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Abstract

The liver is a unique organ in that its immune repertoire promotes a tolerogenic
environment in response to continuous exposure to immunogenic material arriving in the
intestinal blood. This hyporesponsive state leaves the liver vulnerable to chronic
infections, such as HCV. Impaired T cell responses correlate strongly to HCV
persistence; however, little is known about the cellular and molecular mechanisms
contributing to T cell dysfunction. We demonstrate that during hepatotropic viral
infection, liver-resident CD103" DCs upregulate costimulatory receptors and present Ag
to induce effective anti-viral CD8" T cell responses. Furthermore, virally infected Batf3™”"
mice, which lack CD103" DCs in the liver, exhibit a three-fold reduction in the
proliferative response of Ag-specific CD8" T cells. Limiting DC migration out of the
liver does not significantly alter CD8" T cell induction to viral infection, indicating that
CD103" DCs initiate CD8" T cell responses in situ. Moreover, we examine local arbiters
of CD103" DC activation during hepatotropic viral infection. The liver maintains two
independent group 1 ILC subsets, CD49b" natural killer (NK) cells and CD49a" ILC1.
Liver-resident CD49a" ILC1 constitutively express high levels of the inhibitory receptor
NKG2A, suggesting they are contributing to liver immune tolerance. Viral infection in
the NKG2A™ mouse exhibits a sustained increase in the proliferative response of both
adoptively transferred and endogenous anti-viral CD8" T cells. NKG2A™ CD49a" ILC1
express elevated levels of IFNy, a proinflamatory mediator of DC maturation, and liver-
resident CD103" DCs isolated from NKG2A ™ mice are capable of priming anti-viral
CDS8" T cells to a greater degree than their wild-type counterparts. In summary, we

demonstrate for the first time that liver-resident CD103" DCs are the major APCs
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supporting anti-viral CD8" T cell priming directly within the liver parenchyma, and that
NKG2A"CD49a" ILC1 dampen DC activation by limiting IFNy production via NKG2A
signaling. Taken together, these data help elucidate how the liver suppresses anti-viral
immune responses and raises the possibility for an exciting therapeutic approach for
developing next generation vaccines, i.e. targeting Ag to hepatic CD103" DCs while

inhibiting ILC1 NKG2A signaling in order to induce a more robust and sustainable CD8"

T cell response to hepatotropic viral infection.
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Chapter 1: Introduction

HCYV and CD8" T Cell Dysfunction

Chronic infections with the hepatitis C virus (HCV) are a major global health issue,
where approximately 170 million people are infected worldwide (1). Only a minority of
HCV patients is able to clear the virus spontaneously, where 70% of infected individuals
develop a chronic infection in the liver (2). Numerous studies have shown that the
generation of a vigorous and sustained T cell response strongly correlates both with those
patients capable of spontaneous viral clearance and sustained responders completing the
traditional peg-IFNa and ribavirin therapy (3). Conversely, chronic infection correlates
with late, transient, weak, or narrowly focused T cell responses (4). Indeed,
experimentally infected chimpanzees elimination of HCV coincides with the appearance
of virus specific CD8" T cells in the liver (5). Although the exact mechanisms by which
HCV-specific CD8" T cells control viral replication are not completely understood,
general anti-viral CD8" T cell dysfunction is mainly characterized by an impaired
proliferative capacity and the loss of anti-viral effector functions, i.e. secretion of 1L-2
and IFNy (6, 7). The bulk of research investigating how HCV is able to evade CD8" T
cell mediated clearance has focused on T-cell exhaustion and deletion. The intrinsic
features of HCV-CDS" T cell dysfunction, including high expression of inhibitory
receptors, i.e. PD-1 and Tim-3, as well as extrinsic contributions, i.e. elevated levels of
IL-10 and high rate of viral escape, greatly influence the outcome of HCV infections (8,
9). However, little is known about the initial induction of anti-viral CD8" T cells,

including the exact site and process of anti-viral CD8" T cell encounter with its specific



Ag (4). It is therefore necessary to more fully understand the initiation of CD8" T cell

responses to viral infections in the liver.

CDS8" T Cell Priming in the Liver

Immunologically, the liver is an interesting tissue as it receives blood highly concentrated
in foreign antigen arriving from the gastrointestinal tract (from the esophagus to the
colon). Due to this constant influx of immunogenic material, i.e. degraded bacterial
products and oral antigens, the liver has evolved to avoid unwarranted immune activation
that would lead to hyper-inflammation and tissue damage (10-12). The most compelling
evidence for hepatic immune tolerance is that in many mammalian species, the
transplantation of the liver across a MHC difference does not result in rejection, which is
not the case for other whole organ transplants, such as kidney, lungs and heart (13, 14).

It is thought that many hepatotropic pathogens, i.e. HCV and malaria, are able to
establish persistence by taking advantage of the liver’s intrinsic suppression of its local
immune repertoire, including cytotoxic CD8" T cells (1). Additionally, the anatomy of
the liver is unique in that the liver sinusoidal endothelial cells (LSEC) are fenestrated,
leading to a dramatic loss in blood pressure (5-fold) when compared to other tissues (15).
Moreover, approximately 30% of the body’s volume of blood flows through the liver
every minute, with less than a third coming from the arterial supply (16). Although the
liver is a major site of metabolic activity, where the products of digestion are processed,
plasma proteins synthesized, and dangerous foreign chemicals detoxified, the
considerably low concentration of oxygenated arterial blood keeps the liver in a hypoxic

state (16).



There is a considerable range of literature detailing how the liver is able to suppress the
local immune activation. In general, the cytokine milieu in the liver is anti-inflammatory
in nature, including high levels of IL-10, TGFp, retinoic acid, and prostaglandins, many
of which are critical for suppressing innate immune cell activation (17-19). The liver is
also considered an important site for peripheral and oral tolerance to the adaptive arm of
the immune system, most notably CD8" T cells (20-23). It is debated as to whether the
liver promotes traditional peripheral CD8" T cell tolerance, i.e. clonal deletion of auto-
reactive T cells evading thymic selection, or simply that naive CD8" T cells in the liver
are poorly activated, leading to decreased proliferation and/or hastened cell death (24-
26). Nonetheless, over the past two decades there have been great strides in
understanding the many different cellular players controlling CD8" T cell dysfunction in

the liver.

David Rubinstein and Peter Lipsky first demonstrated in 1986 that non-hematopoietic
LSECs can present Ag to naive T cells in vitro (27). Although it was not until 14 years
later when Percy Knolle convincingly established that LSECs can cross-present acquired
antigen to naive CD8" T cells, albeit leading to poor effector functions, as measured by
decreased IL-2 and IFNy production (28). Since then, a number of reports have firmly
established that LSECs are efficient scavenger cells that express low levels of MHC-II in
the steady-state and are considered the primary liver-resident APC to prime naive CD8"
T cells under non-inflammatory conditions (29-32). LSECs express high levels of PD-LI,

but have not been shown to upregulate CD80/CD86 or express IL-12 (32, 33). Using a



transgenic mouse model in which the Ag is presented in the liver, and adoptively
transferring naive CD8" T cells specific for that Ag, demonstrated that liver primed CD8"
T cells display a unique CD25"°*CD54'" phenotype that was associated with increased
expression of the pro apoptotic protein BCL-2-interacting mediator of cell death (Bim)
and caspase-3 (34). An intriguing report has recently suggested that during the first 18
hours of viral infection LSECs, mediated by trans-signaling of IL-6, prime naive anti-
viral CD8" T cells to initially express high levels of GrB, yet die by 48 hpi (35). These
data for the first time demonstrate LSECs priming anti-viral CD8" T cells to exhibit a
robust effector function, as measured by their ability to express cytolytic proteins and kill
cellular targets, albeit still exhibiting low levels of IFNy expression. Taken together, it is
possible that LSECs mediate induction of naive CD8" T cells exhibiting unique effector
function, notably enhanced GrB expression, that ultimately leads to T cell tolerance,

where Bim is the critical initiator of T cell death in the liver.

In addition to the contribution of LSECs in mediating CD8" T cell tolerance, other non-
hematopoietic liver parenchymal cells have been reported to present Ag in the steady-
state. Although they express low levels of MHC-I, hepatocytes can contact circulating
lymphocytes directly through endothelial fenestrations (36). Naive CD8" T cells primed
by hepatocytes in vitro undergo initial clonal expansion, but are eventually eliminated
owing to a lack of sufficient co-stimulation followed by Bim and caspase- dependent
apoptosis (34). It is also possible that hepatocytes kill activated CD8" T cells by the
process of suicidal emperipolesis, or cell-into-cell invasion (37). In this study the authors

demonstrated that naive auto-reactive CD8" T cells are rapidly eliminated in the liver



after intra-hepatic activation, whereby the activated T cells actively invade hepatocytes,
entering the endosomal/lysosomal compartment to be degraded. In addition to
hepatocytes and LSECs, the liver-resident pericytes (stellate cells) account for 8% of total
liver cells, and store 80% of total body retinoic acid as cytoplasmic lipid droplets (38).
Stellate cells have been demonstrated to prevent T cell 11-2R upregulation, and
subsequent activation, via high expression of CD54 (30). Another report has suggested
that stellate cells are able to initiate NKT priming using CD1d presentation of lipid motifs
(38). This same investigation found that stellate cells are able to process and present
antigen on MHC-I to induce CD8" T cell proliferation, although there was no data
presented on the function or survival of these cells, and no follow up work has yet to

validate these results.

The ability for non-hematopoietic cells acting as APCs to mediate peripheral CD8" T cell
tolerance in situ has been firmly established. However, it is known that the liver is
capable of switching from a hyporesponsive state to a pro-inflammatory environment
during hepatotropic infections (39-41). The liver-resident cellular players controlling this
immunological switch are still not well investigated. Moreover, the site of naive CD8" T
cell priming leading to efficient pathogen clearance, such as HCV, is an important point
of interest for investigators attempting to more fully understand the requirements for
potent anti-viral CD8" T cell responses. Dendritic cells (DC) are well characterized
professional APCs, and have been shown to be essential for naive CD8" T cell priming in

many infection models. For this reason, liver-resident DCs may be important in



mediating anti-viral immunity in the liver. As such, hepatic DCs are discussed in later

sections.

DC Development

Dendritic cells (DC) were first discovered by Ralph Steinman and Zanvil Cohn in the late
1970s, for which Steinman was awarded the 2011 Nobel Prize in Physiology or Medicine
(42, 43). DCs’ towering role in immunology was not fully appreciated at first, however
their proficient ability to present Ags and potently initiate the adaptive immune response
is now indisputable. Today, the contribution of DCs in both robust immunogenicity and
induction to tolerance has led to their intense investigation as potential targets in vaccine

development and suppressive therapies.

DCs are short-lived hematopoietic cells that are constantly being replaced by blood-
derived precursors produced in the bone marrow (40). Adoptive transfer studies of DC
precursors into irradiated animals have helped establish the diversity of murine DC
subsets in the steady-state. DCs are broadly classified into two major subsets;
conventional DCs (¢cDC) and plasmacytoid DCs (pDC). Both pDCs and ¢DCs can be
derived from clonal common lymphoid prrgenitors (CLP) and clonal common myeloid
progenitors (CMP), although on a per cell basis CLPs are more efficient at generating
thymic DCs, whereas CMPs preferentially give rise to splenic and LN resident DCs (44-
48). The commitment of myeloid precursors to the mononuclear phagocyte lineage is
thought to occur at the macrophage dendritic cell progenitor (MDP) stage, the immediate

precursors to spleen macrophages, lymphoid-resident and nonlymphoid tissue-resident



cDCs, and pDCs (49). For MDPs to generate DCs, they first differentiate into common
dendritic cell progenitors (CDP), which notably have no developmental potential for
macrophage differentiation and are considered the first dedicated DC progenitor in the

bone marrow (BM) (50).

CDPs are thought to give rise to both pDCs and the pre-classical dendritic cell (pre-cDC)
(51, 52). pDCs accumulate mainly in the blood and lymphoid tissues and enter the lymph
nodes (LN) through the blood circulation (53, 54). pDCs express low levels of the alpha
X integrin CD11c and MHC-II in the steady-state. The most prominent attribute of pDCs
is that they produce high levels of type-I IFN upon recognition of foreign nucleic acids
by either TLR7 or TRL9. pDCs are able to acquire the capacity to present foreign
antigen, although are thought to be less efficient APCs than their cDCs counterpart (53,
54). Pre-cDCs lack MHC-II, express CD11c and are able to differentiate into MHC-II"

tissue-resident cDC subsets.

Currently the DC field discriminates cDCs by their tissue location, i.e. lymphoid versus
nonlymphoid residency (henceforth annotated simply as DCs). Lymphoid resident DCs
both differentiate and spend their entire existence within lymphoid tissues, i.e. spleen and
LNs, and consist mainly of two subsets; CD8a" and CD11b" DCs (55). Nonlymphoid
resident DCs represent approximately 1-5% of tissue cells, depending on the organ, and
also consist of two major subsets; CD103" and CD11b" DCs. CD103" DCs share their
origin and function with lymphoid resident CD8o." DCs, where both subsets

preferentially reside at the tissue-environment interface (56, 57). Indeed, splenic CD8o"



DCs are located in the marginal zone, an ideal location to filter blood antigens, whereas
LN resident CD8a.” DCs are located in the subscapular sinus, the site of entry of afferent
lymphatic vessels that drain nonlymphoid tissues (58, 59). CD8a" and CD103" DCs
require the 1d2, IRF8 and Batf3 transcription factors (60), whereas CD11b" DCs require
IRF2 and IRF4 for proper differentiation and survival (61, 62). CD8a" and CD103" DCs
express higher F1t3 levels when compared with CD11b" DCs, proliferate in response to
FIt3 ligand, and are greatly reduced in FIt3L"" mice (60). In addition to Flt3 signaling,
nonlymphoid, but not lymphoid DCs require GM-CSF for survival (63-65). The
expression of the alpha ¢ integrin CD103 is dependent on the local production of GM-
CSF and TGFP (63, 66). However, CD103”" mice appear to have no major defects in DC
development. CD11b" DCs in both lymphoid and nonlymphoid tissues also depend on
FIt3, albeit exhibit a less significant defect than CD8a"/CD103" DCs in the FIt3” mice
(67, 68). Unlike CD11b" DCs in nonlymphoid tissues and LNs, splenic CD11b" DCs can
be discriminated into two populations; CD4" and CD4 DCs. CD4'CD11b" splenic DCs
are derived from CDPs, whereas it is thought that CD4 CD11b" splenic DCs rise from
circulating monocytes (69). Mice deficient in LTPR have reduced numbers of splenic
DCs, and transgenic overexpression of LTB1B2 leads to an enhanced splenic CD11b" DC
population (70-72). However, the requirement of LTBR signaling on LN resident

CD11b" DCs has yet to be explored.

DC Migration and Activation
Tissue-migratory DCs are located in the peripheral LNs, and refer to those DCs that have

entered the DLN via the afferent lymphatics. Although constantly migrating to the LN,



the majority of nonlymphoid resident DCs die once they arrive in the node. In the LNs,
migratory DCs can be distinguished from resident DCs based on their CD11¢™MHC-II"
expression, where the process of migration leads to upregulation of MHC-II and
costimulatory receptors on the cell surface (73, 74). What controls DC trafficking is still
not well understood, however DC migration to the DLNSs requires expression of
chemokine receptor CCR7 used to follow the CCL19/CCL21 gradient. Wild-type and
CCR7 deficient mice have similar numbers of DCs in their peripheral organs, however
the CD11¢™MHC-II" DC population is lacking in the CCR7” LN, suggestion CCR7™"
DC:s fail to migrate (75-77). It is important to note that recent evidence suggests that
CCL19 and CCL21 might not only drive the migration of DCs but also more directly
affect their ability to prime T cells. The exogenous addition of CCL19 to BMDCs
induces their maturation as well as their ability to uptake antigen (78, 79). Although
CCR7 is required for continuous migration of DCs in the steady-state, TLR stimulated
DCs undergoing maturation significantly upregulate CCR7 expression (80, 81). During
inflammatory conditions DCs also express the CXCR4 chemokine receptor, indicating a

role for CXCL12 in driving DC egress from stressed tissues (81).

Upon activation via pathogen-associated molecules from damaged cells or by
inflammation, CD8a'/CD103" and CD11b" DCs upregulate maturation markers,
including the costimulatory receptors CD40, CD70, CD80 and CD86, and exhibit
enhanced expression of MHC-II. CD8a'/CD103" DCs express similar TLR profiles,
where they are the only DC subsets to express the double-stranded viral RNA sensor

TLR3, and the Toxoplasma gondii protein sensor TLR11 (82-84). Upon acquiring Ag,
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mature CD80."/CD103" DCs migrate to T cell zones in the LNs and spleen where they are
poised to activate naive T cells. CD8a"/CD103" DCs have been shown to proficiently
cross-present cell-associated Ags to naive CDS" T cells (85). Cross-presentation is
defined by two critical factors that include, an endocytic pathway with low degradative
potential, and a phagosome-to-cytosol transport step that allows both the transfer of Ags
from the phagosome to the cytosol and their loading onto MHC-I molecules (86-88).
CD8a'/CD103" DCs also express more genes related to MHC-I presentation than do
CD11b" DCs, and they are the main source of IL-12 and IL-15, two cytokines involved in
the differentiation of CD8" T cells (89-91). Batf3” mice, which lack CD8o/CD103"
DCs have been shown to exhibit poor CDS" T cell responses to viral infection (92).
CD11b" DCs also express unique TLR receptors, including the LPS sensor TLR4, the
single-stranded viral RNA sensor TLR7, and the CpG DNA sensor TLR9, although
further analysis as to whether these are truly specific for CD11b" DCs is required.
CD11b" DCs are thought to have a predominant role in MHC-II presentation, and splenic
CD4'CD11b" DCs express higher levels of genes coding for proteins involved in the
MHC-II antigenic pathway than do CD8" DCs (90). However, the lack of a genetic
mouse model specific for the depletion of CD11b" DCs has made it difficult to determine
the exact contribution of these cells to CD4" T cell priming in vivo. Lastly, although
there are clear preferences, neither cross-presentation to CD8" T cells nor direct-

presentation to CD4" T cells is exclusive to any one DC subset.

Hepatic DCs
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The liver maintains both pDC and ¢DC populations (16, 93). Although liver pDCs are
found dispersed throughout the parenchyma, liver cDCs reside in the marginal zones of
the portal triads where they are poised to sample Ags arriving from the intestinal blood
(93). B220" pDCs are more abundant in the liver than they are in lymphoid tissues.
Liver pDCs are a major source of IFNa in response to CpG treatment or viral infection
with MCMYV, however they exhibit 4-fold less IFNa production when compared to
splenic pDCs experiencing the same treatment (93). Similarly, hepatic cDCs are
considerably less immunogenic than splenic cDCs in the steady-state (94). Traditionally
hepatic cDCs were characterized into three subsets; CD11b'CD8a’, CD11b+CD8a’, and
CD11b'CDS8a" (93, 94). However, recent literature has described the presence of the
nonlymphoid CD103" subset (95). CD8a" hepatic DCs exhibit the capacity to promote
the development of a Th1-type response through the production of large quantities of IL-
12, whereas CD11b" DCs may promote Th2-type responses and Tregs through the
production of IL-10 (94, 96). It is thought that the reduced ability for liver-resident DCs
to drive T cell activation is due to their inherent immature state, most likely controlled by
the constitutively high levels of IL-10, yet low levels of IL-12 present in the local
cytokine milieu (94, 97, 98). Additional studies have shown that blocking IL-10, or
treating mice with TLR9 agonists in vivo mediate enhanced liver-resident DC maturation,
notably by their upregulation of costimulatory receptor expression, leading to an

enhanced ability to present antigen and initiate naive T cell activation (99).

