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ABSTRACT

The increasing threat of epidemic and pandemic influenza underscore the need to
better-understand the immune response to influenza virus infections and to better
understand the factors that contribute to the clearance of virus without complications of
immunopathology. A hallmark of the adaptive immune response to primary influenza
virus infections is the induction of influenza-specific CD8" T cell responses. These T
cells target and kill influenza-infected epithelial cells in the airway, thereby clearing the
virus and allowing recovery of the infected host.

Recent reports demonstrated that CDS" T cells express TNF-related apoptosis-
inducing ligand (TRAIL) after influenza virus infection. While roles for
perforin/granzyme and Fas:FasL interactions in clearing influenza virus infections had
been established, little was known about the role of TRAIL in the CD8" T cell responses
to influenza virus infection. We hypothesized that influenza-specific CD8" T cells would
express TRAIL after influenza infection and could utilize TRAIL to induce the apoptosis
of virally-infected cells. We discovered that CD8" T cells do express TRAIL after
influenza infection, and that this expression occurs in an influenza-specific fashion.
Further, we demonstrated that these influenza-specific CDS" T cells utilize this TRAIL to
kill virally infected cells and protect the host from death, while T cells lacking TRAIL
were unable to kill targets as efficiently and provided reduced protection. These data
supported our hypothesis that CD8" T cells utilize TRAIL to kill infected cells.

Unexpectedly, when we increased the initial viral inoculum, the pulmonary
cytotoxicity of T cells in TRAIL” mice was increased compared to those in TRAIL+/+
mice. Investigation of this phenomenon revealed that changes in cytotoxicity correlated
not with changes in effector molecule expression on the T cells, but with increased
recruitment of T cells to the lung. T cell recruitment to the lungs of TRAIL” mice was

dependent on CCRS5 and CXCR3, and likely the result of aberrant expression of MIG and



MIP-1a in the lungs. Together, these data suggest that TRAIL expression contributes not
only to T cell cytotoxicity, but also to the regulation of chemokine expression and
associated cell recruitment after influenza virus infections.

To confirm the relevance of our animal model to the study of human disease, we
examined the potential role for TRAIL in the human immune response to infection. We
determined that in vitro influenza infection stimulates upregulation of functional TRAIL
on the surface of CD3", CD14", CD19", and CD56" PBMC populations. This expression
was not caused by infection of the cells, but by interferon produced as a result of the
infection. Infected (TRAIL-expressing) PBMCs killed influenza-infected lung epithelial
cells, revealing that influenza infection sensitizes epithelial cells to TRAIL-induced
apoptosis. Surprisingly, blocking TRAIL signaling, but not FasL signaling, was able to
abrogate this killing of infected epithelial cells. Together, these data support a role for
TRAIL in the human immune response to influenza virus infections.

Considered as a whole, the data from these studies suggest an additional,
previously-unappreciated mechanism by which CD8" T cells can kill virally infected
cells, TRAIL. They also suggest additional, previously-unappreciated roles for TRAIL in
immune responses: in helping clear virally infected cells after infection and in helping

control cytokine/chemokine expression, and thus the immune response, after infection.
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To Natalie: not just for who you are,
but for who I am when I’'m with you.
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The entire history of science is a progression of exploded fallacies, not of achievements.

Ayn Rand
Atlas Shrugged
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ABSTRACT

The increasing threat of epidemic and pandemic influenza underscore the need to
better-understand the immune response to influenza virus infections and to better understand
the factors that contribute to the clearance of virus without complications of
immunopathology. A hallmark of the adaptive immune response to primary influenza virus
infections is the induction of influenza-specific CD8" T cell responses. These T cells target
and kill influenza-infected epithelial cells in the airway, thereby clearing the virus and
allowing recovery of the infected host.

Recent reports demonstrated that CDS" T cells express TNF-related apoptosis-
inducing ligand (TRAIL) after influenza virus infection. While roles for perforin/granzyme
and Fas:FasL interactions in clearing influenza virus infections had been established, little
was known about the role of TRAIL in the CD8" T cell responses to influenza virus
infection. We hypothesized that influenza-specific CD8" T cells would express TRAIL after
influenza infection and could utilize TRAIL to induce the apoptosis of virally-infected cells.
We discovered that CD8" T cells do express TRAIL after influenza infection, and that this
expression occurs in an influenza-specific fashion. Further, we demonstrated that these
influenza-specific CD8" T cells utilize this TRAIL to kill virally infected cells and protect the
host from death, while T cells lacking TRAIL were unable to kill targets as efficiently and
provided reduced protection. These data supported our hypothesis that CD8" T cells utilize
TRAIL to kill infected cells.

Unexpectedly, when we increased the initial viral inoculum, the pulmonary
cytotoxicity of T cells in TRAIL™ mice was increased compared to those in TRAIL+/+ mice.
Investigation of this phenomenon revealed that changes in cytotoxicity correlated not with
changes in effector molecule expression on the T cells, but with increased recruitment of T
cells to the lung. T cell recruitment to the lungs of TRAIL™ mice was dependent on CCR5

and CXCR3, and likely the result of aberrant expression of MIG and MIP-1a in the lungs.
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Together, these data suggest that TRAIL expression contributes not only to T cell
cytotoxicity, but also to the regulation of chemokine expression and associated cell
recruitment after influenza virus infections.

To confirm the relevance of our animal model to the study of human disease, we
examined the potential role for TRAIL in the human immune response to infection. We
determined that in vitro influenza infection stimulates upregulation of functional TRAIL on
the surface of CD3", CD14", CD19", and CD56" PBMC populations. This expression was
not caused by infection of the cells, but by interferon produced as a result of the infection.
Infected (TRAIL-expressing) PBMC:s killed influenza-infected lung epithelial cells,
revealing that influenza infection sensitizes epithelial cells to TRAIL-induced apoptosis.
Surprisingly, blocking TRAIL signaling, but not FasL signaling, was able to abrogate this
killing of infected epithelial cells. Together, these data support a role for TRAIL in the
human immune response to influenza virus infections.

Considered as a whole, the data from these studies suggest an additional, previously-
unappreciated mechanism by which CD8" T cells can kill virally infected cells, TRAIL.
They also suggest additional, previously-unappreciated roles for TRAIL in immune
responses: in helping clear virally infected cells after infection and in helping control

cytokine/chemokine expression, and thus the immune response, after infection.
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CHAPTER I
INTRODUCTION

Influenza virus (a Biodefense Category C priority pathogen) is a respiratory
pathogen that infects 10-20% of the United States population annually, resulting in
~36,000 deaths and 114,000 hospitalizations (1-3). Seasonal influenza infections
represents a substantial challenge to the health of children and the elderly (4, 5). During
the 2007-2008 flu season, influenza and its associated pneumonias and complications
resulted in the deaths of >80 children in the U.S (3). For children <3 years of age, which
have the highest rate of infection (179 cases/1000), influenza represents a substantial
health burden and as many as 43% of influenza-infected children will develop secondary
complications, such as acute otitus media or pneumonia (6).

Importantly, influenza can also undergo substantial changes (through
recombination/antigenic shift) leaving humans with little to no protective immunity and
increasing influenza’s mortality rate even among healthy young adults (7-9). The
influenza pandemics of 1918 (20-40 million deaths world wide), 1957 (70,000 U.S.
deaths), 1968-69 (34,000 U.S. deaths), and the recent appearance of HSN1 Avian “bird”
influenza in Asia (~63% mortality rate Jan04-Feb08 (3)) further demonstrate that
influenza is a considerable global public health and constant bioterrorism concern (7-10).
Estimates predict that the release/appearance of an influenza strain with a virulence
similar to that of the 1918 influenza would result in >100 million deaths worldwide.
Along with influenza’s impact on public health, yearly epidemics represent a potential
economic loss of $4-12B due to medical costs and lost productively (1).

While presenting a substantially lower mortality rate than the Avian flu strains,
the emergence of the novel HIN1 influenza virus has served as a model for the spread of
a novel virus through the worldwide population. Since its emergence in spring 2009, the

novel HIN1 virus lead to a spike in pediatric deaths during the summer months similar to



those normally observed during the winter flu season. Between August 30", 2009, and
October 31%, 2009, the CDC reported the deaths of 85 children—in just 2 months
surpassing the annual total for 2006-2007. When sub-typed, 73 of the 85 patients tested
positively as HIN1 infections (11), underscoring the health impact this new strain is
having. Further, the British firm Oxford Economics has estimated the economic cost of
the current pandemic could be as high as 5 percent of the gross domestic product (GDP)
of Great Britain—a considerable cost with obvious repercussions for the economy of
Britain an the rest of the world dealing with the novel HIN1 virus (12). Despite the
characterization of this pandemic influenza strain as having “mild pathogenicity”, its
impact—both on the health of the population and on the economics of the world—
underscores the importance of understanding influenza virus infections and how the
immune system combats these infections, as better understanding will lead to better

treatment and prevention strategies.

Influenza A virus

Influenza virus structure

Influenza A virus is a segmented, negative-sense RNA virus belonging to the
orthomyxoviridae family. The structure of the individual virions varies to some degree,
but the individual virions are typically spherical or ovoid in shape with a diameter of 80-
120 nm (13); its structure is modeled in Figure 1. Influenza is an enveloped virus with
the outer layer consisting of plasma membrane obtained from infected cells (14, 15).
Within this envelope is the nucleocapsid protein of the influenza virus, and protruding
from the envelope are two other glycoproteins of influenza origin—the rod-shaped

hemagglutin (HA), and the more mushroom-shaped neuraminidase (NA) (16). Just



Figure 1. A schematic of the structure of influenza A virus and the virus genome. The
mature influenza virus virion is composed of eight genomic segments, each of which
encodes one or two proteins. Three segments encode proteins that form the virus
polymerase complex: basic polymerase 2 (PB2), basic polymerase 1 (PB1), and the acidic
protein (PA). Two segments encode surface envelope glycoproteins that function as viral
antigens: haemagglutinin (HA; which is involved in binding to target cells as well as
fusion of viral and endosomal membranes) and neuraminidase (NA; which is a protease
responsible for virion release from the infected cell). A single segment encodes a
nucleoprotein (NP). The seventh segment encodes two proteins that share a short
overlapping region: the matrix protein M1 encodes the main component of the viral
capsid, and M2, which is an integral membrane protein. The last segment encodes two
proteins, NS1, which inhibits the interferon response, and NS2, which has roles in

nucleocytoplasmic export of viral RNPs and in regulating influenza RNA levels.
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below the envelope is a layer composed of the viral membrane protein 1 (M;). The other
major component of the membrane is membrane protein 2 (M), which is an ion-channel
with the role of acidifying the interior of the virus (17). Inside the M, layer reside the
genome ribonucleoprotein segments. Each of the eight genome RNA segments is bound
to nucleoprotein (NP) as well as PA, PB1, and PB2—all of which play roles in viral
transcription (13). Upon infection of a host cell, the virus is also produces several non-
structural proteins, which include NS, NS,, and PB1-F2. NS, is has helps the virus
evade immune responses by blocking interferon production (18). NS, serves to facilitate
viral RNP export during the assembly of new virions (19) and helps to regulate the levels
of viral RNA (20). Recently-discovered PB1-F2 is a mitochondrial protein that triggers
cell death; current speculation is that PB1-F2 helps the virus survive by killing immune

cells responding to infection (21).

Influenza virus infection

Upon inhalation of an aerosolized droplet containing influenza virions by an
uninfected individual, the process of infection and viral replication takes place as
modeled in Figure 2. Individual influenza virions bind to the surface of cells through
interactions of influenza HA with sialic acid residues on the surface of epithelial cells in
the airway (22). Upon binding, the virus is endocytosed, the endocytic compartment
containing the virus is acidified, and the viral HA facilitates fusion of the viral and
endosomal membranes (22). The acidification of the endosome activates the influenza
M2 protein, which acidifies the viral interior and facilitates the release the viral
ribonucleoprotein segments into the cytoplasm (17). After their unpacking and release
into the cytoplasm, the genome segments traffic to the nucleus, where the RNA
replication takes place. In the nucleus, replication of positive-sense mRNA and negative-
sense genome RNA is produced (23). The influenza mRNA are synthesized using a

unique “cap snatching” mechanism that utilizes the 5’cap of host pre-mRNAs and



Figure 2. Life cycle of the influenza virus. Individual influenza virions bind to the
surface of cells when influenza haemagglutinin adheres to sialic acid residues on the
surface of epithelial cells. Upon binding, the virus is endocytosed, the endocytic
compartment containing the virus is acidified, and the virus fuses with the wall of the
endocytic vesicle. This fusion releases the ribonucleoprotein segments into they
cytoplasm, after which they traffic to the nucleus. In the nucleus, replication of positive-
sense mMRNA and negative-sense genome RNA is produced. The mRNA are exported to
the cytoplasm where they use cell machinery to make influenza proteins. The influenza
proteins then assemble at the cell surface, where the progeny virions bud from the cell
surface. Detachment from the cell takes place when influenza neuraminidase cleaves the

sialic acid residues connecting the virion to the cell surface.
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subsequently cleaves the host nucleotides from the influenza segment (24). The viral
mRNA are exported to the cytoplasm where they use cell machinery to make influenza
proteins. Concomitantly, the negative-sense RNA genome segments are replicated for
eventual packaging into new virions. After their production in the cytoplasm, influenza
proteins then assemble at the cell surface where the progeny virions bud from the cell
surface (25). Detachment from the cell takes place when influenza neuraminidase
cleaves the sialic acid residues connecting the virion to the cell surface (26). This newly-
released virion then travels through the airway until it encounters another cell expressing

a sialic acid residue to which it can bind and start the process over again.

Immune response to influenza virus infections

Innate response

Within hours after initial infection with influenza virus, the infected host initiates
a series of events to limit viral replication and eliminate the virus. The immune system
has multiple pathways by which the virus itself or the products of viral replication are
detected and initiate an immune response initiated. Double-stranded RNA (dsRNA)
molecules are produced during viral replication; these dSRNA intermediates activate the
serine/threonine kinase PKR, which leads to the production of IFN by the infected cell
and results in the inhibition of viral replication (27, 28). Toll-like receptor 3 (TLR3) can
also detect dsSRNA in the cytoplasm of an infected cell, resulting in the production
proinflammatory cytokines IL-8, IL-6, and IFN-B (29). Further, ssRNA in endosomes
activates TLR7, which also stimulates the production of type-one interferons (28).
Additionally, the RNA helicase retinoic acid-inducible gene-I (RIG-I) is activated by
viral genomic RNA bearing a 5’-triphosphate end (30, 31) and results in proinflammatory
cytokine production and the activation of interferon-regulatory factor 3 (IRF3) (29).
Recently, ssSRNA and dsRNA were shown to activate the NLRP3 inflammasome, and

NLRP3™ mice were more susceptible to influenza-associated morbidity and mortality



(32, 33). These reports demonstrated that NLRP3 senses viral RNA and activates the
inflammasome after influenza virus infection, which enhances cytokine production that is
key to the early responses to influenza infection (32, 33).

Type-one interferon production and signaling results in the transcription of many
antiviral products that mediate antiviral effects, antiproliferative effects, and
immunoregulatory responses (34). Foremost among these responses is the upregulation
of 2’-5’-oligoadenylate synthetase (OAS), RNaseL, Mx proteins, and IRFs. OAS and
RNaseL are proteins that recognize dsRNA, and, upon activation they mediate RNA
degradation in the infected cell (35, 36). Mx proteins are GTPases that block influenza
virus replication at a number of steps, including inhibition of genome replication and
influenza protein synthesis (37, 38). Activation of IRF3 leads to its transloction to the
nucleus induces an antiviral state through the transcription of interferons and other
antiviral gene products (39-42).

Under steady-state, uninfected conditions, the airway contains two major
phagocyte populations, dendritic cells (DC) and macrophages (M¢). In the airway, M¢
have a regulatory role—helping to maintain an anti-inflammatory environment and
suppressing immune responses (43, 44). Upon viral infection, interferon production and
TLR/NLR stimulation results in the activation of the resident M¢ population; these
signals activate the M¢, which subsequently become highly-phagocytic, cytokine-
producing cells (45). Additionally, airway influenza infection drives the recruitment of
additional monocytes/macrophages to the airway via CCR2 (46). Influx of these cells
correlates with pathology and morbidity (47, 48); but interestingly, removal of alveolar
M¢ prior to infection resulted in uncontrolled viral replication, supporting a role for M¢
in controlling early infection (49). In a complementary study, depletion of the alveolar
M¢ resulted in increased respiratory distress, decreased antibody titers, and decreased

virus-specific T cell responses (50).



During influenza virus infections, lung- and airway-resident DC take up antigen
through environmental sampling (51, 52) or direct infection (53). Both the direct
infection of DC and the IFN signals caused by the innate responses to virus infection
result in activation of the DC populations. DC activation results in their production of
proinflammatory chemokines and cytokines, including IL-6, IL-12, TNF, IP-10,
RANTES, MIP-1p, and type I interferons (54). Additionally, DC activation stimulates
their maturation and migration to the regional dLN, where they present antigen to naive
CDS8 T cells via MHC class I (55, 56). The DC priming of CD8 T cells starts as early as
1-2 days after infection and continues out as late as day 9 post-infection (56, 57). During
this time, DC interact with influenza-specific CD8" T cells, stimulating their activation
and proliferation. The T cells then migrate to the lung and kill infected cells (53, 57, 58).
Upon arrival in the lung environment, newly-primed T cells interact with pulmonary DC
that have been recruited to the lung environment after the initial infection (59). The
interactions between pulmonary DC (particularly the plasmacytoid DC and
CD8a." DC subsets) and the T cells provide survival signals to the virus-specific CD8" T

cells that enhance their accumulation in the lung environment (59, 60).

Role for chemokines in T cell recruitment to the lung

Recruitment of these cells to the lung environment after their initial priming in the
lung-draining LN is dependent on chemokine expression in the lung as well as
chemokine receptor expression on the activated, [AV-specific T cells (61). Chemokines
produced at the sites of inflammation are among the chemoattractants that control the
migration of leukocytes. Roles for number of chemokines have been implicated in T cell
homing to the airway, including the CXCR3 ligands CXCL9/MIG, CXCL10/IP-10, and
CXCL11 /ITAC, and the CCRS5 ligands, CCL3/MIP-1a, CCL4/MIP-1p, and CCL5
(RANTES)—all of which are commonly expressed in the lungs of mice infected with

influenza virus (61-63). CXCR3 is expressed on the surface of effector Thl and CD8 T
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cells, NK cells, and NKT cells, whereas CCRS is expressed on the surface of DC, M¢,
activated T cells, and NK cells (64). The interactions of these chemokines with their
respective receptors enhance integrin expression, and subsequently enhance the
attachment/rolling of these cells that is essential in their migration into the lung

environment (61, 62, 64).

Cellular adaptive immune response

CDS8" T cell effector functions in the lung

Protective immunity to primary influenza virus infection involves the clearance of
infected epithelial cells (65, 66) by CD8" T cells through either Fas- or perforin-
dependent direct killing mechanisms (67). This T cell-mediated killing of infected cells
is thought to occur through either Fas- or perforin-dependent direct killing mechanisms
(67). Influenza-specific CD8" T cells first appear in the lungs around day 4-post
infection (57, 68, 69) where their continued expansion and accumulation corresponds
with the early stages of viral clearance (68, 69). The importance of CD8" T cells in
protection from influenza infections is further highlighted by the fact that CD8" T cells
mediate resistance and protection from lethal influenza virus infections in the absence of
B cells, CD4" T cells, and neutralizing antibody (70, 71). The idea that CD8' T cells
utilize perforin and Fas ligand to mediate killing of influenza-virus infected targets is
most strongly supported by the work of Topham et al (67), who showed that pulmonary
influenza-virus titers were maintained for longer durations when either perforin” or Fas™
hosts were examined. Furthermore, when chimeric mice were made that possessed
perforin” CD8" T cells and Fas™ respiratory epithelium substantial pulmonary titers were
maintained even out to 14 days post infection. However, despite the loss of both perforin
and Fas, some of these mice showed lower virus titers on day 14 than on day 10 post
infection (67). This outcome suggested the existence of an additional mechanism that

CD8" T cells can use to kill influenza infected target cells.
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CD4" T cell responses to influenza virus

In addition to the action of CD8" T cells, the primary response to influenza virus
infection also includes contributions from CD4" T cells. Among the multitude of roles
that the CD4" T cells play, providing “help” to the priming of CDS8" T cell responses is
perhaps the most well-established; the help provided by the CD4" T cells include
cytokine production. In the absence of CD4" T cells, both IL-2 and IFN-y production in
the lung-draining lymph node and the BAL were decreased during immune responses to
influenza virus (72). While the presence of CD4" T cells and the chemokines they
produce are not necessary for clearance of primary infections, in the absence of CD4" T
cell help, CD8" T cells have diminished cytolytic function (72), B cells have decreased
antibody production (73, 74), and stable memory formation of both B cells (75-77) and
CDS8" T cells (77, 78) is perturbed. Beyond their “helper” functions, CD4" T cells also
provide effector functions and contribute to the clearance of virus during primary and
memory responses (79). These CD4" effector cells utilize perforin-mediated cytotoxic

pathways to promote host survival (79).

Humoral Response

The humoral branch of the adaptive immune system produces antibodies that
recognize antigens on the surface of virions and neutralize the viral particles—rendering
them unable to infect cells. This antibody production and block of infection is the goal of
current seasonal influenza vaccine strategies as well as the potential vaccines for
pandemic strains (80). When an individual receives a vaccination or becomes infected
with influenza virus, the influenza antigens are recognized by naive B cells specific for
influenza virus in the lymph node. This recognition of antigen activates the B cells and,
with the additional signals from proinflammatory cytokines, induces class-switching,
affinity maturation, and differentiation into antibody-producing plasma cells or memory

B cells. These antibodies help to limit viral replication and can promote survival of an
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Figure 3. The adaptive immune response to influenza virus. The adaptive immune
response to influenza virus infection involves two branches that act in concert to protect
the host from current (cellular adaptive response) and future infection (humoral and
cellular response). The humoral response consists of B cells that interact directly with
influenza-associated antigens and differentiate into antibody-producing plasma cells; this
branch is outlined in the left column. The cellular response consists of CD4 and CD8 T
cells that respond to influenza virus infections after interactions with dendritic cells,
which are the cell population responsible for taking up antigen and presenting it to T
cells. Upon activation, these T cells proliferate and mature into CD4 helper T cells that

secrete cytokines and CDS effector T cells with cytolytic capabilities.
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infected host upon secondary infection of a host, but they are not necessary for the

clearance of virus from a host with an otherwise intact immune system (81, 82).

