming.
Indeed, mature infected DCs are capable of priming CD8+ T cells (278), and may be

critical to initiating adaptive immune responses early after infection. In contrast,
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homeostatic interactions between the inhibitory G2 receptor and self-MHC I ligands
enhances the ability of G2+ NK cells to mediate critical viral resistance (68, 71, 78).
Although the precise activating stimuli underlying D*-licensed NK recognition of
MCMYV infected targets in vivo have yet to be determined, the dominant responding NK
cell subset during infection is nonetheless strongly inhibited by cells with normal MHC-I
expression.

During viral infection and in an inflammatory environment, NK killing of
adaptive immune cells and DCs can be moderated by increased MHC-I expression.
Recent studies have highlighted that NK cells can lyse activated CD4+ and CD8+ T cells
during certain viral infections (13—17, 223). Moreover, leukocyte resistance to NK-
mediated lysis is regulated by type I IFN induced expression of MHC-I and down-
regulation of NCR1- and NKG2D-ligands (16, 17, 228). Since D*-licensed NK cells
mediate efficient viral control without restricting adaptive immunity, it is possible that
clearance of infected DCs and activated CD8+ T cells is inhibited by MHC I interactions
with G2. Still another possibility for the enhanced maintenance of CD8+ T cells and
skewed memory differentiation is the licensed NK cell impact on co-stimulatory ligand
display. Previously, we discovered that splenic DC expression of CD70 and CD86 is
efficiently down regulated during MCMYV infection in D* mice, whereas non-D* mice
sustained expression for an extended period [Teoh et al. Manuscript accepted. J Immunol
(2016)]. Moreover, CD8+ T cell responses in mice without licensed NK cell control of
MCMYV proceeded independent of CD70-CD27 interactions, suggesting that additional
inflammatory mediators and prolonged antigen stimulation were capable of driving

robust effector cell responses. In the present study, we demonstrated that enhanced
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memory differentiation in D* mice was dependent on IL-10 signaling. IL-10 signaling
was required to reduce terminal CD8+ T effector cell differentiation and interference with
IL-10 signaling recapitulated inflammatory phenotypes observed in mice without specific
licensed NK control. Kaech and colleagues (270) demonstrated similar requirements for
IL-10 to shape memory precursor effector cells during LCMV infection. In that study,
regulatory T cells produced IL-10 to reduce the maturation of splenic DCs and lessen
inflammatory cytokines upon T cell contraction. We infer similar mechanisms of IL-10
guided memory precursor formation during MCMYV infection, though further studies are
warranted to determine the source and kinetics of IL-10 production.

Despite these significant differences in memory T cell priming and
differentiation, CD8+ T cells primed with or without D*-licensed NK cells present were
capable of conferring vital resistance to secondary MCMV infection. CD8+ T cells
primed in the absence of D*-licensed G2+ NK cells bestowed enhanced immunity to
naive recipients when challenged immediately after adoptive cell transfer. We infer that
the SLEC-skewed donor T cells in this setting were poised for effector activity, and that
the immediate viral stimulus sustained their primed effector activities. On the other hand,
CD8+ T cells primed in the presence of licensed G2+ NK cells also conferred substantial
viral control in naive mouse recipients, but only when the secondary virus challenge was
delayed after cell transfer. This requisite delay may suggest that trafficking to lymph
nodes and/or secondary lymphoid organs is necessary for these memory-skewed cells to
mediate optimal protective immune functions (158). Thus distinct roles for CD8+ T cells

were shaped by the quality of early NK cell responses to acute infection, and these roles
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likely reflect host specific needs for immediate immune responses that track inversely
with the efficiency of NK responses.

The present study offers unique insights into host specific NK cell immunity, and
how early distinctions in NK responses to infection impact the early differentiation fate
of CD8+ T cells. Moreover, these data provide the groundwork to further investigate
whether NK cells inform CD8+ T cell differentiation at a single, critical juncture or
whether distinct differentiation pathways are continuously curated by host-specific NK

cell responses.
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Chapter IV

General Discussion and Future Directions
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Introduction

Traditional hallmarks of innate and adaptive immunity such as immune cell
response kinetics and sensitization requirements continue to separate these major arms of
cellular immunity. However, recent studies have uncovered significant overlapping
functions and characteristics for these two compartments, particularly for NK and CD8+
T cells. For example, NK cells have been demonstrated to form trained memory-like
responses (279), and in some cases even exhibit hapten- or antigen-specific recall
responses (126, 280). In the same vein, memory CD8+ T cells have been shown to
harbor specific molecular signatures similar to innate cells, altering homeostatic levels of
signaling molecules levels such as STAT4 in order to provide immediate effector
responses independent of TCR-restricted antigen (281). Defining new and diverse
functional roles for NK and CD8+ T cell subsets has also uncovered novel cellular
interactions and regulatory pathways between both cell types. Because of this interplay,
NK cells are an attractive target for therapeutic intervention, particularly for chronic
infections such as HIV and HCV, which are typified by exhausted CD8+ T effector cell
activity (282). However, studies in mice and humans have demonstrated varied impacts
of NK cells on CD8+ T cells across a range of genetically diverse animal models and
infections (11). This suggests that host- and disease-specific elements influence the basis
of these cellular interactions.

MHC I molecules are critical determinants of NK cell surveillance specificities
and responsiveness to infection. Inhibitory receptor interactions with host-MHC at rest
serve to both inhibit NK effector activity against healthy cells and to tune NK cells to

respond efficiently to damaged or diseased tissues (54). Although inhibitory NK
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receptors can dampen NK cell responses to certain viral infections in specific hosts,
particularly when direct NK receptor recognition of a viral ligand is involved (82, 83), it
is also appreciated that strongly licensed NK cells are essential for mediating improved
graft versus leukemia responses after HSCT as well as antiviral protection against a
variety of viral pathogens (54). Moreover, it is now demonstrated that the early activities
of NK cells during viral infection shape inflammatory responses and ultimately direct
CD8+ T cell differentiation. However despite these new findings and identification of
key players, much remains to be clarified with regard to the specific mechanisms and
determinants that guide NK cell influences on CD8+ T cells. Furthermore, it will be of
great interest to better understand how these influences on CD8+ T-cell differentiation
will ultimately shape long-term host immunity, not only in the context of a secondary or
reactivated viral challenge, but also in the context of bystander protection against a bevy

of viral pathogens.

Licensed NK cell responses to viral infection influence the quality and duration of

signals 1-3 for priming CD8+ T cell responses

Induction of alternative co-stimulatory and inflammatory pathways

Several research groups, including our own, have correlated the efficiency of NK
cell-mediated immune responses with the kinetics and magnitude of CD8+ T-cell
accumulation and effector function (22-24, 106, 109, 261, 283). Notably, this effect of
NK cells is often relayed to the CD8+ T cells indirectly via manipulation of selective DC

survival and maturation; however direct regulation of CD8+ T cell subsets has also been
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demonstrated (13, 15-18, 223). In a prior study of licensed NK cell-enhanced CD8+ T
cell immunity, we suggested that licensed NK cells qualitatively influenced the priming
potential of DCs during MCMYV infection— versus a purely quantitative recovery of
antigen presenting cells (24).

We hypothesized that DCs in mice with licensed NK cells can preferentially
exhibit co-stimulatory ligands needed to enhance CD8+ T cell immunity. However, the
present work demonstrated that the kinetics of splenic DC maturation — as defined by
expression of CD86, CD70, and MHC II — were similar in the presence and absence of
D*-licensed G2+ NK cells. Moreover, CD70 and CD86 were downregulated earlier in
mice with efficient control of infection (Fig. 2.8). Despite having a prolonged expression
of CD70 and CD86, we found that mice without D* or G2+ NK cells were capable of
priming primary CD8+ T cell responses independent of CD70 (Figure 2.9). The precise
mechanism(s) by which CD8+ T cells are primed in mice without licensed NK cell
control remains a major area of interest, particularly as this may lead to distinctions in the
cues that guide memory differentiation (Chapter III). It is possible that alternative co-
stimulatory pathways and/or cytokine profiles contributed to these CD70-independent
CD8+ T cell responses, particularly since matched splenic viral levels were not sufficient
to recapitulate dominant SLEC skewing in D* mice at d 8 (Fig. 3.4).