Upon capturing Ags from the portal blood, liver-resident DCs transcytose into the space

of disse and migrate toward the regional LNs (100). The coeliac and hepatic LNs are the
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initial and primary sites draining hepatic DCs, although a small number of labeled hepatic
cells can be found in the mesenteric LNs as well, suggesting that the liver lymphatics
additionally drain to the intestinal nodes (101, 102). Hepatic DCs isolated from naive
livers express moderate levels of transcript for the chemokine receptors CCR1, CCRS,
and CCR7, but high levels of CCR2. CCR1, CCR2, and CCRS are all chemokine
receptors responsible for migration of immature DCs to areas of inflammation (103, 104).
Furthermore, hepatic DCs simulated overnight with GM-CSF significantly upregulate
mRNA expression for CCR7 (103). Reports in the rat liver-transplant model have
described a radio-resistant CD11b" DC population that drains the liver via the lymphatics
to the regional DLNs (105). These investigations also suggest that the CD103" DCs are
able to exit the liver tissue via the blood, however the work has yet to be validated. To
date, the ability for hepatic DCs to prime T cells in sifu has not been explored. Recent
literature demonstrates that a chrodronate liposome-sensitive population, that is neither a
macrophage nor of non-hematopoietic origin, is responsible for priming anti-viral CD4"
T cells in situ (106). It is highly feasible that a liver-resident DC is controlling CD4", and
possibly CD8" T cell induction directly in the liver tissue during hepatotropic viral

infections.

DCs and HCV

There are a number of reports investigating DCs isolated from the peripheral blood of
infected HCV patients. In general DCs isolated from HCV patients exhibit an immature
phenotype with functional defects when compared to DCs isolated from healthy

individuals (107-109). More specifically, peripheral DCs from HVC patients generated
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using GM-CSF and IL-4 expressed lower levels of CD86, and when cultured with
allogeneic T cells, led to decreased levels of [IFNy when compared to healthy donor
cocutlures (110). DCs derived from HCV patients also exhibit decreased expression of
IL-12 p35 and p40 transcripts and failed to respond to TNFa stimulation (107). Human
liver DCs have been shown to secrete more IL-10, as compared to skin DCs, and were also
found to be less capable in stimulating T cell proliferation, leading to IL-10-producing T
cells. In contrast, skin DC activation of T cells resulted in greater proliferation and more
IFNy production (107). Interestingly, DC isolated from human hepatic LNs have also been
characterized by high IL-10 production and low allogeneic stimulatory capacity, compared to
human inguinal lymph node DC (111). Furthermore, DCs isolated from the livers of a
murine model for chronic HBV carriers exhibited an immature phenotype and failed to
stimulate allogeneic T cells (112). In summary, hepatic DCs are naturally held in a
hyporesponise state when compared to similar subsets isolated from lymphoid tissues,
and DCs derived from the peripheral blood of patients infected with HCV appear to be
suppressed when compared to DCs from healthy donors. These data suggests that
therapeutics targeting the activation status of hepatic DCs may be required to induce
robust anti-HCV CDS8" T cell responses and efficient viral clearance in chronically

infected patients.

ILC Subsets
Innate lymphoid cells (ILCs) are a heterogeneous population of immune cells that can be
divided into three populations, group 1 ILCs, group 2 ILCs, and group 3 ILCs, based on

similarities in effector cytokine secretion and developmental requirements (113-115). All
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ILCs differentiate from the common lymphoid progenitor (CLP), and are present
throughout the body, albeit particularly enriched at mucosal surfaces (113). The earliest
progenitor with restricted lineage potential for ILCs has been recently identified as the
IL-7Ra'CXCR6" common innate lymphoid progenitor (CLIP), which requires the basic
leucine zipper transcription factor NFIL3 (116, 117). In recent years there has been an
explosion of literature describing the diverse contributions of ILCs, where they are
demonstrated to play important roles in early infection control, adaptive immune

regulation, lymphoid tissue development, and tissue homeostasis and repair (113-115).

Although all three ILC groups are readily found in mucosal tissues, i.e. skin, lungs, and
intestine, to date only group 1 ILCs has been described in the liver (118). Group 1 ILCs
uniformly express the NKp46 and NK 1.1 receptors in the mouse, and are specialized in
their ability to produce IFNy (115, 118). The liver maintains two transcriptionally
distinct group 1 ILC resident subsets, Tbet Eomes' natural killer (NK) cells and

Tbet Eomes ILC1 (118-123). It was previously thought that Tbet Eomes™ cells were
immature NK cells that acquire Eomes upon maturation, however recent adoptive transfer
studies have demonstrated that these two subsets are terminally differentiated with
restricted progenitors in the BM (124). Indeed, Eomes™ mice maintain ILC]1 populations
but lack mature NK cells, where Tbx21” mice lack ILC1 but maintain mature NK cells
(119, 124). Importantly, although ILC1 express the IL-7Ra, they do not require IL-7 for
their development, which is in contrast to NK cells (119). However, ILC1 and NK cells

both require IL-15 signaling, as they are equally absent in IL15™" mice (119, 120).
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NK Cell Development

NK cells were initially defined as lymphocytes that could respond non-specifically to
transformed or virally infected target cells without prior sensitization. The majority of NK
cells develop in the BM from NK cell precursors (NKPs) while the development of NK cells
also appears to occur at other lymphoid sites, such as the thymus and lymph nodes (125).
The earliest committed NKP population in the mouse BM is defined as CD49b'CD161"
CD122" pre-pro NK cells, and is dependent on the 1d2 transcription factor (126). NK cell
development follows a stepwise acquisition of phenotypic markers, including the expression
of CD161 (NK1.1), followed by CD94/NKG2 receptors, Ly49 receptors, and CD49b (DXS5).
The surface expression of CD11b and CD27 have been used to define the maturation status
of mouse NK cells (127). Adoptive transfer experiments indicated a linear progression of
maturation from CD11b°CD27" to CD11b"CD27" to CD11b"CD27". With regards to
function, CD11b"CD27" NK cells produce higher amounts of cytokines and show decreased
cytotoxicity compared to CD11b'CD27 NK cells. In contrast, CD11b"CD27 NK cells
express higher levels of killer-cell lectin-like receptor subfamily G, member 1 (KLRG1) and
DNAX accessory molecule-1 (DNAM-1), which are induced following NK cell activation
and proliferation (128). In addition, CD11b"CD27 NK cells are predominant in the spleen,

while CD11b°CD27" NK cells are found at a greater proportion in the liver (129).

ILC1 Development
In contrast with NK cells, which recirculate in the blood, ILC1 appear to be exclusively
tissue-resident populations (118). ILC1 have been reported in the spleen, intestine, skin,

uterus and liver; however, the majority of literature detailing ILC1 is limited to the liver
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(118,119, 123). Indeed, it was only in 2013 that Zhigang Tian’s group first described the
two subsets as distinct cell types (130). ILC1 appear phenotypically similar to immature
NK cells in that they are predominantly CD27°CD11b"¥, and express high levels of
TRAIL (118). As stated earlier, NK cells and ILC1 are transcriptionally distinct based on
the unique expression of the transcription factors Tbet and Eomes; however further
developmental cues driving ILC1 differentiation have yet to be thoroughly investigated.
Moreover, it is not clear whether ILC1 derive from a circulating precursor that then
differentiates upon arrival to a particular tissue, or if ILC1 are terminally differentiated
before leaving the BM. There are important phenotypic differences between NK cells
and ILC1 in the liver, where their full profiles are detailed more extensively in the ILC
receptor section below. In general, the consensus in the field currently defines NK cells
as CD122" CD49a CD49b' TRAIL CD127 CD69' CXCR3" CXCR6’, where CD122"

CD49a" CD49b TRAIL' CD127" CD69" CXCR3" CXCR6' best defines ILC1 (119-123).

NK Cell Licensing

Immature NK cells that develop into mature NK cells have been characterized as either
educated (also termed “licensed”) or uneducated (131). An educated NK cell is defined as
possessing full functional capacity; that is, NK cells responding to stimulation of activation
receptor triggering. NK cell education appears to be regulated by signaling through MHC
class I receptors, as NK cells lacking the expression of self-specific MHC class I receptors
are functionally hyporesponsive (132, 133). Indeed, NK cells isolated from MHC class I
deficient mice display a lower functional capacity compared to NK cells from wild-type

mice. Furthermore, the ITIM (located on the cytoplasmic tail of MHC class I inhibitory
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receptors) has been demonstrated to be critical for full functional capacity of NK cells (133).
It has been recently reported that the ITIM binding phosphatase SHP-1 is required for
efficient NK cell licensing. The engagement of self-specific MHC class I receptors is critical
in maintaining NK cell tolerance in the face of activating receptor signaling. Taken together,
host MHC class I molecules are crucial for regulating NK cell responsiveness and receptor
repertoire formation. Although ILC1 express low levels of MHC-I specific receptors, the
requirement or contribution of licensing on controlling the functional capacity of ILC1 has
yet to be explored. Indeed, ILC1 may not employ MHC-I dependent signaling, using instead

unique and uncharacterized mechanisms to establish tolerance to self.

At present, multiple models have been postulated for the functional maturation of NK cells
(134, 135). Two of these models, arming and disarming, are based on the idea that NK cell
licensing is aimed at ensuring that a functional NK cell is equipped with an appropriate
inhibitory receptor whose signaling acts as a balance to regulate signaling via activating
receptors. The arming model suggests that direct signaling through a MHC class I receptor
supplies a signal that conveys functional capacity on the NK cell. The disarming model,
similar to the concept of T cell exhaustion, suggests that, in the absence of inhibitory
signaling via the MHC class I receptors, continual signaling through activating receptors
renders the NK cell hyporesponsive. A more recently proposed third model, rheostat,
satisfies both arming and disarming by suggesting that NK cells are educated through the
strength of inhibitory receptor signaling, where tuning the NK cell with a higher inhibitory

input can lead to better [IFNy production, whereas potential granzyme release can be triggered
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at lower input (136). To date, the data is insufficient to determine the precise role of each

model in acquiring NK cell effector function.

Inhibitory and Activating Receptors on Liver Group 1 ILCs

Besides the critical role for NK cell education through MHC class I receptors, NK cell
activation is regulated by the balance of anti- and pro-activation signals mediated through the
expression of inhibitory and activating receptors (Ly49 and NKG2). In mice, several NK cell
receptors have been identified in the Ly49 receptor family (137). Ly49 receptors are type 11
transmembrane glycoproteins that are expressed on NK cells and form disulfide linked
homodimers, with the majority of NK cells expressing one to four individual Ly49 receptors
(138). Most of the 19 Ly49 receptors identified are inhibitory receptors (incorporating one
ITIM) and recognize MHC class I and MHC class I-like molecules (139). In contrast, many
of the ligands for the activating Ly49 receptors remain unknown. While structurally different
from Ly49 receptors, a family of functional homologues of the Ly49 receptor molecules is
expressed on human NK cells, referred to as the killer cell immunoglobulin-like receptor
(KIR) family, and include both activating and inhibitory receptors. Importantly, there is a
high genetic diversity in the KIR and Ly49 receptor families, where the genes vary in
number, genomic organization, and allelic polymorphism among individual haplotypes

(140). The expression of KIRs on human liver-resident ILC1 is currently unknown.

The NKG2 group of receptors are C-type lectin-like receptors that are present in both humans
and mice (141). The NKG2 receptors include NKG2A, C, and E, (with NKG2F also

expressed in humans) and are expressed at the surface as heterodimers with CD94. NKG2A
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is a highly conserved inhibitory receptor, with two ITIMs present in the cytoplasmic tail,
while NKG2C and E receptor engagement results in an activating signal via the adaptor
protein DAP12 (142). In mice, NKG2A is expressed on most NK cells, while NKG2C and E
are expressed at significantly lower frequencies. The ligand for NKG2A is the nonclassical
MHC class I molecule Qa-1b (human HLA-E), whose expression is dependent on peptides
derived from classical MHC class I molecules and thus acts as an overall measurement of
MHC class I expression (143-145). Importantly, the KIR, Ly49, and NKG2 receptors on NK
cells are stochastically expressed, resulting in heterogeneous expression of NK cell receptors
on NK cells (146-148). While the level of Ly49 and KIR receptors appear to be stably
maintained, NKG2 receptor expression is regulated by the inflammatory stimuli. In
particular, IL-10 and TGF-f are able to induce the expression of NKG2A (149). Thereby,
the local microenvironment may influence group 1 ILCs receptor profiles, and unique

responses to infection.

In general liver NK cells exhibit low expression of Ly49 receptors when compared to splenic
NK cells, however, liver ILC1 express Ly49A, C/1, F, and G2 at even lower frequencies than
liver NK cells (118). ILC1, unlike liver NK cells, lack the activating receptors Ly49D and
Ly49H (118). Interestingly, ILC1 express high levels of Ly49E in comparison to both liver
and splenic NK cells (118). Ly49E is unusual in that it is the only allelically identical Ly49
receptor in all mouse stains analyzed to date, and is highly expressed on fetal liver ILCs
(150). The NKG2A transcript is the highest expressed NK cell receptor in liver-resident
ILCI, as measured by gene arrays, where NKG2A expression is similar between liver and

splenic NK cells (117). Importantly, NKG2A Ly49™ ILCs are hyporesponsive to IL-12/IL-18
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stimulation in the liver compartment (129). In addition, adoptively transferred splenic NK
cells exhibit phenotype and function more closely resembled to that of liver NK cells after
migration into the liver (129). These results support a view that the liver environment can
modify NK cell receptor expression and responsiveness to cytokine stimulation, and possibly

is also driving the highly skewed ILC1 repertoire of NK cell receptors.

Although initially described as being part of the NKG2 group of receptors, NKG2D has very
little homology to the other NKG2 receptors. NKG2D does not bind CD94, but is expressed
as a homodimer on both mouse and human NK cells (151). NKG2D is an activating
receptor, and recognizes ligands induced by cellular stress on virally infected or transformed
cells (152). In mice, two isoforms of NKG2D are present, characterized by either a long or
short cytoplasmic tail (142). The long-tailed isoform associates with the adaptor protein
DAP10, while the short-tailed isoform can associate with DAP10 or DAP12. However, the
expression of only the long-tailed isoform of NKG2D has been reported in humans. Notably,
NKG2D is expressed by most NK cells and the cytokine environment can modulate the level
of expression: IL-15 and TNF-a increase the expression of NKG2D whereas TGFf3
downregulates NKG2D expression. Similar to the Ly49 receptors, NKG2D has limited

expression on both liver NK cells and ILC1 (118).

The natural cytotoxicity receptors (NCR) are activating Ig-like transmembrane glycoproteins.
While the NCR’s consist of NKp30, NKp44, and NKp46 in humans, mice only express
NKp46 and have a NKp30/Ncr3 pseudogene. Unlike the previously defined NK cell

receptors, NKp46 is equally expressed on all splenic and liver group 1 ILC subsets. NKp46
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has two extracellular C2-type Ig-like domains, and a positively charged transmembrane
region that associates with the ITAM containing CD3C, FcRg, and DAP12 (153-155). It
appears that the majority of normal resting target cells either express low level or no NCR-
ligands (154). Although no cellular NCR ligands have been formally identified, the
extracellular form of the intermediate filament protein vimentin may be associated with
NKp46 cross-linking (156-158). NKp46 may also bind membrane-associated heparan
sulfate proteoglycans and has been demonstrated to bind hemagglutinin-neuraminidase from

influenza and sendai viruses, although these studies have not been validated (154, 159).

In addition to the canonical NK cell receptor profiles, liver-resident ILCs exhibit unique
frequencies of activation makers, where it has been suggested ILC1 are constitutively held in
an activated state. When compared to liver NK cells, ILC1 express high levels of TRAIL,

CD69, CD44, CD160, and CD11c, but do not express CD62L (118).

Group 1 ILC Effector Function(s)

The main group 1 ILC effector functions include direct cell killing of infected or transformed
cells by perforin, granzymes, and TRAIL as well as the secretion of a variety of pro- and anti-
inflammatory cytokines (160, 161). Notably, cytokine production by ILCs can be regulated
through both activating and inhibitory receptors: activating receptor engagement leads to
high production of IFNy, which plays a critical role in shaping the subsequent adaptive
immune response. In addition to the cross-linking of activating receptor, ILC activation can
also be induced by various cytokines, including type I [FNs, IL-2, IL-12, IL-15, and IL-18.

Distinct ILC functions have been attributed to stimulation with different cytokines having
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some synergistic effects. Type I [FNs lead to ILC cytotoxic activity, while IL-12 and IL-18
are potent inducers of IFNy production (142, 162). Although recent reports have described
the requirement of type I IFN signaling on CD8" to avoid NKp46™ NK cell mediated killing
(219, 220). Liver ILC1, but not liver NK cells, express high levels of TRAIL and granzymes
in the steady-state. Additionally, ILC1 functionally exhibit increased cytotoxic ability toward
MHC-I deficient targets, although considerably decreased IFNy production after IL-12 and

IL-18 stimulation.

Group 1 ILC Regulation of Hepatic Fibrosis

Hepatic fibrosis is a would-healing response to injury, commonly seen in chronic liver
disease, and most often attributed to cell death within the liver. Fibrosis can be characterized
by the formation of new blood vessels (angiogenesis), sinusoidal remodeling, and (stellate
cell) expansion (163). Hepatic stellate cells (HSCs) are activated through the phagocytosis of
apoptotic bodies and cell debris, leading to their differentiation, proliferation and pro-fibrotic
progression. Therefore HSC death is believed to deliver anti-inflammatory and anti-fibrotic
responses. Primarily, ILCs appear to be involved in HSC death and thereby depletion of
ILCs leads to greater observed fibrosis in the murine fibrosis model. Quiescent HSCs are
relatively resistant to apoptotic signals whereas activated HSCs are more prone to cell death.
Of the many pro-apoptotic molecules investigated in activated HSCs, the expression of
TRAIL may be an essential ILC1 mediated cytolytic ligand (164). Interestingly, activated
HSCs also upregulate a variety of intermediate filaments, including desmin and vimentin,
whose levels increase strongly between day 2 and 6 in primary cultures, but only vimentin

levels remain consistently high (165). If extracellular vimentin is indeed an activating ligand
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for the NCR NKp46, it would be an intriguing mechanism behind ILC mediated killing of

HSCs.

Immunoregulatory Function of Group 1 ILCs

Recently, our understanding of the role of group 1 ILCs in regulating the overall host
immunity has increased dramatically. Through the production of a wide range of cytokines,
ILCs contribute to enhance the immune response by triggering the activation of other innate
immune cells and inducing the pro-inflammatory responses. ILCs also play a critical role in
shaping the adaptive immune response through optimal T cell activation via direct cell-to-cell
interaction with DC. As a result of ILC-DC crosstalk, DC mature and secrete
cytokine/chemokines, resulting in productive T cell responses (162, 166). In contrast, ILCs
have been shown to dampen the adaptive immune responses by selective killing of
macrophages, DC, and/or T cells (167, 168). Thus, ILCs exhibit numerous functions to
regulate host immunity. However, it is yet to be determined whether these multiple
immunoregulatory functions of group 1 ILCs are differentially exerted by the two

independent subsets.

Given a large proportion of ILCs in the liver lymphocyte populations, NK cells and ILC1
may help maintain liver tolerance through their interactions with various cell types.
Interestingly, NK cells cocultured with hepatocytes appear to alter the ability of DC to prime
CD4" T cells, resulting in a regulatory T cell phenotype and function (149). In addition, DC
induction of a T cell regulatory phenotype is dependent on NKG2A engagement on NK cells
during coculture with hepatocytes (169). NKG2A expression is reportedly increased on NK

cells from chronic HCV patients, suggesting a role for NKG2A in persistent viral infection



24

(170, 171). Indeed, NK cells from chronic HCV patients have been demonstrated to poorly
activate DCs, compared to NK cells from healthy doners (172). Moreover, maturation and
activation of monocyte-derived DCs were negatively modulated in the presence of HVC-NK
and hepatoma cells, which were restored with the addition anti-NKG2A. It has also been
reported that freshly isolated NK cells from HCV patients shows significant production of
IL-10 (173). Although, recent evidence has suggested that NKp30 expressing NK cells may

contribute to innate resistance and help reduce HCV infection (174).