Influenza virus immunity and TRAIL

In addition to the Fas-FasL and perforin-Granzyme B pathways for killing, CD8"
T cells have also been shown to utilize a TRAIL-DRS dependent mechanism to eliminate
infected cells during other types of virus infections. TRAIL induces apoptotic cell death
(38, 83-85) by recruiting and aggregating caspase 8 upon binding to its receptor, DR5
(85-89). This aggregation in turn leads to a caspase cascade and eventually to apoptotic
death of the DR5" cell (85-88, 90). Importantly, expression of TRAIL and DRS5 are
upregulated on CD8" T cells, NK cells, and infected cells following virus infection (91-
93) or during increases of IFN-y or TNF (93, 94). In turn, IFN-y and TNF downregulate
TRAIL receptor expression on uninfected cells (93). Overall, these results suggest that
TRAIL/DRS may play a role in the specific elimination of virus-infected cells.

Specifically regarding influenza virus infections, a recent report has suggested
that TRAIL might play a role in the clearance of influenza virus from the lungs during
influenza infection. In this study, Ishikawa and colleagues (91) show that TRAIL
expression is increased on a fraction of CD8" and CD4" T cells, as well as NK cells,
following influenza virus infections. Interestingly, the blockade of TRAIL with antibody
delayed the clearance of influenza virus from the lungs. This suggests that TRAIL might
be playing a substantial role as an effector molecule during the immune response to

influenza virus infection.

Immunopathology during influenza virus infection

While several reports have underscored a role for alveolar M¢ in controlling
influenza virus infections, the chemokines and cytokines produced by activated M¢ can
have a deleterious effect on the infected host (95, 96). Part of the M¢ response to

influenza virus is the production of TNFa and nitric oxide species (NOS2), both of which



have been inculpated in influenza-associated immunopathology (50, 97, 98). While the
production of NOS2 seems inherent in the M¢ response to influenza (97, 99), the
neutralization of these species revealed that they are unnecessary for clearing virus and
actually contribute to immunopathology (97, 99, 100). Similarly, neutralization of TNFau
ameliorated lung lesions and prolonged the survival an infected animals while having no
effect on the viral titers in the lung, thus supporting a role for TNFa in
immunopathology, but not viral clearance (98). Interestingly, a recent report has also
implicated that M¢-expressed TRAIL contributes to immunopathology (101). This study
demonstrated that inflammatory M¢ recruited to the airway express TRAIL, and that
TRAIL-induced apoptosis contributes to airway epithelial cell apoptosis, increased lung
leakage, and decreased survival (101). Together, these studies demonstrate that while
M¢ contribute to early control of virus replication, their activation and associated effector
functions contribute significantly to immunopathology.

Influenza infection can also trigger the death of infected alveolar macrophages by
apoptosis and pulmonary epithelial by necrosis (102). These early death events contribute
to localized inflammation and initiate signals, such as the release of chemokines (e.g.
RANTES, MCP-1, MIP-1a/f) and cytokines (e.g. TNF, IL-1), which lead to an immune
response (103, 104). Downstream from these initial signals, T cells are primed in the
draining LN and eventually recruited to the lungs, where they are necessary for clearing
virus (57, 67-69). In addition to contact-based effector functions, influenza-specific T
cells responding to the infection also produce IFNy and TNFa.. While both of these
cytokines contribute to tissue damage in pulmonary systems (96, 104-110), expression of
IFNy is associated with improved viral clearance and limiting tissue injury by T cells
(111, 112). In contrast, TNFo, expression by influenza-specific CD8" T cells is strongly
associated with increased immunopathology (106, 108, 109), as measured by tissue
damage, even after viral clearance. TNF is considered the primary cytokine responsible

for immunopathology during influenza infection, doing so by direct tissue damage (lysis
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of infected cells), as well as via the continued recruitment and activation of other effector
cell populations (e.g. macrophages). Interestingly, the expression of these molecules, as
well as other effector functions, on the T cells is regulated by both of costimulatory
molecules present during priming (including CD28 and OX-40) (113, 114) and inhibitory

signals received through NK cell receptors (109).

TNF-related Apoptosis-inducing Ligand (TRAIL)

TRAIL and its receptors

TRAIL is a TNF superfamily member that was first discovered when searching a
cDNA library for sequences similar to TNF and FasL (83, 84). The extracellular domain
of TRAIL is most homologous to Fas ligand (28% a.a. identity), but also has identity to
TNF (23%), lymphotoxin (LT)-a (23%), and LT-B (22%) (115). Though the homology
of TRAIL to other TNF family members may be considered low, the crystal structure of
monomeric TRAIL is very similar to that of TNF-a and CD40 ligand (115). TRAIL
monomers contain two antiparallel B-pleated sheets that form a -sandwich core
framework, and these monomers interact with other TRAIL monomers in a head-to-tail
fashion to form a bell-shaped trimer (115). This oligomerization enhances TRAIL
activity, as studies with recombinant soluble TRAIL found that the most biologically
active form was multimeric rather than monomeric (84). Early studies of TRAIL
indicated that it induced apoptosis of tumor or transformed cells, but not normal cells
(84). In contrast, other TNF superfamily members were similarly cytotoxic to both tumor
and normal cells.

Consistent with apoptosis induced by other TNF family members (i.e. FasL and
TNF), cells undergoing TRAIL-induced death exhibit many of the hallmarks of
apoptosis, including expression of pro-phagocytic signals (i.e. phosphatidylserine) on the
cell membrane, cleavage of multiple intracellular proteins by caspases, and DNA

fragmentation (83, 84, 116). Soluble TRAIL induces apoptosis in over 75% of the more
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than sixty hematopoietic and non-hematopoietic tumor cell lines tested in vitro,
suggesting that TRAIL could be used as a broad-spectrum, anti-tumor molecule in vivo
(83,84, 116, 117). Peripheral blood human T cells express TRAIL after CD3
crosslinking and type I IFN stimulation, perhaps contributing to T cell AICD (118).
Human NK, M¢, and dendritic cells also express TRAIL following cytokine stimulation,
transforming them into potent killers of tumor cells (116, 119, 120).

Apoptotic cell death can be triggered by a variety of agents acting on different
cellular receptors, most notably by the death receptors of the TNF receptor superfamily.
Unlike Fas-ligand and TNF, which interact with a single or pair of receptors,
respectively, TRAIL specifically binds to four distinct human receptors: DR4 (88),
DRS/TRAIL-R2 (86, 87, 117), TRID/DcR1/TRAIL-R3 (86, 87, 117), TRAIL-R4/DcR2
(86, 117) (hereafter referred to as TRAIL-R1, -R2, -R3, and -R4, respectively, Fig. 1).
Both TRAIL-R1 and TRAIL-R2 contain a cytoplasmic death domain, and crosslinking by
TRAIL or receptor-specific mAb activates the apoptosis signaling pathway in sensitive
cells (86-88, 117, 121). In contrast, neither TRAIL-R3 (which is GPI linked) nor TRAIL-
R4 (which is a type I membrane protein) contain a complete cytoplasmic death domain,
and neither can mediate apoptosis upon ligation (86, 87, 117). Interestingly, only one
murine death-inducing TRAIL receptor, Killer/DR5 (MK) (89), which is homologous to
hTRAIL-R2/DRS5 and contains a death domain motif and induces apoptosis when

overexpressed or engaged by TRAIL, has been identified.

TRAIL/TRAIL-receptor signaling
Upon engagement of a non-decoy, apoptosis-inducing receptor (i.e. TRAIL-R1 or
TRAIL-R2), the induction of apoptosis via TRAIL is similar to that induced by Fas; the
red arrows in Figure 4 highlight this pathway. As noted above, induction of apoptosis
occurs when a homotrimer of TRAIL molecules engage TRAIL-receptor. This ligation

induces trimerization of the receptor and induces the formation of the Death-Inducing



Signaling Complex (DISC). First, the Fas-associated Death Domain (FADD) binds to the
death domain (DD) on the cytoplasmic tail of the trimerized TRAIL receptors.
Subsequently, pro-caspase 8 is recruited and activated—Ileading to the activation of the
effector caspases 3, 6, and 7. Activation of these caspases involves the proteolytic
cleavage of a constitutively-expressed proform of the caspase protein. The activation of
these caspases is a cascade that leads to the proteolytic cleavage and activation of
downstream caspases that lead to the apoptosis of the cell.

TRAIL/TRAIL-receptor signaling also leads to the induction of apoptosis by
signaling through mitochondria-associated proteins; the purple arrows of figure 4
highlight this pathway. The activation of caspase 8 not only initiates the caspase cascade,
but also activates the pro-apoptotic protein Bid. The activation of Bid leads to the
subsequent activation of Bax and Bak, which in turn stimulate the release of cytochrome
C from the mitochondria. Cytochrome C release initiates the formation of a complex of
cytochrome C, APAF-1, and procaspase 9. The formation of this complex results in the
cleavage and activation of caspase 9, which in turn facilitates caspase 3 activation and the
induction of apoptosis.

Because TRAIL-R3 and -R4 bind to TRAIL without directly signaling for cell
death, it was initially proposed that these receptors inhibit TRAIL-induced apoptosis by
acting either as membrane-bound or soluble antagonistic receptors (86, 87, 117, 122) or
via transduction of an anti-apoptotic signal (117). Therefore, the presence or absence of
TRAIL-R3 and/or TRAIL-R4 was thought to determine whether a cell is resistant or
sensitive, respectively, to TRAIL-induced apoptosis (86, 87, 122). Further investigation,
however, disproved this theory as the sole mechanism regulating TRAIL-sensitivity and
resistance (121, 123). The current thought in the field is that TRAIL-sensitivity or
resistance is mediated by the balance of pro- and anti-apoptotic proteins inside the cell
receiving signals through TRAIL-receptor (124). The relative levels of expression of

Flice-like inhibitor protein (FLIP), Smac/DIABLO, Bcl-2 family members, and cIAP
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Figure 4. TRAIL apoptotic signaling cascade. The intrinsic, apoptosis-inducing pathway
initiated by ligation of TRAIL-R1 or TRAIL-R2 is depicted with red arrows. The
mitochondrial-associated pathway is indicated with purple arrows. TRAIL-R3 is GPI
anchored and does not induce apoptosis. TRAIL-R4 induces NF-kB activation and

promotes anti-apoptotic signals.
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family members can alter a cell’s sensitivity to TRAIL-induced apoptosis by inhibiting

FADD-initiated caspase activation or mitochondria-associated pathways (112, 124-128).

Non-apoptotic signaling though TRAIL/TRAIL-receptor
interactions

Interactions of TRAIL with its death-inducing receptors inducing signaling
pathways most similar to Fas/FasL interactions, yet evidence exists for the activation of
non-apoptosis-inducing pathways upon ligation of TRAIL-R1, TRAIL-R2, or TRAIL-R4
(129). This alternative, non-apoptotic pathway utilizes TRADD, TRAF2, and RIP—
proteins typically associated with TNF signaling—to activate NF-kB (130-132). NF-«xB
activation lead to the activation of multiple anti-apoptotic genes, including cellular
inhibitor of apoptosis proteins 1 and 2 (cIAP 1 and cIAP2), FLIP, and Bel-X; (133-137).
Beyond regulation of anti-apoptotic protein expression through NF-kB, TRAIL signals
also regulate innate immune signals to toll-like receptors (TLR)-2, -3, and -4 (138). This
regulation occurs through the NF-xB pathway and is associated with aberrant expression

of IL-12, IFN-0, and IFNy when TRAIL/DRS signaling is absent in macrophages (138).

Regarding TRAIL deficiency

The numerous in vitro studies verified that TRAIL was a potent inducer of tumor
cell apoptosis, but there was nothing known regarding the normal physiological activities
of TRAIL in vivo. To address this question, Sedger et al. (139) generated TRAIL-gene
targeted (-/-) mice. These mice develop normally and display no defects in lymphoid or
myeloid cell homeostasis or function. The one abnormality observed in these mice,
however, was that they were more susceptible to tumor burden. Interestingly, while the
TRAIL deficiency resulted in a significant biological disadvantage for controlling the
growth of TRAIL-sensitive tumors in vivo, the mice did not have an increased tendency
to spontaneously develop tumors compared to normal mice. Soon thereafter, a series of

studies were published clearly and elegantly demonstrating the importance of TRAIL-
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expressing NK cells in the elimination of tumors in vivo in natural tumor
immunosurveillance (94, 140-142). Subsequent reports have provided a glimpse into
additional physiological roles for TRAIL. First, TRAIL appears to be important in
controlling susceptibility to certain autoimmune diseases. Chronic blockade of TRAIL,
by using TRAIL™ mice or soluble TRAIL-R2:Fc in mice, exacerbated the development
and severity of symptoms present in models of experimental autoimmune
encephalomyelitis, collagen-induced arthritis, and diabetes compared to wild-type mice
(143-146). Based on the observations in the collagen-induced arthritis model, it was also
proposed that TRAIL was also important in proper thymocyte development (144). This
conclusion has been met with some controversy, though, as conflicting results have been

reported (94).

TRAIL and viral immunity

Complex cellular mechanisms operate during host defense against viral infections,
during which the innate immune response cooperates with the adaptive immune response
to eradicate the pathogen. Inducing apoptosis of virus-infected cells and viral resistance
to apoptosis-inducing ligands are important factors that can determine the outcome of
virus infection in vivo. In fact, many viruses have incorporated open reading frames
encoding potent regulators of cell death (147, 148), and viruses with targeted disruptions
or naturally occurring mutations in these genes often exhibit replication defects in vitro as
well as reduced virulence in vivo (149-151). In the context of viral immunity, reovirus,
measles virus, Newcastle disease virus, respiratory syncytial virus (RSV), human
cytomegalovirus (hCMV), and encephalomyocarditis virus all induce TRAIL expression
on immune effector cells. While the specific roles for TRAIL in clearing virus have not
been elucidated, the induction of TRAIL is thought to occur primarily through the
induction of type [ and II IFN (92, 93, 152-156). The events that are required for TRAIL-

resistant cells to become susceptible to TRAIL are complicated and not well understood.
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Many viruses have a substantial impact on host cell metabolism; hence, it might be
predicted that cells infected with viruses acquire sensitivity to TRAIL. Indeed, normal
cells infected with respiratory syncytial virus, human cytomegalovirus, or
encephalomyocarditis virus become susceptible to TRAIL-mediated killing (93, 152-
154). While the specific mechanisms for TRAIL sensitization in the viral infections
have not been determined, the evidence for increased sensitization to TRAIL suggest that

TRAIL-mediated killing might be important in the immune response to these infections.



CHAPTER II. CD8 T CELLS UTILIZE TNF-RELATED APOPTOSIS-
INDUCING LIGAND (TRAIL) TO CONTROL INFLUENZA VIRUS
INFECTION

Abstract

Elimination of influenza virus infected cells during primary influenza virus
infections is thought to be mediated by CD8" T cells though perforin- and FasL-mediated
mechanisms. However, recent studies suggest that CD8" T cells can also utilize TNF-
related apoptosis-inducing ligand (TRAIL) to kill virally-infected cells. Therefore, we
herein examined the importance of TRAIL to influenza-specific CD8" T cell immunity
and to the control of influenza virus infections. Our results show that TRAIL deficiency
increases influenza-associated morbidity and influenza virus titers, and that these changes
in disease severity are coupled to decreased influenza-specific CD8" T cell cytotoxicity in
TRAIL™ mice—a decrease that occurs despite equivalent numbers of pulmonary
influenza-specific CD8" T cells. Further, TRAIL expression occurs selectively on
influenza-specific CD8" T cells, and high TRAIL receptor (DRS) expression occurs
selectively on influenza-virus-infected pulmonary epithelial cells. Finally, we show that
adoptive transfer of TRAIL™" but not TRAIL™™ CD8" effector T cells alters the mortality
associated with lethal dose influenza virus infections. Collectively, the results suggest
that TRAIL is an important component of immunity to influenza infections, and TRAIL
deficiency decreases CD8" T cell-mediated cytotoxicity leading to more severe influenza

infections.
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Introduction

Primary infection with influenza virus results in a localized pulmonary infection
and inflammation, and elicits an influenza-specific CD8" T cell immune response that is
necessary for viral clearance (65-67, 70, 74, 157, 158). These CD8" T cells are thought
to control virus infections by killing influenza-infected pulmonary cells using perforin-
and Fas-dependent mechanisms (67). When Fas™ or perforin” mice were infected with
influenza virus in the absence of CD4" T cells, viral titers persisted for an additional 3
days beyond controls but virus was eventually cleared (67). This result suggests that in
the absence of one death-inducing pathway influenza-specific CD8" T cells will
compensate and utilize other cytotoxic mechanisms to eliminate influenza virus infected
cells. In contrast, when perforin”™ bone marrow reconstituted Fas” mice were likewise
infected with influenza virus, ~70% of the mice had sustained long term (i.e. 14 days p.i.)
high viral titers (67) suggesting that influenza-specific CD8" T cell cytotoxicity requires
access to either the perforin or Fas cytotoxic pathways to effectively control influenza
virus infections. Interestingly however, ~30% of the above perforin”Fas” mice were
able to reduce pulmonary influenza virus titers leading to the idea that another
cytotoxicity pathway could be involved in viral elimination (67).

CDS8" T cells have recently be described to use the TNF-related apoptosis-
inducing ligand (TRAIL) pathway, in addition to the Fas:FasL and perforin/granzyme
(lytic granule) pathways, to kill target cells (159). TRAIL has classically been studied in
tumor immunology settings, where it selectively induces apoptosis in transformed cells
while leaving non-transformed cells unaffected (83, 84). Beyond a role in tumor
surveillance, TRAIL-based immunity is also a component of the immune response during
viral infections, including responses to CMV, HIV, and RSV (93, 152, 160). Moreover, a
previous study has shown that the expression of mRNA for TRAIL and its receptor DRS
(TRAIL-R2) are increased in the lungs during influenza virus infections, that TRAIL is

expressed by T cells in the lungs of influenza virus-infected mice, and that clearance of
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influenza virus is delayed by administering a blocking anti-TRAIL mAb during primary
infections (161). While these results suggest a role for TRAIL in immunity to influenza
virus infections, it remains unknown if the expression of TRAIL by T cells during
influenza infections is limited to just influenza-specific T cells, if influenza-specific
CDS8" T cells utilize TRAIL to kill influenza-infected cells and control virus infection,
and how TRAIL deficiency alters the course and magnitude of influenza virus infections.
Therefore, we utilized TRAIL"" and TRAIL" mice to determine the contribution of
TRAIL to the influenza-specific CD8" T cell immune response during primary influenza
virus infections. Our results confirm a role for TRAIL in the primary immune response
to influenza virus infection, and demonstrate that TRAIL-mediated apoptosis is a third
mechanism which influenza-specific CD8" T cells can use to eliminate influenza-infected

cells and drive recovery from influenza.

Materials and Methods

Mice, virus, peptides, and infections

C57Bl/6 (TRAIL™"; H-2") mice were purchased from the National Cancer
Institute (Frederick, MD). C57Bl/6 TRAIL-deficient mice (TRAIL™"; H-2") were
obtained from Amgen (Seattle, WA) (139) and C57BL/6 DR5-deficient mice (DR5™", H-
2b) were obtained from WS El-Deiry (162). DUC-18 TCR transgenic mice on the
BALB/c background (TCR specific for tERK-I, QYIHSANVL; described previously
(163)) were provided by Dr. Lyse Norian (University of lowa, lowa City, [A). Clone-4
TCR transgenic mice on the BALB/c background (TCR specific for HAs;3, [YSTVASSL;
described previously (164)) were obtained from Dr. Linda Sherman (The Scripps
Research Institute, La Jolla, CA). Knockout mice were bred in our own facility at the
University of lowa, according to Ul IACUC guidelines. They are >10 generations
backcrossed to C57B1/6. All mice were used at 12-20 weeks of age, and all animal

experiments followed approved IACUC protocols. The mouse-adapted influenza A virus



A/PuertoRico/8/34 (PR8; HIN1) was grown in the allantoic fluid of 10 d old
embryonated chicken eggs for 2 d at 37°C, as previously described (55, 69). Allantoic
fluid was harvested and stored at -80°C. Groups of 24.5-27.5 ¢ TRAIL"" and TRAIL™
mice were given a SO00EIU dose of mouse-adapted PRS virus in Iscove's media
intranasally (i.n.) following anesthesia with halothane. The peptides used in this study,
NP366 (ASNENMETM) and PAj4 (SSLENFRAYV) were purchased from Biosynthesis
Inc. (Lewisville, TX), and are derived from the amino acid sequence of A/PR/8/34

nucleoprotein (NP) or acid polymerase (PA), respectively (103, 165, 166).

Lung Virus Titer

Pulmonary viral titers were determined via endpoint dilution assay and expressed
as Tissue Culture Infections Doseso (TCIDsy). Briefly, 10-fold dilutions of homogenized
and clarified lung from influenza virus infected mice were mixed with 10° MDCK cells
in DMEM. After 24 h incubation at 37°C, the inoculum was removed and DMEM media
containing 0.0002% L-1-(tosylamido-2-phenyl)ethyl chloromethyl ketone (TPCK)-
treated trypsin (Worthington Diagnostics, Freehold, NJ) and penicillin (100U/ml)
/streptomycin (100mg/ml) was added to each well. After 3 d incubation at 37°C in a
humidified atmosphere of 5% CO,, supernatants were mixed with an equal volume of

0.5% chicken RBC, the agglutination pattern read, and the TCIDs, values calculated.

Quantitative RT-PCR
Total RNA was harvested from homogenized lungs with TRIzol reagent
(Invitrogen, Carlsbad, CA). Total RNA (2 mg) was reverse-transcribed using Superscript
II. The quantitative PCR primer/probe sets for mouse TRAIL, DRS5, Fas, FasL, perforin,
granzyme B, and rRNA were purchased from PE Applied Biosystems (Foster City, CA).
250 ng of cDNA was used as a template for TagMan assays for all transcripts and the

internal control. The TagMan PCR reaction was completed as described previously (167).
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In vitro peptide stimulation of transgenic T cells

Splenocyte antigen-presenting cells (APC) were harvested from BALB/c mice
and pulsed for 2 hours at 37°C with 10 uM HAs5;3 526 peptide (IYSTVASSL; from
Biosynthesis Inc. of Lewisville, TX), or left unpulsed. Naive Clone-4 T cells or naive
DUC-18 T cells were isolated using CD8 MicroBead Kit (Miltenyi Biotech, Auburn, CA)
per the manufacturer’s suggested protocol. The T cells were then labeled with 2 uM
CFSE (Invitrogen; Eugene, OR), mixed with the APC at a 1:1 ratio, and cultured for 24
hours. After incubation, cells were harvested, stained with anti-CD8a and anti-TRAIL

monoclonal antibodies, and analyzed by flow cytometry.