The necessity of multiple co-stimulatory pathways to accommodate context-
specific immune responses has been previously demonstrated for a variety of viral
infections, infectious doses, and even across spatio-temporal kinetics of a single viral
infection (146, 153, 259). Additional unbiased screens of splenic DC surface molecules

and molecular signatures are needed in order to identify inflammatory and co-stimulatory
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pathways that may aid CD70-independent MCMV-specific CD8+ T cell responses in
mice without efficient licensed NK cell control. Comparative microarray or RNA-
sequencing for sorted splenic DC populations from D* mice treated with and without G2
depleting antibodies will help to detect prominent differences in the transcription of co-
stimulatory genes. Isolation of splenic DCs from both cohorts at various times after
infection may be necessary to define critical kinetic differences in co-stimulatory ligand
display. Moreover, refined sorting of predefined maturation subgroups (CD86+ CD70+
MHCII™) may help to clarify whether distinctions in gene expression are due to
differences in individual maturation profiles amongst cohorts or due to the varied ratios
of mature to immature DCs in each cohort.

While we expect DC transcriptional signatures to distinct D* mice from G2+ NK-
depleted mice as a result of varied resistance to MCMYV, of particular interest would be
the gene transcripts ontologically related to immune responses and co-stimulation. Croft
and colleagues have previously demonstrated roles for OX40 and 4-1BB in shaping
CD8+ T cell responses to acute and persistent MCMYV infection (150, 151). OX40
stimulation boosted primary antiviral CD8+ T cell responses to MCMV independent of
CD4+ T cells, though CD4+ T cells were necessary to promote OX40-dependent
enhancement of persistent CD8+ T cell responses (151). Similarly, 4-1BBL-independent
stimulation of 4-1BB at the time of initial priming — perhaps via extracellular matrix
proteins, such as laminin-1 (284) — dampened primary CD8+ T cell accumulation;
however, 4-1BB/4-1BBL interactions during acute infection were critical for the
maintenance of memory CD8+ T cells during persistent and latent phases of MCMV

(150). Differences in 4-1BBL expression and/or other non-classical 4-1BB ligands would
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be of considerable interest given the bi-phasic impact of 4-1BB on CD8+ T cell priming
and persistence and the partial resemblance to phenotypes observed for mice with or
without specific licensed NK cell control. Still, additional co-stimulatory family
members may also contribute to the differential shaping of CD8+ T cell immunity (e.g.
LIGHT, GITR) (Fig. 4.1), any of which could then be explored through appropriate
knockout models or transient blocking studies, similar to the present investigation of
CD70/CD27 interactions (Chapter II).

In addition to classical co-stimulatory pathways, we would also investigate
differences in the relative copy number of cytokine transcripts. Once again, while we
anticipate variable cytokine transcript profiles from both DC cohorts, we would take
special interest in cytokines previously implicated in CD8+ T cell differentiation.
Comparisons of transcript levels for //12(p35), 1115, 1110, Ifna, and Ifnb1 would be
particularly informative, as these signal 3 cytokines have previously been identified as
key determinants of CD8+ T cell fate (133, 156, 269, 270). Although the abundance of
cytokine transcripts does not necessarily correlate with cytokine concentrations, these
data would nonetheless inform our interpretations of potential pathways that modify DC
stimulation of CD8+ T cells in mice with and without G2+ NK cells, especially for
comparisons performed over a time course. Verification of specific cytokine production
and analysis of cytokine concentrations could then be performed through serum sampling
and quantification via multiplex immunoassays or conventional ELISA.

Of course, in addition to targeted interests, unbiased molecular screens would
likely reveal new and unexpected differences in DC subsets from the described cohorts,

including, but not limited to cell adhesion molecules, cell metabolism, pathogen sensing,
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and survival. Such discoveries may provide new and important avenues for exploring
how the efficiency of licensed NK cell responses to MCMV shape DC priming potential,

and consequently, the CD8+ T cell repertoire.
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Figure 4.1. Highly specific licensed NK cell responses to MCMYV influence CD8+ T
cell priming through multiple pathways. The quality and efficiency of NK cell
responses to viral infection guide primary CD8+ T cell reliance on specific co-
stimulatory and inflammatory cues. Distinct NK cell responses to infection could
potentially impact T cell priming through three non-exclusive pathways. (i) Direct NK-
DC interactions might induce specific co-stimulatory ligands/receptors on DCs
depending on the manner in which NK cells respond to infection. (ii) Licensed G2+ NK
cells could stimulate unique cytokine signatures, or modify the abundance of
inflammatory cytokines produced. Likewise, IL-10 production by NK cells or alternative
cell sources in the wake of efficient NK cell control might dampen DC maturation upon
resolution of infection. (iii) The efficiency of NK responses to viral infection can also
impact the duration of viral replication and the corresponding abundance of antigen for
TCR-p:MHC I interactions. The dose of antigen might override certain T cell

requirements for co-stimulatory signaling, and could also influence T cell differentiation.
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Figure 4.1
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Extended duration of antigen exposure

In addition to influencing the expression of specific co-stimulatory pathways and
cytokine profiles, NK cells can also directly inform the extent of active viral replication
and the availability of antigen for priming T cells (Fig. 4.1). As demonstrated in
Chapters II and I1I, the NK cell responses to certain viral infection can determine the
magnitude and duration of acute viral levels, and this undoubtedly impacts the extent and
chronicity of T cell exposure to specific viral antigen. In a model of mouse adapted
influenza (PR8) NK cells were demonstrated to be critical for targeting infected cells in
the lung and indirectly providing cell debris for DC uptake and antigen presentation to T
cells in the draining lymph nodes (93). However, it has also been proposed that highly
specific NK responses that clear viral infection too hastily may diminish total antigen
availability and reduce the magnitude of CD8+ T cell responses to infection, as observed
in specific mouse strains during MCMYV infection (106, 109). Thus the context and
manner in which NK cells respond to certain viral infections can wield significant
influence over the quality and duration of antigen presentation.

Although it is generally agreed that signals 2 and 3 (costimulation and cytokines,
respectively) are required to support optimal effector and memory functions of T cells,
TCR-peptide-MHC (TCR-p:MHC) interactions (signal 1) that meet a critical response
threshold have been demonstrated to elicit effector responses in the absence of additional
co-stimulation (285-287). Early studies of this phenomenon focused solely on the
contribution of CD28 through use of CD28-deficient mice, CTLA-4-Ig transgenic mice,
or neutralizing antibodies to CD80/86 ligands — none of which precluded the potential

contributions of alternative co-stimulatory pathways (286-289). Frehlinger and
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colleagues have since recapitulated these findings using cell-free, peptide-tetramer
priming assays to rule out the contribution of alternative or unidentified co-stimulatory
interactions (285). The response threshold for signal 1 is set by both the affinity of TCR-
p:MHC interactions as well as the overall density of peptide presented, which is a product
of both antigen concentration as well as chronicity of antigen display (290, 291). These
parameters are at least partially redundant, such that increasing either the density or
affinity of specific antigens can effectively promote CD4+ and CD8+ T cell responses
(291, 292). With that said, CD8+ T cells do discriminate between the potency and
density of the antigen: Whereas a high density of peptides can compensate for relatively
low affinity TCR interactions and prompt T cell proliferation, the affinity of TCR-
p:MHC interactions, regardless of density, specifically informs certain functional
properties, such as IL-2 production (292, 293).