In sum, these results indicate that liver ILCs contribute to limited antiviral T cell responses
that facilitate pathogen persistence. Given the central role that DC play in driving a strong
and competent antiviral immune response, and the ability of ILCs to influence DC
maturation, dysregulation of the ILC-DC interaction in favor of a weakened T cell response
would be an effective means of establishing a persistent infection. It is plausible that HCV
and other persistent liver pathogens may take advantage of tolerance mechanisms already in
place within the naive liver, thus emphasizing the importance of investigating such
mechanisms that contribute to a tolerogenic liver environment. The understanding of the
mechanism(s) involved in the regulation of host immunity by ILCs is crucial for designing

immunotherapeutic agents to boost host immunity to viral infection and tumor.

Recombinant Adenoviruses Vaccines For Chronic Viral Infections

Human adenovirus (Ad), from the family Adenoviridae, was first isolated from adenoid
tissue in the 1950s as novel viral agents associated with respiratory infections (175, 176).
Since its discovery, over 100 Ad family members have been identified and characterized

in a wide rage of host organisms (177). The Ad virion is a non-enveloped icosahedral
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capsid with a diameter of approximately 80-90nm, containing a linear double stranded
DNA genome of 35kb (177). Of the Ad viruses, human Ad serotype 5 of subclass C
(Ad5) has been most extensively characterized. Ad5 encodes 39 genes, which are
classified as either early or late depending on whether they are expressed before or after
DNA replication (178). Four early transcription units (Ela, E1b, E3, and E4) encode
proteins required for transactivating other viral regions, modifying the host cellular
environment, or altering the immune response. E2 encodes proteins directly involved in
viral DNA replication. The late transcriptional units (L1-5) give rise to multiple mRNA
and proteins via differential processing (179). The Ad capsid is comprised of several
minor and three major capsid proteins: hexon is the most abundant structural component
and constitutes the bulk of the protein shell; five subunits of penton form the penton base
platform at each of the 12 capsid vertices to which the 12 fiber homotrimers attach (179).
Entry of Ad into cells involves two distinct steps: attachment to a primary receptor
molecule at the cell surface, followed by interaction with molecules responsible for virion
internalization. In cell culture the coxsackie and adenovirus receptor (CAR) is the
primary receptor for most Ad stereotypes, including AdS, by which the fiber serves as the
major viral attachment site (180). When i.v. administered to mice, Ad5 exhibit extreme
propensity for hepatocyte infection, where greater than 99% of the virus is sequestered in
the liver (181). The virus is primarily cleared by Kupffer cells, the liver-resident
macrophages. However, elimination of Kupffer cells using clodronate liposomes results
in higher hepatocyte infection with Ad5, suggesting additional mechanisms for liver
sequestration (182). Recently it was demonstrated that vitamin K dependent coagulation

factor X (FX) directly binds the Ad5 hexon protein, not fiber, via interaction between the
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FX Gla domain and hypervariable regions of the hexon surface. Moreover, hepatocyte
infection by FX-Ad5 complex is mediated through a heparin-binding exosite in the FX
serine protease domain, and that FX-AdS5 affinity is 40-fold stronger than the reported

affinity of Ad5 fiber for the CAR (183, 184).

Recombinant Ad viruses have been extensively investigated for their use as potential
vaccine vectors delivering an antigen of choice in chronic viral infections, i.e. HCV and
HIV (185, 186). Recent studies using the rAd in human HCV vaccine trials have
demonstrated promising results, where patients’ receiving rAd expressing HCV antigens
have been shown to induce sustained T cell responses with robust effector function over
extended periods of time (185). Recombinant Ad can be constructed either by insertion
in, or replacement of, viral sequences, and can be replication-competent or defective.
The principal sites of insertion or replacement of viral sequences with exogenous DNA
are the early regions E1, E3, and E4. Replication defective Ad has lost the E1 region,
and viral replication (via restored packaging) is rescued in El1-producing 293A cells. The
studies in this report use a replication-defective recombinant Ad5 lacking the E1 and E3
regions, where the chicken ovalbumin protein under the hCMV promoter has been

inserted into the E1 region (187).



27

Chapter 2: Statement of rational and purpose

Unlike traditional mucosal tissues, e.g. skin, lungs, and intestine, the liver is neither in
direct contact with the external environment, nor does it harbor a detectible population of
commensal organisms. However, the liver does experience continuous exposure to
foreign material arriving in the intestinal blood via the portal vein. Many of these
degraded bacterial constituents and other alimentary products exhibit immunogenic
features that normally induce pro-inflammatory responses. For this reason it is generally
accepted that the liver actively maintains a tolerogenic environment. Indeed, due to its
self-induced state of immunosuppression, yet lack of protective commensal populations
found in mucosal tissues, the liver is unusually susceptible to invading pathogens. It has
long been theorized that chronic and reoccurring infections, e.g. HCV and malaria, take
advantage of the liver’s vulnerable state by monopolizing the employed mechanisms that

have evolved to limit perpetual pro-inflammatory stimuli and tissue damage.

The hepatitis C virus is notoriously successful at evading host immune responses required
to efficiently clear the infection, so much so that there is still no effective vaccine
available. Since its discovery in 1989, there has been incredible discoveries detailing the
numerous biological features of HCV, and how it effectively shuts down anti-viral
immune response in the liver. Although the advances over the past 25 years have been
extraordinary, those of us investigating anti-viral immune responses in the liver
appreciate how little is actually known about the contributing factors controlling liver
tolerance. The signature of HCV persistence is its correlation with impaired anti-viral

CDS8" T cell responses. As such, the field of HCV immunology has primarily focused on
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understanding intrinsic mediators of CD8" T cell suppression in vitro, i.e. upregulation of
inhibitory receptors PD-1 and Tim-3. Due to lack of a small animal model for HCV,
there is little information on the early events controlling anti-HCV CD8" T cell
dysfunction in vivo. Hepatotropic viral mouse models have proven invaluable for
studying CD8" T cell priming in the liver; however, the data thus far has focused on how
non-hematopoietic cells induce anti-viral CD8" T cell deletion. Surprisingly, little is
known about how the liver is capable of switching from a hyporesponsive state to an
immunogenic environment capable of priming potent and sustainable anti-viral CD8" T
cells. As such, it is the overarching goal of this thesis to more fully understand what
liver-resident APCs are crucial for promoting robust anti-viral CD8" T cell priming, and

how these APCs are naturally suppressed in the tolorogenic liver environment.

The recent development of new tools in DC biology has made it possible to dissect the
diverse subsets of DCs, where previous studies have demonstrated that CD103" DCs
preferentially cross-present acquired antigen to naive anti-viral CD8" T cells in the
influenza virus model. There have also been significant gains in understanding how DC
activation/suppression is controlled by local cellular mediators, including NK cells.
Therefore, it is of interest to use modern immunological techniques to fully explore the
diverse contribution of liver-resident CD103" DCs as APCs for anti-viral CD8" T cells,

and to further analyze the control of liver-resident DC activation by local NK cells.

We hypothesize that CD103" DCs are potent inducers of effective CD8" T cell responses

during hepatotropic viral infection. To determine the capacity of hepatic CD103" DCs to
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prime naive CD8" T cells during viral infection, we propose to utilize the Ad-OVA
infection model in mice genetically deficient in CD103" DCs. We additionally propose
to investigate the location(s) of DC mediated CD8" T cells priming by using mice
genetically modified to limit DC migration from their resident tissues. Upon establishing
that CD103" DCs contribute to the induction of anti-viral CD8" T cell responses, and
their primary tissue of action, we propose to assess the functional regulation liver NK
cells on DC activation during Ad-OVA infection. Recently, hepatic NK cells have been
reclassified as group 1 innate lymphoid cells (ILCs), where the liver maintains two
independent ILC resident subsets, CD49b" natural killer (NK) cells and CD49a" ILC1.
Our lab previously demonstrated that liver-resident group 1 ILCs express elevated levels
of the inhibitory receptor NKG2A in the steady-state. Previous reports have established
that NKG2A signaling suppresses NK cell pro-inflammatory cytokine production; as
such, we hypothesis that NKG2A signaling on CD49a" ILC] is inhibiting robust DC
activation via similar mechanisms. To determine the contribution of NKG2A"CD49a"
ILC1 on controlling liver-resident DC fates during hepatotropic viral infection, we
propose to utilize the Ad-OVA infection model in mice genetically deficient in NKG2A,

where we will assess differences of CD103" DCs to promote anti-viral CD8" T cells.

Taken together, these results will help elucidate what hepatic APCs are required to
promote potent anti-viral CD8" T cell induction, and how the liver has evolved to
suppress the anti-viral immune response. This proposal raises the possibility for an

exciting therapeutic approach for developing next generation vaccines, i.e. targeting



antigen to hepatic CD103" DCs while inhibiting ILC1 NKG2A signaling in order to

induce a more robust and sustainable anti-viral CD8" T cell response in HCV patients.

30
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Chapter 3: Liver-resident CD103" dendritic cells prime anti-viral CD8"
T cells in situ

Abstract

The liver maintains a tolerogenic environment to avoid unwarranted activation of its
resident immune cells upon continuous exposure to food and bacterially derived antigens.
However, in response to hepatotropic viral infection, the liver’s ability to switch from a
hyporesponsive to a pro-inflammatory environment is mediated by select sentinels within
the parenchyma. To determine the contribution of hepatic DCs to activate naive CD8" T
cells, we first characterized resident DC subsets in the murine liver. Liver DCs exhibit
unique properties, including the expression of CD8a (traditionally lymphoid tissue
specific), CD11b and CD103 markers. In both steady-state and following viral infection,
liver CD103" DCs express high levels of MHC-II, CD80 and CD86, and contribute to the
high number of activated CD8" T cells. Importantly, viral infection in the Batf3”” mouse,
which lacks CD8a." and CD103" DCs in the liver, exhibits a three-fold reduction in the
proliferative response of antigen-specific CD8" T cells. Limiting DC migration out of the
liver does not significantly alter CD8" T cell responsiveness, indicating that CD103" DCs
initiate the induction of CD8" T cell responses in situ. Collectively, these data suggest
that liver resident CD103" DCs are highly immunogenic in response to hepatotropic viral
infection and serve as a major APC to support the local CD8" T cell response. It also
implies that CD103" DCs present a promising cellular target for vaccination strategies to

resolve chronic liver infections.

Introduction
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The liver maintains a tolerogenic environment due to continuous exposure to bacterial
constituents and food-derived antigens (188). As a result, hepatic microbial pathogens
such as HCV and malaria often establish persistent infection in the liver (189). Impaired
T cell responses have been reported to be associated with persistence of hepatotropic
pathogens; however, little is known about the cellular and molecular basis for the
immunoregulatory mechanisms linked to this persistence (4). Moreover, next generation
vaccine design must focus on inducing robust and durable T cell responses to clear
pathogens from the liver. Currently, adenovirus (Ad) has been considered for use as a
vector for vaccines, since the recombinant Ad system is useful for delivery of antigen in
vivo to generate vigorous antigen-specific immune responses (190). Thus, detailed
analysis of the T cell responses to adenovirus infection in the liver may prove helpful

toward better vaccine design and efficacy.

To generate CD8" T cells capable of clearing virus, naive CD8" T cells must first come in
contact with specialized antigen presenting cells (APCs) that have both processed viral
antigen for MHC-I presentation and upregulated expression of costimulatory molecules
(191, 192). Activation of naive CD8" T cells by APCs of hematopoietic origin (e.g.,
DCs) in response to local infections typically occurs in secondary lymphoid organs
draining the sites of pathogen entry and its replication (193). In contrast to mucosal
tissues (i.e., skin, lung and gut), however, the contributing APCs and the location for
CD8" T cell activation during hepatic viral infections are poorly understood. Antiviral
CD8" T cells with competent effector activities (e.g., IFNy, granzyme) are generated in

response to hepatic viral challenges (194, 195). Antigen presentation by non-



33

hematopoietic parenchymal cells (e.g., LSEC) has been demonstrated to prime naive
CD8" T cells, albeit resulting in activated T cells with poor effector functions (27-29, 38).
Thus, the cell type(s) responsible for initiating the functional hepatic CD8" T cell

response to viral infections remains unknown.

Conventional dendritic cells (DCs) are highly immunogenic APCs with the full capacity
of capturing, processing and presenting antigens to naive CD8" T cells (196, 197).
Immature DCs use broadly conserved pattern recognition receptors (such as TLRs) to
become activated (198-200). Upon activation/maturation, they upregulate antigen
presenting molecules (i.e., MHC class I and II) and costimulatory molecules (i.e., CD80
and CD86) (201). Lymph node-resident DCs, which are commonly divided into CD11b"
or CD8a" subsets, express high levels of MHC-II and costimulatory molecules upon
activation and serve as potent APCs (193, 202). Conversely, CD11b and CD103
expression demarcate nonlymphoid tissue DCs subsets, with both populations primarily
utilizing CCR7 for migration out of the parenchyma via the lymphatic conduit system to
enter the regional LNs (60, 203). Lymphoid tissue-resident CD8a." and nonlymphoid
tissue-resident CD103" DCs play crucial roles in priming CD8" T cells as they are
functionally specialized in MHC class I-restricted cross-presenting antigen (204, 205).
These DC subsets also share a developmental pathway requiring the transcriptional factor
Batf3 (206). Although the liver is believed to have DCs that patrol the tissue, the
characterization of liver-resident DC subsets in a steady-state and their contribution to

antiviral CD8" T priming have yet to be investigated.
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In this study, we sought to determine the primary APC regulating the anti-viral CD8" T
cell activation and differentiation in response to liver infections. Employing the
hepatotropic adenovirus engineered to express ovalbumin (Ad-OVA) and the OT-I
(OVA-specific) TCR transgenic CD8" T cell adoptive transfer model, we demonstrate
that liver-resident CD103" DCs undergo maturation following Ad-OVA infection and are
the major APCs capable of driving extensive CD8" T cell proliferation and effector
differentiation following infection. Thus, our study identifies the hepatic CD103" DC
subset as the primary cell type that establishes productive anti-viral CD8" T responses in
situ to pathogens invading the liver. Implications of these findings in designing vaccine
strategies and therapeutic venues for chronic hepatic viral infections (e.g. HCV) are

discussed (185, 186, 207).

Materials and Methods

Mice.

All experiments used gender/aged matched male and female mice, 8-12 wks old.

Thyl.2" C57BL/6 (B6, H-2") and Thyl.1* OT-I TCR Tg (OT-1, H-2") mice were
purchased from Taconic Farms (Hudson, NY). CCR7" (H-2", 29) mice were purchased
from The Jackson Laboratory (Bar Harbor, ME). Batf3"" (H-2", 25) mice were kindly
provided by Dr. Thomas Braciale (University of Virginia, Charlottesville, VA). All mice
were housed in a pathogen-free facility and were tested routinely for mouse hepatitis
virus and other pathogens. All mice were handled according to protocols approved by

the University of Virginia Institutional Animal Care and Use Committee.
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Viruses.

Replication-deficient recombinant adenovirus type 5 expressing ovalbumin (rAd5-OVA)
under the human CMV promoter and lacking E1 and E3 genes were purchased from the
Iowa Gene Transfer Vector Core (Iowa City, IA). Recombinant murine cytomegalovirus
expressing ovalbumin (rtMCMV-OVA) was gifted from Dr. Ann B. Hill (Oregon Health
and Science University, Portland, OR). Mice were injected intravenously (i.v.) with 2.5 x

10" TU Ad-OVA, or 1 x 10* PFU MCMV-OVA.

Liver, Spleen, and LN leukocyte isolation.

Livers were perfused with PBS via the portal vein until fully blanched, then put on ice in
Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented with 10% newborn calf
serum (NBCS). Whole livers were passed through a metal spleen screen and digested
with 0.05% collagenase IV (Sigma-Aldrich, St. Louis, MO) for 30 min at 37°C.
Intrahepatic mononuclear cells were purified on a 21% Histodenz (Sigma-Aldrich, St.
Louis, MO) gradient after centrifugation at 1250 x g for 20 min without braking. Spleens
and lymph nodes were passed through a mesh spleen screen, followed by RBC lysis. All
samples were washed and re-suspended in IMDM plus serum and leukocytes were

counted via a hemocytometer.

Flow cytometry and intracellular staining.
Cells were labeled with Abs against CD45, B220, I-A/I-E, CD11c, CD11b, CD8a,
CD103, CD80, CD86, PD-L1, H2-D*, MHC-I®""" XL Thy1.1, CD25, CD69, IFNy, and

GranzymeB (all obtained from eBioscience, San Diego, CA). For cell surface labeling, 1
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x 10° cells were blocked with anti-CD16/CD32 (2.4G2; University of Virginia,
Charlottesville, VA) and incubated with the corresponding Abs for 30 min at 4°C in
staining buffer (PBS with 2% FBS and 0.1% NaN3). For cytokine staining, 1 x 10° cells
were incubated for 5 hours in IMDM supplemented with 10% FBS, 10 U/mL penicillin
G, 2 mM L-glutamine, 5 mM B-mercaptoethanol, and 1uL/mL of GolgiPlug/GolgiStop
(BD Biosicences). OT-I cells were restimulated with 2 pg/mL SIINFEKL peptide
(AnaSpec). After incubation, the cells were surface labeled as described above, fixed
using Cytofix/Cytoperm (BD Biosciences) according to the manufacturer’s instructions
prior to intracellular IFNy staining. All samples were run on a BD FACS Canto II (BD
Immunocytometry Systems, San Jose, CA) and analyzed using FlowJo software 8.8.6

(Tree Star Inc., Ashland, OR).

Microscopic studies.

For fluorescence microscopy, mouse liver tissues were perfused with 1 x PBS and
periodate-lysine-paraformaldehyde (PLP) fixative, excised, incubated in PLP for 3 hours
at 4°C, and passed over a sucrose gradient. Tissues were frozen in optimal cutting
temperature (OCT) medium, sectioned at 5 pm thickness, blocked with 2.4G2 solution
(2.4G2 supernatant containing anti-CD16/32, 10% each of chicken, donkey and horse
serum, and 0.1% NaN3), and stained with Abs from Biolegend, eBioscience, Santa Cruz
Biotechnology, and Sino Biological (Beijing, China). Confocal microscopy was
performed on a Zeiss LSM-700, and data were analyzed using Zen 2009 Light Edition
software (Carl Zeiss Microlmaging GmbH, Jena, Germany). For histology, mouse liver

tissues were perfused with 1 x PBS, excised, incubated in 10% buffered formalin acetate
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(Fisher Scientific) overnight at 4°C, washed with 70% ethanol and embedded in paraffin
wax. Tissues were sectioned at 5 um thickness and stained with hematoxylin and eosin.

Light microscopy was performed on an Olympus BX51 microscope.

Adoptive transfer of TCR transgenic T cells.

CD8" T cells were isolated from the spleens and mesenteric lymph nodes of Thy1.1°OT-
I'" mice using anti-CD8a Ab-conjugated magnetic bead separation kits (Miltenyi Biotec).
Cells were labeled with 1.8 uM CFSE for 8 min at room temperature, and transferred by
i.v. injection into naive Thy1.2" recipients. In the experiments that used splenectomized
mice, recipients were i.v. treated with either 150 pg IgG or MEL-14 (anti-CD62L) one
day prior to i.v. transfer of CFSE labeled OT-I T cells. One day post OT-1 T cell transfer

the mice were i.v. infected with 2.5 x 10’ TU Ad-OVA or 1 x 10* pfu MCMV-Ova.

DC isolation.