Cytotoxicity Assays

Splenocytes from DR5"* and DR5™ C57BI/6 mice (162) were resuspended in
NycoPrep 1.077A (Axis-Shield; Norton, MA) and then purified according to the
manufacturer's instructions. NycoPrep-purified splenic mononuclear cells (10"/ml) were
labeled with either 2 uM CFSE (Invitrogen; Eugene, OR) at 37°C for 10 min or 2 pM
PKH-26 (Sigma; St. Louis, MO) at room temperature for 5 min. After labeling, residual
non-cell-associated CFSE and PKH-26 were neutralized by adding an equal volume of
fetal calf serum to the cell suspension. CFSE-labeled splenic mononuclear cells (10"/ml)
were pulsed with 10 uM PA;»4 and NP6 peptide for 1 h at 37°C. PKH-26" splenic
mononuclear cells (10’/ml) were similarly incubated without peptide for 1 h at 37°C.
The cells were then washed and mixed at a 1:1 ratio, and 107 cells (i.e., 5% 10° CFSE", 5
x 10° PKH-26" cells) were adoptively transferred i.v. into influenza-virus-infected
TRAIL"" or TRAIL” mice. After 8 h, the lungs were removed, digested, and analyzed

by flow cytometry as previously described (69).
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Flow-Cytometry Analysis

Surface Labeling

Isolated lung cells (10°) were stained with: PE, PerCP-CY5.5, or APC-conjugated
anti-mouse CD8a (53-6.7; BD Biosciences, San Jose, CA); biotinylated anti-mouse
CD178/FasL (MFL3; eBioscience, San Diego, CA); or biotinylated anti-mouse TRAIL
(N2B2; eBioscience). Cells stained with biotinylated mAb were subsequently incubated
with Strepavidin-PerCP, Strepavidin-PE, or Strepavidin-APC (BD Bioscience). Stained
cells were fixed and erythrocytes lysed with FACS lysing solution (BD Biosciences), and
subsequently analyzed on a FACSCalibur flow cytometer. NP3 and PAjy4 tetramers
were obtained from the National Institute of Allergy and Infectious Disease MHC

Tetramer Core Facility (Germantown, MD).

Pulmonary Epithelial Staining

Isolated lung cells (10°) were stained with the FITC-conjugated anti-mouse
Tla/Podoplanin (8F11; MBL, Woburn, MA) or isotype control, and PE-conjugated anti-
mouse DR5 (MDS5-1; eBioscience) or isotype control. Subsequently, the cells were fixed,
permeabilized, and stained with biotinylated anti-NP (H16-L10-4RS; a kind gift from
Walter Gerhard, Wistar Institute, University of Pennsylvania). Biotinylated antibody was

subsequently revealed with PerCP-CY5.5.

Intracellular Staining

Granzyme B. Isolated lung cells (10°) were surfaced stained with PerCP-CY5.5-
conjugated anti-mouse CD8a. Subsequently, the cells were fixed, permeabilized, and
stained with the PE-conjugated anti-human Granzyme B mAb (GB11; Invitrogen), or
isotype control (57). IFN-y. Cells from mice infected with influenza were cultured at 2 x
10° cells/well in the presence of 1 uM of influenza peptides or media control, FITC-

conjugated anti-CD107a (1D45; eBioscience) or isotype control, 400 U/ml recombinant
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human IL-2, and 1 pg/ml brefeldin A. After 6 h, cells were harvested, stained with PE-
conjugated rat anti-mouse CD8a,, fixed, permeabilized, and stained with APC-conjugated

rat anti-mouse [FN-y (XMG1.2; eBioscience) or isotype control (168).

CD8" T cell Adoptive Transfer
Groups of 24.5-27.5g TRAIL"" (CD45.2) and TRAIL™™ (CD45.2) mice were
given a S00EIU dose of mouse-adapted A/PR/8/34 virus in Iscove's media intranasally
(i.n.) following anesthesia with halothane. On day 8 p.i., single-cell suspensions of
pulmonary cells from the infected TRAIL"" or TRAIL™™ mice were incubated with anti-
CD8o. microbeads and CD8" cells purified according to the manufacturer's instructions
(Miltenyi Biotec, Auburn, CA). The purified CD8" cells (1x10° T cells per mouse) were

++

then transferred intravenously into CD45.1 TRAIL ™ mice (obtained from Dr. Robert
Cook, University of lowa) that had previously been infected with a lethal dose (2200EIU)
of mouse-adapted A/PR/8/34. Cell transfer into lethally infected mice occurred on d 5 p.i.

For T cell homing control experiments, 2x10° T cells were transferred. Overall morbidity

and mortality of mice was monitored to 21 days after lethal infection.

Statistical analysis

For each analysis, normal distribution of data was first verified. To assess the
difference between two sets of data with normal distribution, statistical significance was
assessed using an unpaired, one-tailed t-test or a paired t-test for control and experimental
data groups that could be paired. If normality test failed, Mann-Whitney Rank Sum tests
were completed to compare data sets. To assess the differences among multiple sets of
data with normal distribution, statistical significance was assessed using an ANOVA
analysis of the data sets. If normality test failed, Kruskal-Wallis One Way Analysis of
Variance on Ranks test was used to determine overall significance with subsequent pair
wise comparisons completed using Dunn’s Method. To determine differences in survival

and viral clearance, Kaplan-Meier Survival Analysis: Log-Rank tests were run to



determine significant differences between data sets. When appropriate, subsequent pair
wise multiple comparisons were completed using the Holm-Sidak method. Differences

were considered statistically significant at p < 0.05.
Results

TRAIL-deficient mice display increased morbidity and
influenza loads during influenza infection

To rigorously investigate the role that TRAIL plays in the regulation of influenza
virus infections, we initially determined the impact of TRAIL deficiency on the severity
of influenza virus infections. As shown in Figure 5A, TRAIL ~~ mice demonstrated
significant (p < 0.05) weight loss (i.e. morbidity) relative to wildtype C57Bl/6
(TRAIL™) controls following infection with a low dose of influenza virus. This increase
in disease severity correlated with increased pulmonary viral titers (Figure 5B).
Specifically, while the amount of virus in the lungs of TRAIL"" animals was reduced by
~1 log between days 4—6 p.i., TRAIL™™ mice showed little change in the amount of
infectious virus present in their lungs. Furthermore, while TRAIL™ animals were able to
eventually reduce pulmonary virus levels by day 8 post infection (p.i.), the number of
TRAIL ™" mice that had cleared virus below the limit of detection remained significantly
reduced relative to TRAIL"" animals (p = 0.036). Together, these results suggest that the
increased morbidity observed in TRAIL™™ mice might, in part, be tied to an increased and

sustained pulmonary viral burden.

Influenza-induced TRAIL and DRS5 expression
Since our above results suggested that TRAIL played a role in the control and
resolution of influenza virus infections, we next examined TRAIL and DR5 mRNA
expression in influenza-infected lungs. The amount of TRAIL mRNA was increased in

++

total lung homogenates from TRAIL™" mice following i.n. influenza virus infection (as
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expected, no TRAIL mRNA was detected in the TRAIL ™ mice; Figure 6). Moreover,

+/+
™ and

DRS5 mRNA expression was similarly upregulated in the lungs of both TRAIL
TRAIL™" mice following i.n. influenza virus infection, indicating that the lack of TRAIL
expression did not significantly affect DR5 mRNA expression in the TRAIL ™™ mice.
Given that the upregulation of TRAIL and DR5 mRNA (starting at 68 days p.i.) in
TRAIL"" mice corresponds with the timing of increased disease in TRAIL™ ™ mice
(Figure 5A), these results further support the concept that TRAIL plays a major role in
mediating the control and course of influenza virus infection. These results also largely
confirm similar data recently described by Ishikawa and colleagues (161); however,
unlike their results we do not observe increases in pulmonary TRAIL mRNA expression
until 8 days p.i. (as opposed to 4 days p.i.). Furthermore, we observed a more rapid
decrease in TRAIL and DR5 mRNA expression from their peak at 8—14 days p.i. These
differences may be related to the difference in virus inoculum administered (500 EIU
herein vs. 25 PFU), as well as the corresponding alterations in the inflammatory
cytokines produced.

To verify that the above changes in DR5S mRNA expression were reflected in
alterations of DRS5 protein expression, we next determined DRS5 expression on pulmonary
epithelial cells prior to and during an influenza virus infection. While there was a low
amount of DR5 expressed on the surface of alveolar epithelial type I cells (i.e. Tlo."
cells) (169) from uninfected mice (Figure 7A), overall DR5 expression was significantly
increased following influenza virus infection (p = 0.004). Moreover, the upregulation of
DRS by epithelial cells correlated with those cells that had been directly infected with
influenza virus (i.e. NP cells), as NP" epithelial cells expressed ~5x more DRS5 relative
to NP epithelial cells from the same lungs (Figure 7 A, B). These data suggest that
influenza infection of pulmonary epithelial cells results in selective upregulation of DRS
on influenza-infected lung epithelial cells, potentially increasing their susceptibility to

TRAIL-mediated lysis.
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The greatest difference in morbidity between TRAIL"" and TRAIL™ mice was
seen after 6 days p.i., paralleling the increase in TRAIL and DRS expression. These
kinetics are similar to the described kinetics of influenza-specific CD8" T cell recruitment
into the lungs (57, 69). Since CD8" T cells mediate the clearance of influenza-infected
cells (65-67, 70, 74), our results suggested that the increased disease severity and viral
burden in TRAIL"" mice might be linked to altered pulmonary influenza-specific CD8" T
cells responses. Therefore, we next examined TRAIL expression on influenza-specific
CD8" T cells in the lungs during influenza infections, and found that TRAIL was indeed

+/+

expressed by influenza-specific CD8" T cells in the lungs of TRAIL™" mice (Figure 7C).
In contrast, the vast majority of non-influenza-specific CD8" T cells within the lungs at
the same time did not appear to express TRAIL. The small residual TRAIL" shoulder in
the NP3 or PA2y4 negative T cell populations is likely attributable to the remaining
unstained immunodominant PA;,4 or NPse6 specific cells, respectively, with potential
minor contributions from the other 6 subdominant epitopes (165, 170). Similar to the
correlation with influenza CD8" T cell epitope specificity observed in the lungs, TRAIL
was also selectively expressed on influenza-specific CD8" T cells within the lung
draining lymph nodes on day 6 p.i. (Figure 8). Consistent with a previous report
demonstrating TCR stimulus driven upregulation of TRAIL on naive and effector CD8 T
cells (171), we also observed antigen-specific upregulation of TRAIL by naive influenza-
specific CD8 T cells after 24 hours of in vitro culture (Figure 9). Together the antigen-
specific nature and location of TRAIL expression suggest that TRAIL expression by
CD8" T cells likely relates to their initial programming within the draining lymph nodes

(171-174) and could be amplified by interactions with viral-peptide MHC I complexes in
the lungs (171).
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Influenza-specific CD8" T cell response in TRAIL ™™ mice

The observed difference in morbidity between TRAIL™" and TRAIL ™™ mice,
combined with the selective expression of TRAIL on influenza-specific CD8" T cells,
suggests vigorous resolution of the infection requires the participation of TRAIL-
expressing CD8" T cells. The likely explanation for the increased morbidity in the
TRAIL™" mice is that the influenza-specific CD8" T cells are unable to kill influenza-
infected cells, but it may also be possible that other factors contribute to the pathology,
such as a reduction in the number of lung-infiltrating antigen-specific effector CD8" T
cells. Thus, we examined the magnitude and phenotype of the pulmonary CD8" T cell
response in influenza-infected TRAIL"" and TRAIL™ mice. Interestingly, TRAIL
deficiency did not alter the magnitude of the NP3 or PAj,4 influenza-specific CD8'T
cell response in the lungs (Figure 10A & B). The level of IFN-y produced per cell was
also similar between both influenza antigen-specific TRAIL"" and TRAIL™™ CD8" T
cells (TRAIL"" NP3¢s MFI= 235; TRAIL™™ NP3¢6 MFI= 303; TRAIL"" PA,,4 MFI= 242
TRAIL™ PA,y MFI1=423; not significant as determined by Kruskal-Wallis One Way
Analysis of Variance on Ranks). However, TRAIL deficiency did result in a significant
reduction in influenza-specific CD8" T cell-mediated cytotoxicity in vivo (Figure 10C;
p =0.029). Indeed, while TRAIL” mice have an equal in vivo E:T ratio to that of
TRAIL"" mice, the influenza-specific CD8" T cells killed wildtype DR5™" influenza
peptide-pulsed targets with substantially reduced (~40%) efficiency. Further, when
influenza peptide-pulsed DR5 ™' targets were adoptively transferred into either influenza
infected TRAIL™™ or TRAIL"" hosts, killing was reduced ~60% relative to DR5"*
targets in TRAIL"" animals.

The reduced cytotoxicity of TRAIL”™ CD8" T cells or during transfer of DR5 ™~
targets was intriguing given the increased viral load and disease severity observed in
TRAIL ™™ mice (Figure 5). Together our results suggest that between 40—60% of

influenza-specific CD8 T cell mediated cytotoxicity within the lungs on day 8 p.i. may be



TRAIL:DRS dependent. Yet disruption of a single cytotoxicity pathway was not expected
to have major pathological consequences, based upon the redundant roles of the Fas/FasL
and perforin/Granzyme pathways in mediating control of influenza virus infections (67).
In those studies, mice deficient in either Fas or perforin showed only marginal changes in
pulmonary viral load. It took a deficiency in both perforin” T cells and Fas" targets cells
to sustain viral titers until day 14 post infection - a time point when virus has normally
been eliminated from the lungs. Therefore, we next measured the expression of Fas,
FasL, perforin, and Granzyme B mRNA in the lungs, as well as FasL and Granzyme B
protein expression and degranulation potential in TRAIL™" and TRAIL ™" influenza-
specific CD8" T cells found within the lungs. Fas, FasL, Granzyme B, and perforin
mRNA were all upregulated to similar levels in both TRAIL"* and TRAIL ™ mice
peaking at day 8 p.i. (Figure 6). Further, neither NP346 nor PAj,4 specific TRAIL™” CD8*
T cells had altered expression of FasL or Granzyme B or changes in the ability to
degranulate (i.e. surface CD107a expression) relative to TRAIL™" controls (Figure 11).
Therefore, these results collectively suggest TRAIL:DRS interactions may play more
prominent roles in CD8" T cell-mediated clearance of influenza virus infected cells than

has previously been appreciated.

TRAIL"" CD8 T cells protect from ongoing lethal
influenza virus infections
Since our results suggested that influenza-specific CD8" T cells utilize TRAIL to
eliminate virally-infected pulmonary epithelial cells and therein control virus infections,
we tested the ability of TRAIL™" and TRAIL™" influenza-specific effector CD8" T cells

.
micCe.

to control and resolve an ongoing lethal-dose influenza virus infection in TRAIL
During such infections, endogenous pulmonary influenza-specific CD8" T cells and virus
control are limited due to a previously described elimination of effector CD8" T cells

during their development in the lymph nodes (69). However, this lethality can be
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overcome when normal T cell numbers are restored to the lungs (69). When we
intravenously adoptively transferred TRAIL"" pulmonary effector CD8" T cells 5 days
p.i into lethal dose influenza infected mice, 83.3% of the mice survived and recovered
from the high dose influenza infection (Figure 12). In contrast, while the donor TRAIL ™

++

effector T cells migrated into the lungs at equivalent numbers to TRAIL™ effector T
cells (Figure 13), the TRAIL ™ effector T cells were only able to protect 33.3% of the
lethally-infected mice, a percentage that was not statistically different from the non-T cell
transferred controls. Since no differences in IFNy, FasL, Granzyme B, or degranulation
were observed in the NPsgs and PAyy4 effector CD8 T cell populations (Figure 11) and
these T cells arrived in the lungs in equivalent numbers upon adoptive transfer, our

results suggest that the TRAIL expression or deficiency alone is responsible for the

differential ability to protect these mice from lethal-dose influenza virus infections.

Discussion

TRAIL-expressing CD8" T cells, NK cells, and plasmacytoid DC have all been
implicated in cytotoxicity and control of viral infections (91, 113, 175). The results
presented herein suggest that the differences observed during influenza virus infection of
TRAIL"" and TRAIL” mice are predominately due to altered CD8" T cells responses.
First, while some minor increases in morbidity were observed within the first 3 days
following influenza virus infection (i.e. the window of time normally ascribed to innate
[NK/pDC] control of infection), significant increases were not seen until after influenza-
specific CD8" T cells have arrived in the lungs (i.e. ~day 4+ p.i.) (57, 68, 69). Further,
the kinetics of TRAIL and DRS5 expression within the lungs correspond with the
appearance of influenza-specific CD8" T cells in the lungs, TRAIL expression by
pulmonary CD8" T cells appears to be directly linked to influenza-virus specificity, and

++

adoptive transfer of TRAIL™", but not TRAIL ™" T cells, can mediate protection from

ongoing lethal dose influenza virus infections. Finally, our in vivo cytotoxicity
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experiments directly show that TRAIL deficiency on T cells or DRS deficiency on target
cells results in significantly (p < 0.029) reduced CD8" T cell cytotoxicity of influenza
peptide pulsed target cells despite the presence of equal numbers of pulmonary influenza-
specific CD8" T cells and identical levels of IFNy, FasL, Granzyme B, and degranulation
by influenza-specific TRAIL™" and TRAIL™™ CDS effectors.

Of note, our results show that TRAIL expression appears to selectively correlate
only with those pulmonary CD8" T cells that are specific for influenza. Further,
upregulation of DRS, the receptor for TRAIL, to high levels on pulmonary epithelial cells
is linked to direct infection of the cells with influenza virus. Together these results
suggest that elimination of virus-infected cells by influenza-specific CDS" T cells could
be specific not only at the level of recognition of virus peptide/MHC I complexes but also
by the high level of DRS expression. In this manner high expression of DR5 may permit
T cell-mediated elimination of virally infected cells and allow survival of any
surrounding non-infected epithelial cells or even pulmonary APC that carry viral peptide
MHC complexes but have not upregulated DRS5 due to direct infection - an idea that
would be consistent with previously described selective TRAIL cytotoxicity within tumor
systems (176). It is important to keep in mind that the amount of DRS5 expressed on a
cell’s surface is not the only point that determines TRAIL susceptibility. The events that
are required for TRAIL-resistant cells to become susceptible to TRAIL are complicated
and not well understood. Many viruses substantially alter host cell metabolism, such that
it might be predicted that cells infected with viruses acquire sensitivity to death-inducing
ligands (including TRAIL). Normal cells infected with RSV, human cytomegalovirus, or
encephalomyocarditis virus become susceptible to TRAIL-mediated killing (93, 152-
154), and we have also found the TRAIL-resistant human lung adenocarcinoma cell line,
A549, can be sensitized to TRAIL following influenza virus infection (figure 31). While
it is beyond the scope of this report, we are actively investigating the mechanism(s) that

regulate TRAIL susceptibility in influenza virus-infected cells.
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In the current study, TRAIL expression by CD8" T cells correlates with reduced
viral loads and disease severity; however, increased TRAIL expression may also lead to
increased disease during some influenza virus infections (177). H5SN1 influenza virus-
infected human monocyte-derived macrophages express TRAIL at levels that are able to
kill T cells - an outcome that could be inhibited by introduction of anti-TRAIL-R2
blocking antibodies (177). In this manner the TRAIL-expressing macrophages are
thought to help drive the T cell lymphopenia observed with HSN1 influenza infections
(177, 178). Influenza infection commonly induces the production of type I and II IFN as
part of the innate immune response (179-181). Both types of IFN are potent inducers of
TRAIL expression on many cells in the immune system (182, 183), and monocytes/M¢
are exquisitely sensitive to IFN-induced TRAIL expression (184). Thus, while direct
H5NI1 influenza infection can induce TRAIL expression, the breadth and amount of
TRAIL expressed by cells of the immune system may be further enhanced by IFN-
mediated events. Therefore, our data and the results from the above studies would
collectively suggest that TRAIL expression during influenza infections normally has a
beneficial effect on viral control (i.e. CD8" T cell-mediated elimination of infected
pulmonary epithelial cells, etc), but that TRAIL may also serve to enhance the virulence
of some influenza virus infections. The factors that regulate the beneficial versus
deleterious effects, and possibly distinct cellular expression patterns of TRAIL during
influenza infections, await further study.