While many of the abovementioned studies were performed in vitro or carried out
using synthetic peptides sans infection, studies examining priming of anti-viral CD8+ T
cell responses in the absence of specific co-stimulatory networks have also been
performed. Early investigations of LCMYV infection in either CD28 deficient or CTLA-4-
Ig transgenic mice revealed that despite yielding lower neutralizing antibody titers, these
mice mounted robust cytotoxic CD8+ T cell responses to infected target cells and
delayed-type hypersensitivity reactions to LCMV footpad injections (286, 289).
Interestingly, whereas highly replicative viruses such as LCMV or VV prompted robust T
cell responses in the absence of CD28 co-stimulation, less virulent or low replicating
viral infections mounted poor or absent cytotoxic lymphocyte responses without CD28

(289). Additional studies examining requirements for CD27 or OX40 with viruses of
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modified virulence or persistence have demonstrated similar findings, that less replicative
and less chronic pathogens require greater amounts of co-stimulation (152, 258). While
redundancies in co-stimulatory pathways or cytokine signaling can compensate for
specific deficiencies in the co-stimulatory molecules examined (149), the impact of
antigen abundance and persistence is nonetheless an important factor to consider.

In the present work, we demonstrated that mice with efficient D*-licensed NK cell
control of MCMYV primed early CD70/CD27-dependent CD8+ T cell responses, whereas
mice without specific licensed NK cell control exhibited a delayed but CD27-
independent primary CD8+ T cell response (Fig. 2.4, Fig. 2.9). Moreover, we observed a
preferential skewing of CD8+ T cells towards MPECs or SLECs in mice with and
without D, respectively (Fig. 2.10, Fig. 3.1). Differences in the duration or class of co-
stimulatory ligand expression likely contributed to this skewing, as prolonged expression
of CD86 and CD70 corresponded with enhanced SLEC skewing (Fig. 2.6). Remarkably,
however, these kinetic phenotypes also recapitulated in vitro T cell proliferation in
response to low and high doses of antigen (288). In that study, low doses of antigen
promoted early CD8+ T cell responses that were entirely dependent on CD28 signaling,
whereas high doses of antigen demonstrated robust but delayed proliferation in the
absence of CD80 and CD86. Thus, it is possible that the increased presence of virus, and
presumably viral antigen, in non-D* mice was sufficient to prime CD27-independent
CD8+ T cells in response to MCMV. However, since differences in splenic viral levels
do not directly indicate differences in antigen abundance, this hypothesis warrants further

investigation.
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To interrogate the impact of antigen availability independent of active viral
replication, exogenous non-virus associated antigen could be introduced to mice with and
without D* during MCMYV infection, essentially exploiting the viral infection as an
adjuvant. By dissociating the antigen bolus from replicative virus, the impact of antigen
quality and quantity could be examined while maintaining the environmental priming
differences in mice with and without specific licensed NK cell control of MCMV. OVA
257-264 (SIINFEKL; OV A,s7) is a MHC I K’-restricted peptide of ovalbumin, and is
commonly used as a strong immunogen to elicit OV Asss-specific CD8+ T cell responses
(294). Utilizing the defined OV A»s7 peptide rather than the whole ovalbumin protein
would allow us to control for potential differences in host protein processing. Likewise,
TCR-transgenic T cells that specifically recognize OV A,s; (OT-I) have been used to
track clonal T cell responses to antigen stimulation (295). Thus, we could transfer
congenically marked OT-I T cells into recipient mice prior to MCMYV infection to
normalize starting frequencies of antigen-specific T cells. Antigen could then be
introduced to experimental groups in one of two ways: (i) Soluble OV A;s7 peptide could
be directly introduced to the mice intravenously in predefined doses and regimens. In
this setting, the foreign peptides would function similar to viral antigen released from
infected cells, and could be engulfed by DCs for presentation to CD8+ T cells, as
described previously (296). One caveat to this approach, however, could result from
differences in antigen uptake by DCs in MHC-disparate mice during MCMV infection.
To investigate this possibility, we could conjugate fluorescent molecules to OV A,s7 prior
to administration and interrogate total and subset-specific DC uptake of the fluorophore-

labeled antigen (296). While differential uptake by total or specific subsets of DCs
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would invalidate use of this assay, these results would nonetheless inform our
understanding of the quality and kinetics of antigen uptake by DCs in MHC-disparate
hosts.

(i1) An alternative approach to examining the impact of specific antigen doses on
T cell priming would involve the transfer of defined numbers of OV Ass7-pulsed DCs into
the mice, as described previously (297). This approach would approximate equal DC
presentation of the peptides, at least upon initial administration. However, while levels of
antigen presentation may be better controlled, the maturation of DCs could potentially be
more artificial, as generation of DCs for immunization typically requires in vivo
expansion with Flt3-ligand expressing tumor cells (B16-FLT3L) or ex vivo treatment
with GM-CSF to derive bone-marrow derived DCs. Moreover, DCs are typically
matured with LPS prior to peptide pulsing, which could mask the influence of NK cells
on DC-T cell interactions. Despite this, artificial maturation would be relatively equal for
DCs delivered to both experimental groups. By comparing OT-I T cell responses relative
to endogenous MCMV-specific T cells we could assess the general influence of antigen

dose and persistence in D*-disparate strains.

Specific lymphoid compartment impacts on T cell priming

With regard to how T cells interact with p:MHC and co-stimulatory molecules
during MCMYV infection, we must acknowledge that to this point, we have predominantly
focused on T cell interactions with DCs in the spleen. Combined with the liver, the
spleen is one of the primary sites of acute MCMYV infection, and where early NK cell

responses are most active (298, 103). Investigating the spleen offers many advantages
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for examining the impact of licensed NK cells on T cell priming. (i) As a primary site of
viral amplification, a surplus of viral antigen is readily accessible in the spleen and can
prompt rapid recruitment, proliferation and response of primed T cells. (ii) Stromal cells
lining the splenic marginal zones are early cell targets of infection (10, 103). Moreover,
DCs and NK cells both localize in close proximity to infected stromal cells at the
marginal zone between 48-96 hours post-infection, which could provide a platform for
direct NK-DC-T cell interactions (10, 94, 103). (iii) Since NK cells can influence the
efficiency of viral control in the spleen, distinct inflammatory environments can manifest
and impact the manner in which T cells are initially primed.

Early priming of non-inflationary CD8+ T cells in peripheral lymph nodes has
been relatively underexplored for MCMV infection [Non-hematopoietic cells in the
inguinal lymph nodes have previously been demonstrated to present MCMYV antigen and
drive inflationary, but not non-inflationary, memory CD8+ T cell responses after
infection (299)]. While tissue-specific environments could foster differential T cell
priming conditions, this is not always the case. Indeed, splenic-priming of CD8+ T cells
during a mouse-adapted influenza infection (PRS; i.n.) was found to stimulate effector
and memory CD8+ T cells that were equally as functional and protective as T cells
primed in the lung draining lymph nodes, despite a lack of active viral replication in the
spleen (300). Interestingly, when MCMYV is introduced to the host systemically (i.p.), the
virus first traffics from the peritoneal cavity to the mediastinal lymph nodes to gain
access to the bloodstream where it can disseminate to peripheral tissues as free virus
(103). Moreover, infection of CD169+ macrophages in the subcapsular sinus of the

mediastinal lymph nodes demonstrates that virus could be retained in the lymph node for
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antigen processing and presentation. Temporal components of T cell priming in distinct
organs, such as the duration or frequency of TCR-p:MHC/co-stimulatory interactions can
substantially impact the quality of antiviral CD8+ T cell responses, as evidenced by
comparisons of in vivo and in vitro priming systems (290). Thus, it would be of great
interest to examine whether T cell accumulation and differentiation in the lymph node
differs between MHC-disparate mouse strains as observed in the spleen.