Liver DCs were isolated from animals (C57BL/6/ 7-10 mice) either uninfected or
infected with 2.5 x 10" TU Ad-OVA for 12 hr prior to analyses. CD11¢" cells were first
enriched by a positive selection using magnetic bead-based purification kits (Miltenyi
Biotec). DCs were stained using antibodies for CD45, MHC-II, CD11c, B220, CD11b
and CD103, and sorted by flow cytometry using a BD FACSVantage SE sorter at the
Flow Cytometry Core Facility (University of Virginia, Charlottesville, VA). DCs were
identified by staining with a cocktail of antibodies against CD45, MHC-II, CDl Ic,
CD11b and CD103; plasmacytoid (pDCs) were determined by staining with antibodies

against CD45, MHC-II CD11c and B220.
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In vitro priming of naive OT-1 T cells.

FACS-sorted liver DCs were pulsed with either OVA (SIINFEKL) or -gal
(ICPMYARYV) peptides at 0, 25, or 500 ng/mL for 20 min at 37°C and washed. DCs (4 x
10%) and CFSE labeled OT-I T cells (4 x 10%) were cultured together for 4 days at 37°C in
vitro. FACS sorted liver DCs isolated 12 hpi from livers of infected C57Bl/6 mice were
cultured with CFSE labeled OT-I T cells at a ratio of 1 to 10 for 4 days at 37°C in vitro.
All DC:T cell coculture media included IMDM supplemented with 10% heat-inactivated
HyClone FBS, 10 U/mL penicillin G, 2mM L-glutamine, 5 mM B-mercaptoethanol, 20

mM HEPES, and 100ug/mL Gentamycin (all from Invitrogen).

Statistical analysis
Student’s 7 tests (two-tailed) were used to evaluate the significance of the differences. A
value of p<0.05 was regarded as statistically significant. *p < 0.05, **p <0.01, ***p <

0.001.

Results

Characterization of DC subtypes resident in the liver at steady-state.

DCs are represented widely both in lymphoid (i.e. spleen, LNs) and nonlymphoid (i.e.
lung, skin) tissues. Lymphoid DCs, such as CD11c¢"MHC-II"B220" splenic DCs, are
conventionally defined by the surface expression of CD8a or CD11b molecules. In

contrast, a distinct DC subset in nonlymphoid tissues such as the lung, express CD103
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(aE integrin, a ligand for E-Cadherin) rather than CD8a., while another subset retains the
CD11b" expression. To determine whether the liver displays characteristics of DC
subsets from nonlymphoid tissue, we probed the diversity of DC populations in the liver
by analyzing the expression of CD11b, CD103 and CD8a. Gating strategies for
analyzing liver resident DCs are shown in the Fig. 3.1. CD11c¢"MHC-II"B220 DCs
resident in the livers of naive mice could be first discriminated into CD11b"CD103",
CD11b'CD103" and CD11b"CD103" subsets (Fig. 3.2.A.; top panel), which were further
distinguished based on CD8a expression (Fig. 3.2.A.; lower panel). This analysis
revealed that liver CD11b” DCs consist of four distinct subsets: CD103°CD8a.,
CD103"CD80o’, CD103"CD80." and CD103 CD8a" cells, suggesting that liver resident
DCs segregate into subsets displaying unique cell surface markers with phenotypic
characteristics of both lymphoid and nonlymphoid DCs. These findings suggest that the
liver has the physiological properties of both lymphoid and nonlymphoid tissues, which

are consistent with the view that the liver serves as a tertiary-lymphoid organ.

As most of the current emphasis in DC biology focuses on the unique differences
between CD11b"CD103" and CD11b"CD103" subsets (henceforth designated as CD11b"
and CD103" DCs, respectively), we limited our analysis to these two dominant liver DC
populations. Accordingly, the CD103" DCs are the primary subset of naive liver resident

DCs by both percentage and total cell number (Fig. 3.2.B.).

CD103" DCs localize to the portal tract and constitutively express costimulatory

molecules.
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Early reports describing liver DCs often note their localization to the portal tracts of the
liver parenchyma (208, 209). Consistent with these earlier observations, we found that
CD103" DCs were most frequently localized around the portal tracts (Fig. 3.2.C.). The
liver anatomy is unique in that the highest volume of blood flow comes directly from the
gastrointestinal tract, entering from the portal veins. As this blood is highly concentrated
in microbial products and other food antigen it is likely that liver-resident DCs may
congregate closely to these gateways in order to sample newly arriving potential antigens,

including pathogenic microorganisms.

Although murine liver DCs have been reported to exhibit a less mature phenotype than
splenic DCs, the expression of MHC-II and costimulatory molecules (i.e., CD80 and
CD86) are readily detectable on DCs in the liver (Fig. 3.2.D.) (94). Interestingly, PD-L1
expression is lower on CD103" liver resident DCs, when compared to the CD1 1b" subset,
suggesting that CD103" cells may be less inhibitory as APCs, and thereby display

increased capacity to support naive lymphocyte activation (210).

Liver resident CD103" DCs prime OT-I T cells in vitro with higher efficiency than
CDI11b" DCs.

In view of the display of costimulatory ligands by hepatic DCs, it was of interest to assess
their capacity to support the activation of antigen specific CD8" T cells. To this end we
sorted hepatic DCs from the livers of uninfected donors into CD103" and CD11b" subsets
and analyzed the capacity of these DCs to support proliferative expansion of naive TCR

Tg OT-1CDS" T cells in vitro following pulsing of the DC with varying concentrations
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of the OT-I T cell ligand SIINFEKL peptide. As assessed by CFSE dilution, CD103"
DCs stimulated more potent peptide dose-dependent proliferative responses than their
peptide pulsed CD11b" DC counterparts (Fig. 3.3.A.). Compared to DC subsets, pDCs
were least efficient in triggering CD8" T proliferation. This enhanced stimulatory
capacity of CD103" DCs was also evident from the elevated numbers of total OT-I CD8"
T cells recovered at the end of the in vitro culture (Fig. 3.3.B.). Taken together, these
findings suggest that the hepatic CD103" DC subset in a steady-state displays an
intrinsically enhanced capacity to present the processed antigenic peptides to naive CD8"

T cells when compared to CD11b" DCs.

CD103" DCs are the major APCs for OT-I induction in the liver following adenovirus
infection.

The above findings suggested that liver resident CD103" DCs were potent APCs and
potentially could serve as the primary APC to support CD8" T cell differentiation
following exposure to a hepatotropic virus infection (e.g. high-dose of intravenous
adenovirus). To examine the impact of CD103" liver resident DCs in response to
infection we utilized mice deficient in the transcription factor Batf3, which is reported to
be necessary for the development of the CD103" (and corresponding CD8a.") DC lineage
(206). As expected, Batf3” mice lacked both CD103" and CD8a " liver resident DCs
(Fig. 3.4.A.). Moreover, following adenovirus infection the expression of CD103" liver
DCs was not increased (Fig. 3.4.), suggesting that this subset was not induced in response

to Ad-mediated liver inflammation.
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To explore the impact of CD103" DC deficiency on naive CD8" T cells responding in the
liver to virus infection, we adoptively transferred naive CFSE labeled OT-I T cells into
wild-type and Batf3”" mice one day prior to i.v. infection with the replication-deficient
recombinant adenovirus expressing the OVA gene. This administration route primarily
results in virus infection of the liver, including hepatocyte and non-hepatocyte cell
populations. Livers, spleens, and liver-draining and -non-draining lymph nodes were
then analyzed at various time points after infection for accumulation of OT-I T cells and
for CFSE dilution. OT-IT cells were not detectable in any site at 2 dpi (data not shown).
Responding OT-I T cells to adenovirus were readily detectable at 3 dpi with the highest
accumulation of T cells evident in the liver (Fig. 3.5.A.). By contrast, infected Batf3”" T
cell recipients displayed decreased frequency and total numbers of responding OT-I T
cells in all tissues examined (Fig. 3.5.B-C.). Due to the defect in adenovirus replication,
the virus clearance and titers cannot be directly assessed. Using quantitative real-time
PCR to measure the message of adenovirus hexon protein showed no differences between
the wild-type and Batf3"" livers at 2 or 3 dpi (data not shown). Furthermore, we
performed histological studies to assess liver damage. Notably, there was increased
mononuclear cell infiltrates detectable in the wild-type compared to Batf3” livers at 3 dpi

(Fig. 3.5.D.).

When the CFSE dilution profile of OT-I T cells responding in the wild-type and Batf3"" T
cell recipients was evaluated, we noted that the tempo of OT-I cell division was more
rapid in the livers of wild-type mice. However, this accelerated CFSE dilution profile

and OT-I T cell accumulation was not evident in the liver-draining lymph nodes of the
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wild-type and Batf3™”" recipients (Fig. 3.5.E.) (101, 102). Activated (responding) OT-I T
cells isolated from the livers of wild-type and Batf3"" mice at 3 dpi display comparable
levels and frequencies of the activation markers CD69 and CD25 (Fig. 3. 6.). Similarly,
responding OT-I T cells isolated from the two liver sources demonstrated comparable
capacity to secrete IFNy in terms of both cell frequency and MFI upon in vitro
stimulation with cognate synthetic peptide epitope (Fig. 3.6.). Lastly, i.v. infection with
MCMV-OVA, another hepatotropic virus, exhibits similar loss of OT-I T cell
accumulation in the Batf3™" livers with no significant differences in IFNy expression (Fig.

3.7).

The pattern of responsiveness of transferred OT-1 T cells in the livers of wild-type and
Batf3” mice following adenovirus infection was not influenced by the cell inoculum dose
of OT-I T cells transferred. Adoptive transfer of 2 x 10° naive OT-I T cells into wild-
type and Batf3”" mice (i.e. 10 fold higher cell inoculum dose than employed above)
allows us to identify the transferred T cells as early as 1 dpi. At this early time point of
infection, the frequency of transferred OT-I T cells in wild-type and Batf3™" livers were
comparable (Fig. 3.8.A-B.). Thus, the enhanced expansion of the adoptively transferred
T cells observed in infected wild-type recipients was not due to a difference in homing

efficiency to the livers of Batf3”" mice.

Liver resident DCs prime naive OT-1 T cells in situ.
Upon activation, tissue-resident DCs upregulate CCR7 and follow the CCL19/21

chemokine gradient into the lymphatics to ultimately reside in secondary lymphoid
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organs, particularly lymph nodes draining the site of antigen deposition in the target
organ. Previous work from our laboratory implicated liver parenchymal cells (e.g.
hepatocytes, LSECs) as APCs for antiviral CD8" T cells responding to virus infection of
the liver (211). It was of interest to determine the contribution of liver resident DCs to
the induction of CD8" T cell responses following adenovirus infection. In particular we
wanted to ascertain whether liver DCs upon encountering viral antigen must migrate to
secondary lymphoid organs in order to stimulate responses from naive CD8" T cells
trafficking through the sites. To explore this possibility we carried out adoptive transfer
of naive CCR7" OT-1 T cells into CCR7™ mice, which limit DC migration, and examined
the proliferative expansion and tissue localization of the transferred T cells following IV

adenovirus infection (212).

The frequency and absolute number of responding OT-I T cells were dramatically
reduced in secondary lymphoid organs (e.g. spleen, liver draining LN etc.) of the CCR7™
mice at 3 dpi, exhibiting ~10 fold decrease (Fig. 3.9.A.). The frequency and absolute
number of OT-1 T cells present in the liver was unaffected by CCR7 deficiency in the

liver DCs (Fig. 3.9.B.).

In order to more directly assess in situ priming of CD8" T cells by hepatic CD103" DCs,
we adoptively transferred naive OT-I T cells into B6 and Batf3"" mice that were first
splenectomized and treated with anti-CD62L (MEL-14) antibody to eliminate naive OT-I
T cells from entering secondary lymphoid tissues. Splenectomized and MEL-14-treated

wild-type mice exhibit increased hepatic OT-I accumulation at 3 dpi when compared to
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either sham and isotype-treated or splenectomized and isotype-treated controls. The level
of OT-I accumulation in the livers of splenectomized and MEL-14-treated Batf3” mice
increases to the level of sham and isotype-treated B6 livers, and is consistent with the
differences seen in Fig. 3.5.C., where there are fewer numbers compared to the equally
treated spenectomized and MEL-14 B6 livers (Fig. 3.9.C). Taken together, these data
suggest that CD103" DCs significantly contribute to the accumulation of liver OT-I1 T

cells in situ.

Liver CD103" DCs are able to induce CDS" T cell responses at the early time point of
infection.

As hepatic-resident DCs are capable of priming naive OT-I’s in situ, we next
characterized the maturation status of DCs in the liver directly following infection.
Although there is a difference in the frequency and numbers of CD11b" and CD103" DCs
by 12 hpi, (Fig. 3.10.A-B.), hepatic CD103" DCs exhibit the highest expression of MHC-
II and the costimulation markers CD80 and CD86, common indicators of DC activation
(Fig. 3.10.C.). Additionally, hepatic CD103" DCs stained highest for MHC-I and MHC-

IS™FEKL by 12 hpi (Fig. 3.10.D.), suggesting they are the primary DCs presenting antigen

during the early phase of viral infection. As a positive control for MHC-[PFEKE

staining, total splenocytes were pulsed with SIINFEKL peptide for 20 min. at 37°C. LN

DCs were below the limit of detection for MHC-I""™FXE gt 12 h.p.i (data not shown).

To test if hepatic CD103" DCs present endogenous viral antigen to naive CD8" T cells in

vitro, we isolated liver DCs 12 hpi and cocultured the DCs with naive OT-1 T cells. After
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4-day incubation, there were more CFSE diluted OT-1 CD8" T cells in the CD103" DCs
coculture when compared to the CD11b" DC stimulation (Fig. 3.10.E.). These results re-
enforce a critical role of CD103 DCs in antigen presentation at the early viral infection

and contributing to prime CD8" T cells.

Discussion

In the present study, we examined the role of liver resident CD103" DCs in the activation
of naive CD8" T cells and the site of their accumulation after activation in response to
hepatic viral infection using a hepatotropic adenovirus infection model. The liver is
believed to differ from other organs such as lung and skin, in that naive CD8" T cells can
be activated within the hepatic parenchymal site (213). Studies have demonstrated that
non-hematopoietic antigen-presenting cells in the liver contribute to the induction of
naive CD8" T cell proliferation and differentiation. However, the role of hematopoietic
cells, such as DCs, in processing and presenting local antigens to initiate the CD8" T cell
response in situ has not been well established. Batf3 is a transcription factor that controls
the CD103"/CD8u" DC development, and thereby Batf3-deficient (Batf3”") mice result in
a selective loss of these subsets. Batf3”" mice have been widely employed in studying
DC biology and provide a unique and valuable experimental tool to investigate the
contribution of CD103" DCs to anti-viral immunity in vivo. While there are potential
caveats from using any global gene deficient transgenic, thus far we are not aware in the
literature of any defect beyond the selective deficiency of this DC subset in the Batf3™”
mice. By employing Batf3-deficient mice, we demonstrated that liver-resident CD103"

DCs play a critical role in the establishment of optimal CD8" T cell response to hepatic
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adenovirus infection. In support of the dominant role as APCs in inducing anti-viral
CD8" T cell responses, CD103" hepatic DCs displayed a superior capacity capable of
processing and presenting virus-derived antigenic peptide to naive CD8" T cells at a
steady state and following infection. Lastly, we demonstrated that liver DC priming of
naive CD8" T cells occurs independently of CCR7-mediated DC egress, supporting the
view that DCs can activate naive CD8" T cells in situ. Our findings demonstrate for the
first time that hematopoietic-driven hepatic DCs, in particular the CD103" DC subset,
serve as the prominent APC in the liver in response to viral infections and induce

antigen-specific CD8" T cell responses within the liver tissue early in infection.
g p p y

Based on our finding that there is a decrease (3 fold) of accumulating OT-I1 CD8" T cells
in the livers of Batf3”" mice that received OT-I cells mice at 3 dpi of Ad-OVA infection
compared to control B6 mice (Fig. 3.5.A.), it is likely that liver-resident CD103" DCs
play a major role in induction and accumulation of antigen-specific CD8" T cells at the
site of hepatic viral infection. Notably, there is a similar decrease of OT-I CD8" T cells
accumulating in the non-draining iLNs and draining cLNs, but a far less significant loss
of OT-I cells in the spleens of Batf3” mice. These results are likely due to the
contribution of CD11b" DCs on OT-I accumulation in the secondary lymphoid tissues. It
is also possible that splenic CD11b" DCs and/or additional APCs are better at priming
than their lymph node counterparts but that they contribute to a lesser degree than those
OT-I cells induced by CD8a/CD103" DCs. Moreover, the proliferation index (P.1.)
formula to measure OT-I divisions (Fig. 3.5.E,) indicates a significant decrease in the

low

Batf3™ livers, having less accumulation of CFSE"" OT-I cells, which is only trending in
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the lymphoid tissues. The proliferation index differences in the livers of control B6 and
Batf3” mice suggest that resident CD103" DCs lead to sustained OT-I accumulation, and
that non-CD103" APCs, such as CD11b" DCs and non-hematopoietic presenting cells,
are either less efficient at priming, or more-likely induce unsustainable antigen-specific
CD8" T cells. At 1 dpi there is no difference in the number of liver accumulating OT-I
cells between the B6 and Batf3” mice, leading us to speculate that initial CD8" T cell
priming is independent of CD103" DCs, but that at 3 dpi any remaining OT- T cells are

greatly outnumbered by OT-I cells primed by resident CD103™ DCs.

Infection of peripheral tissues (e.g., lung and skin) triggers the mobilization of tissue-
resident DCs to egress out of the sites of pathogen entry and replication. These Ag-
bearing migratory tissue-resident DCs arrive to the tissue-draining regional LNs where
they participate in instructing naive antigen-specific CD8" T cell activation and
differentiation. In contrast, blood-borne pathogens are captured by phagocytic cells (e.g.,
DCs and macrophages) in the spleen, and antigen-specific CD8" T responses are initiated
primarily by lymphoid tissue-resident DCs (i.e., CD8a" DC). However, there is limited
understanding as to how the inductive phase of CD8" T cell immune response is
orchestrated in response to hepatotropic infections. Previously published reports have
described hepatic-resident DCs, suggesting that the CD11b" subset is dominant in the
liver (21, 25). However, our data shows that CD103" DCs represents the largest
population of liver-resident DCs. Having optimized the isolation techniques and gating
strategies, we believe our results most accurately represent liver-resident DC populations

to date. We further demonstrated that the liver displays a distinct DC compartment in
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which they harbor both CD103" and CD8a” DCs along with the CD11b" subset and
pDCs. This finding is in agreement with the view that the liver may inherently possess
lymphoid-like features and serves as a tertiary lymphoid organ (106). This unique
composition of DC network within the liver could support the T cell activation locally
while permitting migratory DC-dependent T cell activation in the regional DLN after
migration. As we see a decrease in hepatic DCs at 12 hpi, it is possible that these cells
are either eliminated or migrate out of the parenchyma. Indeed, it is well established that
initial contact between DC and T cells is sufficient to trigger the full activation and
differentiation pathways. Thus we believe that the decrease in CD103" DC numbers after
infection have a minimal impact on the onset of CD8" T cell priming in the liver.
Migratory DCs employ CCR7 to migrate out of infected tissues and trigger T cell
proliferation in the DLN. By limiting DC egress and subsequent homing of the CD8" T
cells primed by hepatic migratory DC in the DLN in CCR7"" mice, our findings suggest
that intrahepatic DCs are capable of activating CD8" T cell response to hepatotropic virus
infection. Furthermore, limiting naive OT-I T cells from entering secondary lymphoid
organs by administering anti-CD62L antibody to splenectomized B6 and Batf3”" mice
demonstrate that hepatic CD103" DCs are a primary resident APC for induction of naive
CDS8" T cell responses. It is possible that blocking naive OT-I cell accumulation in the
peripheral lymphoid organs prior to infection will increase their availability to hepatic
APCs, accounting for the considerable increase of OT-I cells in splenectomized and anti-
CD62L treated livers when compared to the sham and anti-IgG controls at 3 dpi. After
i.v. administration of the replication-deficient Ad5 virus, the virus is primarily cleared by

liver Kupffer cells with the majority of residual virus entering hepatocytes via factor
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X/Ad5 complexes (182, 184). CD103" DCs (and possibly CD8a” DCs) are
predominantly localized within the marginal areas of the portal veins, where they are
ideally poised to take up antigen from circulation and/or neighboring infected cells and
present processed antigen to CDS8" T cells in situ. At present, the extent by which
intrahepatic priming of CD8" T cells is controlled by either CD8a.” DCs or CD103" DCs
has yet to be determined. Of note, it is an intriguing possibility that intrahepatic CD8" T
cell priming is carried out by CD8a" DCs, whereas CD103" DCs initiate T cell response

in the DLN after migration.