Our observation that TRAIL” mice do not significantly reduce viral titers as

++

substantially from day 4 to 6 p.i. when compared to TRAIL"" mice (Figure 5B) suggests
that TRAIL-mediated cytotoxicity by CD8" T cells may be more important than the Fas
and perforin pathways of cytotoxicity during the early stages of influenza infections. This
increased dependence upon TRAIL at these early times might relate to the low numbers

of influenza-specific CD8" T cells present (57, 68, 69), and hence low functional in vivo

effector: target ratios in the lungs — an idea which would be consistent with TRAIL-



dependent killing of some target cell lines in vitro (185). However, at later the stages of
infection (i.e. days 6-8 p.i.) when the number of effector CD8" T cells has expanded (57,
68, 69), the loss of TRAIL may be compensated for by the other cytotoxicity pathways
resulting in redundant and overlapping mechanisms of viral control and the 1 log
reduction in pulmonary virus levels. Regardless, our results show that a third pathway
(i.e. TRAIL: DRY) of cytotoxicity is used along with the previously described Fas- and
perforin-dependent killing pathways to eliminate and control influenza virus infection.
In conclusion, the results presented herein show that TRAIL plays a role in the
regulation and control of influenza virus infections. Specifically, the early adaptive
influenza-specific CD8" T cell response appears to utilize TRAIL-mediated lysis of DRS"
(i.e. TRAIL receptor) influenza-infected cells in addition to FasL:Fas and
perforin/granzyme dependent cytotoxicity pathways to control influenza virus infection.
Further our results show that TRAIL and DRS upregulation by CD8" T cells and
pulmonary epithelial cells is closely linked to either the antigen specificity of the T cells
or the infection status of the epithelial cells, respectively. This suggests that TRAIL:DRS
specific interactions may partner with TCR:viral peptide-MHCI interactions to allow the

targeted elimination of only influenza virus infected cells.
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Figure 5. TRAIL deficiency correlates with increased disease severity after influenza
virus infection. A, C57BL/6 TRAIL"" (o) or TRAIL™ (A) mice (n = 4 mice/group)
were infected with influenza and weighed daily to assess morbidity. The values displayed
represent the daily weight relative to the weight on day of infection (i.e. starting weight).
* p <0.05, Mann-Whitney Rank Sum Test. No significant differences in mortality
existed between the two groups. Data are representative of 2 separate experiments. B,
Pulmonary virus titers were assessed by determining TCIDs, in MDCK cell cultures (as
described in the Materials and Methods). *, p = 0.002, Mann-Whitney Rank Sum Test.
Viral clearance was significantly different between the TRAIL™" and TRAIL ™ with a p

=0.036 as analyzed by a Kaplan-Meier Survival Analysis: Log-Rank.
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Figure 6. Expression of effector molecule and receptor mRNA is equivalent in the lungs
of TRAIL"" and TRAIL ™ mice during influenza virus infection. TRAIL, DRS, FasL,
Fas, perforin, and Granzyme B mRNA expression in the lungs of TRAIL™* (m) and
TRAIL (®) mice were determined by quantitative RT-PCR on d 4, 6, 8, 14, 18, and 21
after infection. 18s rRNA was used to normalize the gene expression. Data are

representative of 2 independent experiments.
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Figure 7. Pulmonary expression of TRAIL-receptor (DR5) and TRAIL occurs in an
influenza-specific fashion. At d 4 p.i., lungs were harvested from TRAIL"" mice and
prepared into a single cell suspension. A, Isolated cells were stained with anti-T1a, anti-
DRS, and anti-NP or respective isotype controls. The top histogram represents the basal
DRS expression in uninfected T1a-positive pulmonary cells (dashed line) relative to the
DRS5-isotype control (shaded histogram). The bottom histogram shows DRS5 expression
on Tlo"/NP" (solid line) and T1a'/NP~ (dashed line) pulmonary cells relative to the
isotype control (shaded histogram). B, DRS mean fluorescence intensity (MFI) on NP"
and NP~ Tla' cells from the lungs of infected mice (n = 5). Data are representative of 3
individual experiments. C, On day 8 p.i. cells isolated from TRAIL"" mice were stained
with anti-CD8a, anti-CD3e, NP3¢s and PAjy4 tetramers, and anti-TRAIL (open
histograms) or isotype controls (shaded histograms). Data are representative of 5 mice

from 2 experiments.
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Figure 8. Expression of TRAIL in the lung-draining lymph nodes occurs in an influenza-
specific fashion. At d 6 p.i., lung-draining lymph nodes were harvested from TRAIL ™"

mice and prepared into a single cell suspension. The cells were then stained with anti-
CD8a, anti-CD3¢g, NP3 and PAjy4 tetramers, and anti-TRAIL (open histograms) or

isotype controls (shaded histograms). No upregulation was observed on tetramer

negative populations. Data are representative of 4-5 mice from 2 experiments.
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Figure 9. Antigen-specific stimulation through the T cell receptor results in TRAIL
upregulation. Splenocyte antigen-presenting cells (APC) were harvested from BALB/c
mice and pulsed with HAsg peptide or left unpulsed. Naive Clone-4 T cells (transgenic

T cells expressing a T cell receptor specific for the HAs g peptide) or naive DUC-18 T
cells (transgenic T cells expressing a T cell receptor specific for tERK-I,34 peptide) were

isolated, labeled with CFSE, mixed with the APC at a 1:1 ratio, and incubated for 24
hours. After incubation, cells were harvested, stained with anti-CD8a and anti-TRAIL
monoclonal antibodies, and analyzed by flow cytometry. Histograms represent TRAIL

expression on CFSE'CD8" T cells from each group.
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Figure 10. Despite similar CD8" T cell responses, cytotoxicity is decreased in influenza
virus-infected TRAIL™" animals. At d 8 p.i., lungs were harvested from C57BL/6
TRAIL™" (o) or TRAIL™" (m)mice. A, Isolated cells from TRAIL™" or TRAIL™™ mice
were stained with anti-CD8a, NP3 tetramer or PA»»4 tetramer, and anti-CD3¢ and the
number of CD8tetramer” T cells (mean + SD) enumerated using total counts and flow
cytometry. ANOVA analysis yielded no significant differences among the number of
TRAIL"" and TRAIL™ tetramer” T cells or between the individual tetramers. Data are
representative of 3 experiments. B, Pulmonary cells were incubated with NP3¢s and PAj)4
peptides (or control media); the frequency of antigen-specific T cells was measured by
IFNy ICS. Shown is the percentage of IFN-y" of CD8" cells. ANOVA analysis yielded no
significant differences between the number or percentage of TRAIL™" and TRAIL ™"
IFNy" T cells or between the two epitopes. Data are representative of 2 experiments. C,
The pulmonary influenza-specific CD8" T cell response in TRAIL™" (o) or TRAIL ™ (e)
mice was measured by in vivo cytotoxicity assay on d 8 p.i. Target cells were purified
from DR5™" and DR5™ were used as indicated. Percent influenza-specific killing was
calculated by comparing unpulsed target lysis to influenza-peptide pulsed target lysis.
Target frequencies were normalized to ratios harvested from transfers into natve mice. C
insert, targets from DR5™" were verified to be DR5" by flow cytometry. *, p = 0.029

determined using a 24 paired t-test.
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Figure 11. TRAIL™ and TRAIL"" influenza-specific CD8" T cells have similar
granzyme B and FasL expression as well as similar degranulation. Atd 8 p.i., lungs were
harvested from C57BL/6 TRAIL"" or TRAIL™ mice. A, Isolated cells were stained with

anti-CD8a, NP6 tetramer, PAj»4 tetramer, anti-granzyme B or isotype control, or anti-
FasL or isotype control mAb. Upper panels show Granzyme B (left) or FasL expression
(right) on CD8 NP3 * cells from C57BL/6 TRAIL™" or TRAIL™ mice. Lower panels
show Granzyme B (left) or FasL expression (right) on CD8 PAy, ~ cells from TRAIL™"
or TRAIL™" mice. Gray histograms represent isotype control staining. Histograms are
representative of 5 mice and 2 separate experiments. B, Isolated cells were incubated
with NP346 and PAj4 (or control media), BFA, and anti-CD107a for 5 h. After
incubation, the cells were stained with anti-CD8 and anti-IFN-y. Histograms represent the
CD107a expression on CD8 TFN-y" cells from TRAIL™" or TRAIL™™ mice. Histograms

are representative of 5 mice and 2 separate experiments.



1004 100

=~

‘= 804 80

@

g-ﬁﬂ' 60

540 40

201 20

o % _

2 o 0
100 10" 102 10° 10¢ 10° 10t 102 10°

1004 1001

'S 801 80+

@ oo ;

8 60 60

Q- 40- 40-

o "

201 20

<

a o ~r 0
100 10" 102 10° 10¢ 10° 10" 102 10°

EE— —_— >

Granzyme B FasL

104

104

N B o o

NP, positive

itve

=]
(=]

=]
(=]

~
o

]

PA;,, pos

a9 0992 9

[=]

(=]

54

= TRAIL+/+
===« TRAIL-/-

104

CD107a



55

A
mice,

Figure 12. Transfer of pulmonary CD8" T cells from influenza-infected TRAIL
but not TRAIL™™ mice, reduces the mortality of lethal dose influenza-infected mice. At d
8 p.i., lungs were harvested from C57BL/6 TRAIL"" or TRAIL™ mice. CD8" T cells
were isolated and transferred i.v. into mice that had been previously infected with a lethal
dose of influenza virus (transfer made at day 5 p.i.). The values displayed represent the
current percentage of mice surviving after receiving TRAIL"" T cells, TRAIL™™ T cells,
or no transfer of cells. Data represent 2 pooled experiments (total mice no transfer n=9;
total mice receiving TRAIL™™ T cells n=9; total receiving TRAIL™" T cells n = 6). No

transfer vs. TRAIL™* transfer, p = 0.00551; TRAIL"" transfer vs. TRAIL "~ transfer, p =

0.05; no transfer vs. TRAIL ™ transfer, p = 0.517.
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Figure 13. Pulmonary CD8" T cells harvested from influenza-infected TRAIL™* mice or
TRAIL™" mice migrate similarly to the lungs of lethally-infected mice. At d 8 p.i., lungs
were harvested from C57BL/6 TRAIL"'CD45.2" or TRAIL” CD45.2" mice. CD8" T
cells were isolated and 2x10° transferred i.v. into CD45.1" mice that had been previously
infected with a lethal dose of influenza virus (transfer made at day 5 p.i.). The values
displayed represent the number of CD45.2" cells present in the lung of recipient mice 24
hours after transfer. No significant differences were observed in numbers of cells

migrating to the lung, as measured by paired t-test.
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CHAPTER III. THE MAGNITUDE OF T CELL-MEDIATED IMMUNE
RESPONSES TO INFLUENZA VIRUS INFECTION IS REGULATED
BY TNF-RELATED APOPTOSIS-INDUCING LIGAND (TRAIL)

Abstract

An immune response of appropriate magnitude controls pathogen spread while
simultaneously limiting immune system-induced damage to the infected host. The
objective of the present study was to determine the role of TNF-related apoptosis-
inducing ligand (TRAIL) in shaping the magnitude of the pulmonary CD8" T cell
response to primary influenza virus infection. Using TRAIL™* and TRAIL" mice
infected with a clinical dose of influenza virus, we tested the hypothesis that increased
Ag-specific CD8" T cell responses observed in TRAIL™ mice result from enhanced
chemokine expression in the lung. Compared to TRAIL"* mice, influenza-infected
TRAIL™ mice experienced increased morbidity and mortality, despite similar viral titers
and rates of viral clearance. The increased disease correlated with increased pulmonary
pathology, inflammation, and cellular infiltration in the TRAIL” mice. Analysis of the
lung-infiltrating lymphocytes revealed increased numbers of Ag-specific CDS" T cells in
the lungs of influenza-infected TRAIL™ mice, which correlated with increased
pulmonary cytotoxicity. Despite the difference in in vivo killing, the influenza-specific
CD8" T cells from TRAIL"" and TRAIL™ mice killed similarly on a per-cell basis and
expressed similar levels of Granzyme B, FasL, IFNy, and TNF. While Ag-specific T
cells from TRAIL"" and TRAIL” mice also expressed similar levels of CXCR3 and
CCRS5, the TRAIL™ mice had enhanced pulmonary MIG and MIP-10o. expression.
Blocking the receptors for these chemokines on primed T cells blocked their recruitment
to the lung. Together, these data suggest that TRAIL regulates the magnitude of CD8" T
cell responses to influenza virus infection by controlling the pulmonary expression of

chemokines important for T cell recruitment.
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Introduction

Primary infection with influenza virus results in a localized pulmonary infection
and inflammation, and elicits an influenza-specific CD8" T cell immune response that is
necessary for viral clearance (57, 68, 69). Recruitment of T cells to the lung environment
after their initial priming in the lung-draining LN is dependent on chemokine expression
in the lung as well as chemokine receptor expression on the activated, influenza-specific
T cells. A plethora of chemokines have been inculpated in T cell homing to the airway,
including MIP-1a, MIP-1f3, MIP-3a,, RANTES, and IP-10 (61). Similarly, expression of
the corresponding chemokine receptors—including CCR2, CCRS, and CXCR3—has
been detected on activated T cells after influenza virus infection. The interactions of
these chemokines with their respective receptors enhance integrin expression, and
subsequently enhance the attachment/rolling of these cells, which is essential in their
migration into the lung environment (61).

During primary influenza virus infections, the resulting T cell response is initiated
by DC in the lung-draining LN that present Ag and induce the expression of the
aforementioned chemokine receptors necessary for homing to the site of infection, as
well as the expression of effector molecules necessary for killing infected cells. During
influenza virus infections, the influenza-specific CD8" T cells are primed in the lung-
draining LN and subsequently migrate to the lung where they kill infected cells via
Fas:FasL interactions and Granzyme B/Perforin secretion (67). In addition to these well-
characterized killing pathways, previous work from our laboratory also identified a role
for TNF-related apoptosis-inducing ligand (TRAIL)-expressing CD8" T cells in the
primary immune response to influenza virus infection (65-67, 186, 187). TRAIL has
classically been studied in tumor immunology settings, where it selectively induces
apoptosis in transformed cells while leaving non-transformed cells unaffected (83, 84,
90). More recently, TRAIL-based immunity has become appreciated as a key component

in the immune response during viral infections, including responses to cytomegalovirus,



human immunodeficiency virus, and respiratory syncytial virus (91-93, 152, 154-156,
188). Recent reports also demonstrate that TRAIL contributes to the immune response
to influenza virus (91, 101, 186, 189). While TRAIL contributes to the killing of virally-
infected cells by antigen-specific CD8" T cells (186), TRAIL expression on macrophages
is associated with increased lung damage and susceptibility to pneumonia (101, 189).
Seasonal influenza virus infections affect 10-20% of the U.S. population each
winter, resulting in substantial morbidity (~114,000 hospitalizations) and mortality
(~36,000 deaths) (3). Utilizing models that recapitulate infection characteristics is
imperative to understanding the characteristics of an immune response that result in virus
clearance while limiting immunopathology. The infectious dose of influenza virus

.
mice

utilized in the previous investigation induced minimal morbidity in the TRAIL
(186); to better model human infections in the current study, we altered the infection
protocol to examine the role of TRAIL in the CD8" T cell-mediated immunity induced in

++

response to a dose of influenza virus that induces clinical symptoms in TRAIL " mice.

The results show that TRAIL™ animals given clinical-dose influenza virus infections are

A :
" mice. The increased

at greater risk for morbidity and mortality compared to TRAIL
disease severity correlated with increased lung damage, increased pulmonary
inflammation, and increased pulmonary recruitment of influenza-specific CDS" T cells in
the TRAIL” mice. Consistent with the increased number of T cells, TRAIL” mice had
enhanced influenza-specific pulmonary cytotoxicity in vivo, despite similar in vitro
killing capacity and similar expression of effector molecules. Interestingly, the enhanced
T cell recruitment to the lung correlated with increased pulmonary MIG and MIP-1a

A+
mice.

expression in the lungs of TRAIL” mice compared with the lungs of TRAIL
Blocking of the corresponding receptors for these chemokines on primed T cells blocked
their recruitment to the lung. These data collectively suggest that TRAIL plays a role in

limiting pulmonary inflammation and damage after clinical-dose influenza virus infection

by regulating the expression of chemokines and the recruitment of Ag-specific T cells.
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Materials and Methods

Mice, virus, peptides, and infections

C57Bl/6 (TRAIL™") were purchased from the National Cancer Institute
(Frederick, MD). C57Bl/6 TRAIL-deficient (TRAIL™) mice were obtained from Amgen
(Seattle, WA) (139). These mice have been backcrossed onto the C57B1/6 background
>10 generations. BALB/c (TRAIL™") mice were purchased from the Jackson
Laboratory. BALB/c TRAIL-deficient (TRAIL™") mice were obtained from Tom Sayers
(NCI, Frederick, MD). These mice have been backcrossed onto the BALB/c background
>10 generations. All mice were used at 16-24 weeks of age, and all animal experiments
followed approved University of lowa IACUC protocols. The mouse-adapted influenza
A virus A/PuertoRico/8/34 (PRS; HIN1) was grown in the allantoic fluid of 10 d old
embryonated chicken eggs for 2 d at 37°C, as previously described (55, 69). Allantoic
fluid was harvested and stored at -80°C. Groups of 20.5-22.5 ¢ TRAIL"" and TRAIL™
mice were given 1500EIU of mouse-adapted PR8 virus in Iscove's media intranasally
(i.n.) following anesthesia with isofluorane. The peptides NP3ss (ASNENMETM), PAjy4
(SSLENFRAYYV), HAs3; (IYSTVASSLI), and NP4, (TYQRTRALYV) were purchased

from Biosynthesis Inc. (Lewisville, TX).

Histology

Whole lungs with the heart attached were harvested from TRAIL"" or TRAIL™
mice on various days after influenza virus infection. Lungs were placed in 10% formalin
(Fisher Scientific). After ten days, fixed lungs were processed and embedded in paraffin
at the University of lowa Comparative Pathology Laboratory. Paraffin blocks were
sectioned at 5-um thickness. Sections were H&E stained at the University of lowa
Central Microscopy Core; alternatively, sections were stained with anti-influenzaNP and
counter-stained with hematoxylin. Slides were blinded and scored by a board-

certified veterinary pathologist (D. Meyerholz, University of lowa, lowa City, IA). H&E

62



63

stained slides were scored from 0 to 5 ona graded scale in which O represents
undetectable inflammation and 5 represents severe cellular inflammation.

Scoring of cellular infiltration was defined as follows: 0 —none detected; 1 — rare
to uncommon; 2 - detectable extravasated neutrophils in small aggregates in airway and
or alveoli; 3 - multiple moderate foci/aggregates in airway and/or alveoli; 4 — Severe
coalescing foci/aggregates that efface alveoli.

NP influenza scoring was defined by distinct airway epithelium staining: 1 —no
distinct NP Ag detection; 2 — rare to uncommon aggregates of cellular NP Ag staining in
airway epithelium (<1/3 affected); 3 - small aggregates of staining airway epithelium (1/3

to 2/3 affected), and 4 — NP antigen staining of most airway epithelia (>2/3 affected).

Determination of lung virus titer

Pulmonary influenza viral titers were determined via endpoint dilution assay and
expressed as Tissue Culture Infections Dosesy (TCIDsg). Briefly, 10-fold dilutions of
homogenized and clarified lung from influenza virus-infected mice were mixed with 10
MDCK cells in DMEM. After 24 h incubation at 37°C, the inoculum was removed and
DMEM media containing 0.0002% L-1-(tosylamido-2-phenyl) ethyl chloromethyl ketone
(TPCK)-treated trypsin (Worthington Diagnostics, Freehold, NJ) and penicillin
(100U/ml)/streptomycin (100 pg/ml) was added to each well. After 3 d incubation at
37°C, supernatants were mixed with an equal volume of 0.5% chicken RBC, the

agglutination pattern read, and the TCIDs, values calculated.

In Vivo Cytotoxicity Assays
Splenocytes were resuspended in NycoPrep 1.077A (Axis-Shield; Norton, MA)
and then purified according to the manufacturer's instructions. NycoPrep-purified splenic
mononuclear cells (10’/ml) were labeled with either 2 uM CFSE (Invitrogen; Eugene,
OR) at 37°C for 10 min or 2 uM PKH-26 (Sigma; St. Louis, MO) at room temperature

for 5 min. After labeling, residual non-cell-associated CFSE and PKH-26 were



neutralized by adding an equal volume of fetal calf serum to the cell suspension. CFSE-
labeled splenic mononuclear cells (107/m1) were pulsed with 10 uM PA,,4 and NP366
peptide for 1 h at 37°C. PKH-26" splenic mononuclear cells (10"/ml) were similarly
incubated without peptide for 1 h at 37°C. The cells were then washed and mixed at a

1:1 ratio, and 107 cells were adoptively transferred i.v. into influenza virus-infected
TRAIL"" or TRAIL” mice. After 8 h, the lungs were removed, digested, and analyzed
by flow cytometry, as previously described (69), to enumerate the number of remaining
target cells. Uninfected mice were used as controls. The percent reduction in the number
of recovered peptide-pulsed target cells in the uninfected versus infected mice was

considered the percent killing.

In Vitro Cytotoxicity Assays

On day 8 post-infection, lungs were harvested from TRAIL"" and TRAIL" mice.
Lungs were homogenized, and CD8" T cells purified by CD8 MicroBead Kit (Miltenyi
Biotech, Auburn, CA) per manufacturer’s protocol. A portion of the T cells was then
stained with anti-CD8a, NP4 tetramer, and PAj,4 tetramer. The percentage of tetramer-
positive CD8" cells was used to calculate the number of influenza-specific effectors.
Splenocytes were harvested from C57BL/6 mice and were pulsed with 10 pM PAj4 and
NP366 peptide for 1 h at 37°C or left unpulsed. After peptide pulse, cells were labeled
with 100 puCi of >'Cr for 1 h at 37°C, washed three times, and resuspended in complete
medium. To determine T cell-induced death, >'Cr-labeled tumor cells (10*/well) were
incubated with 3 x 10° T cells for 18 hours. Assay was performed in 96-well round-
bottom plates, and the percent specific lysis was calculated as: 100 X (experimental
c.p.m. - spontaneous c.p.m.)/(total c.p.m. - spontaneous c.p.m.). Spontaneous and total
>1Cr release were determined in the presence of either medium alone or 1% NP-40,

respectively.



T cell migration assay

TRAIL™ recipient mice and WT or CXCR3™" donor mice were infected with
A/PR/8/34. At day 6 post-infection, lung dLN from donor mice were harvested and
homogenized. CD8" cells were purified using Miltenyi CD8 Microbeads. The CD8+
populations were then blocked with anti-CCRS at 50pug/ml (or isotype) and stained with
4uM PKH-26 (experimental groups) or 4uM PKH-67 (control groups). The
blocked/knockout cells (PKH-26 labeled) were then mixed with an unblocked/WT
reference population (PKH-67 labeled) at a 1:1 ratio; 3.5 x 10° of the mixed cells were
transferred to recipient mice. 20 hours later, the lungs were harvested from the recipient
mice, homogenized, and collected on a FACS DiVa. T cell trafficking was assessed by
comparing migration of the blocked/knockout populations (PKH-26" cells) to the
cotransferred WT population (PKH-67" cells). All values were adjusted to account for
variability in input ratios. Bars are normalized to the migration observed in the
unblocked/WT population group and the data represent pooled lungs from 3-4

mice/group.
Flow-Cytometry Analysis.

Surface Labeling

Isolated lung cells (10°) were stained with the following mAb: PE, PerCP-CY5.5,
or APC-conjugated anti-mouse CD8a (53-6.7; BD Biosciences, San Jose, CA);
biotinylated anti-mouse CD178/FasL. (MFL3; eBioscience, San Diego, CA); or
biotinylated anti-mouse TRAIL (N2B2; eBioscience). Cells stained with biotinylated
mAb were subsequently incubated with Strepavidin-PerCP, Strepavidin-PE, or
Strepavidin-APC (BD Bioscience). Stained cells were fixed and erythrocytes lysed with
FACS lysing solution (BD Biosciences), and subsequently analyzed on a FACSCalibur

flow cytometer. NP3¢6 and PAjy4 tetramers (for C57BL/6 studies) as well as HAs33 and
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NP47 tetramers (for BALB/c studies) were obtained from the National Institute of

Allergy and Infectious Disease MHC Tetramer Core Facility (Germantown, MD).