To investigate organ specific priming effects on CD8+ T cells we could employ
immunomodulatory reagents that block entry and egress of CD8+ T cells from the lymph
nodes. FTY720 is a sphingosine-1-phosphate receptor-1 (S1P(1)) agonist that
downregulates S1P(1) on the surface of CD8+ T cells and sequesters CD8+ T cells in the
lymph nodes (301). FTY720 would allow us to effectively examine the profile of T cells
primed in the lymph node by sequestering CD8+ T cells and preventing their egress to
peripheral sites of infection. Similarly, treatment with MEL-14 (a-L-selectin) mAb
prevents lymphocyte entry into lymph nodes via high endothelial venules (302). This L-
selectin neutralizing antibody would enable us to prevent entry of CD8+ T cells that were
primed in the spleen into the lymph node. As described previously, congenically marked
OT-I T cells could be transferred to MHC-disparate host recipients prior to systemic
infection in order to control for the starting frequencies of naive clonal cells. We could
then utilize MCMYV that has been modified to express OVA,s; (MCMV-OVA) in order to
stimulate OT-I cells with virus-derived antigen. Following the transfer — after the
requisite amount of time for cells to circulate and populate lymphatic organs has passed —
and the infection with MCMV-OVA, treatment with FTY720 and MEL-14 would halt

inter-lymphatic trafficking. We could then survey lymph node-primed CD8+ T cells at
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various periods post-infection and compare OT-I expansion and differentiation to splenic
populations by standard flow cytometric analysis. We would be particularly interested to
monitor T cell differentiation, as local inflammatory environments in the lymph node
should be similar between strains early after MCMYV infection. Furthermore, since T
cells would be sequestered in the lymph nodes, we could also pre-label transferred OT-1
cells with a fluorescent dye and monitor intra-lymph node motility and proliferation of T
cells using intravital two-photon microscopy. This would enhance the resolution of our
analysis and allow us to not only compare surface phenotypes between MHC disparate
mouse cohorts, but also evaluate kinetics of T cell mobility and proliferation as they
traffic within the lymph node.

An alternative and complementary approach to comparing lymph node and spleen
T cell priming capacities between mice with and without D*-licensed NK cell responses
would be to isolate CD11c+ DCs from both organs 2 and 4 d post-MCMV-OVA
infection and co-culture DCs with naive OT-I T cells. T cell proliferation would be
measured via carboxyfluorescein diacetate succinimidyl ester (CFSE) dilution to gauge
organ-specific priming efficiencies of DCs. This experimental approach would
manipulate natural T cell contact and interactions with DCs, which may mask distinctions
in how T cells traffic in respective lymphoid organs. Nonetheless, we expect
comparisons of spleen and lymph node DC priming efficiencies may reveal distinct or

shared characteristics that inform our understanding of tissue-specific T cell priming.

In light of these proposed areas for future investigation, there is much that

remains to be understood with regard to host-pathogen interactions that influence T cell
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immunity. We must delve deeper into the molecular distinctions that impact DC
maturation and function, resolve the impact of antigen abundance and persistence, and
examine the impacts of organ-specific priming environments on T cell immunity. All of
these components are undoubtedly interconnected factors of the gestalt profile of CD8+ T
cells. As we develop a more complete awareness of these various immune modifiers and
how they influence one another, we will advance understanding of the mechanistic
underpinnings connecting specific NK cell responses to viral infection with guiding

CD8+ T cell immunity.

Early MPEC skewing in mice with efficient licensed NK cell control of MCMYV is
IL-10 dependent

In addition to the multitude of co-stimulatory signals needed for guiding CD8+ T
cell memory differentiation during primary infection, recent studies have highlighted an
important role for the anti-inflammatory cytokine IL-10 in mediating MPEC formation
(269, 270, 303). Classical anti-inflammatory programs such as IL-10 are critical for
preventing excessive immunopathology and are typically associated with the resolution
phase of viral infection (304). Although early induction of IL-10 can delay or impair
efficient control of latent MCMYV infection, several groups have noted increased weight
loss and immune-related tissue pathology in the absence of total or regulatory T cell-
derived IL-10, demonstrating an overall host-protective role for this cytokine (213, 305,
306). Using LCMV-Armstrong infection, Kaech and colleagues further discovered an
indirect effect of IL-10 on CD8+ T cell memory differentiation, whereby IL-10 decreased

the maturation of DCs (CD80/86, PDL1, PDL2) and reduced DC production of pro-
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inflammatory cytokines, thus shielding activated CD8+ T cells from prolonged effector
differentiating cues (270).

In the present work, we demonstrated similar requirements for IL-10 signaling in
order to mediate MPEC differentiation in D* mice (Figure 3.5). In the presence of o-IL-
10R neutralizing antibodies, we observed increased numbers of antigen-specific CD8+ T
cells, and a greater proportion of these cells were skewed towards KLRG1+ CD127-
SLECs (Figure 3.5E-G) as seen in non-D* mice. Interestingly, despite this increased
SLEC skewing for virus-specific CD8+ T cells in mice with IL-10R blocking antibody,
the degree of terminal effector cell differentiation (ratio KLRGI1": KLRG1") remained
consistent with isotype-treated D* mice (data not shown), indicating an incomplete
conversion to the non-D* phenotype. Nonetheless, we observed sustained maturation of
DCs in IL-10R blocked mice even out to d 8 post-infection (Figure 3.6A-D) as well as
sustained expression of mPDCA-1 on all monocytes (Figure 3.6F). We also identified a
higher representation of total monocytes in non-D* and IL-10R blocked mice, of which
~60-70% were GR1'° CD11c- patrolling monocytes (Figure 3.6E-I). In comparison, D"
mice with IL-10 signaling intact exhibited at least half as many total monocytes, with a
predominant skew towards GR1™™ CD11c- inflammatory monocytes. Together, these
data suggest that licensed NK cell regulation of T cell priming is dependent on the anti-
inflammatory activities of IL-10, and through limiting the duration of co-stimulatory
ligand display on DCs and perhaps inflammatory cytokine signaling, the combined
activities of licensed NK cells and IL-10 can shape memory T cell differentiation.

Many questions remain to be addressed. First and foremost, it would be

informative to determine whether differential production of IL-10 is evident for D* and
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non-D*mice. With varied kinetics of early viral control and resolution of acute MCMV
in the spleen, distinct concentrations of IL-10 in both strains may at least partially explain
the early divergence in CD8+ T cell differentiation phenotypes and the increased
maintenance of KLRG1+ SLECs in non-D* mice. Kinetic profiling of cytokine
signatures may be necessary to distinguish significant differences in serum IL-10
concentration, and at the very least would inform our understanding of the dynamics of
IL-10 production during MCMV infection. While it is possible that differences in IL-10
will not be detected amongst different strains, functional characterizations of the impacts
of IL-10 deficiency or receptor blockade in both strains would further clarify potential
context-dependent effects of the anti-inflammatory cytokine. Moreover, despite that total
serum cytokine levels can be similar between two hosts, the dominant cellular source of
IL-10 and the local versus systemic effects of IL-10 may additionally influence the role
of this anti-inflammatory cytokine in guiding CD8+ T cell differentiation.

IL-10 can be produced by a variety of immune cells, including CD4+ T cells, B
cells, macrophages, dendritic cells, and even NK cells (304). Although this redundancy
certainly reflects the importance of maintaining anti-inflammatory programs, distinct
periods of peak activity for these different cell subsets likely highlights additional local or
cell-specific effects of IL-10. Thus, defining the prominent cellular sources of IL-10 at
various times during acute MCMYV infection in mice with efficient licensed NK cell
control of infection is expected to inform our understanding of the cellular and molecular
underpinnings of enhanced, IL-10-dependent MPEC differentiation. FoxP3+ CD4+ T
regulatory cells are perhaps the most notorious IL-10 producers in response to a variety

of infections, however their peak activity is generally detected during adaptive immune
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phases, usually after d 5 (270, 307). With that said, Allam et al. have demonstrated a
critical role for regulatory T cells in dampening innate inflammation during MCMV
infection prior to the onset of CD8+ T cell immunity at d 7 (308). Thus, early regulatory
T cell recruitment may lessen an otherwise prolonged exposure to co-stimulatory ligands
and inflammatory cytokines.