In contrast, OT-I CD8" T cells in the B6 wild-type mice appear to be activated in the
spleen and iLNs with similar kinetics to those T cells activated in the liver and cLNs, but
no activated OT-I T cells are observed in the spleen and iLNs of CCR7”" mice. These
results suggest that non-draining peripheral secondary lymphoid tissues depend on a
CCR7" APC entering those sites (possibly coming from the liver via the blood).
Moreover, fewer activated OT-I T cells in the CCR7”" liver DLNs compared to those in
wild-type mice suggest that either activated liver DCs utilize additional chemokine
receptors when trafficking through their draining lymphatics, possibly CXCR4, or that

antigen is brought to the draining nodes via alternative mechanisms.

The immunologically hyporesponsive (tolerogenic) microenvironment of the liver is
necessitated by its continuous exposure to food and bacterially derived antigen. Liver-
resident DCs localized in the vicinity of the portal veins are likely exposed to actively

encounter material draining from the gut and circulation. However, unwarranted
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activation to non-pathogenic antigens requires DCs to be under tight immune control to
continuously maintain the ‘normal’ state. Our studies reported here demonstrate that
resident DCs express significant amounts of PD-L1. Of note, the CD11b" subset
preferentially expresses the greatest amount of this coinhibitory molecule. Our data
argues that immediately following Ad-OVA infection, hepatic CD103" DCs significantly
upregulate CD80, CD86 and MHC-II and are capable of inducing anti-viral CD8" T cell
immune responses, whereas CD11b" DCs may provide counter-regulatory signals to
CD103" DC-mediated T cell activation. This potential cross-talk between CD103" DCs
and CD11b" DCs may control the threshold in the liver either to induce anti-viral
immunity or to induce tolerogenic immune responses. Consistent with our previously
published studies, intrahepatic CD8" T cells primed in Batf3™" exhibit equally poor
effector function as compared to those primed in B6 mice. This impaired CD8" T cell
effector function might be reflected by additional factors controlling hepatic CDS" T cell
responses in the liver compartment. Interventions utilizing anti-PD-L1 blockade agents
could thus lead to an increase of T cell activation by these hepatic DCs (214).
Collectively, these data suggest that liver-resident CD103" DCs may serve as critical

regulators of immunity to intrahepatic antigenic challenges.

Although there have been substantial therapeutic agents toward curing chronic infection

such as HCV, the current medical cost for treating chronic HCV patients is unsustainable.
Therefore, vaccine development is necessary to protect the host from microbial infection.
In particular, hepatotropic pathogens (i.e., HCV, malaria) exploit the immunosuppressive

liver microenvironment and often establish persistent infection, resulting in severe liver
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diseases including cirrhosis and hepatocellular carcinoma. Thus, it is crucial for
understanding liver immunology and studying ways to generate effective immune
responses. Given the ability of CD103" DCs to mount sustainable CD8" T cell responses
specific to antigen in situ as described in this report, targeting of antigen to liver resident
DCs (i.e. CD103" DCs) would be helpful in designing vaccine against hepatotropic
pathogens and boost host immune responses to combat infection. In summary, our study
highlights the prominent contribution of liver-resident CD103" DCs in initiating anti-viral
CDS8" T cell immune responses to hepatotropic infections. Further, this work opens up

the possibility of targeting liver-resident CD103" DCs for potential vaccination strategies.
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Figure 3.1. Liver resident conventional dendritic cell (DC) subsets. Representative
dot plots for liver resident DCs grating strategy. 8-12 week old C57Bl1/6 livers were
collagenase digested and spun on a sedimentation gradient. CD11c"MHCII™ DCs are
gated from CD45" events, followed by debris and doublet exclusion. B220" cells are
dumped to eliminate contaminating plasmacytod DCs. Three DC subtypes are separated
into CD116°CD103", CD11b"CD103 and CD11b"CD103" gates. Representative of 3

independent experiments.
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Figure 3.2. Phenotype of naive liver resident conventional dendritic cells (DC). 8 —
12 week old C57BL/6 livers were perfused, enzymatically digested and the mononuclear
cells isolated by density gradient centrifugation. (A — B) Using flow cytometry, resident
CD11c"MHC-II"B220" DC populations, gated from debris and doublet excluded CD45"
cells, are discriminated by CD11b, CD103 and CD8a surface expression. (B) Graphical
representation of CD11b" (black) and CD103" (white) DC frequencies and cellularity (n
=9). (C) Fluorescence microscopy on a naive liver section stained for CD103" DCs using
antibodies for MHC-II (blue), CD11c (red) and CD103 (green). (D) Histograms show the
expression levels and (E) quantified MFI of CD80, CD86, PD-L1 and MHC-II on
CDI11b" (black) and CD103" (gray) DCs (n = 9). 3 independent experiments, mean *

SEM. Student’s t test (two-tailed): **p < 0.01, ***p < 0.001.
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Figure 3.3. Hepatic resident CD103" exhibit enhanced priming capability in vitro:
FACS sorted naive hepatic CD11b", CD103" and plasmacytoid DCs were pulsed with
either SIINFEKL or nonspecific peptide at 0, 25 or 500 ng/mL for 20 min at 37°C,
washed and cocultured with CFSE labeled naive OT-I cells at a ratio of 4 x 10°: 4 x 10*
for 4 days at 37°C. (A) Representative histogram of OT-I CFSE dilution in the 25ng/mL
pulsed DC cocultures. (B) Number of total OT-I cells (via counting beads, Spherotech™)
from the cocultures of 0, 25 and 500 ng/mL pulsed DC cell subsets. Representative of 4

independent experiments done in triplicate.
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Figure 3.4. Batf3™ livers lack CD103" and CD8a" DCs. (A) Naive or (B) 2 day i.v.
infected (2.5 x 10’ IU Ad-OVA) C57Bl/6 and Batf3”" liver mononuclear cells were
analyzed by flow cytometry for DCs using the previously described gating strategy.
Representative dot plots of DC subsets stained for CD11b, CD103 and CD8a surface

marker expression (n = 13). Representative of 5 independent experiments.
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Figure 3.5. Batf3” mice exhibit decreased antigen-specific CD8" T cell numbers
during Ad-OVA infection. (A — D) 2 x 10° naive CFSE" OT-I cells were transferred via
the tail vein into C57Bl/6 and Ba#f3”" mice 1 day prior to 2.5 x 10" TU Adenovirus-OVA
infection (i.v.). The spleens, inguinal lymph nodes (iLN), coeliac/hepatic lymph nodes
(cLN) and livers were harvested 3 dpi. OT-I cell frequency, cellularity and proliferation
were quantified using flow cytometry. (A) Representative CD45 ' CD8a Thy1.1" OT-I
flow plots and (B) quantified frequencies from C57BIl/6 and Batf3”" spleens (n= 11, 12),
iLNs (n =8, 8), cLNs (n =12, 12) and livers (n = 15, 15). (C) OT-I cellularity quantified
from C57B1/6 and Batf3”" cLNs and livers (n = 13, 13). (D) Representative H&E staining
on C57Bl/6 and Batf3™" livers (n = 6, 6). (E) Histograms show representative OT-I CFSE
dilution and the proliferation index (calculated using FlowJo analysis) from C57B1/6 and
Batf3” ¢LNs and livers (n = 12, 12). 2 - 5 independent experiments, mean + SEM.

Student’s t test (two-tailed): *p < 0.05, **p <0.01, ***p < 0.001.
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Figure 3.6. Antigen-specific T cells in the liver have similar CD25 and IFNy
expression in the absence of CD103"/CD8a.* DCs. (A — B) 2 x 10’ naive CFSE" OT-I
cells were transferred via the tail vein into C57BI/6 and Batf3” mice 1 day prior to
2.5x10" TU Ad-OVA infection (i.v.). (A) Representative CD45 CD8a Thy1.1" OT-I
expression flow plots for CD25, CD69, IFNy and GrzB from 3 dpi C57B1/6 and Batf3™"
livers (n = 6-13). (B) Quantified frequency and MFI for CD25 and IFNy expression from
3 dpi C57Bl/6 and Batf3"" livers (n = 13). Representative of 2-5 independent

experiments. Student’s t test (two-tailed): **p < 0.01, mean + SEM.
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Figure 3.7. Batf3” mice exhibit decreased antigen-specific CD8" T cell numbers
during MCMYV-Ova infection. (A — B) 2 x 10’ naive CFSE" OT-I cells were transferred
via the tail vein into C57B1/6 and Batf3"" mice 1 day prior to 4 x 10° PFU MCMV-OVA
infection (i.v.). (A) Representative CD45 CD8a Thy1.1" OT-I flow plots from spleens,
inguinal lymph nodes (iLN), coeliac/hepatic lymph nodes (cLN) and livers harvested
from C57B1/6 and Batf3”" mice 3 dpi (B) Representative CD45 CD8a Thy1.1" IFNy"
OT-I flow plots and quantified IFNy frequency and MFI (n = 3). Student’s t test (two-

tailed): *p <0.05, mean + SEM.
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Figure 3.8. Similar OT-I numbers detected in C57B1/6 and Batf3” livers 1 day post
infection. 2 x 10° CFSE" OT-I T cells were i.v. transferred into C57B1/6 and Batf3™"
mice 1 day prior to infection with 2.5 x 10" IU Ad-OVA (i.v.). (A) The dot plots of OT-1I
T cells from livers at 1 and 3 dpi were (B) quantified by hemocytometer counts prior to
staining (n = 6, 6). 2 independent experiments, mean + SEM. Student’s t test (two-

tailed): *p <0.05



n.s.

* Ak

0.06+

B

Liver

cLN

iLN

Spleen

10

1 -

CFSE

Liver

cLN

0.15-

0.10+

||
0
e

o

(;01%) si1@d



70

Figure 3.9. Hepatic antigen-specific T cells are primed in situ during Ad-OVA
infection. (A — B) 2 x 10° naive CFSE" OT-I cells were transferred via the tail vein into
C57B1/6 and CCR7”" mice 1 day prior to 2.5 x 10’ IU Adenovirus-OVA infection (i.v.).
The spleens, inguinal lymph nodes (iLN), coeliac/hepatic lymph nodes (cLN) and livers
were harvested 3 days post infection. OT-I cell frequency, cellularity and proliferation
were quantified using flow cytometry. (A) Representative CD45 ' CD8a Thy1.1" OT-I
CFSE dilution histograms from C57Bl/6 and CCR7" spleens, iLN, cLN and livers (B)
OT-I cellularity quantified from C57BIl/6 and CCR7” cLNs (n =6, 6) and livers (n = 12,
12). (C) Representative graph of OT-I cell numbers in splenectomized and anti-CD62L
treated C57B1/6 and Batf3"" mice that received 2 x 10° naive CFSE" 1 day prior to 2.5 x
10" TU Adenovirus-OVA infection (i.v.). 2-3 independent experiments, mean + SEM.

Student’s t test (two-tailed): ***p < 0.001.
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Figure 3.10. Hepatic resident CD103" DCs exhibit maturation and enhanced
priming capability at 12 hpi: (A — C) 12 hours i.v. infected (2.5 x 10" TU Ad-OVA)
C57BL/6 liver mononuclear cells were analyzed by flow cytometry for DCs using the
previously described gating strategy. (A) Representative DC histograms were stained for
CD11b and CD103 and (B) cellularity quantified by hemocytometer counts prior to
staining surface markers. (C) MFI was quantified for CD80, CD86, PD-L1, MHC-II and
MHC-I. (D) Representative histogram for naive and 12 hpi liver DCs and peptide pulsed
splenic DCs (1ug/mL for 20 min at 37°C) surface stained for MHC-I""™ " (A — D) 2
independent experiments, n = 6, mean * SEM. (E) Representative divided OT-I1 CFSE
dilution histograms, quantified proliferation index (calculated using FlowJo analysis) and
cell numbers (via counting beads, Spherotech™) from cocultures of FACs sorted hepatic
CD11b" and CD103" DCs, from 12 hours i.v. infected (2.5 x 10’ IU Ad-OVA) C57Bl/6
mice, to OT-Is at a ratio of 2 x 10* : 2 x 10’ for 4 days at 37°C. Representative of 3
independent experiments done in triplicate. Student’s t test (two-tailed): **p < 0.01, ***p

<0.001.
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Chapter 4: NKG2A"CD49a" ILC1 Mediate Anti-viral CD103" DC
Activation

Abstract

The liver maintains a tolerogenic environment in response to continuous exposure to
highly immunogenic material arriving in the intestinal blood, leaving it vulnerable to
chronic infections, such as HCV. Impaired T cell responses correlate strongly to HCV
persistence; however, little is known about the cellular and molecular mechanisms
contributing to T cell dysfunction. In response to hepatotropic viral infection, liver DCs
are able to upregulate maturation markers and present viral antigen to induce robust
CD8" T cell responses. To determine the contribution of hepatic group 1 ILCs on DC
activation, we first characterized the anatomical location of ILC subsets in murine livers.
Liver ILC1 localize near DCs in the perivascular spaces surrounding portal triads.
Depletion of group 1 ILCs leads to a loss of hepatic DC accumulation following viral
infection, suggesting they are required for efficient DC activation. Importantly, viral
infection in the NKG2A™ mouse exhibits sustained increase in the proliferative response
of both adoptively transferred antigen-specific CD8" T cells and endogenous anti-viral
CD8" T cells. CD103" DCs, but not CD11b" DCs isolated from the NKG2A™ livers are
capable of priming naive CD8" T cells in vitro to a greater degree than their wild-type
counterparts. NKG2A™ ILC1 express comparatively elevated levels of IFNy, a cytokine
that enhances DC activity. In summary, we demonstrate that NKG2A 'CD49a" ILC1
limit DC activation by suppressing IFNy production via NKG2A signaling. Collectively,
these data help elucidate how the liver suppresses anti-viral immune responses and raises

the possibility for an exciting therapeutic approach for developing next generation
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vaccines for persistence liver pathogens, i.e. inhibiting ILC1 NKG2A signaling in order

to induce a more robust and sustainable anti-viral CD8" T cell response.

Introduction

The liver possesses distinct tolerogenic properties to avoid unwanted immune activation
to bacterial derived constituents and food-derived Ag. Its immunosuppressive
environment leaves the liver susceptible to persistent infection by hepatic microbial
pathogens, such as HCV and malaria. The lack of robust and sustainable CD8" T cells
correlates with the persistence of hepatic pathogens. Liver-resident DCs have been
reported to be potent APCs for anti-viral CD8" T cell induction, however, little is known
about the immunoregulatory mechanisms controlling DC activation during hepatotropic
infections. Future therapeutics designed to enhance hepatic DCs ability to induce
effective and durable CD8" T cell responses may prove beneficial in elimination of life-

threatening pathogens in the liver.

Immature DCs use broadly conserved pattern recognition receptors (such as TLRs) to
become activated. However, DC maturation can also be induced or amplified by pro-
inflammatory cytokines, such as IFNy. Upon activation/maturation, DCs upregulate
antigen presenting molecules (i.e., MHC class I and II) and costimulatory molecules (i.e.,
CD80 and CD86). The liver exhibits diverse DC populations, including the conventional
tissue-resident CD11b" and CD103" subsets. During viral insult, hepatic CD103" DCs
upregulate expression of costimulatory molecules and preferentially present viral Ag for

MHC-I presentation to naive anti-viral CD8" T cells. However, chronic viral infection in
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the liver leads to dysfunctional T cells, suggesting CD103" DCs may exhibit inefficient
activation/maturation leading to limited capacity to generate robust CD8" T cell
responses capable of clearing virus. Group 1 innate lymphoid cells (ILC) are able to kill
immature DCs via their expression of cytolytic molecules (i.e. granzymes, perferin), and
in contrast, are also able to enhance DC activation via production of immunoregulatory

cytokines (i.e. IFNy, TNFa).

The liver maintains two transcriptionally diverse group 1 ILC populations; CD49b"
conventional NK cells, and CD49a" ILC1. When compared to the spleen, hepatic group
1 ILCs exhibit unique profiles including limited Ly49 receptor(s) expression and reduced
capacity to produce IFNy with IL-12/IL-18 stimulation. Moreover, CD49a" ILC1
express high levels of NKG2A and GrB, as well as traditional activation markers CD69
and CD44, in the steady-state. Although it has been proposed that liver-resident ILC1
contribute the liver’s tolerogenic environment, their ability to regulate DC activation

during hepatotropic viral infection has yet to be explored.

In this study, we sought to determine the regulatory capacity of CD49a" ILC1 on
suppressing hepatic-resident DC activation, leading to subsequent inhibition of anti-viral
CD8" T cell activation and differentiation in response to liver infections. Employing the
hepatotropic adenovirus engineered to express ovalbumin (Ad-OVA), we demonstrate
that CD49a" ILC1 signal through NKG2A to limit IFNy production required for potent
CD103" DCs maturation. Thus, our study identifies the hepatic NKG2A"'CD49a" ILC1

subset as the primary cell type regulating the activation of liver-resident APCs, namely
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CD103" DCs, which in turn ultimately dictate anti-viral CD8" T responses to pathogens
invading the liver. Implications of these findings in designing vaccine strategies and

therapeutic venues for chronic hepatic viral infections (e.g. HCV) are discussed.

Materials and Methods

Mice.

All experiments used gender/aged matched male and female mice, 8-12 wks old.

Thyl.2" C57BL/6 (B6, H-2") and Thy1.1* OT-I TCR Tg (OT-1, H-2") mice were
purchased from Taconic Farms (Hudson, NY). Batf3”" (H-2") mice were kindly provided
by Dr. Thomas Braciale (University of Virginia, Charlottesville, VA). NKG2A™" (H-2°)
mice were kindly provided by Dr. Richard Enelow (Dartmouth, Hanover, VT). All mice
were housed in a pathogen-free facility and were tested routinely for mouse hepatitis
virus and other pathogens. All mice were handled according to protocols approved by

the University of Virginia Institutional Animal Care and Use Committee.

Viruses.

Replication-deficient recombinant adenovirus type 5 expressing ovalbumin (rAd5-OVA)
under the human CMV promoter and lacking E1 and E3 genes were purchased from the
Iowa Gene Transfer Vector Core (Iowa City, IA). Mice were injected intravenously (i.v.)

with 2.5 x 10’ IU Ad-OVA.

Liver and Spleen leukocyte isolation.
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Livers were perfused with PBS via the portal vein until fully blanched, then put on ice in
Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented with 10% newborn calf
serum (NBCS). Whole livers were passed through a metal spleen screen and digested
with 0.05% collagenase IV (Sigma-Aldrich, St. Louis, MO) for 30 min at 37°C.
Intrahepatic mononuclear cells were purified on a 21% Histodenz (Sigma-Aldrich, St.
Louis, MO) gradient after centrifugation at 1250 x g for 20 min without braking. Spleens
and lymph nodes were passed through a mesh spleen screen, followed by RBC lysis. All
samples were washed and re-suspended in IMDM plus serum and leukocytes were

counted via a hemocytometer.

Flow cytometry and intracellular staining.