Pulmonary Epithelial Staining

Isolated lung cells (10°) were stained with the FITC-conjugated anti-mouse
Tla/Podoplanin (8F11; MBL, Woburn, MA) or isotype control, and PE-conjugated anti-
mouse DRS5 (MDS5-1; eBioscience) or isotype control. Subsequently, the cells were fixed,
permeabilized, and stained with biotinylated anti-NP (H16-L10-4R5; obtained from
Walter Gerhard, Wistar Institute, University of Pennsylvania). Biotinylated antibody was

subsequently revealed with PerCP-CY5.5.

Intracellular Staining

Granzyme B. Isolated lung cells (10°) were surfaced stained with PerCP-CY5.5-
conjugated anti-mouse CD8a. Subsequently, the cells were fixed, permeabilized, and
stained with the PE-conjugated anti-human Granzyme B mAb (GB11; Invitrogen), or
isotype control (57). IFN-y. Splenocytes from influenza-infected mice were cultured at 2
x 10° cells/well in the presence of 1 uM of influenza peptides or media control, FITC-
conjugated anti-CD107a (1D45; eBioscience) or isotype control, 400 U/ml recombinant
human IL-2, and 1 pg/ml brefeldin A. After 6 h, cells were harvested, stained with PE-
conjugated rat anti-mouse CD8a, fixed, permeabilized, and stained with APC-conjugated

rat anti-mouse [FN-y (XMG1.2; eBioscience) or isotype control (eBioscience).

Statistical analysis
For each analysis, normal distribution of data was first verified. To assess the
difference between two sets of data with normal distribution, statistical significance was
assessed using an unpaired, one-tailed t-test or a paired t-test for control and experimental
data groups that could be paired. If normality test failed, Mann-Whitney Rank Sum tests

were completed to compare data sets. To assess the differences among multiple sets of



data with normal distribution, statistical significance was assessed using an ANOVA
analysis of the data sets. If normality test failed, Kruskal-Wallis One Way Analysis of
Variance on Ranks test was used to determine overall significance with subsequent pair
wise comparisons completed using Dunn’s Method. To determine differences in viral
clearance, Kaplan-Meier Survival Analysis: Log-Rank tests were run to determine
significant differences between data sets. When appropriate, subsequent pair-wise
multiple comparisons were completed using the Holm-Sidak method. Differences were

considered to be statistically significant at p < 0.05.
Results

TRAIL™ mice have increased morbidity and mortality
compared to TRAIL"" mice
In the previous report examining the role of TRAIL in the immune response to
influenza virus infections, we utilized a dose of influenza that induced minimal morbidity

+H+

and no mortality in TRAIL ™" mice. While it is possible for humans to experience
asymptomatic influenza virus infections, substantial public health interest exists in better
understanding immune responses to influenza virus infections that induce clinical
symptoms. To better model the host reaction and immune response to an infection with
clinical symptoms, we altered the infectious inoculum to induce observable morbidity in
TRAIL"" mice. Consistent with previous findings, TRAIL” mice showed increased

+/+

weight loss relative to TRAIL " mice following clinical-dose influenza infection (Figure
14A). This morbidity increase in the TRAIL"" mice also correlated with increased
mortality compared to TRAIL™* mice (Figure 14B). Reinforcing the importance for
TRAIL in the immune response to influenza virus infection, increased mortality was also
H+

observed in TRAIL” BALB/c mice infected with influenza virus compared to TRAIL

BALB/c mice (Figure 15).
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Despite similar clearance of influenza virus from the lungs,
TRAIL™ mice have enhanced pulmonary cellular
infiltrates, increased inflammation, and increased tissue

-
mice

damage compared to TRAIL

Our previous investigation of TRAIL"" and TRAIL” mice infected with a
subclinical dose of influenza virus found a significant increase in lung viral titers and a
significant delay in viral clearance in TRAIL™ mice (Figure 5). With this in mind, we
examined viral titers from the lungs of TRAIL™" and TRAIL" mice infected with a
clinical dose of influenza virus. Despite the differences in morbidity and mortality, the
influenza viral titers and rate of viral clearance from the lungs of TRAIL™* and TRAIL™
mice were surprisingly similar (Figure 14C). These titers were consistent with influenza
NP localization, as immunohistochemistry revealed similar NP distribution in the lungs
of influenza-infected TRAIL"" and TRAIL™ mice (Figure 16). Thus, pathology
mediated directly by viral infection and subsequent lysis of infected cells does not appear
to be the mechanism behind the enhanced disease severity observed in TRAIL” mice.

The efficiency with which TRAIL™ mice cleared a clinical-dose influenza virus
infection combined with the increased morbidity/mortality of these mice prompted us to
histologically examine the pulmonary inflammation. Consistent with the increased
morbidity/mortality in the TRAIL” mice, evaluation of lung sections revealed increased
interstitial and perivascular inflammation in the TRAIL"" mice after influenza virus
infection. This increase in inflammation correlated with an increase in pulmonary tissue
damage and loss of organized tissue architecture (Figure 17). Further, the lungs of
TRAIL™ mice had increased numbers of cellular foci after influenza virus infection
(Figure 18). These data suggest that the enhanced immune response to clinical dose
influenza virus infection in TRAIL”" mice leads to increased inflammation and tissue

++

damage compared to TRAIL™"" mice.
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TRAIL™ mice have increased antigen-specific pulmonary
T cell numbers, which correlates with increased influenza-
specific pulmonary cytotoxicity
The kinetics of viral clearance from the lung, as well as the increased mortality of

TRAIL™ mice, is consistent with the kinetics of T cells arriving into the lungs after
influenza virus infection. Further, immunopathology associated with influenza virus
infections has been attributed to CD8" T cells (108, 109, 111). In the previous
investigation of sub-clinical influenza virus infection, Ag-specific CD8" T cell responses
were of similar magnitude in TRAIL"" and TRAIL” ‘mice (Chapter 2, (186). To
determine the extent to which altered T cell recruitment enhances pulmonary T cell
cytotoxicity in TRAIL” mice, we examined the pulmonary, influenza-specific CD8" T
cell response. By utilizing NP3 and PAj»4 tetramers, the two DP-restricted
immunodominant epitopes from the A/PR/8/34 strain of influenza virus, we observed a
significant increase in the number of NP3gs" (p = 0.041) and PAyy," (p <0.001) CDS™ T

++

cells infiltrating the lungs of TRAIL"" mice compared to TRAIL™" mice (Figure 19).
Consistent with these findings, tetramer analysis in BALB/c TRAIL"" and TRAIL” mice
showed significant increases in pulmonary NP,47—specific (p = 0.022) and HAss33-specific
(p =0.029) CD8" T cells in the lungs of TRAIL” mice compared to TRAIL"" mice
(Figure 20). Interestingly, this enhanced recruitment of antigen-specific CD8" T cells in
TRAIL™ mice appears to be specific to the lung, as decreased numbers of antigen-
specific CD8" T cells were observed in the spleens of TRAIL” mice compared to the

+ + . . .
" mice after clinical-

numbers of antigen-specific CD8" T cells in the spleens of TRAIL
dose influenza virus infection (Figure 19).

During primary influenza virus infections, CD8" T cells are the cell population
responsible for clearing virus (65, 66). After their initial priming in the regional-draining

lymph node, influenza-specific CD8" T cells migrate to the lung, where they recognize
ymp p g g y

infected cells utilizing MHC:TCR interactions (53, 58). Subsequent to this recognition,
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the T cells trigger apoptosis in the infected cells through FasL:Fas interactions,
Granzyme B/perforin secretion (67), and TRAIL:DRS interactions (186). In the previous
examination of sub-clinical dose infections, pulmonary T cells in TRAIL” mice had
decreased cytotoxic function, which correlated with delayed viral clearance compared to
that observed in TRAIL™" mice. The efficiency with which the TRAIL” mice cleared a
clinical-dose infection prompted us to examine CD8" T cell function. Consistent with the
enhanced pulmonary T cell response and efficient clearance of virus in the TRAIL" mice,
the in vivo influenza-specific killing by pulmonary CD8" T cells was significantly higher
(p=0.031) in the TRAIL"" mice compared to the killing in WT mice (Figure 21).

+/+
™ and

However, when the cytotoxic function of the pulmonary T cells from TRAIL
TRAIL™ mice was assessed in vitro, the T cells killed the target cells similarly, indicating
that the per-cell killing capacity by the pulmonary CD8" T cells was similar (Figure 22).
Together, these results suggest that pulmonary CD8" T cells in TRAIL” and TRAIL™"
animals have similar inherent killing ability following a clinical-dose influenza virus
infection, but different in vivo killing capacity. Considering the increased antigen-
specific T cell responses in the lung environment of the TRAIL™ mice, the increased in
vivo killing in the TRAIL™ mice is likely a result of their increased pulmonary T cell

++

numbers compared to the TRAIL " host. Further, these data suggest that the observed
increase in illness in the TRAIL™ mice might result from an aberrant immune response to
the influenza virus infection—which help clear the virus efficiently, but could also

negatively enhance inflammation and pulmonary damage during the immune response.

Influenza-specific CD8" T cells in TRAIL"" and TRAIL™"
mice express effector molecules similarly
In addition to the magnitude of the T cell response, other factors can contribute to
alterations in T cell cytotoxicity. Specifically, changes in the effector phenotype (i.e.

effector molecule expression, activation state, anergy/exhaustion, etc.) of the influenza-



specific CD8" T cells responding to the infection could contribute to the observed
differences in cytotoxicity. Subsequent phenotypic analysis of these influenza-specific
CD8" T cells (Figure 23) showed that they had similar expression of granzyme B
(TRAIL™" MFI = 59.4+14.9; TRAIL”" MFI = 37.9+12.2), FasL (TRAIL""* MFI =
351+134; TRAIL" MFI = 333+106), TNF (TRAIL"* MFI = 20.1+4.6; TRAIL” MFI =
32.1421.3), as well as similar ability to degranulate, as measured by CD107a staining.
Thus, these data indicate that the differences in pulmonary cytotoxicity between the
TRAIL"" and TRAIL” CD8" T cells responding to the influenza virus infection could not
be explained by the “effector” phenotypic parameters measured. Further, the data
support the idea that the differential in vivo cytotoxicity was simply the result of
increased numbers of influenza-specific CD8" T cells responding to a clinical dose

influenza infection in TRAIL” mice.

TRAIL™ mice have increased pulmonary chemokine
expression after influenza virus infection
To determine the possible cause of the differential T cell recruitment to the lungs
of TRAIL" mice compared to TRAIL"* mice, we measured the pulmonary expression of
chemokines known to be associated with T cell recruitment (61-63). Interestingly,
significant increases in MIG expression (p < 0.001) and MIP-1a expression (p = 0.027)

o :
mice, while

were observed in the lungs of TRAIL” mice compared to TRAIL
expression of other chemokines associated with T cell recruitment (IP-10, MCP-1, and
RANTES) was similar between the two groups (Figure 24A). For chemokines to
effectively act on T cells and enhance their migration into the lungs, the T cells need to
express the corresponding receptor for the chemokine. Examination of the Ag-specific
CDS8" T cells responding to the influenza infection revealed that CXCR3 (receptor for
MIG) and CCRS5 (receptor for MIP-1ct) had similar levels of expression on pulmonary T

cells from TRAIL"" and TRAIL™ mice (Figures 24B). Because of the established
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importance for these chemokine receptors in recruiting T cells to the lungs during
influenza infection (61), and to determine if other chemokine receptors were playing a
major role in T cell recruitment, we examined the importance of the CXCR3 and CCRS5
on migration to the lung from the lung-draining LN. T cells were isolated from the lung-
draining lymph nodes of CXCR3"" and CXCR3"" mice. After treatment with chemokine
receptor blocking antibody or isotpye control, these T cells were then transferred into an
infected TRAIL™ host. The T cells lacking CXCR3 on their surface migrated to the
lungs of TRAIL™ mice 50% less efficiently compared CXCR3"* T cells (Figure 25).
Similarly, T cells with CCRS5 blocked migrated to the lungs 50% less efficiently than
their unblocked counterparts (Figure 25). Loss of signal through both chemokine
receptors (CCRS5 block on CXCR3™ T cells) further inhibited the efficient migration of
transferred cells to the lung compared with unblocked, CXCR3™" T cells. These data
reinforce the important role these receptors play in T cell migration to the lung after
influenza virus infection. Importantly, these blocking experiments demonstrate that no
heretofore undescribed chemokine/chemokine-receptor pairs are responsible for the
increased pulmonary T cell recruitment observed in TRAIL” mice. Together, these data
suggest that the TRAIL™ environment might enhance the number of Ag-specific CD8" T
cells that respond to influenza virus infections by enhancing the pulmonary expression of

chemokines important for their recruitment to the lung.

Discussion
Classically, TRAIL has been described as a potent inducer of apoptosis in tumor
systems, where TRAIL selectively induces the death of transformed cells. More recently,
TRAIL-expressing CD8" T cells, NK cells, macrophages, and plasmacytoid DC have all
been implicated in the cytotoxicity and control of virus infections. Previously, we
demonstrated that CD8" T cells utilize TRAIL as a means of killing influenza virus-

infected cells, and that influenza virus-infected epithelial cells are sensitized to TRAIL-



receptor-induced apoptosis (186, 187). The results presented herein examined the role of
TRAIL in the immune response to a clinical dose of influenza virus infection. These
results demonstrate some striking differences to the sub-clinical dose infection model,
and suggest an additional role for TRAIL in shaping the magnitude of the CD8" T cell
response to influenza virus infections. Consistent with the previous study, TRAIL” mice
showed increased morbidity after infection; not surprisingly, this increased morbidity
correlated with increased mortality at the clinical infectious dose. Unexpectedly,
however, this increase in morbidity/mortality in the TRAIL” mice did not result from a
delay in viral clearance or an increase in viral load, as was observed in the sub-clinical
influenza virus infection model (186). Instead, the increased morbidity/mortality in the
TRAIL" mice appears to result from increased immunopathology.

Primary influenza virus infections are thought to be cleared by CD8" T cells that
eliminate virally-infected cells via FasL, cytolytic granule secretion (perforin/granzyme),
and TRAIL-mediated mechanisms (67, 186). Despite the loss of one of these three
pathways, CD8" T cells from TRAIL” mice given a clinical-dose influenza virus

infection were still able to control viral loads and clear virus similarly to TRAIL ™

** and TRAIL” mice exhibit similar in vitro

counterparts. In fact, T cells from TRAIL
killing capacity. In contrast, examination of the in vivo cytotoxicity mediated by
influenza-specific CD8" T cells revealed enhanced killing by T cells from TRAIL” mice
after clinical-dose influenza virus infection (186). Interestingly, these results are in
opposition to those observed during responses to sub-clinical influenza virus infections.
The T cell cytotoxicity observed in the clinical dose infection of TRAIL™ mice did not
result from compensatory increases in FasL expression or granzyme B production; rather,
the increases in T cell killing correlated with an increased number of antigen-specific T
cells. These data suggest differential functions for TRAIL during the immune response

to influenza virus that depend on the initial infection conditions. That is, during the

immune response to sub-clinical dose infections, TRAIL is expressed on antigen-specific
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CDS8" T cells which induce the apoptosis of infected cells, and during the immune
response to clinical dose infections, TRAIL limits pulmonary chemokine expression and
the recruitment of antigen specific T cells.

The model system we chose for this investigation utilized a higher infectious dose
of influenza virus with the aim of better modeling the clinical symptoms observed in
human patients infected with influenza virus. In particular, the clinical dose infection
model increased morbidity and mortality, symptoms that were not observed in sub-
clinically infected TRAIL™" mice. While this infectious dose resulted in similar peak
viral titers, the clinical dose infection presumably delivered a relatively higher load of
immunostimulatory signaling molecules, or pathogen-associated molecular patterns
(PAMPs). The danger signals associated by an influenza virus infection can be detected
by both TLR and NLR, which initiate signaling cascades that lead to immune responses.
Diehl et.al. have reported that DR5-deficienct DC and macrophages are hyper-responsive
to TLR stimuli; specifically, TLR2, TLR3, and TLR4 signals simulate increased
production of IL-12, IFNa, and IFNy in DR5™ mice compared to wildtype mice (138).
This previous report suggests a regulatory role for TRAIL:DRS interactions that is
consistent with the increased pulmonary expression of MIG and MIP-1a that was
observed the TRAIL™ mice infected with influenza virus.

The absence of TRAIL signals resulted in loss of regulation of the chemokine
production. Presumably, the viral stimuli responsible for activating TLR/NLR pathways
was similar in the TRAIL"" and TRAIL” mice, the similar viral loads were observed in
the two strains. However, influenza virus infection of TRAIL™ mice still resulted in
increased chemokine production compared to their TRAIL™" counterparts. Future
studies should examine the extent to which TRAIL:DRS interactions regulate the
cytokine and chemokine production stimulated by TLRs that detect influenza virus—e.g.
TLR3 and TLR7/8 (28, 29). Given the recent reports that influenza virus triggers the

inflammasome (32, 33, 190, 191) as well as reports that IL-1R-deficiency shifted a low-



lethality virus to a high-lethality phenotype (192), it would also be interesting to examine
the extent to which TRAIL:DRS interactions also help to regulate the cytokine production
induced by influenza virus activation of the inflammasome. In addition to the TLR and
NLR proteins, other virus-detecting molecules, such as PKR and RIG-I, could also have
their downstream products regulated by TRAIL:DRS signaling; hence, examining the
extent to which TRAIL signals regulate the other influenza-sensing cytoplasmic
proteins—e.g. RIG-I and PKR (28, 29).

In addition to determining the specificity of TLR/NLR regulation by TRAIL,
future studies should also aim to determine the mechanism by which this regulation
occurs. A primary mechanism by which TRAIL could regulate cytokine and chemokine
production resulting from TLR/NLR signals is via direct apoptosis of cells producing the
cytokines and chemokines. To determine if apoptosis induction is the means by which
TRAIL is controlling the chemokine production, future studies will aim to determine the
specific cells producing the chemokines after influenza virus infection. Utilizing a
combination of intracellular staining and ex vivo tissue cultures, the cell type(s)
responsible for chemokine production will be determined and, the induction of apoptosis
of these cells in TRAIL” and TRAIL"" systems would be assessed.

While the induction of apoptosis of chemokine-producing cells is a likely
mechanism by which TRAIL regulates chemokine expression during influenza virus

-
mice

infections, differences in non-apoptotic TRAIL signaling in TRAIL"" and TRAIL
could also explain their different expression of chemokines. Additional studies could
determine the extent to which TRAIL expression and non-apoptotic TRAIL signaling
influences the chemokine production after influenza virus infection. Utilizing agonistic
anti-DRS5 antibodies in the TRAIL™ system, TRAIL signals could be added back and the
effect of these signals on chemokine expression determined. If a non-apoptotic

regulatory effect was observed after stimulation of the TRAIL receptor, subsequent

studies would determine the non-apoptotic signal proximal to the TRAIL receptor that



might influence chemokine production. Based on previous study of non-apoptotic signals
through DRS in the regulation of TLR signaling (138), such signals could include the
activation of NF-«B and jnk.

Of obvious public heath interest are the ongoing studies examining the immune
response to the pandemic HIN1 influenza virus (i.e. swine-origin HIN1 influenza virus)
and immune responses to emerging highly-pathogenic H5SN1 influenza virus (i.e. “bird
flu” strains). Studies of the HIN1 pandemic strains revealed increased viral titers,
increased morbidity, and increased pulmonary pathologic lesions compared with seasonal
influenza virus infections (193, 194); interestingly, these symptoms are consistent with
phenotype we have observed in TRAIL™ mice infected with a clinical dose of influenza
virus. Similarly, studies of the immune response to highly-pathogenic HSN1 influenza
strains have demonstrated increased chemokines (e.g. MIP-1a, MIG, RANTES) and
cytokines (e.g. IFNy, IL-6) compared to low-pathogenic infections (192). These
increased cytokine/chemokine responses that are also consistent with the phenotype
observed in TRAIL™ mice infected with a clinical dose of influenza virus. Interestingly,
the increased morbidity and mortality seen following H5SN1 infection has been correlated
with attenuated type I interferon responses (195), and influenza virus infection of IFNa
receptor-deficient mice results in increased morbidity/mortality (196). TRAIL
upregulation after type I and II interferon signals is well-established (116, 118-120), so
future lines of investigation would determine if the attenuated interferon responses after
HS5N1 infections result in aberrant TRAIL expression on lymphocytes responding to virus
infection. Further, studies examining H5N1 infections in TRAIL+/+, TRAIL’ ", and DR5™”
mice would determine the extent to which TRAIL:DRS interactions contribute to the
phenotypes observed in the above HSN1 infections. Specifically, treatment with
agonistic anti-DR5 antibody could recapitulate TRAIL signals in the TRAIL” mice while
having no effect in the DR5” mice. Together, these studies would help define the role

for TRAIL in regulating the immune response to influenza virus infections and offer
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insight about how aberrant TRAIL expression and function could contribute to the
pathology of new influenza virus strains. On a related note, a recent report demonstrated
that TRAIL-expressing macrophages contribute to influenza-virus-induced pneumonia by
inducing apoptosis of airway epithelial cells (101). Together, the data from this
macrophage report, the data presented in chapter 2, and the data presented here suggest
that TRAIL can have both positive roles (i.e. roles in clearing virus efficiently and
limiting immunopathology) and negative roles (i.e. roles contributing to
immunopathology) in the immune response to influenza virus. Improving the
understating of these various roles will aid in improving the treatment of influenza virus
infections and the symptoms associated with influenza virus infection.