In addition to T cells, NK cells can also make abundant IL-10 in response to
systemic infections, including MCMYV (220, 307). Biron and colleagues demonstrated
that MCMV-induced IL-10 from NK cells increased during infection coincident with NK
proliferation and decreased IFNy production (220). In a related study, NK-derived IL-10
was shown to be host protective via reduction in both viral titers and immunopathologic
CD8+ T cell cytokines (221). Given the specificity of D*-licensed G2+ NK cells for
MCMYV and the rapid proliferation in response to viral infection, NK cells are prime
candidates as the chief producers of IL-10 during early acute MCMYV infection. Still,
additional immune cells such as macrophages, monocytes, and DCs can provide robust
quantities of IL-10 during infection resolution and tissue repair (304).

To determine the source of IL-10 in the present mouse model of licensed NK cell
viral control (D*-NKC®") a combination of phenotypic and functional assays would be
required. Proof of concept studies examining //10 transcript over a kinetic time course
should be undertaken for the cell subsets indicated above as this is a rapid and robust
method for determining gene expression. For the populations of interest (i.e. increased
1110 expression), functional assays such as ex vivo incubation of splenocytes from
infected mice in the presence of monensin (Golgi plug) could be further pursued to

confirm protein translation of IL-10 at the defined times of interest. Cell-specific
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depletion studies could also be utilized to confirm the dominant source(s) of IL-10 during
MCMYV infection, however, this approach has several caveats depending on the
population of interest. Bulk CD4+ T cell depletions (GK1.5 mAb) or CD25+ regulatory
T cell-specific depletions (PC61 mAb) should not drastically affect the early kinetics or
phenotypes of CD8+ T cell priming, as seen previously (Fig. 2.6, Wei & Brown
unpublished data). However, Colonna and colleagues have reported protective
suppression by regulatory T cells early after MCMYV infection (308). Moreover,
depletion of NK cells would preclude examination of enhanced CD8+ T cell phenotypes.
In the same vein, depletion of myeloid cells through administration of clodronate
liposomes may also affect viral levels, as a recent study has defined important roles for
inflammatory monocytes in controlling MCMV infection (309). Thus profiling IL-10
producing cells directly, opposed to functional depletion studies, would be preferable.
IL-10 reporter mice are commercially available (Jackson, B6.129S6-1110""""/1;
tiger mice (310)), and have been instrumental to finding new IL-10 producing cell subsets
in response to infection, such as NK cells (220, 307). In order to utilize these reporter
strains, we could cross the tiger mice to our B6.NKC(1) and B6.NKC(1)-Dk mice, though
this would require careful selection and breeding for the 7//0 promoter-GFP cassette,
homozygosity for NKC®”', and expression of the D* transgene. With these reporter mice
crossed to our mice with and without licensed NK cell control of MCMV, we could
accurately detect prominent and perhaps previously unappreciated cellular producers of
IL-10 over a kinetic time course. Moreover, by altering the dose of infection in mice

with and without licensed NK cell control as in Figure 3.4, we could assess whether IL-

155



10 production by specific cell subsets is qualitatively different between MHC-disparate
strains or whether it is a byproduct of the efficient viral control.

Lastly, as a proof of concept for the role of IL-10 in shaping memory CD8+ T cell
differentiation during MCMYV infection, we can supplement non-D* mice with exogenous
mouse recombinant IL-10 (rIL-10) to see if we could prevent skewing of CD8+ effector
T cells to terminally differentiated SLECs. Prior studies have demonstrated that IL-10
deficient mice mount more robust adaptive immune responses to MCMYV and reduce viral
levels more efficiently than IL-10 competent mice, though this often comes at the
expense of increased immunopathology (213, 305, 306). Moreover, the influence of IL-
10 deficiency on memory cell formation has not been previously examined for MCMV.
By treating more susceptible mouse strains with exogenous rIL-10, we may promote
MPEC formation early during acute infection. It is likely that by boosting the anti-
inflammatory response we would prolong the duration of acute MCMYV infection in the
spleens of non-D* mice. While extended acute infection could conceivably drive the host
requirement for continued SLEC differentiation — similar to how inefficient viral control
by NK cells promotes a greater magnitude of CD8+ T cells (106) — early rIL-10
intervention could help to establish a pool of MPECs during a critical period of T cell
differentiation, such that this memory pool may be maintained regardless of sustained
effector cell proliferation. In support, we did observe a greater pool of memory cells in
MCM V-infected D* mice compared to non-D* mice, despite the fact that both types
maintain similar total numbers of KLRG1+ effector cells during latency (Fig. 3.8). This
corresponded with an early accumulation of MPECs during MCMYV infection (Fig. 3.1).

Furthermore, Harty and colleagues have demonstrated that by default, antigen-primed
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CD8+ T cells differentiate into long-lived memory T cells, and that inflammatory
cytokines guide the proportion of cells that differentiate into SLECs (297). Moreover,
the timing and duration of these inflammatory cytokine cues and consequential co-
stimulatory interactions with DCs influence the total number of memory CD8+ T cells
that are formed in response to foreign antigen (311). Thus, the timing of exposure to IL-
10 during MCMV infection could have long-lasting impacts on CD8+ T cell immunity.
Clarifying the role of IL-10 as it relates to CD8+ T cell differentiation during
CMYV infection will be important as we seek to understand the molecular basis for how
licensed NK cells influence T cell immunity. This could provide an important target for
therapeutic intervention as we seek to alter protective CD8+T cell immunity, particularly
if licensed responses to infection alter IL-10 kinetics. It should be noted that human
(H)CMV encodes an IL-10 homologue that can dampen immune responses to infection,
and is thought to promote viral persistence (312, 313). HCMV-derived IL-10 has been
shown to upregulate human monocyte production of IL-10 as well, which can further
suppress immune control of CMV (314). Whether or not HCMV-derived IL-10 impacts
on T cell differentiation during early acute infection remains to be determined, and will
need to be taken into consideration as we consider interventional treatments that modify

anti-inflammatory immune signals.

Quality versus quantity: The imprint of licensed NK cell-mediated resistance on
CD8+ T cell memory
In this work, we have demonstrated that specific licensed NK cell responses to

MCMYV infection support early accumulation and memory differentiation of antiviral
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CD8+ T cells (Chapter III). Moreover, we found that these early impacts on T cells
were durable throughout viral latency, such that the majority of virus-specific CD8+ T
cells were CD127+ memory cells. In contrast, mice that were either lacking D* or were
specifically depleted of G2+ NK cells during acute infection maintained less than half the
number of virus-specific CD8+ T cells during viral latency, and a majority of cells
retained a KLRG1+ effector phenotype. Despite these distinctions in antiviral cell
numbers and phenotype, however, transfer of bulk CD8+ T cells from either experimental
cohort was protective against secondary viral challenge, though to varying degrees
depending on the conditions of viral infection (Fig. 3.10). To our surprise, T cells primed
in the absence of licensed NK cells were quicker to control secondary viral infection
when challenged immediately after adoptive transfer. We attributed this observation to
the higher proportion of KLRG1+ effector cells, and reasoned that with viral infection
immediately following the transfer, these effector cells remained in a poised state to
respond. In contrast, T cells primed in donors with D*-licensed NK cells intact were
more effective at controlling secondary viral challenge, but only when viral infection was
delayed after transfer. Under these circumstances, we inferred that in the absence of
previous viral infection and prior to secondary challenge, transferred effector cells
contracted due to a lack of antigen stimulation and only CD127+ virus-specific CD8+ T
cells remained. Thus, given the higher proportion of memory cells from D" donors with
G2+ NK cells intact, these donor cells now conferred improved viral control.