Cells were labeled with Abs against CD45, CD3g, NKp46, NK1.1, CD49a, CD49b,
NKG2A-B6, NKG2A/C/E/, CD94, CD69, Qa-1b, CD4, B220, I-A/I-E, CD11¢, CD11b,
CD8a, CD103, CD80, CD86, Thyl.1, Thyl.2, IFNy, CD107a, and GranzymeB (all
obtained from eBioscience, San Diego, CA). For cell surface labeling, 1 x 10° cells were
blocked with anti-CD16/CD32 (2.4G2; University of Virginia, Charlottesville, VA) and
incubated with the corresponding Abs for 30 min at 4°C in staining buffer (PBS with 2%
FBS and 0.1% NaN3). For cytokine staining, 1 x 10° cells were incubated for 5 hours in
IMDM supplemented with 10% FBS, 10 U/mL penicillin G, 2 mM L-glutamine, 5 mM
B-mercaptoethanol, and 1uL/mL of GolgiPlug/GolgiStop (BD Biosicences). OT-I cells
and CD8" T cells were restimulated with 2 pg/mL SIINFEKL peptide (AnaSpec) in the
presence of CD107a when stated. Group 1 ILCs were restimulated with either 100ng IL-

12/IL-18 or YAC-1 targets at a 1:1 ratio. After incubation, the cells were surface labeled
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as described above, fixed using Cytofix/Cytoperm (BD Biosciences) according to the
manufacturer’s instructions prior to intracellular IFNy staining. All samples were run on
a BD FACS Canto II (BD Immunocytometry Systems, San Jose, CA) and analyzed using

FlowJo software 8.8.6 (Tree Star Inc., Ashland, OR).

Microscopic studies.

For fluorescence microscopy, mouse liver tissues were perfused with 1 x PBS and
periodate-lysine-paraformaldehyde (PLP) fixative, excised, incubated in PLP for 3 hours
at 4°C, and passed over a sucrose gradient. Tissues were frozen in optimal cutting
temperature (OCT) medium, sectioned at 5 pm thickness, blocked with 2.4G2 solution
(2.4G2 supernatant containing anti-CD16/32, 10% each of chicken, donkey and horse
serum, and 0.1% NaN3), and stained with Abs from Biolegend, eBioscience, Santa Cruz
Biotechnology, and Sino Biological (Beijing, China). Confocal microscopy was
performed on a Zeiss LSM-700, and data were analyzed using Zen 2009 Light Edition
software (Carl Zeiss Microlmaging GmbH, Jena, Germany). For histology, mouse liver
tissues were perfused with 1 x PBS, excised, incubated in 10% buffered formalin acetate
(Fisher Scientific) overnight at 4°C, washed with 70% ethanol and embedded in paraffin
wax. Tissues were sectioned at 5 um thickness and stained with hematoxylin and eosin.

Light microscopy was performed on an Olympus BX51 microscope.

Adoptive transfer of TCR transgenic T cells.
CD8" T cells were isolated from the spleens and mesenteric lymph nodes of Thy1.1°OT-

I'" mice using anti-CD8a Ab-conjugated magnetic bead separation kits (Miltenyi Biotec).
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Cells were labeled with 1.8 uM CFSE for 8 min at room temperature, and transferred by

i.v. injection into naive Thy1.2" recipients.

DC and ILC1 isolation.

Liver DCs and ILC1 were isolated from animals (C57BL/6 or NKG2A™ 7-10 mice)
infected with 2.5 x 10" TU Ad-OVA for 12 hr prior to analyses. CD11¢" cells were first
enriched by a positive selection using magnetic bead-based purification kits (Miltenyi
Biotec). DCs were stained using antibodies for CD45, MHC-II, CD11c, B220, CD11b
and CD103. ILCI were stained using antibodies for CD45, CD3g, NKp46 and CD49a.
Cells were sorted by flow cytometry using a BD FACSVantage SE sorter at the Flow
Cytometry Core Facility (University of Virginia, Charlottesville, VA). DCs were
identified by staining with a cocktail of antibodies against CD45, MHC-II, CDl Ic,
CD11b and CD103; plasmacytoid (pDCs) were determined by staining with antibodies

against CD45, MHC-II CD11c and B220.

In vitro priming of naive OT-1 T cells.

FACS sorted liver DCs isolated 12 hpi from livers of infected C57B1/6 or NKG2A™ mice
were cultured with CFSE labeled OT-I T cells at a ratio of 1 to 10 for 4 days at 37°C in
vitro. All DC:T cell coculture media included IMDM supplemented with 10% heat-
inactivated HyClone FBS, 10 U/mL penicillin G, 2mM L-glutamine, 5 mM -

mercaptoethanol, 20 mM HEPES, and 100ug/mL Gentamycin (all from Invitrogen).

Statistical analysis
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Student’s 7 tests (two-tailed) were used to evaluate the significance of the differences. A
value of p<0.05 was regarded as statistically significant. *p < 0.05, **p <0.01, ***p <

0.001.

Results

CD49a" ILCI are the major liver-resident ILC subset in the steady-state.

The liver maintains two transcriptionally distinct innate lymphoid cell (ILC)
compartments: NK cells, which are traditionally characterized by the expression of the
alpha2 integrin CD49b (DXS5); and ILC1, which express the alphal integrin CD49a.
Although recent studies describing transcriptional differences among liver-resident ILC
subsets have helped establish their key defining features, there is contrasting data as to
the accurate representation of ILC1 in the liver in the steady-state. Moreover, the
anatomical location of hepatic-resident ILCs has not been well explored. To resolve a
more physiologically relevant representation of liver ILC1, we isolated mononuclear cells
from murine livers using histodenz gradient centrifugation following tissue digestion with
the Clostridium histolyticum enzyme, collagenase IV. We confirmed the presence of
CD49a" ILC1 in the liver and found that they represent the dominate hepatic-resident
ILC subset after digestion for 30 min. at 37°C (Fig. 4.1.A.). Along with CD49a
expression, we probed for additional NK cell markers. Notably, we found that CD49a"
ILC1 preferentially express CD11c, CD69 and NKG2A in the steady-state (Fig. 4.1.A.).
Moreover, it is interesting that when we subjected naive livers to various digestion times,
the number of isolated CD49a" ILCs increased proportionally to the digestion time (data

not shown).
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Liver-resident CD49a" ILC1 preferentially localize to the portal areas.

The enhanced recovery of liver-resident CD49a” ILC1 with longer digestion times
intimates that these cells may be held in tight association with the liver parenchyma.
Therefore, to more carefully assess the anatomical location of liver-resident ILC1, we
performed fluorescence microscopy to visualize where CD49a" ILC1 localize in
reference to endothelial cells within the liver parenchyma. Using CD31 to demarcate
liver sinusoidal endothelial cells, we found that CD49a" ILC1 primarily reside in the
perivascular spaces surrounding the portal areas, whereas CD49b" NK cells are markedly
more dispersed throughout the tissue (Fig. 4.1.B.). In addition to the visualization of
liver ILCs using conventional fluorescence microscopy, we also assessed the anatomical
location of liver-resident ILCs with regard to the vascular architecture. We therefore
tested the ability of CD49a" ILC1 to bind antibody in situ by injecting anti-CD45, after
initial perfusion with PBS, directly into the liver via the portal vein. Total liver
mononuclear cells were then isolated and stained again with anti-CD45 conjugated to a
different fluorochrome. When compared to total CD45" cells, both CD49b" NK cells and
CD49a" ILC1 exhibit less intra-tissue CD45" staining (Fig. 4.1.C.; right panel). As a
positive control, traditionally perivascular-resident CD103" DCs exhibited similarly less
in situ CD45" staining (Fig. 4.1.C.; left panel). Collectively, this data suggests that liver-
resident ILCs predominantly reside outside of the blood vessels within the liver, but that

CD49a" ILC1 preferentially localize to areas surrounding the portal veins.

Group 1 ILCs associate with liver-resident DCs during Adenovirus infection.



82

The finding that liver-resident CD49a" ILC1 predominantly reside in the perivascular
spaces of the portal areas of the liver posits that these cells may be in close association
with other portal-resident leukocytes (i.e. liver-resident DCs). It is well established that
NK cells are important in controlling DC fates during viral insult, leading us to speculate
whether liver-resident CD49a" ILC1 cross-talk with local DCs during hepatotropic viral
infection. In order to assess the ability of CD49a" ILC1 to associate with tissue-resident
DCs following hepatotropic Ad infection, we used Batf3” mice, which lack CD103" DCs
in the liver. Previous reports show that NK cells are capable of acquiring MHC-II from
DCs through trogocytosis, or the ability of cells to purloin surface markers off
neighboring cells for expression on their own surface. Consequently, we assessed the
capacity of ILCs to trogocytose surface markers from local cells, most likely CD103"
DCs, by analyzing the expression of MHC-II on liver ILCs at 12 hpi with Ad-OVA in
both the C57BL/6 (B6) and Batf3”" mice. When compared to the B6 wild-type controls,
liver-resident ILCs from the Batf3”" mice exhibit a loss of MHC-II accumulation at 12

hpi (Fig. 4.2.A.).

Liver-resident ILCs initially activate and later suppress DCs during Adenovirus
infection.

The data given above suggests that liver-resident ILCs are in direct communication with
DCs. To further assess the functional consequences of this interaction between group 1
ILCs and liver DCs early in hepatotropic viral infection, we eliminated ILCs prior to Ad-
OVA infection by i.v. administration of the anti-aGM1 antibody and evaluated the

number of DCs present in the liver at 2 dpi. Depleting ILCs 48 hours prior to infection
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led to a significant decrease in both CD11b" and CD103" DCs by 2 dpi (Fig. 4.2.B.),
suggesting that ILCs are necessary for DC accumulation in the liver during infection. If
ILCs are indeed required for DC sustainability, proliferation and/or infiltration during the
onset of Ad-OVA infection, we next investigated whether continual ILC support is
required for DC maintenance in the liver. Therefore, we depleted ILCs with anti-aGM 1
antibody at 12 hpi and assessed the DC populations at 2 dpi. To our surprise, depleting
ILCs at 12 hpi led to an increase in DC accumulation in the liver at 2 dpi (Fig 4.2.B.),
suggesting that ILCs may exhibit a dual role in regulating DC activity. When comparing
the differences in liver DC frequencies during the two ILC depletion time points, we find
that the total DC percentages trend with cellularity (Fig. 4.2.C.). Interestingly, when
compared to isotype treated animals, both the CD11b" and CD103" DC numbers are
reduced at 2 dpi when ILCs are depleted prior to infection; however, CD11b" DC
frequency and numbers increased to a greater extent when ILCs are depleted at 12 hpi
(Fig. 4.2.B-C.). Lastly, it is important to note that depleting ILCs at both 48 hours prior
to infection and 12 hpi led to an efficient reduction of NK1.1" ILCs at 2 dpi (data not

shown).

NKG2A is required for the suppression of liver-resident DCs during adenovirus infection.
The ability of the ILCs to regulate DCs in the liver during infection led us to consider
small-molecules that could potentially mediate liver-resident ILCs’ control of local DC
fates. Liver-resident CD49a" ILC1 express high levels of the inhibitory receptor NKG2A
in the steady-state (Fig. 4.3.A.). Furthermore, previous reports have shown that NKG2A"

NK cells are capable of suppressing DCs during viral infections. Therefore, we
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investigated the role of NKG2A on CD49a" ILC1 in controlling liver-resident DCs
during Ad-OVA infection. To examine the functional impact of NKG2A on ILCs, we
utilized mice deficient in the NKG2A gene, KLRCI. Liver ILCs exhibit the loss of
surface expression of both NKG2A and CD9%4 in the NKG2A™ mice (Fig. 4.3.B.).
Additionally, sorted NKG2A™ ILCs lack NKG2A mRNA as assessed by qRT-PCR (Fig.
4.3.C.). When compared to B6 mice, the NKG2A™" livers exhibit moderately higher
frequencies, but significantly increased numbers of total DCs from mice at 0, 12, and 24
hpi (Fig. 4.4.A-B.). In contrast to total DCs, the CD11b" and CD103" subsets from the
NKG2A™ livers appear to have similar frequencies at all time points analyzed (Fig.

4.4.C).

In order to rule out any intrinsic influence of NKG2A signaling on liver-resident DCs
during Ad-OVA infection, we probed for NKG2A on total DCs at 12 hpi. As expected,
hepatic DCs lack both NKG2A surface expression (Fig. 4.5.A.; right panel), and KLRG1
transcript as assessed by qRT-PCR (data not shown). We then investigated the
expression of Qa-1°, the ligand for NKG2A, on liver-resident DCs during Ad-OVA
infection. Using sorted CD11b" and CD103* DCs from B6 and NKG2A™ livers at 12
hpi, we quantified Qa-1" transcript using qRT-PCR. Although CD11b" and CD103" DCs
transcribe similar amounts of Qa-1° mRNA in both the B6 and NKG2A™" livers, there is
markedly higher Qa-1° expression on total DCs at 12 hpi in the NKG2A™" mice (Fig.
4.6.B.). These findings were corroborated at the protein level, as Qa-1° surface

expression is increased in the DCs of NKG2A ™™ mice when compared to those of B6 mice
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Fig. 4.6.C.). Notably, CD11b" DCs from both B6 and NKG2A™" livers expressed higher
g y

levels of Qa-1° when compared to their CD103" counterparts (Fig. 4.6.C.).

In addition to investigating DC cellularity in NKG2A™" livers during Ad-OVA infection,
we evaluated the maturation status of CD11b" and CD103" DCs via expression of the
costimulatory receptors CD80 and CD86. Although equal in the naive livers, at 12 hpi
both the CD11b" and CD103" DCs in the NKG2A™ preferentially expressed higher levels
of CD86 when compared to the corresponding DC subset from B6 mice (Fig. 4.4.D-E.).
In contrast, although the CD103" DCs continue to express moderately enhanced CD86
expression in the NKG2A™ livers at 24 hpi, as measured by the MFI, the CD11b" DC
subset exhibit no differences in CD86 expression between the B6 and NKG2A™ mice.
Interestingly, whereas CD11b" DCs from the NKG2A™" livers exhibit no differences in
CD80 MFI at 12 hpi and 24 hpi, the CD103" subset exhibit significantly enhanced CD80

expression at 12 hpi, which returns to levels similar to the B6 mice by 24 hpi (Fig. 4.4.E).

NKG24" CD103" DCs prime OT-I T cells in vitro with higher efficiency than C56BL/6
CDI103" DCs.

Given that CD11b" and CD103" DCs from the NKG2A™ livers at 12 hpi expressed high
levels of costimulatory receptors, we next examined their capacity to activate antigen-
specific CD8" T cells. To this end, we sorted liver DCs from B6 and NKG2A™ mice
infected with Ad-OVA for 12 hours and analyzed their ability to support proliferative
expansion of OT-I CD8" T cells in vitro. As assessed by CFSE dilution, NKG2A™

CD103" DCs stimulated more potent proliferative responses than their B6 CD103" DC
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counterparts (Fig. 4.4.F.). This enhanced stimulatory capacity of NKG2A™ CD103" DCs
was also evident from the elevated numbers of total OT-I CD8" T cells recovered at the
end of the in vitro coculture (Fig. 4.4.G.). In contrast to the differences in OT-I CD8" T
cell expansion seen with the CD103" DC subsets, the CD11b" DCs from both the B6 and
NKG2A™ livers exhibited similar proliferative responses in OT-1 CD8" T cells in vitro
(Fig. 4.4.F-G.). Taken together, these findings suggest that CD103", but not CD11b"
DCs, from the NKG2A™" livers at 12 hpi are intrinsically better at appropriating and/or
presenting antigenic peptides to naive CD8" T cells when compared to the CD103" and

CD11b" DCs sorted from the B6 livers.

CD49a" ILCI are enhanced in number and IFNy production in NKG2A™" livers during
Adenovirus infection.

To identify what mechanism is controlling the distinctive DC phenotypes in the NKG2A"
" livers during Ad-OVA infection, we considered possible differences in the availability
of antigen, as it potentiates DC maturation and/or recruitment. When administered
systemically, the replication-deficient recombinant Ad-OVA is primarily cleared by liver
Kupffer cells, with the majority of residual virus entering hepatocytes via factor X/Ad5
complexes. In order to measure the viral burden in B6 and NKG2A ™" livers, we isolated
RNA from whole liver homogenates and quantified OVA mRNA via qRT-PCR. There
was no difference in OVA message at 3 dpi between the B6 and NKG2A ™ mice (Fig.
4.6.A.). The lack of differences in Ad-OV A burden early during infection suggests that
antigen availability is not contributing to enhanced DC cellularity or maturation in

NKG2A™ mice. We therefore evaluated differences in cytokines that regulate the
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maturation and function of DCs. The proinflammatory cytokine IFNy has been shown to
strongly activate naive DCs; quantification of IFNy mRNA in whole liver homogenates
using qRT-PCR revealed that in comparison to B6 mice, IFNy mRNA is increased at 3
and 6 dpi in NKG2A™ livers (Fig. 4.6.B.). These data suggest that IFNy production by a

local cellular source is increased in the absence of NKG2A.

We then considered liver-resident ILCs as the cellular source of IFNy as they express
high levels of NKG2A. We therefore characterized naive liver-resident ILCs in NKG2A"
" mice. Although there are no differences in the percentages of total ILCs from naive B6
and NKG2A™" livers, only NKG2A™ CD49a" ILC1 exhibit higher cellularity in the
steady-state (Fig 4.7.A-B.). In contrast, during Ad-OVA infection, the NKG2A™ livers
display an approximate 2-fold increase in the frequencies of total ILCs at 12 hpi and 24
hpi, when compared to B6 livers. However, unlike naive livers, both the CD49b" NK

cell and CD49a" ILC1 subsets isolated from infected NKG2A™" livers were significantly

increased in cellularity (Fig 4.7.A-B.).

To address the capacity of liver-resident ILC subsets to produce IFNy post-infection, we
first measured IFNy mRNA in sorted CD49b" NK cells and CD49a" ILC1 from B6 and
NKG2A™ livers at 12 hpi with Ad-OVA. Interestingly, CD49a" ILC1 from the NKG2A~
" livers exhibit enhanced IFNy expression when compared to the same subset isolated
from the B6 mice (Fig. 4.7.C.). In order to verify that the increase in IFNy transcript in
NKG2A™ CD49a" ILC1 was recapitulated at the protein level, we isolated total

mononuclear cells from B6 and NKG2A™" livers at 12 hpi and restimulated the ILCs with
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IL-12 and IL-18 in vitro. CD49b" NK cells express significantly higher IFNy when
compared to CD49a" ILC1; however, there were no differences in IFNy production in
either liver-resident ILC subset between B6 and NKG2A™ mice (Fig. 4.7.D. and Fig
4.8.A-B.). Previous reports have demonstrated that signals driving I[FNy production in
NK cells via stimulation with IL-12 and IL-18 can override the input of surface receptor
signals that induce IFNy. Therefore, we assessed the ability of hepatic ILCs to make
IFNYy in response to cellular targets, i.e. YAC-I T cell lymphoma. Accordingly, we
isolated mononuclear cells from B6 and NKG2A™" livers at 12 hpi, cultured them with
YAC-1 targets in vitro, and probed for [IFNy production in the ILC subsets. Compared to
B6 mice, CD49a" ILC1 from NKG2A™" livers produced more IFNy when stimulated with
YAC-1 targets. Interestingly, CD49b" NK cells from both B6 and NKG2A™ mice
exhibit moderately enhanced IFNy production following the YAC-1 restimulation (Fig.
4.7.E.). In sum, liver-resident NKG2A™ ILCs exhibit increased cellularity during Ad-
OVA infection, but display enhanced IFNy production only when restimulated with a
cellular target. Furthermore, assessing IFNy production in ILC subsets after IL-12 and
IL-18 restimulation overrides intrinsic differences in IFNy expression seen with surface

receptor signaling.