In conclusion, the results presented herein demonstrate that TRAIL plays a vital
role in regulating the cellular immune response to influenza virus infections.
Specifically, TRAIL-deficiency results in an increase in the magnitude of the T cell

+/+
! hosts,

response, which allows for viral clearance similar to that observed in TRAIL
despite the absence of a major apoptosis-inducing pathway. The enhanced recruitment
and pulmonary killing correlate with increased pulmonary chemokine expression in
TRAIL™ mice. Together, these data suggest that in addition to its previously-established
role in the killing of virally-infected cells by antigen-specific CD8" T cells, TRAIL
regulates the magnitude of the antigen-specific CD8" T cell responses by controlling the
pulmonary expression of chemokines important for T cell recruitment. These results

offer insight to the mechanisms that control the immune responses to pulmonary

pathogens that control the infectious pathogen while limiting immunopathology.
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Figure 14. TRAIL deficiency correlates with increased disease severity after clinical dose
influenza virus infection. TRAIL"* () or TRAIL” (A ) C57BL/6 mice (n= 6
mice/group) were infected with 1500 EIU of A/PR/8/34 and weighed daily to assess
morbidity (A) and mortality (B). In A, the values displayed represent the daily weight
relative to the weight on day of infection. *, p < 0.05; Mann-Whitney Rank Sum Test. In
B, data represent the percentage of mice surviving on the given day after infection;
significant increases in mortality were observed in the TRAIL” mice. *, p = 0.007;
Kaplan-Meier Survival Analysis: Log-Rank. Data are representative of 2 separate
experiments. For C, TRAIL™" (black bars) or TRAIL™" (gray bars) C57BL/6 mice were
infected with 1500 EIU of A/PR/8/34. At indicated days after infection, lungs were
harvested, and pulmonary viral titers were assessed by determining the TCIDs, in Madin-
Darby canine kidney cell cultures (as described in the Materials and Methods). No
significant difference was observed in the viral titers or the rate of viral clearance at the
clinical dose of infection. Data are representative of 2 separate experiments with 3-5

mice per group
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Figure 15. TRAIL” BALB/c mice show enhanced mortality after clinical dose influenza
virus infection compared to TRAIL"" BALB/c mice. TRAIL"" or TRAIL” BALB/c
mice were infected with 500 EIU of A/PR/8/34. After infection, mice were monitored for
mortality induced by infection. p=0.047 Survival differences assessed by Kaplan-Meier

Survival Analysis: Log-Rank.
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Figure 16. TRAIL"" and TRAIL™ mice express similar levels of NP in their lungs after
influenza virus infection. C57BL/6 TRAIL+/+ (®) or TRAIL-/- (A) mice (n=6
mice/group) were infected with 1500 E.I.U. of A/PR/8/34. On day 6 after infection,
lungs were harvested and insufflated with 10% buffered formalin. Subsequently, the lung
tissue was sectioned, mounted, and stained for influenza-NP and Hematoxylin
counterstain. Slides were blinded and evaluated for positive influenza NP staining;
scoring for distinct epithelial staining of influenza-NP revealed no significant difference
between sections from TRAIL"" mice (NP score = 2.35) and those from TRAIL-/- mice

(NP score =2.5). Images displayed are at 20x magnification.
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Figure 17. TRAIL" mice have increased pulmonary cellular infiltration and increased
inflammation after clinical dose influenza virus infection. TRAIL"" (®) or TRAIL" (A)
C57BL/6 mice (n = 6 mice/group) were infected with 1500 EIU of A/PR/8/34. On
various days after infection, lungs were harvested and insufflated with 10% buffered
formalin. Subsequently, the lung tissue was sectioned, mounted, and stained with
Hematoxylin and Eosin (H&E). Slides were blinded and evaluated for cellular
infiltration; scores for each time point are indicated in the insert. No significant
differences between TRAIL"" and TRAIL™ were observed in edema. Images displayed

are at 10x magnification.
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Figure 18. TRAIL" mice have enhanced cellular foci in their lungs after influenza virus
infection compared to TRAIL"" mice. C57BL/6 TRAIL™* or TRAIL™ mice were
infected with 1500 EIU of A/PR/8/34. After 6 days, lungs were harvested and insufflated
with 10% buffered formalin. Subsequently, the lung tissue was sectioned, mounted, and
stained with Hematoxylin and Eosin. Slides were blinded and evaluated for cellular
infiltrates and parameters of inflammation. Left panels show a representative lobe of
lung (2x magnification); right panels show a focused view (40x magnification) on one of

the cellular foci from the TRAIL™" (top row) or TRAIL™ (bottom row) mice.
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Figure 19. TRAIL" mice infected with a clinical dose of influenza virus show enhanced
pulmonary T cell recruitment compared to TRAIL"" mice. TRAIL"" or TRAIL™"
C57BL/6 mice were infected with 1500 EIU of A/PR/8/34. At day 8 post-infection,
lungs and spleens were harvested and homogenized, and the isolated cells were stained
with anti-CD8a., NP3 tetramer, PAjy4 tetramer, and anti-CD3e. The number of
CD3"CD8"tetramer” T cells from the infected TRAIL"" (@) or TRAIL” (A ) mice were
enumerated using total pulmonary cell counts and flow cytometry. Symbols represent
number in individual mice, bars represent the mean of each group, and data are

representative of two experiments.
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Figure 20. BALB/c TRAIL” mice show enhanced pulmonary recruitment of antigen-
specific T cells after influenza virus infection. TRAIL™" or TRAIL” BALB/c mice were
infected with 1500 EIU of A/PR/8/34. At day 8 post-infection, lungs were harvested and

homogenized; isolated cells were stained with anti-CD8a, HAs33 tetramer, NP 47
tetramer, and anti-CD3ge. The number of CD3 CDS8 "tetramer’ T cells (mean + SD) from

TRAIL"" (black bars) or TRAIL™ (gray bars) were enumerated using total pulmonary

cell counts and flow cytometry. Bars represent 4-5 mice per group and data are

representative of two independent experiments.
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Figure 21. Given a clinical dose of influenza virus, TRAIL™ have enhanced in vivo

“* mice. The pulmonary influenza-specific CD8" T

cytotoxicity compared with TRAIL
cell response in TRAIL"" (@) or TRAIL™ (A ) C57BL/6 mice was measured by in vivo
cytotoxicity assay on day 8 post-infection. Symbols represent killing in individual mice,
and bars represent mean killing. Percentage influenza-specific killing was calculated by
comparing unpulsed target lysis to influenza peptide-pulsed target lysis. Targets were
verified to be DR5" by flow cytometry (Figure 10C). Target frequencies were
normalized to ratios harvested from transfers into naive mice. Statistical significance was

determined using a paired t test. Data are representative of three independent

experiments.



% Specific Killing

100.0 -

80.0 -
p =0.031
'd N\
60.0 - §
A
s A
e
20.0 +
[
0.0 @

TRAIL*"

TRAIL"

93



Figure 22. Pulmonary T cells from TRAIL” and TRAIL"* mice have similar in vitro
killing capacity after clinical-dose influenza virus infection. On day 8 post infection,
lungs of infected mice were harvested, and their pulmonary T cells isolated. A portion of
the T cells was then stained with anti-CD8a, NP;¢¢ tetramer, and PA,»4 tetramer. The
percentage of tetramer-positive CD8" cells was used to calculate the number of influenza-
specific effectors. T cells were cultured for 18 h with >'Cr-labeled target cells (with or
without influenza peptides) at a 30:1 ratio (influenza-specific effectors to targets). The
killing by the T cells from TRAIL"" (black bars) or TRAIL™ (gray bars) C57BL/6 mice
was calculated. Bars represent mean killing + SD. Percent specific lysis was calculated
as: 100 X (experimental c.p.m. - spontaneous c.p.m.)/(total c.p.m. - spontaneous c.p.m.).
Spontaneous and total °'Cr release were determined in the presence of either medium
alone or 1% NP-40, respectively. Targets were verified to be DR5" by flow cytometry
(Figure 10C). Data points represent the mean of triplicate wells. Statistical significance

was determined using a paired t test.
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Figure 23. Pulmonary T cells from TRAIL"" and TRAIL” mice have similar expression
of effector molecules. TRAIL™" or TRAIL™ C57BL/6 mice were infected with 1500
EIU of A/PR/8/34 and then lungs were harvested on day 8 post-infection. For A and B,
1solated cells were stained with anti-CD8a, NP3¢¢ tetramer or PA»»4 tetramer, anti-CD3¢,
anti-granzyme B or isotype control antibody, and anti-FasL or isotype control antibody.
Histograms represent Granzyme B staining (A) or FasL staining (B) on CDS8 tetramer"
cells. Gray histograms represent isotype control staining. Data represent staining on 4-5
mice from 2 independent experiments. For C and D, isolated cells were incubated with
NPs¢6 or PAjy4 or control media, brefeldin A, and anti CD107a for 5 h. After incubation,
the cells were stained with anti-CD8, anti-IFNy or isotype control antibody, and anti-TNF
or isotype control antibody. Histograms represent the TNF expression (C) or CD107a
staining (D) of CD8'TFNy" cells. Gray histograms represent isotype control staining.

Data represent staining on 4 mice from 2 independent experiments.
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Figure 24. TRAIL" mice have increased pulmonary expression of MIG and MIP-1a.
after clinical dose influenza virus infection compared to TRAIL"* mice. TRAIL" or
TRAIL"" C57BL/6 mice were infected with 1500 EIU of A/PR/8/34. For A, the lungs
were harvested on day 6 post-infection and homogenized in 3 ml of DMEM.
Subsequently, the pulmonary chemokine expression was determined. Data presented are
the average chemokine concentration measured from 3-4 TRAIL™* (black bars) or
TRAIL™” (gray bars) mice, and are representative of two independent experiments.
Statistical significance was determined using a paired t test. For B, lungs were harvested
and homogenized on day 8 post-infection, and the isolated cells were stained with anti-
CD8a., NP3 tetramer, PAjy4 tetramer, and anti-CXCR3, anti-CCRS, or isotype control.
Histograms show CXCR3 expression (on left) and CCRS5 expression (on right) on CD8"
tetramer” T cells from TRAIL"™" (solid line) and TRAIL™" (dashed line) mice or the
isotype control (shaded histogram). Data are representative of 4-5 mice from 2

independent experiments. NS, not significant.
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Figure 25. Abrogation of chemokine signals to T cells blocks their migration to the lung
after influenza virus infection. The experimental design is outlined in A. Briefly,
TRAIL™ recipient mice and WT or CXCR3"" mice were infected with A/PR/8/34. At
day 6 post-infection, dLN were harvested and homogenized. From these cells, CD8"
cells were purified. The purified populations were then blocked with anti-CCRS (or
isotype) and stained with PKH-26 or PKH-67, as described in the table insert. The
blocked/knockout cells were then mixed with an unblocked, WT reference population
and 3.5x10° cells were transferred to recipient mice. 20 hours later, the lungs were
harvested from the recipient mice, and T cell trafficking was assessed by comparing
migration of the blocked/knockout populations to the cotransferred WT population; these
values are displayed in B. All values were adjusted to account for variability in input
ratios. Bars are normalized to the migration observed in the unblocked/WT population
group and the data represent pooled lungs from 3-4 mice/group. Statistical significance

was determined using a paired t test.
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CHAPTER IV. INFLUENZA-INDUCED EXPRESSION OF
FUNCTIONAL TNF-RELATED APOPTOSIS-INDUCING LIGAND
(TRAIL) ON HUMAN PBMC

Abstract

The immunological response to influenza virus infection, like many other viruses,
is characterized by robust production of proinflammatory cytokines, including type I and
IT interferon (IFN), which induce a number of antiviral effects and are essential for
priming the innate and adaptive cellular components of the immune response. Here, we
demonstrate that influenza virus infection induces the expression of functional TRAIL on
human peripheral blood mononuclear cell (PBMC) populations. Consistent with previous
studies examining TRAIL upregulation, increased TRAIL expression correlated with
increased type I and II IFN levels in PBMC cultures. Interestingly, dilution of these
cytokines resulted in decreased expression of TRAIL, TRAIL upregulation was not
dependent on active viral infection, and TRAIL was observed on NS-1 negative cells.
Furthermore, influenza virus infection of lung adenocarcinoma cells (A549) resulted in
increased sensitization to TRAIL-induced apoptosis compared to uninfected A549.
Infected PBMC expressing TRAIL preferentially killed infected A549, while not
affecting uninfected cells, and the addition of soluble TRAIL-R2:Fc blocked the lysis of
infected cells, demonstrating TRAIL-dependent killing of infected cells. Collectively,
these data show that TRAIL expression is induced on primary human innate and adaptive
immune cells in response to cytokines produced during influenza infection, and that
TRAIL-sensitivity is increased in influenza virus-infected cells. These data also suggest
that TRAIL is a primary mechanism used by influenza-stimulated human PBMC to kill
influenza-infected target cells and reinforce the importance of cytokines produced in

response to TLR agonists in enhancing cellular immune effector functions.
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Introduction

Influenza virus infection of the respiratory tract induces both innate and adaptive
immune responses that are targeted to control and eliminate the viral infection. Studies
investigating the protective immunity induced by primary influenza virus infection
revealed that the clearance of infected epithelial cells by CD8" T cells utilizes either Fas
or perforin-dependent direct killing mechanisms (65-67). These CDS8" T cells first appear
in the lung around day 4-post infection (57, 68, 69), where their continued expansion and
accumulation correspond with virus clearance (69). Interestingly, in a subset of animals
deficient in both perforin and Fas, decreased influenza virus titers were observed on day
14 relative to day 10 post infection (67), suggesting the existence of an additional
mechanism by which CD8" T cells kill influenza-infected target cells.

In addition to the Fas-FasL and perforin-granzyme B pathways for killing, CD8"
T cells can also utilize a TNF-related apoptosis-inducing ligand (TRAIL)/TRAIL-
receptor dependent mechanism to eliminate virally-infected cells (92, 152-156, 197).
TRAIL is one of several TNF family members capable of inducing apoptosis (83, 84),
and does so in humans through interactions with TRAIL-R1 or -R2 (198). Subsequent to
their ligation, both TRAIL-R1 and —R2 stimulate apoptosis through Fas-associated death
domains (FADD) recruitment to the trimerized receptor and caspase activation (198).
While TRAIL has received great attention in cancer therapy contexts because it
selectively induces apoptosis in tumor cells but not normal cells, it is also proving to be a
potent inducer of apoptosis in virally-infected cells that are normally TRAIL-resistant
when uninfected (92, 152, 197).

More recent reports have implied roles for TRAIL in the immune response to
influenza virus infection. A plasmacytoid dendritic cell (pDC) cell line (GEN2.2)
showed marked upregulation of TRAIL, as well as increased sensitivity to TRAIL,
following influenza virus infection (175). Additionally, primary human macrophages

infected with HSN1 or HON2 influenza virus strains upregulate TRAIL expression and
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are able to induce apoptosis in Jurkat T cells using a TRAIL-dependent mechanism (177).
The importance of TRAIL in the elimination of influenza virus has been suggested in an
animal model where administration of a blocking anti-TRAIL mAb significantly delayed
clearance of influenza virus in the lungs (Figure 5) (91). This study also demonstrated
that TRAIL expression was increased on a fraction of bulk CD8" and bulk CD4" T cells,
as well as NK cells, following influenza virus infections. Together, these results suggest
a possible role for TRAIL-dependent apoptosis of virus-infected cells following influenza
virus infections. However, none of these studies have directly examined TRAIL
expression on primary human cells that comprise the innate and adaptive cellular immune
response to influenza virus infection.

Based on these previous studies, we hypothesized that human peripheral blood
mononuclear cells (PBMC) would respond to influenza in vitro by increasing TRAIL
expression and show enhanced TRAIL-specific killing. Our data demonstrate that
TRAIL expression is upregulated on multiple PBMC populations in response to influenza
virus stimulation, and this upregulation is dependent on cytokines produced in response
to influenza virus infection or in response to stimulation with the influenza virus genome,
but is not dependent on direct infection of the TRAIL-expressing cells. Importantly, our
data also show for the first time that TRAIL sensitivity is increased in alveolar epithelial
cells infected with influenza virus, as demonstrated with either recombinant TRAIL or
TRAIL-expressing, influenza-stimulated PBMC populations. Our findings suggest that
TRAIL-induced apoptosis is an additional effector pathway utilized by the cellular
immune response to influenza virus infections, and that sensitivity to TRAIL-induced
apoptosis is specifically increased in influenza-infected cells compared with uninfected

cells.
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Materials and Methods

Reagents and mAb

Reagents and sources were as follows: UCHT1, FITC-conjugated IgG1 anti-
human CD3; M5E2 (eBioscience, San Diego, CA), FITC-conjugated IgG2a anti-human
CD14 (BD Bioscience, San Diego, CA); HIB19, FITC-conjugated IgG1 anti-human
CD19 (eBioscience); NCAM16.2, FITC-conjugated IgG2b anti-human CD56; RIK-2,
IgG1 anti-human TRAIL (a gift from Dr. H. Yagita, Juntendo University, Tokyo, Japan);
IgG1-biotin isotype control (Caltag Laboratories, Inc., Burlingame, CA); 4SB3, PE-
conjugated IgG1 anti-human IFN-y (BD Bioscience, San Diego, CA); IgG1-PE isotype
control (Caltag Laboratories, Inc., Burlingame, CA); 1A7, mouse anti-NS1 (a gift from
Dr. Jonathan Yewdell, NAIAD); and APC-labeled goat F(ab’)? anti-mouse IgG (Caltag
Laboratories, Inc., Burlingame, CA). The soluble fusion proteins TRAIL-R2:Fc and
Fas:Fc were purchased from Alexis Biochemicals (San Diego, CA). CpG ODN 2216
(geGGGACGATCGTCgggggG) was synthesized by Sigma Genosys (The Woodlands,
TX), and the sequence is 5'-3, lower case letters are 5’ of phosphothiorate linkages, and
upper case letter are 5’ of phosphodiester linkages. Poly I:C and ssRNA/LyoVec [a
single-stranded GU-rich oligonucleotide (5'GCCCGUCUGUUGUGUGACUC-3' with all
phosphothioate linkages) complexed with LyoVec] were purchased from Invivogen (San

Diego, CA).

Virus preparation
Influenza A viruses A/PuertoRico/8/34 (PR8; HIN1) was grown in the allantoic
fluid of 10 d old embryonated chicken eggs for 2 d at 37°C, as previously described (69).
Allantoic fluid was harvested and stored at -80°C. For UV inactivation, virus
preparations were dialyzed overnight and subsequently exposed to UV lamp at 15c¢m for

30 minutes at room temperature.
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Tumor cell lines
The human melanoma cell line WM 793 was obtained from Dr. M. Herlyn
(Wistar Institute, Philadelphia, PA), and cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum, penicillin, streptomycin,
sodium pyruvate, non-essential amino acids, and HEPES (hereafter referred to as
complete DMEM). The human lung adenocarcinoma cell line A549 was purchased from
ATCC (Manassas, VA) and cultured in RPMI-1640 supplemented as above (complete

RPMI).

Isolation of influenza genome
Samples of stock virus were spun twice (3000 rpm for 10 min at 4°C) to remove
debris. Supernatants were collected and then spun in an ultracentrifuge to pellet virions
(27,000 rpm for 3 h at 4°C in a SW60 rotor). Virions were lysed in detergent
(Igepal/Triton X100/PBS) by passing through a syringe and suspended in TRIZOL
(Invitrogen, Carlsbad, CA) at a 2:1 TRIZOL:detergent ratio. RNA was then harvested

according to manufacturer’s protocol.

Preparation of PBMC

PBMC were isolated from normal, healthy donors by standard density gradient
centrifugation over Ficoll-Paque Plus (Pharmacia, Uppsala, Sweden). PBMC (5 X 10°
cells/2 ml/well in a 6 well plate) were cultured in complete RPMI 1640 alone or in
complete RPMI containing CpG ODN (1 pg/ml), poly I:C (1 pg/ml), ssRNA (1 pg/ml)
for 24 h. PBMC infection with influenza (1 pfu/cell) was performed by first incubating
the cells with virus in PBS on ice for 30 min, then at 37°C for 30 min. Cell were washed
twice with PBS, and then cultured for 24 h in complete RPMI. In some experiments,
PMBC were infected using the protocol described, then decreasing numbers of infected
or uninfected cells were cultured in equivalent volumes of media. In some experiments,

plasmacytoid DC (pDC) were depleted from the PBMC using the CD304 (BDCA-



4/Neutropilin-1) microbead kit (Miltenyi Biotec, Auburn CA). pDC depletion was
verified by measuring the presence of CD123°CD303" (BDCA-2) cells in the PBMC
using FITC-conjugated anti-CD123 and PE-conjugated anti-CD303 mAb (Miltenyi
Biotec). In every experiment, there were no detectable CD123"CD303" cells remaining in

the PBMC.

PBMC culture and supernatant transfer

PBMC were depleted of pDC, infected with influenza virus (or not infected), and
cultured as described above at a cell density of 10° cells/well in 1 ml media. After 24 h,
supernatants from infected cultures were collected and transferred to freshly-isolated
uninfected PBMC. After another 24 hour culture, the PBMC were harvested and analyzed
by flow cytometry as described below. In some cultures, IFN-a and/or IFN-y were
neutralized using 1pg/ml anti-IFN-a (PBL Biomedical, Piscataway, NJ) or Sug/ml anti-
IFN-y (R&D Systems, Minneapolis, MN) Ab or isotype control Ab for 30 min prior to
supernatant transfer. As a positive control for inducing TRAIL expression, uninfected
PBMC were treated with 500ng/ml IFN-a (Cell Signaling Technologies, Danvers, MA)
for 24 h.

Flow cytometry

Cell analysis was performed on a FACScan (Becton Dickinson, San Jose, CA)
with >10* cells analyzed per sample. For multi-color cell analysis, cells were combined in
a 96-well round-bottom plate with 2 pl each of the direct FITC-labeled and biotin-labeled
mAb and then incubated at 4°C for 30 min. Following three washes with PBS containing
2 mg/ml BSA and 0.02% NaN; (FACS buffer), 40 ul of PE-labeled streptavidin (1:100
dilution; Caltag Laboratories) was added for an additional 30 min. Cells were either
analyzed immediately or fixed in 2% paraformaldehyde until analysis. For intracellular
stain of NS1 protein, cells were labeled with surface markers as described, fixed in 2%

paraformaldehyde, permeabilized in FACS buffer with 0.5% saponin, and incubated with
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anti-NS1 or isotype control at 4°C for 30 min. Following three washes with FACS buffer
with saponin, 2 pl of APC-labeled anti-mouse IgG was added for an additional 30 min.
Cells were either analyzed immediately or fixed in 2% paraformaldehyde until analysis.
For intracellular cytokine staining for IFN-y, brefeldin A was added to the last 5 h of the
24 h cell culture after influenza infection or TLR stimulation; subsequently, cells were
labeled with surface markers as described, fixed in 2% paraformaldehyde, permeabilized
in FACS buffer with 0.5% saponin, and incubated with anti-IFN-y or isotype control at
4°C for 30 min. Cells were either analyzed immediately or fixed in 2% paraformaldehyde

until analysis.