Thus far we have investigated the protective capacity of bulk transferred CD8+ T
cells from donors with disparate NK cell responses to acute MCMYV infection. While

these transferred populations comprised skewed proportions of effector and memory T
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cells, in regard to individual host-immunity, similar numbers of total effector T cells were
actually maintained in both experimental groups. The proportions were offset by the
increased presence of virus-specific memory cells in mice with D*-licensed G2+ NK cells
(Fig. 3.8). In a previous study investigating the protective efficacy of CD27+ memory T
cells versus KLRG1+ effector cells, it was demonstrated that single transfers of either
population into naive Rag” mice was sufficient to protect against a lethal dose of MCMV
(315). Moreover, studies addressing the protective capacities of primary and secondary
memory CD8+ T cells have revealed that secondary memory and short-boosted memory
cells retain poised cytolytic capabilities, and are better equipped to protect against acute
viral infection (159, 163, 316). The tradeoff for these secondary memory cells, however,
is reduced longevity of memory maintenance (163) and increased susceptibility to
exhaustion during chronic infection (316). Therefore, it is possible that while both mouse
strains could mount similar immediate effector responses to secondary infection, only
mice with T cells primed in the presence of licensed NK cells may retain long-term
memory cells with improved stem-like qualities.

To investigate this possibility, we could repeat transfers of congenically marked
(CD45.2) bulk CD8+ T cells from previously infected, MHC-disparate donor mice into
MHC-matched recipients (CD45.1), and immediately re-challenge with high dose
MCMYV, as described in Figure 3.10A. However, rather than suspending the experiment
at d 5, we could follow the secondary infection to viral latency (d 56) and assess
differentiation profiles of the donor-derived (CD45.2) T cells. Importantly, we would
want to examine the frequency of donor-derived secondary memory T cells present

during viral latency in the recipient strains. We could also extend our T cell profiling to
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include intracellular analysis of fate skewing transcription factors, such as Tbet, Eomes,
and Blimp-1, as described previously (317). Furthermore, we could expand the
investigation to inspect tertiary memory via repeated transfer of the bulk donor-derived T
cells into matched recipients and challenge with a third dose of MCMV. If the higher
proportion of memory cells from D* mice demonstrates improved maintenance and
replenishment of the memory compartment, we would expect to see a consistently higher
frequency and number of memory cells after successive viral challenges. To increase our
cell recovery and transfer efficiency, we could seed congenically marked OT-I T cells
(CD45.1) into D* mice (CD45.2) with and without G2+ NK cell depletion prior to
infection with MCMV-OVA; secondary and tertiary bulk OT-I transfers could then be
performed as described above and consistent with previous studies (315). Utilizing the
OT-I and MCMV-OVA systems would also control for potential differences in
immunodominant peptides resulting from initial NK cell responses to infection, which
could also influence T cell immunity beyond the general effector and memory
differentiation spectrum.

In addition to the quantitative differences in memory T cell formation that the
current work highlights, we are also very curious about potential qualitative differences
precipitated by disparate NK responses to acute MCMYV. Typically, the first property
assessed for CD8+ T cell immunity is ‘magnitude’ (i.e. how many cells are available to
mediate the effect: total CD8+ T cells, virus-specific CD8+ T cells, [IFNy+/TNFo+ CD8+
T cells, effector vs. memory, etc). However, the quality within a defined population can
vary greatly depending on the phenotypic or functional parameters investigated, and as

our technological capabilities to better resolve those sub-populations increases — namely
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through flow cytometry and single cell sequencing — we will undoubtedly develop more
refined profiles to assess the quality of CD8+ T cell responses (318).

To further explore potential qualitative differences between CD8+ T cells primed
in mice with and without licensed NK cell MCMYV control, we could equalize the
numbers of defined CD8+ T cell subsets prior to transfer to exclude the effect of
quantitative differences between donors. That is, rather than transferring equal numbers
of bulk CD8+ T cells, we could specifically sort CD127+ antigen experienced CD11c+
CD44+ cells from infected mice and transfer them in equal numbers into MHC-matched
recipient mice. At a rudimentary level, this would allow us to assess whether the quality
of CD8+ memory T cell priming — versus effector cells — is similar between strains.
Similar levels of body weight recovery and viral control might suggest that the impact of
licensed NK cells on T cell differentiation is predominantly quantitative rather than
qualitative. On the other hand, sustained differences in viral control could suggest that
memory T cells primed in different host settings at the level of the NK cell are
qualitatively unique. One caveat to this approach stems from the limiting definition of
the defined population, such that CD127 may be just as broad as CDS, and additional
markers or indications may need to be screened to narrow down the precise population of
interest. Nonetheless, this approach is likely to inform our understanding of whether or
not broadly defined memory cell populations are qualitatively distinct. We expect these
studies to open new avenues for research and discovery. As discussed above, an OT-
I/MCMV-OVA system would also help to rule out potential differences in distinct clonal

repertoires primed in the disparate settings.
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If differences in memory CD8+ T cell quality are observed even when the
quantity transferred of cells is equal, it would be of significant interest and importance to
further characterize T cell proliferation kinetics, differentiation, and function after re-
challenge. We could label cells with CFSE prior to transfer in order to examine the
kinetics and magnitude of memory cell proliferation. Similarly, we could interrogate
functional cytolytic capacities of the transferred memory cells through in vivo
cytotoxicity assays or ex vivo > Cr-release assays using peptide-pulsed target cells at
various times post-infection. These assays, in addition to the phenotypic profiling
described in Chapters II and III, would help develop our understanding of intrinsic
differences associated with memory CD8+ T cells primed in the presence or absence of
licensed NK cells control of viral infection, and the quality of effector cells derived from
them.

Additionally, it would be of special interest to investigate localization of
transferred memory CD8+ T cells prior to and during secondary MCMYV challenge, and
to determine if distinct priming of memory cells results in unique trafficking patterns. In
the present work, we modified our T cell challenge assays to diminish the presence of
KLRG1+ effector cells by delaying infection by one week after transfer (Fig. 3.10C).
Remarkably, while we demonstrated improved protection by memory cells primed in the
presence of licensed G2+ NK cells, we also observed that the kinetics of memory cell
control were more efficient than seen previously with viral challenge immediately after
cell transfer (Fig. 3.10B,D). This may indicate that improved trafficking and localization
of memory cells to defined lymphoid regions is necessary to mediate efficient antiviral

protection. von Andrian and colleagues have previously demonstrated that CXCR3+
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central memory T cells preferentially localize to the periphery of lymph nodes via
CXCL9 and CXCL10 gradients, where they can encounter and respond to viral antigens
more efficiently than CXCR3- naive T cells (319). Examining histological sections of
the spleen and lymph nodes to identify the location of transferred T cell populations
through immunofluorescence for the congenic marker of choice (e.g. CD45.1) we could
readily compare local deposits of T cells primed in mice with disparate NK responses to
MCMV. These histological studies could be further advanced in combination with
MCMV-GFP infections to identify if memory T cell populations are co-localizing with
specific sites of infection, as previously described (103).

Similar to the qualitative investigations of memory T cells, it would be interesting
to explore the potential differences in poised cytolytic capabilities of MCMV-specific
effector cells. Although mice with and without efficient NK-mediated viral control
exhibited similar numbers of total antiviral CD8+ effector T cells, differences in acute
viral control may have impacted the systemic abundance of viral antigen. Previous
studies have established that non-replicative and spread-deficient MCMV infection can
drive memory T cell inflation and terminal SLEC differentiation through repeated antigen
stimulation (207, 208). Thus, a greater antigenic burden established early during acute
infection could potentially create a repetitive boosting environment, which may impact
effector cell poise for lytic activities. Certainly we could repeat the abovementioned
experiments transferring effector T cells instead of memory T cells, and we could directly
assess the efficiency of host protection. Alternatively, to directly test cytolytic
performance, we could utilize in vivo cytotoxicity assays with CFSE labeled peptide-

pulsed target cells. If no differences in killing efficiency are observed, we can likely
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attribute prior anti-viral distinctions to quantitative differences. However, if we detect
substantial discrepancies in the cytolytic capacity or kinetics of differently primed
effector cells, further study is warranted to test the effects of antigen burden on effector
cell performance. Such experiments may include modifying MCMV doses to manipulate
antigen set points or transferring MCMV-OVA primed OT-I cells into matched infection
recipients with or without G2+ NK cells depletion to assess the impact of differential

antigen load on the long-term stimulation of effector cells.