NKG2A4™" livers have increased OT-I T cell accumulation and IFNy production in vivo
To explore the impact of NKG2A deficiency in CD49a" ILC1 on naive CD8" T cells
responding to Ad-OVA infection in vivo, we adoptively transferred naive CFSE labeled
OT-I T cells into B6 and NKG2A™ mice one day prior to i.v. Ad-OVA infection and

analyzed the livers at 3 dpi for both the accumulation of OT-I T cells and their CFSE
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dilution profiles. Infected NKG2A™ T cell recipients displayed increased frequency and
total numbers of responding OT-I T cells in the livers at 3 dpi (Fig. 4.9.A-B.). Moreover,
the CFSE dilution profile of OT-I T cells in B6 and NKG2A™" recipients revealed a more
rapid division in the NKG2A™" livers (Fig. 4.9.A.). In addition to an accelerated rate of
proliferation, activated (responding) OT-I T cells isolated from the livers of NKG2A™
mice display increased capacity to secrete IFNy in terms of both cell frequency and MFI

upon in vitro stimulation with cognate synthetic peptide epitope (Fig. 4.9.C-D.).

Increased endogenous CD8" T cell accumulation in the NKG2A4™" livers during
Adenovirus infection

In view of the enhanced accumulation of OT-I T cells in the NKG2A™ livers at 3 dpi, it
was of interest to identify any potential differences in the endogenous CD8" T cell
response during hepatotropic viral infection. We therefore i.v. administered Ad-OVA
and assessed the kinetics of total and OV A-specific CD8" T cells from 3 dpi through 40
dpi. Although the frequencies of CD8" T cells in the spleens are not significantly
different between the B6 and NKG2A™ mice (Fig. 4.10.A.), the frequencies and numbers
of total and OV A-specific CD8" T cells are significantly increased in the NKG2A™ livers
starting at 6 dpi though 40 dpi (Fig. 4.10.B-D.). To corroborate that the endogenous
CDS8" T cell response recapitulates the OT-I transfer model (Fig. 4.9.) not only in
cellularity, but also in function, we restimulated the endogenous CD8" T cells with
cognate synthetic peptide and measured production of IFNy. As expected, the
endogenous CD8" T cells display an increased capacity to secrete IFNy, as measured by

frequency and MFI, upon in vitro stimulation with peptide at 6 dpi through 40 dpi (Fig
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4.11.A-B.). In addition to a heightened intrinsic ability to produce IFNy, the absolute
number of IFNy 'CDS8" T cells is also increased in the NKG2A™ livers (Fig. 4.11.C.).
Moreover, when compared to B6 mice, the [IFNy message quantified from whole-liver
homogenate at 6 dpi is increased in NKG2A™" livers (Fig. 4.6.B.). Interestingly, in
contrast to IFNy production, there appears to be no intrinsic difference in the endogenous
CD8" T cells’ ability to degranulate in either the B6 or NKG2A™ livers, as measured by
the frequencies of CD107a expression after similar restimulation (Fig. 4.11.D.).
However, it must be noted that the NKG2A™" livers accumulate a greater number of

CD107a"CD8" T cells from 9 dpi though 40 dpi (Fig. 4.11.E.).

Increased liver damage in the NKG2A4™" livers.

The influx of activated immune cells within the liver is typically accompanied by hepatic
damage. Given that the number of endogenous CD8" T cells was increased from 6 dpi to
40 dpi in the NKG2A™" liver, we expected to see increased hepatic damage in NKG2A™
mice. Not surprisingly, serum concentrations of alanine aminotransferase were increased
in NKG2A™ mice, which corroborated the increase in cellular infiltrate and tissue
damage with greater cellular infiltrate in livers seen by H&E staining (Fig. 4.12.A-B.). It
was of interest to assess the antigen burden during the endogenous CD8" T cell response
to Ad-OVA infection. We therefore measured the level of OVA message in the B6 and
NKG2A™ livers at 6 dpi by qRT-PCR, and found that the NKG2A™" mice exhibit
decreased OVA message at 6 dpi, suggesting that the enhanced CD8" T cell accumulation

is driving faster viral clearance (Fig. 4.12.C.).
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Discussion

In the present study, we examined the role of NKG2A " liver-resident innate lymphoid
cells 1 (ILC1) in governing CD103" DC activation, leading to the functional induction of
anti-viral CD8" T cells during hepatotropic viral infection. We have recently
demonstrated that liver-resident CD103" DCs act locally as potent APCs early in Ad
infection. Moreover, NK cell-mediated control of DC activation is a well-established
phenomenon. However, the influence of liver-resident ILC subsets, namely ILC1, on DC
activation in the liver during viral infection is not known. We found that depleting ILCs
using the anti-aGM1 antibody prior to Ad infection leads to a significant loss of DC
accumulation in the liver at 2 dpi, indicating the requirement for ILC help to efficiently
activate DCs in vivo. Interestingly, depleting ILCs shortly following Ad infection
enhances DC accumulation in the liver at 2 dpi, suggesting that resident ILCs have dual
functional roles during infection and may be instrumental in dampening the immune
response after initial activation (Fig. 2). By employing KLRCI-deficient mice, which
globally lack expression of NKG2A, we demonstrate that liver-resident NKG2A ™ ILC1
play a critical role in suppressing an optimal CD8" T cell response to hepatic Ad
infection, as NKG2A™ ILC1 confer CD103" DCs with an enhanced ability to induce anti-
viral CD8" T cells (Fig 3F). We further demonstrate that NKG2A signaling in liver-
resident ILC1 via crosslinking with Qa-1b on cellular targets contributes to a reduction in
their IFNy production during Ad infection (Fig 4E). Lastly, we find an increased
endogenous anti-viral CD8" T cell response specifically in the NKG2A™" livers, with
heightened IFNy production, starting at 6 dpi through 40 dpi (Fig 7). Indeed, using

histological staining we find enhanced liver cellular infiltrate, increased tissue damage as
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measured by serum ALT levels, and a decreased viral load by 6 dpi in NKG2A™ livers

(Fig. 8).

In a previous study, we reported that when compared to splenic NK cells, hepatic ILCs
are unique in their enhanced expression of the inhibitory receptor NKG2A and exhibit
poor IFNy production upon IL-12 and IL-18 restimulation. We further demonstrated that
liver ILCs transferred intravenously preferentially home back to the liver, suggesting that
resident ILC subsets possess unique receptors that target liver-parenchymal ligands.
Indeed, recently published inquiries substantiate that liver-resident ILC1, formally
annotated as traditional NK cells, express the alpha-2 integrin CD49a. Consistent with
these investigations, we confirm the presence of a liver-resident CD49a" ILC1 population
that, expectedly, exhibits high expression of NKG2A in the steady-state (Fig 1A). We
additionally find that the majority of CD49a" ILC1 constitutively express the alpha X
integrin CD11c¢ in the steady-state, suggesting that ILC1 may use additional integrins to
trap in the liver tissue. Examining the relationship between ILC1 and the liver
parenchyma using collagenase IV to disrupt tissue architecture, we find that increased
enzymatic exposure led to increased ILC1 extraction (Fig 1A, B). We also demonstrate
by fluorescent microscopy and in situ antibody tagging for flow cytometric analysis that
CD49a" ILC1 represent the major ILC subset and preferentially reside in the perivascular
spaces in the portal triads of the liver (Fig 1 C, D). The finding that both CD103" DCs
and CD49a" ILC1 localize to similar anatomical sites was compelling evidence that liver-
resident ILC1 may readily potentiate the function of CD103" DCs during hepatotropic

viral infection. Furthermore, the ability of NK cells to associate with DCs during
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inflammation was verified by their trogocytosis of surface receptors, i.e. MHC-II, from
activated DCs. Batf3-deficient (Batf3™) mice exhibit a selective loss of CD103" and
CD8a" DC subsets. Further confirming the association of ILC1 with CD103” DCs during
Ad infection, the Batf3”" mice display a loss of MHC-II uptake by liver-resident ILCs
(Fig. 2A). Liver-resident ILC1 also express high levels of CD69 in the steady-state (Fig.
1A). It is interesting to note that CD69 is structurally related to CD94 and NKG2A, and
that these proteins can be found in close proximity to each other on chromosome 6 in the
murine genome. Traditionally, CD69 is considered an early maker of NK activation;
however, its constitutive expression by hepatic ILC1 suggests that they may be
continuously held in an activated state, albeit naturally inhibited by the correlating high

expression of the inhibitory receptor NKG2A.

To further investigate the role of NKG2A" ILC1 in controlling hepatic-resident DC
activation and accumulation during Ad infection, we analyzed CD11b" and CD103"
subsets at 0, 12, and 24 hpi. It was unexpected to find that hepatic DCs exhibit increased
cell numbers in the NKG2A™ livers at steady-state. The liver continually receives
immunogenic antigens from the portal blood draining the gastrointestinal tract. Due to
the high exposure to constituents derived from commensal organisms and other non-
pathogenic oral antigens, it is possible that liver-resident DCs are in a continuous state of
activation and proliferation. Without suppression of local DCs attempting to initiate pro-
inflammatory immune responses, the liver would be held in a state of hyperactivation,

tissue stress and overall organ failure. It is conceivable that liver-resident ILC1
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perpetually assess the status of local DCs, having the power to eliminate unwarranted

responses by regulating DC numbers and activation.

Using the expression of the costimulatory receptors CD80 and CD86 as a readout for DC
activation, we demonstrate a marked increase in CD86 MFI in both CD11b" and CD103"
DCs in the NKG2A™" livers, but a selective upregulation of CD80 in NKG2A™ CD103"
DCs at 12 hpi. Furthermore, when we sorted CD11b" and CD103" DCs from B6 and
NKG2A™ livers at 12 hpi and set them, in equal ratios, against CSFE* OT-I T cells in
vitro for 4 days, only the NKG2A™ CD103" DCs were capable of inducing enhanced OT-
I accumulation when compared to B6 CD103" DCs. It is possible that the enhanced
expression of both CD80 and CD86 are required for the robust OT-I accumulation found
in cultures with NKG2A™ CD103" DCs. However, CD8a" and CD103" DCs are
considered the primary APCs cross-presenting acquired antigen to naive CD8" T cells,
suggesting that it is also feasible that CD103" DCs in the NKG2A™ livers are inherently

better at antigen uptake and/or processing when compared to the CD11b" subset.

Liver-resident CD103" DCs are capable of priming anti-viral CD8" T cells in situ.
Indeed, as naive CDS" T cells only require initial Ag exposure to begin the process of
their clonal expansion, it is possible that in addition to the intrinsically enhanced state of
maturation by resident DCs, simply having more readable APCs available for Ag
presentation during the OT-I T cell adoptive transfer model may be significantly
contributing to the enhanced number of activated OT-I T cells found in the NKG2A™

livers at 3 dpi (Fig. 5). Although we did not explore whether liver-resident ILC1 are
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mediating OT-1 T cell production of IFNy directly or through DC intermediates, the role
of NKG2A" ILCs on global suppression of anti-vial immune responses in the liver is

exciting for possible therapeutic applications.

It is thought that the concentration of inflammatory cytokines required to initiate a robust
immune response in stressed tissues is not linear, but sigmoidal in nature, where a
specific concentration of cytokine overcomes inhibition, leading to robust immune
responses. The enhanced IFNy production via surface receptor signaling in NKG2A™
CD49a" ILC1 suggests that NKG2A " ILC1 are naturally inhibited from producing high
levels of IFNy, thereby limiting the concentration of IFNy required for local CD103" DC
activation. Recent reports suggest that the induction of IFNy expression by surface
receptor-ligand interaction on ILCs can be overridden by the presence of cytokines.
Consistent with these findings, we demonstrate that the contribution of NKG2A mediated
signaling in suppressing IFNy production is nullified by IL-12 and IL-18 restimulation
(Fig. 4D). As we demonstrate increased IFNy message in whole liver homogenate and
sorted CD49a" ILC1 from the NKG2A™ mice early in Ad-OVA infection, it is likely that
the contribution from cellular targets inducing ILC1 IFNy production is the primary
mechanism controlling the levels of IFNy in the NKG2A™" livers. However, the presence
of higher levels of IL-12 and IL-18 in the NKG2A™ livers driving IFNy expression has

not been ruled out.

At present, there is an urgent need for vaccines capable of inducing robust and

sustainable CD8" T cell responses to chronic or persistent hepatic infections. We
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demonstrate enhanced endogenous CD8" T cell responses, which express significantly
higher levels of IFNy, specifically in the NKG2A™" livers starting at 6 dpi through 40 dpi.
Recent literature has shown that CD11b" DCs play crucial roles in the production of
memory anti-viral CD8" T cells. Although we find that CD103" DCs contribute to the
activation and accumulation of CD8" T cells early in Ad-OVA infection, it is possible
that CD11b" DCs are regulating the increased number of CD8" T cells seen at 40 dpi in
the NKG2A™ livers. Therefore, it is of interest to explore the nature of each liver-
resident DC subset and their individual contribution to anti-viral CD8" T cells in the liver
during to the course of hepatotropic viral infections. Lastly, blocking NKG2A on ILC1
in parallel with Ag delivery to hepatic resident DCs could significantly contribute to an
effective vaccine that generates sustainable CD8" T cell responses required for the

elimination of elusive hepatic pathogens.
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Figure 4.1. CD49a" ILC1 are the major liver-resident ILC subset in the steady-state.
(A —B) 8 — 12 week old C57BL/6 livers were perfused, digested for 0, 10, 20, or 30 min.
in Collagenase IV at 37°C, and the mononuclear cells isolated by density gradient
centrifugation. (A) Using flow cytometry, representative resident CD3s'NK1.1" group 1
ILC populations, gated from debris and doublet excluded CD45" cells, are discriminated
by CD49a and CD49b surface expression. (B) Fluorescence microscopy on a naive liver
section stained for CD49a" ILC1 using antibodies for CD31 (blue), CD49a (red) and
NKp46 (green). (C) C57BL/6 livers with perfused with PBS followed by injection of
anti-CD103 and anti-CD45 into the portal vein (x-axis). Representative flow plots of
resident CD11c"MHC-II"CD103" DCs and CD3g'NK1.1" group 1 ILCs gated from re-
stained anti-CD45 population (tagged with a different fluorochrome) after mononuclear
cell isolation via density gradient centrifugation. Ex vivo anti-CD103 staining was tagged
with a different fluorochrome than in situ administered anti-CD103. (2 independent

experiments, n = 4).
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Figure 4.2. Group 1 ILCs activate liver-resident DCs during Adenovirus infection.
(A) Using flow cytometry, representative CD45" liver mononuclear cells stained for anti-
MHC-II and anti-NKp46 from C57BL/6 or Batf3™" livers. (3 independent experiments, n
=9). (B — C) Graphical representation(s) of (B) cellularity and (C) flow plots for total
liver MHC-II"CD11¢", CD11b'CD103", and CD103'CD11b" DCs from C57BL/6 mice
that received 300ug anti-IgG (i.v.) or anti-aGM1 (i.v.) at -48 hours prior to, or 300ug
anti-aGM1 (i.v.) at 12 hours post infection with 2.5 x 10’ IU Ad-OVA (i.v.). (2
independent experiments, n = 6). Student’s t test (two-tailed): *p < 0.05, ***p < 0.001,

n.s. not significant. Mean + SEM.
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Figure 4.3. Hepatic-resident CD49a" ILC1 express elevated NKG2A. (A)
Representative CD45 CD3g NK1.1" group 1 ILC dot plots stained for NKG2A in
C57BL/6 spleen, bone marrow, lung, kidney, and liver. (B) Representative CD45 ' CD3¢’
NKp46" group 1 ILC dot plots stained for NKG2A/C/E and CD94 in C57B1/6 and
NKG2A ™" livers. (C) Relative gRT-PCR for NKG2A message from C57B1/6 and
NKG2A ™" sorted liver CD49a" ILCI. (2 independent experiments, n = 3 mice per

experiment).
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Figure 4.4. Enhanced hepatic-resident DC numbers with enhanced priming by
CD103" DCs in NKG2A™ mice during Ad-OVA infection. (A — E) CD45 MHC-
IMCD11c" liver-resident DCs in naive and 2.5 x 10’ IU Ad-OVA (i.v.) infected C57B1/6
and NKG2A™ mice (representative of 2 independent experiments, n = 3 — 4 mice per
experiment). (A — C) Representative (A) MHC-II"CD11c" and (C) CD11b" versus
CD103" DC dot plots in C57BL/6 and NKG2A™ livers at 0, 12, and 24 hpi. (C)
Graphical representation of total, CD11b", and CD103" DC absolute numbers in
C57BL/6 (bold lines) and NKG2A™" (dotted lines) livers at 0, 12, and 24 hpi. (D)
Representative CD80 and CD86 histograms from CD11b" and CD103" C57BL/6 (black)
and NKG2A™ (grey) liver DCs at 12h hpi. (E) Graphically quantified mean fluorescence
intensity (MFT) of CD80 and CD86 from CD11b" and CD103" C57BL/6 (black) and
NKG2A™" (grey) liver DCs at 0, 12, and 24 hpi. (F — G) Representative divided OT-I (F)
CFSE dilution histograms and (G) quantified cell numbers (via counting beads,
Spherotech™) from cocultures of FACs sorted CD11b" and CD103* DCs, from 12 hours
2.5x 10" IU Ad-OVA infected (i.v.) C57Bl/6 (black) and NKG2A™ (white) livers, to
OT-Is at a ratio of 2 x 10* : 2 x 10° for 4 days at 37°C (representative of 2 independent
experiments done in triplicate). Student’s t test (two-tailed): *p < 0.05, **p < 0.01, n.s.

not significant. Mean + SEM.
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Figure 4.5. Liver-resident DCs lack NKG2A but express Qalb. (A — C) C57B1/6 and
NKG2A™ mice infected with 2.5 x 107 IU Adenovirus-OVA (i.v.) (representative of 2
independent experiments, n = 3 mice per experiment). (A) Representative flow plots of
total liver CD45" mononuclear cell and MHCIICD11¢" DC NKG2A expression at 2
dpi. (B) Relative qRT-PCR for Qa-1b message from 12 hpi sorted CD11b" and CD103"
liver-resident DC subsets. (C) Representative flow plots of Qalb expression on liver-

resident CD11b" and CD103" DC subsets as12 hpi.
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Figure 4.6. Similar viral-load in NKG2A™ livers at 3 dpi with Ad-OVA. (A —B)
C57BL/6 and NKG2A-/- mice infected with 2.5 x 10" IU Adenovirus-OVA (i.v.)
(representative of 4 independent experiments, n = 3 mice per experiment). (A) Relative
qRT-PCR for OVA message from 1 gram of liver homogenate at 3 dpi. (B) Relative

qRT-PCR for IFNy message from 1 gram of liver homogenate at 3 and 6 dpi.
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Figure 4.7. Enhanced CD49a" ILC1 number and IFNy production in NKG2A™
livers during Ad-OVA infection. (A — B) Representative (A) CD45 CD3e NKp46"
liver-resident group 1 ILC dot plots and (B) quantified cellularity of total group 1 ILCs,
CD49a" ILC1, and CD49b" NK cells from naive and 2.5 x 10’ IU Ad-OVA (i.v.) infected
C57Bl/6 and NKG2A™ livers (representative of 2 independent experiments, n = 3 — 4
mice per experiment). (C) Relative qRT-PCR for IFNy message from C57Bl/6 and
NKG2A™ sorted liver CD49a* ILCI at 12 hpi with 2.5 x 10’ IU Ad-OVA (i.v.). (D —E)
Representative flow plots for IFNy from 12 hpi (2.5 x 10’ TU Ad-OVA (i.v.)) C57BL/6
and NKG2A™" liver CD49a" ILC1 and CD49b" NK cells restimulated with (D) 100ng IL-
12/IL-18 or (E) 1:1 YAC-1 cells for 5 hr. at 37°C. (representative of 2 independent
experiments, n = 3 mice per experiment). Student’s t test (two-tailed): *p < 0.05, **p <

0.01, n.s. not significant. Mean + SEM.
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Figure 4.8. NKG2A™ liver-resident group 1 ILC exhibit no differences in IFNy
production after IL-12 and IL-18 restimulation. (A — B) Liver-resident group 1 ILC
IFNy production after restimulation with 100ng IL-12/IL-18 for 5 hr. at 37°C from
C57BL/6 and NKG2A™ mice infected with 2.5 x 10’ IU Adenovirus-OVA (i.v.)
(representative of 3-4 independent experiments, n = 3 mice per experiment). (A)
Representative flow plots of IFNy at 3 dpi. (B) Quantified frequencies of [FNy from 3 —

40 dpi.
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Figure 4.9. Enhanced antigen-specific CD8" T cells in NKG2A™ livers during Ad-
OVA infection. (A — D) 2 x 10° naive CFSE" OT-I cells were transferred via the tail vein
into C57B1/6 and NKG2A™ mice 1 day prior to 2.5 x 10’ TU Ad-OVA infection (i.v.)
(representative of 3 independent experiments, n = 3 mice per experiment). (A)
Representative CD45 CD8a Thy1.1" OT-I flow plots and CFSE dilution histograms
from C57BL/6 (black) and NKG2A™ (grey) livers at 3 dpi. (B) Quantified OT-I CD8" T
cell frequencies and cellularity from C57B1/6 (black) and NKG2A™" (white) livers at 3
dpi. (C — D) Representative IFNy" OT-I (C) flow plots and (D) frequencies and mean
fluorescence intensity (MFI) from C57Bl/6 (black) and NKG2A™" (white) livers at 3 dpi.