PBMC-mediated killing

Unstimulated or stimulated PBMC were cultured as described above. WM 793
tumor cells were labeled with 100 uCi of >ICr for 1 h at 37°C, washed three times, and
resuspended in complete medium. To determine TRAIL-induced death, >'Cr-labeled
tumor cells (10%/well) were incubated with varying numbers of effector cells for 14 h. In
some cultures, TRAIL-R2:Fc or Fas:Fc (20 pg/ml) were added to the PBMC 15 min prior
to adding tumor cell targets. All cytotoxicity assays were performed in 96-well round-
bottom plates and the percent specific lysis was calculated as: 100 X (experimental c.p.m.
- spontaneous ¢.p.m.)/(total c.p.m. - spontaneous c.p.m.). Spontaneous and total >'Cr
release were determined in the presence of either medium alone or 1% NP-40,
respectively. The presence of TRAIL-R2:Fc or Fas:Fc during the assay had no effect on

the level of spontaneous release by the targets.

IFN-o and IFN-y ELISA
Human IFN-o and —y protein levels produced after influenza virus infection or
TLR agonist stimulation were quantified using a sandwich ELISA purchased from R&D

Systems (Minneapolis, MN).
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Statistics
Statistical analysis was performed using ANOVA to assess differences among the
study groups using SigmaStat 3.5 (Systat Software, Richmond, CA), and statistical

significance was determined as p < 0.05.
Results

Influenza virus infection of human PBMC induces the
expression of functional TRAIL

Influenza virus infection induces a robust inflammatory reaction, hallmarked by
the production of the anti-viral cytokines type I and type II interferon (IFN) (197, 199,
200). The TRAIL promoter contains IFN-response elements, resulting in the [IFN-driven
expression of TRAIL on multiple human PBMC populations (197, 201). Thus, our initial
experiments were designed to examine TRAIL expression on human PBMC after
influenza virus infection. Peripheral blood T cells (CD3"), M¢ (CD14"), B cells
(CD19"), and NK cells (CD56") can express functional TRAIL (118, 120, 184); thus,
these populations within bulk PBMC were examined by two-color flow cytometry for
TRAIL expression 24 h after influenza virus infection. When infected, TRAIL
expression was observed on all four major PBMC populations (Figure 26A).

Concurrent experiments were performed to determine whether the TRAIL
expressed on the influenza-infected cells was functional. Thus, human PBMC were
isolated from normal healthy volunteers and infected with influenza. After culturing for
24 h, the PBMC were then incubated with the TRAIL-sensitive human melanoma tumor
cell line WM 793 (123). The uninfected PBMC demonstrated minimal cytotoxic activity
toward WM 793, whereas influenza-infected PBMC were efficient killers of these
TRAIL-sensitive target cells over a range of effector-target cell ratios (Figure 27A).
These data were reproducible using PBMC from multiple donors. To confirm that the

observed PBMC cytotoxic activity was indeed TRAIL-dependent, influenza-infected
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PBMC were incubated with either TRAIL-R2:Fc (117) or Fas:Fc prior to their incubation
with the target cells. Under these conditions, TRAIL-R2:Fc reduced target cell death to
control (uninfected PBMC effectors) levels, whereas Fas:Fc did not inhibit the ability of
the influenza-infected PBMC to mediate target cell lysis (Figure 27A). Similar results
were also observed when infecting the PBMC with UV-inactivated influenza (Figures
26B & 27B), indicating that infection with a replication-competent influenza virus was
not required to induce TRAIL expression. Collectively, these results demonstrate that

PBMC mediate TRAIL-induced cell lysis following influenza virus infection.

Nucleic acid TLR agonists induce functional TRAIL
expression on PBMC

The Toll-like receptors (TLR) serve as first-line receptors for innate immune cell
detection of pathogenic infections by recognizing conserved molecular motifs, which are
known as pathogen-associated molecular patterns (PAMPs) (2, 202). Ten human TLR
have been identified that recognize unique PAMPs from bacteria, viruses, fungi, and
protozoa. Viruses that enter endocytic compartments, such as influenza, are recognized
by TLR3 (specific for double-stranded RNA (dsRNA)), TLR7 (specific for single-
stranded RNA (ssRNA)), and TLR9 (specific for CpG motifs in unmethylated DNA) (2,
202). With this in mind, we next tested the ability of TLR3 (poly I:C), TLR7 (ssRNA),
and TLR9 (CpG ODN) agonists to induce TRAIL on PBMC. PBMC stimulation with
either the poly I:C or ssRNA led to TRAIL upregulation on multiple PBMC populations,
with CD14" M¢ showing the highest increase in expression (Figure 26C & D). The
broad expression of TRAIL induced by poly I:C and ssRNA also resulted in substantial
target cell lysis that was completely inhibited upon inclusion of soluble TRAIL-R2:Fc,
but not Fas:Fc (Figure 27C & D). Consistent with previous reports from our laboratory
(182, 203), CpG ODN was a potent inducer of TRAIL on all four PBMC populations

examined (Figure 26E), resulting in TRAIL-specific cytotoxic activity (Figure 27E).
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Stimulation with influenza genome is sufficient to induce
TRAIL expression on PBMC
In vitro influenza infection of PBMC could stimulate TRAIL upregulation
through a number of different mechanisms. To determine the ability of influenza virus
genome to stimulate TRAIL induction, the genetic material from UV-inactivated
influenza was isolated and used to stimulate PBMC. The influenza ssRNA genome was a
competent TRAIL-inducing agent, as TRAIL was expressed on T cells (Figure 28A), as
well as other PBMC populations, following 24 h culture with influenza RNA mixed with
DOTAP. In contrast, stimulation of PBMC with influenza proteins was not sufficient to
induce TRAIL expression. Interestingly, an examination of TRAIL expression
coincidental with influenza virus proteins revealed that TRAIL expression was not
dependent on direct infection of the TRAIL-expressing cell, as populations of NS1-
negative CD3", CD14", and CD56" cells expressed TRAIL (Figure 28B). Thus, these
results demonstrate that upregulation of functional TRAIL on multiple PBMC
populations occurs in response to stimulation with the influenza virus genome, but this

upregulation is not dependent on direct infection of the TRAIL-expressing cell.

Influenza stimulates IFN-o and -y production, which
induces TRAIL expression on human PBMC
A large proportion of the signaling events in influenza-infected cells, be it
epithelial cells or antigen presenting cells, is geared toward the generation of cellular
responses designed to limit or prevent the spread of the invading virus in the tissue and
the establishment of a persistent infection. A major part of this antiviral response is
mediated by the expression and secretion of IFN-a and -y (199, 200). The recognition of
viral components, particularly the viral genetic material, directly triggers signaling
pathways that induce IFN-a production (2, 199), as well as production of IFN-y (200).

Thus, we measured the amount of IFN-a and -y in the supernatants of PBMC stimulated



with influenza or the TLR agonists used in Figures 26 and 27. Our analysis revealed that
influenza-infected human PBMC produced ~1500 and 1000 pg/ml IFN-o and IFN-y,
respectively (Figure 29A). As predicted, CpG ODN-stimulated PBMC only produced
IFN-a. Stimulation with ssSRNA only led to measurable levels of IFN-y, which is
consistent with previous reports (28). This lack of IFN-a production might be explained
by the lack of TLRS8 on plasmacytoid DC (pDC), which is the human TLR targeted by
the ssRNA/LyoVec used. Stimulation of PBMC by poly I:C produced low, but
measurable amounts of both IFN-a and —y. All of these levels of IFN are well within the
range of concentrations (100 ng/ml — 10 pg/ml) that induce TRAIL expression on human
PBMC (184). Plasmacytoid DC (pDC) are the predominant cell within the peripheral
blood to produce type-I IFN (204-208). Depletion of pDC substantially decreased the
amount of IFN-a produced by PBMC after influenza virus infection (as well as CpG
stimulation), but did not alter IFN-y production, suggesting that pDC are the sole source
of IFN-a after influenza virus stimulation (Figure 29B). Additionally, intracellular
cytokine staining revealed that T cells, M¢, and NK cells produced IFN-y after influenza
virus stimulation (Figure 29C). Together, these data demonstrate that influenza virus

infection of PBMC stimulates multiple cell types to produce type I and I IFN.

Interferon stimulation, not direct infection, causes TRAIL
upregulation

While the upregulation of TRAIL in response to stimulation by type I and I IFN
has been widely described in tumor models (118, 120, 209) the mechanism of induction
in viral systems has not been well-characterized. Examining the coexpression of TRAIL
with NS1 demonstrated that a population of PBMC expressed TRAIL that did not have
detectable levels of NS1 (Figure 28B), indicating direct infection was not necessary for a
cell to express TRAIL. To determine the relative importance of cytokine action on cells

versus infection, PBMC were infected as described previously, but the infected cells were
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then split into cultures containing decreasing numbers of cells in an equivalent volume.
As expected, diluting the number of cells in equivalent volumes of culture media caused
a cell number-dependent decrease in [FN-a (Figure 30A) detected in the cultures.
Interestingly, the decreased IFN correlated with decreased TRAIL expression on the
CD56" populations (Figure 30B), as well as other PBMC populations. To verify that
TRAIL expression was driven by interferon stimulation, supernatants from influenza-
infected PBMC cultures were transferred to uninfected cells. As expected, transfer of
supernatant from influenza-infected PBMC cultures lead to TRAIL upregulation by
uninfected CD56" cells (Figure 30C) as well as other PBMC populations. When anti-
IFN-a and anti-IFN-y neutralizing antibodies were added to the supernatants prior to
transfer, the supernatants failed to induce TRAIL expression on the uninfected PBMCs
while supernatants treated with isotype control antibodies stimulated TRAIL upregulation
(Figure 30D). Interestingly, neutralization of both IFN-a and IFN-y was required to
ablate TRAIL expression, as only blocking IFN-a or IFN-y resulted in TRAIL
upregulation. Together, these data demonstrate that the upregulation of TRAIL on

PBMC is induced by IFN-a and IFN-y signaling rather than direct infection of the cells.

Influenza-stimulated PBMC utilize TRAIL to kill
influenza-infected lung cells, but not uninfected cells
Epithelial cells derived from multiple organs can be sensitized to TRAIL-
mediated apoptosis after viral infection. We hypothesized that TRAIL plays an important
role in the elimination of influenza-infected lung epithelial cells, and the aforementioned
results clearly demonstrate that influenza-stimulated PBMC gain TRAIL-mediated
cytotoxic activity. Thus, the following experiments were performed to investigate the
other component to our hypothesis—i.e. the sensitization of influenza-infected human
lung epithelial cells to TRAIL. We began our analysis by testing the responsiveness of

the human lung adenocarcinoma cell line A549 to TRAIL before and after influenza virus



infection. As previously reported, uninfected A549 were not readily killed by
recombinant TRAIL (152), but the cells displayed increased sensitivity after influenza
virus infection (Figure 31A). Next, we examined the ability of influenza-stimulated
PBMC to kill influenza-infected A549. Uninfected target cells were killed at similar
levels by both unstimulated and influenza-stimulated PBMC (Figure 31B). However, a
significant increase in the lysis of infected target cells by influenza-stimulated PBMC
was observed (p < 0.05). Further analysis found that the addition of soluble TRAIL-
R2:Fc blocked target cell lysis (Figure 31C), whereas the addition of Fas:Fc did not
significantly inhibit killing, suggesting that TRAIL is the primary mechanism used by

influenza-stimulated PBMC to kill influenza-infected target cells.

Discussion

Each year in the United States, approximately 36,000 people die from influenza
virus infection, and more than 200,000 people are hospitalized from influenza
complications (210). The World Health Organization estimates that ~5-15% of the entire
global population are infected annually, with the elderly and very young most at risk for
severe complications (211). Influenza virus infection is immunogenic, stimulating
cytotoxic T cells (CTL) to kill infected airway epithelial cells that are primary targets of
the influenza virus. Initial recognition of the viral infection by the innate immune system
typically triggers an antiviral immune response. In particular, type I and type II IFN are
key cytokines produced after influenza virus infection that help to activate the innate and
adaptive immune responses (34). Among the multitude of events that occur after IFN
stimulation, the acquisition of effector molecules on/in various immune cells is vital for
controlling influenza virus infection and eliminating infected cells. To our knowledge,
our data show for the first time that human PBMC stimulated with influenza virus

upregulate TRAIL, and that these TRAIL-expressing cells have enhanced ability to kill
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influenza-infected cells. These observations expand the number of known effector
molecules utilized by human immune cells to eliminate influenza virus.

Influenza is a ssSRNA virus that infects both the upper and lower respiratory tracts
of humans. While various components of the viral coat are strong antigens that can be
recognized by the adaptive immune system, the single-stranded RNA (ssRNA) of the
influenza genome is immunostimulatory and is initially recognized by the host pattern-
recognition receptors that stimulate the production of IFN (212). TLR3 expressed in
pulmonary epithelial cells can recognize the dsSRNA intermediate produced during viral
replication and mRNA synthesis (213-215), resulting in the production of a number of
proinflammatory cytokines by bronchial epithelial cells. Additionally, the RNA helicase
RIG-I recognition of single-stranded viral genomic RNA bearing a 5'triphosphate end
activates type I IFN production (29). This recognition is blocked by the influenza NS1
protein (216, 217), which binds to dsRNA and inhibits various antiviral pathways in
infected cells (218). Despite this interference, innate and adaptive immune cells can still
respond to influenza by producing IFN-a through TLR7 recognition of ssSRNA. Within
the blood, pDC express TLR7, and secrete large amounts of IFN-a in response to viral
infection (219). The IFN-a produced by pDC upon viral stimulation is critical in the
subsequent response of T cells, NK cells, and other DC to the virus.

Our results show that both IFN-a and —y are produced by human PBMC after
influenza virus infection. In our in vitro infection system, the pDC are the primary
source of IFN-a, while T cells, monocytes, and NK cells are responsible for IFN-y
production. This observation is consistent with recent report underscoring the role of
pDC:s as the respiratory DC subset responsible for producing IFN-a and other cytokines
in response to influenza virus infection (220). Interestingly, these observations conflict
with a recent study of IFN-a production after infection with RNA-viruses, which
concluded that alveolar macrophages and conventional DC—but not pDCs—are the

primary producers of IFN-a in response to RNA-virus infection (221). While Kumagai
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and colleagues convincingly demonstrated that pDCs played a minimal role in IFN-a
production to Newcastle disease virus and Sendai virus, their study did not examine the
immune response to influenza virus. Taken together, these studies support the notion that
immune responses to similar pathogens can be induced by unique mechanisms; further,
they reinforce the need to determine the relative contributions of alveolar macrophages
and DC subsets during the in vivo immune response to influenza virus infection.

Among the multitude of IFN-responsive genes present in human PBMC, the
observed induction of TRAIL expression occurs rapidly. The human TRAIL promoter
contains multiple transcriptional binding elements, including an IFN sensitive response
element (201, 222). Furthermore, human T cells, B cells, NK cells, M¢, and DC all can
be induced to express TRAIL by IFN (either type I or II IFN) (118, 120, 184, 203, 223).
We observed functional TRAIL expressed on multiple PBMC populations after influenza
virus infection; further, these cells could kill influenza-infected target cells in vitro. This
TRAIL expression is dependent on cytokine signaling rather than on direct infection, as
cells given equivalent infections showed decreasing levels of TRAIL expression when
cell number and cytokine levels were diluted. Furthermore, blocking IFN signals (by
pDC depletion and blocking mAb) resulted in lack of TRAIL upregulation in cells
stimulated with supernatants from influenza-infected cultures, while transfer of non-
blocked supernatants stimulated TRAIL expression. Based on these observations, we can
easily speculate that many of the inflammatory cells responding to an influenza virus
infection in the lungs will be induced to express TRAIL as they enter the IFN-rich
pulmonary microenvironment or the draining lymph nodes where influenza antigens
would be presented. Interestingly, animals infected with the influenza A from the 1918
pandemic showed aberrant IFN production and signaling (224) and disrupted expression
of TRAIL message (181). These observations, coupled with the dysregulated IFN
responses observed in HSN1 infections (178, 199, 225, 226), suggest that altered IFN
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signaling and aberrant TRAIL upregulation during the immune response to highly
pathogenic influenza strains might contribute to the pathogenicity of these infections.

Many viruses have a substantial impact on host cell metabolism; hence, it might
be predicted that cells infected with viruses acquire sensitivity to TRAIL. In addition to
the Fas/FasL and perforin:Granzyme B pathways for killing, CD8" T cells can also utilize
a TRAIL/TRAIL receptor-dependent mechanism to induce apoptosis of infected cells
during viral infections. TRAIL induces apoptotic cell death (83-85, 227) by recruiting
and aggregating caspase 8 upon binding to either TRAIL-R1 or -R2 (85, 86, 89, 228).
This aggregation in turn leads to a caspase cascade and eventually to apoptotic death of
the TRAIL-R1/-R2-expressing cell (85, 86, 198, 228). Importantly, TRAIL is
upregulated on CD8" T cells, CD4" T cells, and NK cells following virus infection (91,
92, 197) or during inflammatory responses marked by increases of IFNy or TNFa (94,
197). In turn, normal cells infected with RSV, human cytomegalovirus, or
encephalomyocarditis virus become susceptible to TRAIL-mediated killing (152-154,
197), and IFN-y and TNF can downregulate TRAIL receptor expression on uninfected
cells (197). These previous reports are consistent with our results demonstrating
enhanced killing of cells from influenza-infected cultures relative the killing of cells from
uninfected cultures. Specifically, we found the TRAIL-resistant human lung
adenocarcinoma cell line, A549, could be sensitized to TRAIL following influenza virus
infection — much like that seen by Kotelkin et al. who showed that A549 could be
rendered TRAIL sensitive after RSV infection (152).

Overall, our results demonstrate that TRAIL-induced apoptosis plays a key role in
clearance of virus-infected cells. Understanding of the relative contributions of
apoptosis-inducing ligands and other factors that determine the outcome of virus
infection in vitro and in vivo will help design treatment strategies for highly-pathogenic
viruses in which the balance of these contributions is disrupted. Interestingly, aberrant

TRAIL signaling might contribute to viral pathology in highly-pathogenic infections
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(101). Hence, treatment strategies of highly-pathogenic influenza viruses should seek to
optimize TRAIL-induced viral clearance while minimizing the detrimental effects

associated with highly-pathogenic infections.
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Figure 26. TRAIL expression on human PBMC after influenza virus infection or TLR
agonist stimulation. PBMC were infected with (A) viable or (B) UV-inactivated influenza
(as described in the Materials and Methods) or stimulated with the TLR agonists (C) poly
I:C, (D) ssRNA, or (E) CpG ODN. Surface TRAIL expression was analyzed 24 h later on

CD3", CD14", CD19", and CD56" cells using two-color flow cytometry. Representative
results are shown in histograms based on 10* gated cells in all conditions, and cell
viability was >95%, as assessed by propidium iodide exclusion. Similar results were

observed using at least 4 different PBMC donors.
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Figure 27. TRAIL-mediated cytotoxicity by human PBMC occurs after influenza virus
infection or stimulation with TLR agonists. PBMC were infected with (A) viable or (B)
UV-inactivated influenza (as described in the Materials and Methods) or stimulated with
the TLR agonists (C) poly I:C, (D) ssRNA, or (E) CpG ODN. After 24 h, the PBMC
were harvested and cultured for 14 h with >'Cr-labeled WM 793 target cells at the
indicated effector-target cell ratios. For each condition, TRAIL-R2:Fc (20 pg/ml)
inhibited target cell killing, while Fas:Fc (20 pg/ml) did not. Data points represent the
mean of triplicate wells, and experiments were repeated at least three times using
different donor PBMC with similar results. For clarity, SD bars were omitted from the

graphs, but were <10% of the value of all points.
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Figure 28. Influenza RNA stimulates TRAIL expression on human T cells. (A) RNA
was isolated from UV-inactivated influenza particles (as described in the Materials and
Methods), and used to stimulate PBMC at the indicated concentrations. To facilitate
uptake, RNA was mixed with DOTAP. As controls, PBMC were incubated with DOTAP
alone or influenza RNA without DOTAP. After 24 h, cells were collected, and processed
to examine TRAIL expression on CD3" T cells. Results are representative of 3
independent experiments using different donor PBMC. (B) PBMC were infected with
influenza and cultured for 24 hours. Surface TRAIL expression and intracellular NS1
expression were analyzed on CD3", CD14", and CD56" cells using three-color flow
cytometry. Representative results are shown in histograms based on 10* gated cells in all
conditions, and cell viability was >95%, as assessed by propidium iodide exclusion.