Longevity of licensed NK cell influence on T cell differentiation and maintenance of
memory cells

We have presented evidence in this work that licensed NK cell responses to acute
viral infection yield significant influence over the kinetics of T cell priming,
accumulation, and differentiation through the manipulation of inflammatory and co-
stimulatory pathways (Chapters II and III). This has been demonstrated in mice with or
without the critical D*-licensing ligand expressed. Moreover, specific depletion of G2+
NK cells solely during acute infection recapitulated the dominant phenotypes described
herein (Fig. 3.3, Fig. 3.9). Importantly, with only two doses of G2+ NK cell-depleting
antibody during infection (d -2 & d 0; 4D11 mAb) we observe a recovery of G2+ NK
cells between 6-10 d post-infection (data not shown). While the focus of this work has
examined the impact of NK cells on CD8+ T cell immunity during the first 6 d of acute
infection, it remains to be determined whether or not licensed G2+ NK cells have an

enduring role in shaping the virus-specific CD8+ T cells beyond acute infection.
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Other groups have examined the suppressive influence of NK cells on CD8+ T
cell immunity during certain viral infections (e.g. LCMV, Pichinde virus) and have
reported early impacts of NK cells on T cell immunity, demonstrating that NK depletion
after 2-3 d of infection is insufficient to reverse their effects (13, 14, 18). Although the
emphasis of those studies was on NK suppression of APCs, CD4+ T, and CD8+ T cells,
their studies nonetheless identified a restricted window for when NK cells exert their
greatest effect on adaptive immunity. Waggoner et al. demonstrated a ‘rheostat’
regulation role for NK cells, such that the dose and magnitude of viral infection
influenced whether NK impairment of CD8+ T cells was detrimental (moderate dose of
infection) or immune-protective to the host through limitation of CD8+ T-mediated
immunopathology (high dose) (13). However, these studies were typically terminated
between 7-14 d post-infection, and did not examine a long-term role for NK cells in
shaping T cell activities. The duration of NK impacts on T cells is particularly pertinent
for persistent and chronic viral infections, such as HIV. Evidence of prolonged NK cell
activation during chronic HIV infection has been reported (320), though dysfunctional
NK performance in highly viremic patients has been shown to negatively affect APC
stimulatory capacity and subsequent CD8+ T cell immunity (261, 321). Although
MCMYV establishes latency and is not considered a chronic viral infection, NK cells do
exhibit memory-like features after MCMYV infection(11, 279), and they may continue to
shape T cell immunity

To investigate a potential role for G2+ NK cells in shaping T cell responses
beyond acute infection, we could repeat our MCMYV infections in mice with D* expressed

and treat them with isotype or a-G2 mAb for a prolonged period of time. This approach
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would allow us to compare CD8+ T cell phenotypes without depletion, with a single
depleting dose, and with sustained depletion of G2+ NK cells. In the event that serum
sickness complicates the analysis, we could also transfer primed virus-specific CD8+ T
cells from the described experimental groups into infection matched Ly49G2-deficient
mice with D* expressed (Cronk & Brown, unpublished data). In either case, we would be
particularly interested to investigate the effector cell phenotypes in mice with sustained
G2+ NK depletion. Previously, we discussed the possibility that virus-specific CD8+ T
cells were maintained at higher frequencies in D* mice due to MHC-I inhibition of G2+
NK cells (Chapter III). In the absence of this inhibition, however, and perhaps more
importantly in the absence of type I IFN-mediated upregulation of MHC-I beyond acute
infection, it is possible that these effector cells would be targeted for NK-mediated lysis.
Using these strategies we could determine whether G2+ NK cells have an ongoing role in
molding T cell immunity, or whether their impact on T cell immunity is truly determined

within the first 3 days of an infection.

Closing remarks

In conclusion, the data and perspectives presented herein provide significant
insights and advances to our understanding of self-licensed NK cell responses to viral
infection, and how the quality of those responses informs adaptive immune cell priming,
differentiation, and long-term protective immunity. We have demonstrated that even with
efficient restriction of acute MCMYV infection, licensed NK cells can engender a robust
and lasting virus-specific T cell response to MCMYV that is protective upon secondary

challenge. Moreover, we discovered that licensed NK cells exert considerable influence
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on the environment in which CD8+ T cells are primed, such that they can influence the
duration of co-stimulatory ligand expression and even the requirements for specific co-
stimulatory signals to prime T cells during acute viral infection. Despite demonstrating
similar efficiencies of viral resistance these investigations are distinct from previous
studies in both the model of specific licensed NK cell-mediated viral control — opposed to
dominant activating receptor recognition of infected targets — as well as the general
restrictive effect of efficient viral control of MCMYV on T cell immunity (23, 106, 109,
224). Thus, viral control in and of itself is not predictive of providing benefit to T cell
immunity. Rather, we believe that the manner in which licensed NK cells respond to
MCMYV infection offers unique benefits to T cell priming and differentiation, such that
they permit enough viral antigen and inflammation to prime T cell immunity without
exhausting or terminally differentiating these cells as short-lived effector cells.
Interestingly, preliminary studies have suggested two parallel impacts of licensed
NK cell-mediated viral control: (i) Efficient viral control preserves or supports recovery
of DCs such that the abundance of DCs impacts virus-specific T cell kinetics and
magnitude. Whether this phenomenon is directly related to viable DC numbers, or
whether this is a manifestation of the preservation of secondary lymphoid organ
architecture remains to be determined; it is likely that both factors are involved. (ii)
Licensed NK cell responses to MCMYV direct the differentiation of effector cells into
SLECs or MPECs. This latter impact is less well understood, as sustained elevation of
viral levels in mice challenged with high dose MCMYV would be expected to amplify
inflammatory signals and cytokines that drive terminal differentiation of T cells as

SLECs. An intriguing hypothesis is that licensed NK cells can prune and select for
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specific profiles of DCs or T cells (256). NK cells dominantly guided by activating
receptors may readily kill target cells or activated lymphocytes due to the lower
expression of self-specific inhibitory receptors (82, 83). In contrast, licensed NK cells
are inherently marked by their expression of self-specific inhibitory receptors, which may
allow them to discriminate more selectively amongst mature DCs and activated T cells
that are like to promote beneficial, but not immunopathogenic, immune responses.
Further studies are warranted to explore this latter possibility.

Finally, as we look to improve vaccination strategies and develop novel
immunotherapeutic treatments in humans to elevate protective CD8+ T cell immunity, it
has become increasingly evident that NK cells can determine the fate of T cells.
Furthermore, the compounded diversity of human NK responses guided by HLA and
NKC polymorphism adds to spectrum of NK cell responses observed in various virus
infections and tumor settings. While experimental knockout and depletion studies in
inbred mouse strains are critical to study of the impact that these innate lymphocytes can
have on T cell immunity, it should be understood that human NK responses are extremely
diverse and exquisitely tuned to unique host environments. Thus, interventional therapies
aimed to modify NK function as a means to boost T cell immunity, while helpful in
certain contexts, may be damaging in others, and the factors guiding NK responses

should be thoroughly considered before ever manipulating this potent innate effector cell.
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Chapter V

Materials and Methods
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Ethics Statement. All mouse experiments conducted in this investigation were carried
out in accordance with the Animal Welfare Act and the recommendations in the Guide
for Care and Use of Laboratory Animals of the National Institutes of Health.
Experimental procedures and in vivo treatments were approved by the University of

Virginia Animal Care and Use Committee (Protocol Number: #3050).