Student’s t test (two-tailed): *p < 0.05, **p < 0.01, n.s. not significant. Mean + SEM.
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Figure 4.10. NKG2A™ mice exhibit increased hepatic CD8" T cells during Ad-OVA
infection. (A — G) C57Bl/6 and NKG2A ™" mice infected with 2.5 x 10’ IU Adenovirus-
OVA (i.v.) (representative of 2 independent experiments, n = 3 — 4 mice per experiment).
(A) Representative splenic and liver Thy1.2" T cell flow plots stained for CD4" and CD8"
surface expression at 9 dpi. (B) Quantified frequencies from C57BI1/6 (bold lines) and
NKG2A™" (dotted lines) spleens and livers at 0, 3, 6, 9, and 40 dpi. (C) Representative
liver OVA""CDS8" T cell dot plots and (D) quantified total liver CD8" and OVA*'CD8"
T cell numbers at 6, 9, 12, and 40 dpi. Student’s t test (two-tailed): *p < 0.05, **p < 0.01,

**%p <0.001. Mean + SEM.
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Figure 4.11. NKG2A™ mice exhibit increased hepatic IFNy" and CD107a* CD8" T
cells during Ad-OVA infection. (A — F) C57B1/6 and NKG2A™ mice infected with 2.5
x 10" TU Adenovirus-OVA (i.v.) (representative of 2 independent experiments, n = 3 — 4
mice per experiment). (A — B) Representative liver IFNy CD8" T cell (A) flow plots and
(B) absolute numbers from total Thy1.2" cells at 6, 9, 12, and 40 dpi. (C) Quantified
IFNy mean fluorescence intensity (MFI) at 6 dpi. (E — F) Representative liver
CD107a"CD8" T cell (E) flow plots and (F) absolute numbers from total Thy1.2" cells at

6,9, 12, and 40 dpi. Student’s t test (two-tailed): *p < 0.05, **p <0.01, Mean + SEM.
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Figure 4.12. Enhanced tissue damage and cellular infiltrate in NKG2A™ livers
during Ad-OVA infection. (A — C) C57B1/6 and NKG2A™ mice infected with 2.5 x 107
IU Adenovirus-OVA (i.v.) (representative of 2 independent experiments, n = 3 — 4 mice
per experiment). (A) Alanine aminotransferase (ALT) levels from serum at 7 dpi. (B)
H&E staining of liver tissue at 6 dpi. (C) Relative qRT-PCR for OVA message from 1
gram of liver homogenate at 6 dpi. Student’s t test (two-tailed): ***p <0.001. Mean *

SEM.
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Chapter 5: Conclusions and Future Directions

The molecular and cellular machinery controlling immunosuppression in the liver are of
great interest to immunologists investigating potential therapeutic targets designed to
disrupt the natural state of hyporesponsiveness, where the general strategy is to tip the
immunologic balance away from tolerance. Although, the alternative approach has been
gaining favor in recent years, where therapeutically enhancing the inherent potential for
robust immune responses could prove successful. Next generation vaccine development
seems to be moving in this direction, i.e. crosslinking specific TLR’s to induce unique
and regulated states of activation. Moreover, combinational therapies have recently
proven to be incredibly successful in controlling chronic infections, including HIV and
HCV, suggesting they are the logical next step in designing effective medicine for
persistent hepatotropic pathogens. The rationale for my thesis work was to explore the
early immunological events contributing to anti-viral responses in the liver. To do this I
first probed the liver-resident APCs required for priming robust and sustainable anti-viral
CD8" T cell responses (Chapter 3), and followed up by investigating how the liver has
evolved to suppress the activation of those APCs (Chapter 4). In combination, future
therapeutics directed from both angles could prove advantageous in driving robust
immune responses required to eliminate or successfully vaccinate against deleterious
hepatotropic pathogens. My data suggests targeting antigen to hepatic CD103" DCs
while inhibiting ILC1 NKG2A signaling is a promising approach for inducing robust and

sustainable anti-viral CD8" T cell responses in the liver.

Liver-resident DCs
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It is widely accepted that non-hematopoietic parenchymal cells prime unsustainable anti-
viral CD8" T cells that lack strong effector profiles. However, the liver is able to mount
robust anti-viral CD8" T cell responses, suggesting alternative APCs are required for
effective anti-viral immunity. DCs exhibit the fundamental features necessary to induce
sustained CD8" T effector cells, suggesting they are important APCs for successful anti-
viral immunity in the liver. Previously published data demonstrating that hepatic DCs are
poor APCs has discouraged further investigation into how these cells control anti-viral
responses in the liver. However, recently developed genetically modified mouse models
lacking specific DC subsets allow us to readdress the functional contribution of liver-
resident DCs on anti-viral immunity. Using Batf3”~ and CCR7"" mice, I demonstrate that
CD103" DCs are highly immunogenic APCs capable of priming naive CD8" T cells

directly in the liver parenchyma during an Ad-OVA infection model.

Published reports suggest CD103" DCs are a minor population in naive mouse livers.
However, these findings failed to consider the importance of mononuclear cell isolation
strategies in skewing the representation of intra-hepatic leukocyte profiles. For this
reason I first optimized the isolation method to more accurately assess the DC repertoire,
finding that disruption of liver tissue with digestion enzymes is necessary to efficiently
dissociate all DC subsets. Comparing anti-CD45 magnetic cell sorting and histodenz
gradient centrifugation after various digestion times with collagenase IV suggested that
isolated DCs are best represented using flow cytometry after 30 min. digestion with
gradient centrifugation, where there is optimal cellular dissociation with minimal death. I

therefore used this isolation method for the duration of my investigations. As such we
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fully characterize liver-resident DCs in the steady-state and found that the CD103" subset

is indeed the dominant DC population by frequency and cellularity.

The hepatic DC profiles are merely ancillary data to whether diverse DC subsets exhibit
unique functional capacity to present antigen to cognate naive CD8" T cells. I therefore
cell sorted liver-resident DC subsets and set them against naive antigen-specific CD8" T
cells in vitro for 4 days, after pulsing the DCs with peptide that can be presented to
activate those T cells. The enhanced recovery of divided CDS8" T cells from the CD103"
DC cocultures, as compared to the CD11b" DCs or pDCs cocultures, suggest that liver-
resident CD103" DCs exhibit superior potential to prime naive CD8" T cells when
compared to other liver DC subsets. However, this strategy for assessing hepatic DCs
intrinsic ability to potentiate naive CD8" T cell activation limits my interpretation of the
results, where I am unable to address whether CD103" DCs are priming a greater number
of naive CD8" T cells early in activation, only merely sustainable CD8" T cells that can
be recovered by 4-days in coculture. Furthermore, using the 4-day time point inhibits my
ability to assess functional responses of the activated CD8" T cells, as it is unlikely these
cells are receiving TCR stimulation due to the loss of available antigen. It would be
interesting to kinetically assess CD8" T cell activation during the in vitro cocultures. If
CD103" DCs are able to induce potent naive CD8" T cell activation leading to increased
accumulation at 1, 2, and 3 days in coculture, the data would support an enhanced ability
by CD103" DCs to prime naive CD8" T cells. In contrast, if CD11b" DCs lead to equal
or increased accumulation at 1 day in coculture, the data would suggest that CD103" DC

primed CD8" T cells exhibit superior survival when compared to CD11b" DC primed
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CD8" T cells. Lastly, assessing the functional capacity of activated CD8" T cells, i.e.
IFNy expression, at 1 or 2 day cocultures would be valuable information for
understanding the different contributions of hepatic DC subsets on controlling activated

CDS8" T cell effector functions.

Indeed, the lack of functional differences, as qualified by IFNy and GrB expression, in
activated CD8" T cells from Ad-OVA infected B6 or Batf3”" livers makes it difficult to
assess the in vivo contribution that CD103" DCs may impart on anti-viral CDS" T cells’
effector status. There is discrepancy in the data, where I do see suppressed IFNy CD8" T
cells in the Batf3"" livers during MCMV-OVA infection, suggesting CD103" DCs are
indeed promoting robust and sustainable anti-viral CD8" T cells in this model. As Ad-
OVA is a replication defective virus, it is possible that this discrepancy is due to lack of
active viral replication. Furthermore, we have not probed for the effector status of CD8"
T cells at 1 dpi during Ad-OVA infection, where we do not see any difference in CD8" T
cell accumulation in the B6 or Batf3™ livers. Therefore we cannot accurately speculate
on the contribution of non-CD103" DC APCs on controlling CD8" T cell effector
functions in the Batf3” early in infection. However, even though we see no differences
in viral load, as assessed by qRT-PCR for Ad-Hexon, it is possible that the effector
function of CD8" T cells primed by alternative APCs is enhanced in the Batf3™ prior to 3
dpi. This is an intriguing notion, where it has recently been demonstrated that LSEC
mediated priming of anti-viral CD8" T cells leads to high expression of GrB production
via IL-6 cross presentation, albeit with survival limited to less than 18 hpi. It is also

worth noting that CD103" and CD11b" DC subsets express unique TLR profiles, yet we
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believe this bares no significance on the CD8" T cell effector status, as Ad virus has been
demonstrated to activate DCs independently of TLR crosslinking. However, MCMV is
highly sensitive to TLR stimulation, possibly accounting for the loss of IFNy by anti-viral
CD8" T cells in the Batf3™" livers during MCMV-OVA infection. Further investigation is
necessary to more fully assess the capacity of hepatic CD103" DCs have on controlling
CD8" T cell effector functions. We propose using a replication-competent Ad virus in
the Batf3™ to verify if active Ad production leads to decreased IFNy expression by
activated CD8" T cells, as seen in the MCMV-OVA model, or if the Ad virus itself is

overriding any differences in CD103" DC control on CD8" T cell function.

We believe that the lack of differences in activated CD8" T cell accumulation in the
CCR7"" mouse model is compelling evidence for in situ priming by liver-resident DCs.
We further verified in situ priming by CD103" DCs by blocking naive CDS8" T cells from
entering secondary LNs in splecnetomized B6 and Batf3”" mice. However, a better way
to limit naive CD8" T cells from entering secondary lymphoid sites is to use the LTBR
blockade model, in which pregnant mice administered anti-LTBR birth pups lacking LNs.
Using splenectomized and anti-LTBR treated B6 and Batf3"" mice would nicely verify

that any differences in CD8" T cell accumulation are truly liver specific.

Although we attempted to assess the homing status of activated CD8" T cells in the
Batf3™ by investigating the status of various integrins and chemokine receptors, we were
unable to detect any differences in homing potential at the time points analyzed. In

addition to possible mediators of liver residency, we probed for CD103°CD8" T cells, the
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common marker demarcating resident-memory (Trm), in the Batf3”" during Ad-OVA
infection. We were unable to detect CD103 expression on CD8" T cells during the first 3
days of infection. We propose investigating CD8" T cells at later times to determine if
CD103" DCs are contributing to the formation of Trm anti-viral CD8" T cells, or
induction of unique liver-specific homing receptors. These experiments could potentially
enhance the significance of liver-resident CD103" mediated CD8" T cell priming, as it is
possible vaccine strategies targeting DCs in the periphery induce poor liver specific

homing.

It is also worthwhile to note that without the availability of a genetically modified mouse
model specifically deficient in CD11b" DCs, it is currently difficult to assess the
contribution that hepatic CD11b" DCs have on anti-viral CD8" T cell priming,
accumulation, or effector function. When this mouse model, or other specific CD11b"
DC depletion technique(s), becomes available in the future, it will be exciting to

investigate their individual contribution to anti-viral CD8" T cell responses in the liver.

Liver-resident Group 1 ILCs

Our lab recently published a beautifully detailed report on the phenotypic and functional
features of liver-resident NK cells in the steady-state. Although the field had yet to
establish the unique ILC1 subset in the liver, many of the key findings from that
investigation introduced the possibility of hepatic specific NK cells. Most notably it
suggested liver-resident NK cells exhibit unique requirements for liver homing, where

adoptively transferred hepatic NK cells demonstrated significant preference for returning
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to the liver. Indeed, the unique chemokine expression profile by liver-resident ILC1
satisfies our lab’s previous findings. Furthermore, the enhanced expression of NKG2A,
but limited Ly49 receptors expression by hepatic NK cells is now verified to specifically
demarcate the ILC1 subset. Although liver ILC1 have been reported in multiple studies,
their functional contribution to the anti-viral responses in the liver have yet to be
explored. It is well established that NK cells are able to control DC fates via their ability
to both express pro-inflammatory mediators used to activate immature DCs, and suppress
DCs via direct killing. Therefore it was of interest to assess the functional contribution of
liver-resident ILC1 on controlling hepatic DCs during Ad-OVA infection; where I
demonstrate that NKG2ATLC1" are inhibited in their ability to produce IFNy required to
promote efficient CD103" DC activation and subsequent naive anti-viral CD8" T cell

priming.

As liver ILC1 have only recently been identified, their localization in the liver is not
known. Using florescence microscopy I demonstrate that ILC1 preferentially localize
near CD103" DCs in the marginal zones surrounding the portal triads. Moreover, ILC1
express high levels of CD69, CD44, and GrB, suggesting they are continuously activated
and capable of immediate cellular target killing. As I demonstrate liver-resident CD103"
DCs initiate a robust CD8" T cell response during Ad-OVA infection, the balance
between immunogenic or tolerogenic responses in the liver may be determined by the
outcome of ILC1-DC crosstalk, where CD103" DCs have to avoid ILC1 mediated
cytotoxity to promote anti-viral CD8" T cell activation. Although, upon group 1 ILC

depletion, I demonstrate that liver-resident DCs exhibit dampened accumulation.
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Therefore, it is possible that CD103" DCs also require ILC1 help to fully activate during
viral infections. As ILC1 express high levels of NKG2A in the steady-state, it was of
interest to assess the contribution of NKG2A signaling on controlling ILC1 function and

subsequent DC activation during Ad-OVA infection.

NKG2A™ infected with Ad-OVA exhibit enhanced adoptively transferred and
endogenous anti-viral CD8" T cells in the liver. My data suggests that ILC1 signal
through NKG2A to dampen IFNy production, where restimulation of NKG2A™ ILC]1
with cell targets enhances their ability to express IFNy. I hypothesize that heighted IFNy
levels in the NKG2A™" livers is promoting the capacity for CD103" DCs to prime naive
CD8" T cells during Ad-OVA infection. However, further experiments dissecting the
role of IFNy levels on promoting DC activation are required. I propose exploring the
requirement of IFNy on DC activation during Ad-OVA by first administering [FNy
blocking antibodies in B6 mice prior to infection. If indeed IFNYy is necessary for hepatic
DC maturation, we should expect to see limited DC accumulation/activation in IFNy
blocked mice. These data would suggest attempting the gain of function experiment,
where administering exogenous IFNy to B6 mice should enhance DC activation during
Ad-OVA infection. It then becomes imperative to determine that indeed the enhanced
production of IFNy by NKG2A"" ILC1 is alone contributing to DC activation. Utilizing
ILC1 IFNy™ is the ideal approach, however due to the lack of an ILC1 targeted Cre
currently voids this strategy. Global IFNy'/' mice are known to exhibit multiple
phenotypic concerns, including poor NK cell development, and will not help in

determining ILC1 specific production of IFNy. However, in vitro experiments
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investigating ILC1 mediated activation of hepatic DCs could help support my hypothesis,
where blocking and/or adding exogenous IFNy in NK-DC cocultures may recapitulate the
in vivo data. Lastly, assessing the IFNy signaling events in hepatic DCs may support that
indeed increased IFNYy is contributing to the NKG2A™ DC phenotype. IFNy signals
through the IFNyYR via STAT1 homodimers to promote IFNy stimulated genes, where
both targets should be analyzed in sorted DCs from the Ad-OVA infected B6 and

NKG2A™ mice.

There are additional caveats in my interpretation of NKG2A™" data that must be
addressed. One point of concern is that the NKG2A™ mouse is on the B6 genetic
background, but due to linkage disequilibrium, has retained the natural killer complex
(NKC) from the 129/SvJ founder background. The NKC is a genetic region on
Chromosome 6 that codes for the majority of NK cell receptors, including Ly49,
NKG2A, and CD69. The Ly49 receptor profiles are is diverse, including allelic
differences, between the B6 and 129 backgrounds. As MHC-I binding Ly49 receptors
are known to license NK cells, comparing the NKG2A™ mice to the B6 background does
not control for potential licensing differences. However, it is important to note that ILC1
express limited Ly49 receptors suggesting their contribution to ILC1 function may be
inconsequential on DC activation in the NKG2A™" livers. Nonetheless, to more carefully
control for the NKC differences between the B6 and NKG2A™ mice, further data
verifying NKG2A’s specific contribution is needed. I propose comparing Ad-OVA

infection in the NKG2A™ mice to a B6 mouse expressing the 129 or 129-like NKC.
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Another important stipulation in my interpretation of the presented results is that I have
not assessed the ability for NKG2A™ group 1 ILCs to lyse cellular targets. NK cells are
able to efficiently kill immature DCs during viral-infections. Furthermore, ILC1 express
high levels of cytolytic granule proteins, including GrB. It is entirely possible that liver-
resident NKG2A™ ILC1 are unable to kill immature CD103" DCs. Previous reports have
demonstrated that inhibitory NK receptors are important in polarizing lytic-protein
containing granules. NKG2A may be required for targeting ILC1 lytic-proteins, where
NKG2A"" ILC1 are unable to polarize and degranulate. I propose two experiments to
assess the capacity for NKG2A™ ILC1 to kill; in vitro, and in vivo cytotoxicity assays.
Cell sorting ILC1 from B6 and NKG2A™ livers infected with Ad-OVA and setting them
against varying concentrations of MHC-I deficient targets, i.e. YAC-1, will help
determine if NKG2A™ ILC1 exhibit cell killing differences. Lastly, transferring equal
numbers of MHC-I competent RMA and MHC-I deficient RMA-S cells into B6 and
NKG2A™ mice will verify any potential killing differences group 1 ILCs may exhibit in
vivo. If indeed there are intrinsic deficiencies in NKG2A™ mice to kill MHC-I deficient

targets, the recovered RMA-S cells will be fewer from the NKG2A™" mice.

In conclusion, the data presented here demonstrate that hepatic CD103" DCs are
contributing to the liver’s ability to mount robust anti-viral CD8" T cell responses in an
Ad-OVA infection model. It further suggests that hepatic ILC1 are actively suppressing
CD103" DC activation via inhibited IFNy production mediated by NKG2A signaling. In
sum, these data help elucidate not only how the liver suppresses anti-viral immune

responses, but how it is able to switch away from an immunosuppressive environment to
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a pro-inflammatory tissue required for successful hepatotropic viral clearance. Taken
together, these data raises the possibility for an exciting therapeutic approach for
developing next generation vaccines, i.e. targeting antigen to hepatic CD103" DCs while
inhibiting ILC1 NKG2A signaling in order to induce a more robust and sustainable anti-

viral CD8" T cell response.
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