Mice. All mice used in this study were bred and maintained under specific pathogen-free
conditions at the University of Virginia. C57L-derived MHC I D" congenic (R7) and D"
transgenic (L.Tgl and L.Tg3) mouse strains were described previously (71, 78). C57Bl/6
(B6).Nkc™®”' (NKC') and B6.Cg-Nkc®”-D" (NKC'-D) congenic mice with wild-type
CD27 were generated by introgressing a C57L natural killer gene complex (NKC) into
the B6 background using genome-wide marker-assisted selection as described previously
(78, 322). Where indicated, these mice were compared to D*-disparate B6.Cd27""-
Nkc'?P% (CD27 KO) and B6.Cg-Cd27"-Nke"?"*%%_pF (CD27 KO-D*) mice. CD27
KO mice, which had been previously backcrossed to B6 from 129/P20la-founders, retain
a CD27-linked NKC'? on chromosome 6 (235, 239) and were kindly provided by Jannie
Borst (The Netherlands Cancer Institute, Amsterdam, Netherlands) via Ross Kedl
(University of Colorado-Denver, CO, USA) (254). Importantly, NKC-Ly49 haplotypes in
129 and C57L are highly related (323), Ly49¢g alleles in 129 and C57L mice are identical
(78, 324), and both G2 receptors specifically bind D* (80). CD27 KO mice were thus
crossed to B6.D* mice (a by-product of NKC-D* production) to generate B6.Cg-Cd27"-
Nkc"?729%_pk (CD27 KO-D) mice. Of note, both 129- and C57L-derived NKC

haplotypes lack a Ly49h gene and, consequently, Ly49H+ NK-mediated MCMV
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resistance. All mice in this study were managed using a Colony Management System
(Jackson Labs, JCMS Access, Version 6.1.9). All protocols were approved by the

IACUC.

Virus infection and antibody treatments. Smith strain MCMYV salivary gland stock
virus (SGV) was prepared and titered on NIH-3T3 cell monolayers as described (77).
SGV was administered via i.p. injection of 2x10* PFU. Where indicated, neutralizing
mAbs specific for CD70 (mAb FR70; 250 pg/dose i.p. injected on 0, 2 and 4 d after
infection), CD80 (mAb 16-10A1, BioXCell; 200 pg/dose i.p. injected on 0 and 3 d after
infection), CD86 (mAb GL1, BioXCell; 200 pg/dose i.p. injected on 0 and 3 d after
infection), CD40L (mAb MR1, BioXCell; 250 pg/dose on 0, 2 and 4 d after infection),
and IL-10 receptor (mAb 1B1.3A, BioXCell; 250 pg were administered on 0, 2, 4, and 6
d after infection). For in vivo G2+ NK cell depletions, 200 pg mAb AT8 or mAb 4D11
were 1.p. injected 2 d prior and on the day of infection. For in vivo CD4+ T-cell
depletions, 200 pg of mAb GK1.5 (UVA Antibody Engineering and Technology Core)
were 1.p. injected on d 5, 4, and 0 before infection. Control IgG from rat serum (Sigma
Life Sciences) or Syrian Hamster serum (Jackson ImmunoResearch Laboratories, Inc.)
was administered in equivalent dose regimens, accordingly. Lymphocyte depletions

exceeded 95-99% efficiency.

Flow cytometry and antibodies. Spleens were harvested from mice at the indicated time

points postinfection and homogenized into single cell suspension through nylon cell

strainers (Falcon Corning Brand; Life Sciences). Analyses of dendritic cells required

171



additional processing with Collagenase D (0.5 mg/mL; Roche), as previously described
(241). Single cell suspensions were pre-blocked with Fc receptor blocking antibody
(2G9; UVA Lymphocyte Culture Center, Charlottesville, VA). All antibody incubations
were performed on ice, and cells were washed with PBS or sorting buffer after each stain.
Labeled cells were analyzed using the BD FACS Canto II (BD BioSciences) and the
CytoFLEX (Beckman Coulter, Inc.). Data were collected using FACSDiva software
(v8.0; BD BioSciences) or CytExpert software (v1.2.8.0; Beckman Coulter, Inc.) and
analyzed with FlowJo (Versions 9.7.2 and 10.1; FlowJo LLC).

Fluorescently labeled and biotin-conjugated antibodies were purchased from
BioLegend (San Diego, CA), BD Biosciences (San Diego, CA), and eBiosciences (San
Diego, CA). Antibodies included anti-CD3 (145-2C11), CD19 (6D5), CDS8 (53-6.7),
CD4 (GK1.5; RM4-4), NKp46 (29A1.4), CD11b (M1/70), CD27 (LG.7F9), Ly49G2
(4D11), CD44 (IM7), CD11c (N418), KLRG1 (2F1), CD127 (A7R34), IFNy (XMGL1.2),
TNFa (MP6-XT22), CD40L (MR1), CD49b (DXS5), CD69 (H1.2F3), CD70 (FR70),
CD86 (GL-1), MHC I I-A/I-E (2G9), CD317 (129¢1) , GR-1: Ly6C/G (RB6-8CS5), and
CD115 (AFS98). M45-D"-tetramer was acquired from the NIH NIAID Tetramer Facility
(Bethesda, MD). LIVE/DEAD Fixable Violet and Aqua Dead Cell staining kits were

purchased from ThermoFisher Scientific (Waltham, MA).

Peptide restimulation assays. Single cell suspensions of mouse splenocytes from d 6
infected mice were incubated with either immunodominant M45 peptide (HGIRNASFTI)
or less immunodominant m139 (TVYGFCLL), M38 (SSPPMFRYV), and IE3

(RALEYKNL) peptides as described previously (24). Briefly, splenocytes were
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resuspended in modified IMDM (ThermoFisher Scientific), Brefeldin A (5 pg/mL; BD
Biosciences), and the indicated MCMV-derived peptide and subsequently incubated at
37°C, 5% CO; for 5 hours. Cytokine production was analyzed via intracellular cytokine
staining. Surface proteins and fixable live/dead stains were performed first, as described
above. Cells were then fixed and permeabilized (BD CytoFix/Cytoperm Kit) and

subsequently stained on ice for IFNy and TNFa.

Adoptive cell transfers. CD8+ T cells were isolated from the pooled spleens of 3-5
mice within a cohort. Splenocytes were prepared into single cell suspension as described
above. CD8+ T cells were negatively enriched on MACS LS columns (Miltenyi Biotec,
CD8+ T Cell Isolation Kit). Cell purity was confirmed >95% by flow cytometric
analysis for all cohorts. 5x10° CD8+ T cells from each cohort were transferred
intravenously (i.v.) to naive MHC-I matched recipients. Recipients were then rested as

indicated, prior to i.p. MCMYV challenge.

Nucleic acid isolation and Quantitative PCR. Spleen DNA was prepared and analyzed
for MCMYV genomes using quantitative (q)PCR as previously described (325). For
analysis of Cd70 expression, splenic CD11c+ DCs were positively selected using
CDI11c+ MACS microbeads (Miltenyi Biotec, San Diego, CA). RNA was isolated using
TRIzol (ThermoFisher Scientific) according to manufacturer guidelines, and converted to
cDNA using Advantage RT for PCR Kit (Clontech, Mountain View, CA). Cd70 cDNA
was amplified using gene-specific primers: Cd70-Forward, 5’-TGC TGT TGG TTT CAT

TGT AGC G-3’; Cd70-Reverse, 5’-ATC CTG GAG TTG TGG TCA AGG G-3’, as
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reported (326). Hprt was also amplified using gene-specific primers (71) and used to

normalize and compare Cd70 expression in infected and naive DCs.

Statistical methods. All statistical measures were produced in Prism (GraphPad
software, v6.0d). Graphs depict mean (+ SD) for all data shown. Experimental
phenotypes were tested for statistical significance using one-way ANOVA in conjunction
with Tukey’s post-hoc test, unless otherwise noted. Unpaired student t-tests were used to

assess differences between viral titers where appropriate.
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