Similar results were observed using 2 different PBMC donors.
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Figure 29. Influenza stimulates IFN-a and —y production from PBMC. (A) PBMC were
infected with viable or UV-inactivated influenza (UV-flu) or stimulated with the TLR
agonists poly I:C, ssRNA, or CpG ODN. After 24 h, IFN-a and —y levels were quantified
in the culture supernatant by ELISA. Cytokine levels represent the average amount
measured from at least four independent experiments using different donors. (B) IFN-a is
made by pDC within PBMC after influenza virus infection. PBMC or PBMC depleted of
pDC were infected with influenza. After 24 h culture, IFN-o and —y levels in the culture
supernatants were then determined by ELISA. Results represent the average amount
measured from 3 independent experiments using different donors. (C) IFN-y expression
by PBMC after influenza virus infection or TLR agonist stimulation. PBMC were
infected with viable influenza or stimulated with the TLR agonists poly I:C or ssRNA.
Intracellular IFN-y levels were analyzed 24 h later in CD3", CD14", and CD56" cells
using two-color flow cytometry. Representative results are shown based on 10* gated
cells in all conditions, and cell viability was >95%, as assessed by propidium iodide

exclusion. Similar results were observed using at least 3 different PBMC donors.
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Figure 30. TRAIL induction is driven primarily by cytokines. (A) PBMC were infected
with influenza. After infection, decreasing numbers of cells (10° — 1.25 x 10° cells) were
aliquoted into 2 ml of media. After 24 h culture, IFN-a levels in the culture supernatants
were determined by ELISA. Results represent the average amount measured from 2
independent experiments using different donors. * p < 0.05 compared to uninfected level.
(B) After infection and 24 h culture (as described in 5SA), PBMC from cell dilution
cultures were analyzed for surface TRAIL expression on CD3" cells using two-color flow
cytometry. Representative results are shown in histograms based on at least 5 x 10° gated
cells. Similar results were observed using 2 different PBMC donors. (C) After infection
and 24 h culture (as described in 5A), supernatants from 10°-cell PBMC cultures were
transferred to uninfected cells from the same donor. After 24 h incubation, TRAIL
expression on uninfected cells (uninfected), uninfected cells with supernatants from
influenza-infected cells (Flu sup), or receiving media plus IFN-a (IFN-a)) was
determined. Representative results for CD3" cells are shown in histograms based on at
least 10* gated cells. Similar results were observed using 2 different PBMC donors. (D)
PBMC were depleted of pDC, infected with influenza virus, and cultured for 24 h (as
described in 5A). Supernatants from 10°-cell cultures were incubated with an anti-IFN-y
neutralizing mAb, and then transferred to uninfected cells from the same donor. TRAIL
expression on uninfected cells cultured with isotype or anti-IFN-y mAb only, or in
supernatants from influenza-infected cells treated with anti-IFN or isotype antibody.
Representative results for CD3" cells are shown in histograms based on at least 10* gated

cells. Similar results were observed using 2 different PBMC donors.
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Figure 31. Influenza virus infection alters cell sensitivity to TRAIL. (A) The lung
adenocarcinoma cell line, A549, was infected with influenza (1 MOI) for 24 h. The cells
were then added to 96-well microtiter plates (4 x 10 cells/well) and cultured with
increasing concentrations of recombinant TRAIL (rTRAIL) at the indicated
concentrations. Cell death was measured 24 h later. Uninfected A549 cells were tested at
the same time. Results are representative of 3 independent experiments, where each data
point is the average of 3 wells. (B) Influenza-infected PBMC readily kill influenza-
infected A549 cells, but not uninfected A549 cells. PBMC were infected with influenza.
After 24 h, the PBMC were harvested and cultured for 14 h with *>'Cr-labeled uninfected
or influenza-infected (1 MOI for 24 h) A549 target cells at the indicated effector-target
cell ratios. (C) Inhibition of influenza-infected PBMC killing of influenza-infected
A5499 target cells is blocked by TRAIL-R2:Fc (20 pg/ml), while Fas:Fc (20 pg/ml) did
not significantly inhibit killing. The effector:target cells ratio was 50:1. Data points
represent the mean of triplicate wells, and experiments were repeated at least three times

using different donor PBMC with similar results. * p < 0.05.
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CHAPTER V: DISCUSSION

Regarding Scientific Discoveries

Among the many aims of science is to find models that account for observations,
place these observations into a coherent framework, and to use this framework to make
predictions of future events. The historian and philosopher Thomas Kuhn examined the
history of science in his scholarly essay The Structure of Scientific Revolutions, in which
he attempted to examine the practice of collecting the body of scientific knowledge, and
to fit this practice into a historically coherent framework (229). From this work came the
terms paradigm, which refers to a dominant model that explains a collection of
observations, and paradigm shift, which refers to a change from one dominant model to a
new explanation of the collection of observations (229).

In subsequent essays, Kuhn went on to expound on the historical structure of
scientific discovery—that is the historical pattern that scientific discoveries follow (230).
In this explanation, he advised that discoveries go through three stages: 1) discovery of
an anomaly (when an observation does not fit into the current paradigm; this marks the
opening of a period of discovery), 2) normal science/discovery (development of an
anomaly—when the observations are made to fill in the gaps surrounding the anomaly),
and 3) assimilation of the discovery (after the process of normal science has sufficiently
filled in the gaps around a discovery, and the discovery is the foundation of a new
paradigm as well as the framework for new technologies) (229, 230).

Relating these stages of discovery to the concept of paradigms, the discovery of
an anomaly would be an observation inconsistent with or not supporting a current
paradigm. During the maturation of a discovery, the discord between the previously-
established paradigm and a new paradigm can result in the formation of a new
paradigm—i.e. necessitate a paradigm shift (229, 230). Historically, paradigm shifts

abound in science. Repeated observations and adaptations of models for planetary
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motion stimulated a shift from a geo-centric, Ptolemaic model to a helio-centric,
Copernican model. Albert Einstein’s conceptual prediction and subsequent testing
shifted the Newtonian idea of “conservation of mass” to a relativistic “conservation of
mass/energy”’. Charles Darwin’s theory of evolution by natural selection supplanted
Lemarckian theories of evolution by inheritance of acquired characteristics.

While these examples are of obvious historical significance, the relatively short
history of immunology has its share of paradigm shifts. The discovery by Zinkernagel
and Doherty revealed that recognition of virally-infected cells needed recognition of both
MHC and antigen (231); this discovery altered perceptions of how T cells were activated,
lead to the discovery of the TCR, generated insights to central and peripheral tolerance,
and has advanced to a stage where we can utilize TCR-transgenic T cells as a resource for
the study other immunological problems. A 1982 study of autoimmune oophoritis
demonstrated that CD4"CDS thymocytes were able to inhibit autoimmune disease (232,
233); this discovery lead to the discovery that CD4'CD25" cells represent a regulatory
phenotype and established a new paradigm for the regulation of immune responses.

In another area of study, a 1991 study revealed that Toll, a protein important in
the embryonic development of Drosophila melanogaster, was highly homologous to the
IL-1 receptor (234). When subsequent studies revealed that Toll was involved in the
immune responses of Drosophila (235, 236), the door was opened for the establishment
of a new paradigm for Toll-like receptors and other pattern recognition receptors
activating immune responses through recognition of pathogen-associated molecular
patterns commonly expressed by infectious pathogens. The “normal science” discoveries
related to the original Toll/IL-1R anomaly have revolutionized our understanding of
immune activation by pathogens—explaining 30-year-old puzzles (i.e. the lack of
response in C3H/Hej mice stimulated with LPS) (237), improving our understanding of
human susceptibility to infectious diseases (238-242), and even enhancing our

vaccination strategies (243-245) and tumor immunotherapy strategies (203, 246-249).
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Regarding additional observations

Part of the investigation to determine the mechanism behind the enhanced T cell
response targeted the phenotype and function of DC. Since CD8" T cells are activated
and proliferate in the lung-draining LN prior to their migration into the lungs, it was
reasoned that LN-derived factors/interactions were likely responsible for the increased
CD8" T cell response in clinical dose-infected TRAIL” mice. Programming of the T cell
response in the lung-draining LN is mediated by DC through both direct cell-to-cell
contact and cytokine-dependent mechanisms. Interestingly, no distinct differences were
observed in the costimulatory molecule expression; however, a significant increase in the
number of CD8" dendritic cells in the lung-draining LN at day 6p.i. was noted (Figure
32A; p < 0.001). The increased number of DC in the dLN of TRAIL" mice correlated
with a decrease in the apoptosis of DC populations in the dLN (Figure 32B). Consistent
with these data, an increase in DRS expression was observed on lung-draining LN-
resident DC after influenza infection (Figure 32C), as well as TRAIL upregulation on NK
cells, CD4" T cells, and CD8" T cells from TRAIL"" mice (Figure 32D).

DC:T cell interactions are common during T cell priming in the dLN, and an
emerging body of evidence supports DC:NK cell interactions during the initiation of
immune responses. TRAIL and DRS5 on these potentially interacting populations

+/+
™ and

suggests the potential for differential induction of apoptosis of DC in TRAIL
TRAIL" mice. Further, the Dichl study demonstrated increased inflammatory cytokine
production after TLR stimulation of DR5-deficient cells. Considering these results
together, it is intriguing to speculate that TRAIL:DRS interactions might be responsible
for shaping immune responses by inducing DC apoptosis or by influencing the
production of cytokines that augment DC survival.

Immunopathology in influenza infection system has been attributed in part to

CD8" T cells, which produce TNF that activates epithelial chemokine expression. These

chemokines, in turn, recruit macrophages that contribute to an inflammatory response
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resulting in tissue damage not related to viral clearance (108). We speculated that the
increased T cell response might be associated with increases in pulmonary TNF
expression and associated lung damage. While increases in TNF in the TRAIL-/- mice
were observed, subsequent experiments to neutralize TNF during infection resulted in
exacerbated disease in the TRAIL” mice. Determining the possible relationship between
TNF expression and TRAIL expression could reveal if TRAIL has a direct effect on TNF
expression (by blocking of transcription after a cell receives a signal from TRAIL) or an
indirect effect (by blocking chemokine/cytokine expression that influence TNF
production). Alternatively, the expression of these cytokines could be unrelated to one
another, and only appear in response to an out-of-control influenza infection. Further, it
would help us to better understand the role of TNF expression in immune responses to
influenza, which is especially interesting given the fact that it does not help clear the
virus, yet is consistently expressed in response to influenza virus infections.

In efforts to determine the cause of the death of the mice during the clinical dose
infections, the death of pulmonary cells after infection in relation to their infection status
was examined. As predicted, at day 4 post-infection there was an increased incidence of
apoptosis in influenza infected cells compared with uninfected cells, as measured by the
presence or absence of influenza HA on the cell surface; this observation was similar in
TRAIL"" and TRAIL” mice (Top panel, Figure 33). However, when the apoptosis in the
lungs of TRAIL™ mice at day 6 post-infection was examined, substantially increased
apoptosis was observed in the uninfected cell population (Bottom panel, Figure 33).
Understanding the mechanism that is causing this increased death would be another
interesting line of investigation. Given the increased chemokine/cytokine expression in
the lungs of TRAIL™ mice, this increased death could be indicative of increased
inflammation leading to uncontrolled tissue damage—similar to that observed with TNF

induction in the Enelow influenza immunopathology study. Alternatively, the timing of
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Figure 32. Decreased CD8+DC apoptosis in the draining LN correlates with increased
CD8+DC numbers in TRAIL-/- mice compared to WT mice. TRAIL"" or TRAIL™
C57BL/6 mice were infected with 1500 E.I.U. of A/PR/8/34. At various days post
infection, lung-draining lymph nodes were harvested, homogenized, and stained with
anti-ClasslI, anti-CD11c, DX5 (anti-NK cell), anti-CD3, anti-CD4, anti-CDS, anti-DR5
or isotype control antibody, and anti-TRAIL or isotype control antibody. For A, the
number of CD8 CD11¢"ClasslI” cells (mean + SD) from TRAIL"* (black bars) or
TRAIL™" (gray bars) were enumerated using total LN cell counts and flow cytometry.
DC numbers were normalized to the number of lymph nodes harvested from each mouse.
Bars represent 3-4 mice per group and data are representative of three experiments. For
B, the single-cell suspensions from A were also stained with Annexin V. The data
represent the percentage of Annexin V™ of CD8"CD11c¢ ClassII” cells from individual
TRAIL"" (@) or TRAIL” (A) mice; bars represent the mean for each group. The data
for C represent the DRS expression on bulk DC (i.e. CD11¢ ClasslI” cells) or CD8" DC
(i.e. CD8'CDI11c ClassII” cells). Solid lines represent expression on DC from influenza-
infected mice; dashed lines represent expression on DC from uninfected mice; shaded
histograms represent isotype control. The data for D represent the TRAIL expression on
NK cells (i.e. DX5'CD3NC cells), CD4"CD3" T cells or CD8'CD3" T cells. Solid lines
represent expression on cells from influenza-infected mice (bottom row; ““flu”) or from
uninfected mice (top row; “uninf””); shaded histograms represent isotype control staining.
Data are representative of 4-5 mice from 2 independent experiments. p-values determined

using a paired t test.
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Figure 33. TRAIL-/- mice have increased pulmonary Annexin V staining of influenza-
negative cells, but similar staining of influenza-infected cells. C57B1/6 or TRAIL-/- mice
were infected i.n. with A/PR/8. At various days post infection, lungs were harvested,
stained with anti-HA antibody and AnnexinV/7AAD and analyzed by flow cytometry.
The top panel shows apoptosis of influenza-positive and influenza-negative populations
on day 4, while the bottom panel shows similar results from day 6. Data are

representative of 2 independent experiments.
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the increased uninfected cell death is consistent with the recruitment of T cells to the
lungs; hence, the observed increases in death of uninfected cells could be a result of
bystander killing by T cells. Understanding the mechanism of this bystander killing
would offer insight to the stimulus that drives bystander killing by T cells; and given that
the bystander killing was only observed in the TRAIL” environment, such studies would

also expand the understanding of how TRAIL controls immune responses.

Regarding the Data

Prior to the work presented herein, the literature describing roles for TRAIL
emphasized its involvement in tumor therapies—in which cells of the immune system can
utilize TRAIL to specifically induce the apoptosis of transformed cells, while leaving
normal cells unaffected. Other studies had demonstrated roles for TRAIL in the
elimination of helpless CD8+ T cells upon secondary challenge (250), in regulating
autoimmune inflammation (143), and in controlling eosinophil survival in a model of
allergic asthma (251). Additionally, studies of TRAIL/TRAIL-receptor involvement in
the immune response to viruses supported their involvement in the immune response to
measles (154), HIV-1 (252, 253), RSV (152), and hepatitis (219, 254). However, the
clearance of virus after primary infection of a naive host stated that clearance was
mediated by CD8" T cells that clear virus through perforin- and Fas-dependent
mechanisms (74). While expression of TRAIL had been observed during the immune
response to influenza virus infection (91), no definitive evidence existed proving a role
for TRAIL in clearing influenza.

The data from Chapter 2 examine the potential role for TRAIL in clearing
primary influenza virus infections. These data demonstrate that TRAIL deficiency results
in increased morbidity and higher viral titers than in TRAIL™" hosts. Recognizing the
aforementioned evidence that CD8" T cells are responsible for clearing virus, TRAIL

expression was examined on these cells and determined that TRAIL was expressed
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primarily on antigen-specific CD8" T cells. Examination of killing by these antigen
specific T cells revealed that pulmonary CD8" T cells with TRAIL could kill influenza-
specific target cells more effectively than CDS8" T cells deficient in TRAIL. Consistent
with this decreased killing capacity by CD8" T cells in TRAIL™ mice, clearance of virus
was delayed in the TRAIL™ mice relative the TRAIL"" mice. Further, the TRAIL-
sufficient CD8" T cells could protect lethally infected mice from death, while those
receiving TRAIL-deficient CD8" T cells were not protected from lethal challenge.
Together, these data support a role for CD8" T cell-expressed TRAIL in clearing primary
influenza virus infections. In the broader context of immunity to influenza virus
infections, they suggest the inclusion of TRAIL as an additional effector pathway that
CD8" T cells can use to kill influenza-infected cells.

While the data from Chapter 2 support a role for TRAIL in the clearing of
influenza-infected cells by CD8" T cells, this study—Ilike most quality studies—Ileads to
more questions than it answers. The inclusion of TRAIL:DRS interactions, along with
Fas:FasL and Granzyme B/perforin, as an effector pathway provides evidence of three
pathways by which infected cells can be killed during influenza infections. A single
deficiency in TRAIL resulted in a delay of viral clearance, while a single deficiency of
Fas (on target cells) or perforin (on effectors) resulted in no significant change in viral
clearance in the previous studies (74). Given these data, one might speculate that TRAIL
is the dominant pathway by which CD8" T cells clear influenza virus infections. This
claim is likely overstating or overinterpreting the completed results, as the studies were
completed with different initial doses of virus and utilized different strains of influenza.
Hence, to make comparisons of the relative importance of FasL, granzyme B, and TRAIL
in the clearance of influenza virus infections would require a side-by-side comparison of
singly- and doubly-deficient T cells in animals given equivalent infections with the same
influenza virus strain. Such comparisons would help determine the extent to which the

granzyme B-induced, FasL-induced, and TRAIL-induced cytotoxicity of CD8 T cells is
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dependent on the other pathways as well as the ability of these pathways to induce
apoptosis independently from the other effector pathways.

Adoptive transfers of single-deficient and double-deficient T cells into OT-I TCR
transgenic mice followed by influenza virus infection of these mice would allow the
effects of specific effector molecule deficiency on T cells to be determined. In this
adoptive transfer system, only the transferred T cells would be able to respond to
influenza virus infections, as the OV A-specific OT-I transgenic T cells would not be
responsive to influenza-virus-associated epitopes. By examining the killing capacity of
singly-deficient T cells in these mice, the viral clearance from these mice, and the
outcome of viral infections of these mice, one could determine the necessity of the
singly-knocked out pathways to the cytotoxic function of the intact pathways (e.g.
transfer of TRAIL™ T cells would determine the necessity of TRAIL signals to the
apoptosis induced by granzyme B and FasL as well as the necessity of TRAIL for viral
clearance and host survival). By examining the killing capacity of doubly-deficient T
cells in these mice, the viral clearance from these mice, and the outcome of viral
infections of these mice, one could determine if singly-intact pathways were sufficient to
induce apoptosis of infected cells and to protect mice from influenza virus infections (e.g.
transfer of FasL'/'perforin'/' T cells would eliminate the effects of FasL. and granzyme
killing by T cells, and help determine if TRAIL was sufficient to kill virally-infected
cells, as well as if TRAIL was sufficient for viral clearance and host survival).

These experiments with single-knockout and double-knockout T cells would help
determine if the apoptosis-inducing pathways are working in tandem or independently.
Given the overlap in the signaling induced by TRAIL and FasL (both recruit FADD and
activate the caspase cascade upon ligation of their respective receptors), these two ligands
working together to more effectively induce apoptosis would not be surprising.
Alternatively, both TRAIL:DRS interactions (138, 255) and FasL:Fas interactions (255-

257) can induce non-apoptotic signaling in their target cells. It is interesting to speculate
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that signaling through both receptors might be necessary to induce apoptosis of the cell,
while signaling through only one or the other would induce the nonapoptotic effects—
such as the activation of NF-«xB signaling (130-132) or the upregulation of anti-apoptotic
molecules (133, 134, 137). If studies of the single- vs. double-deficient T cells implied
that one receptor was necessary for the induction of apoptosis by the other, subsequent
experiments could examine the differences in signaling that lead to the induction of
apoptosis vs. alternative signals. These comparisons of the single-deficient T cells versus
double-deficient T cells could examine the molecules in the apoptotic pathway that are
more proximal to the receptor (i.e. the recruitment of FADD and the activation of
Caspases 8 and 10), the mitochondria-associated events (i.e. the activation/recruitment of
Bid/Bax/Bak, release of cytochrome C, the activation of Caspase 9), or the terminal
events of apoptosis (i.e. Caspase 3 activation, DNA fragmentation). Such studies would
improve the understanding of the requirements for the induction of apoptosis in influenza
infected cells. Extended further, such studies would have potential implications for
improving vaccine design—to optimize the T cell expression/utilization of both TRAIL
and FasL; as well, these studies could offer additional insight regarding the sensitivity or
resistance of tumors to TRAIL-induced apoptosis.

Determining the relative contributions of these pathways to influenza-induced
immunopathology (or controlling that immunopathology) is another area that would be
explored with the adoptive transfer system. Specifically, a transfer system that utilized
TRAIL"" or TRAIL™ T cells transferred into TRAIL™* or TRAIL ™ hosts would
determine how TRAIL on T cells contributes to immunopathology or helps to control
immunopathology. Further, the adoptive transfers into TRAIL” mice would determine
the extent to which TRAIL expression on other cells (i.e. non-CD8 T cells) contributes to
immunopathology or to the control of immunopathology. Antigen-specific expression of
TNF can mediate pulmonary immunopathology by CD8" T cells after influenza virus

infection (108), but the induction of immunopathology is not limited to T cells during
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influenza virus infections. Indeed, in a study of HSN1 influenza infection, macrophages
were found to upregulate TRAIL; this TRAIL expression lead to the death of T cells that
were responding to the infection (101). TRAIL can be expressed by a considerable
portion of immune cells in response to interferon signals (119, 153, 156, 201, 222), and
influenza virus infection results in interferon production despite the presence/action of
NS1 (29, 196, 215, 217). Hence, determining the contributions of TRAIL on CD8 T cells
and non-CD8 T cells to immunopathology would help broaden the understanding of how
TRAIL contributes to influenza-induced immunopathology (as well as how TRAIL on
these cells might help control immunopathology).

A cell-specific knockout of TRAIL would be an important tool in helping
determine the importance of TRAIL expression in specific cell types. While the effect of
TRAIL deficiency in specific cells can be accomplished for some cell types through
adoptive transfer studies (e.g. the CD8 T cell transfers described above), developing a
transgenic mouse with a floxxed TRAIL gene would be useful. Once developed, the
TRAIL-flox mice could be crossed to the appropriate cre-expressing strains (e.g. CD4-cre
to knock out TRAIL in T cells or CD11c-cre to knock out TRAIL in DC) to allow for
cell-type specific knockouts. These new strains with more specific deletions of TRAIL
would help to reveal potential roles TRAIL on individual cell types, allowing
investigations to determine the contributions to immunopathology as well as the
contributions to controlling virus load and clearance.

A complicating factor in understanding the immune response to influenza virus
infections is the highly-variable nature of the virus itself. Even among the commonly
used laboratory influenza strains, immune responses vary; this challenge is broadened
when one further considers highly pathogenic strains like the 1918 strain or recently-
emerged HS5N1 avian influenza strains. In an effort to broaden the studies from Chapter 2
to a more clinically relevant model of influenza infection, the dose of influenza virus

used for infection in the studies in Chapter 3 was increased. The prediction was that the
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increase in infectious dose would increase the morbidity/mortality that was observed,
which it did in both the TRAIL"" and TRAIL” mice. Surprisingly, the increased dose
reversed the in vivo cytotoxicity as compared to the results in Chapter 2; that is, clinical-
dose infection resulted in better pulmonary CD8" T cell killing in the TRAIL™ than in the
TRAIL"" mice. This killing was not because of a difference in effector function by the T
cells, as expression of FasL, granzyme B, TNF, and CD107a were all similar in/on the T
cells from TRAIL” and TRAIL"" mice. Further, the in vitro assessment of T cell killing
revealed that the T cells from TRAIL"* mice and TRAIL” mice could kill targets
similarly on a per cell basis. Therefore, the difference in in vivo killing seen in the
TRAIL” and TRAIL"" mice seems to be due to enhanced recruitment of T cells to the
lungs of TRAIL” mice. This enhanced recruitment correlated with increased expression
of MIG and MIP-1a, two chemokines associated with pulmonary T cell recruitment.
Inhibiting the ability of T cells to respond to these chemokines (by either blocking or
though use of receptor knockout animals) resulted in decreased migration of the
transferred T cells to the lungs of infected mice.

To definitively verify that the observed difference in killing was due solely to the
enhanced recruitment of T cells, however, additional experiments to confirm the in vitro
per-cell killing by the T cells in TRAIL" should be completed. Exploring a wider range
of E:T ratios would help confirm the results from figure 22. If the killing by TRAIL™
and TRAIL™" T cells is similar on a per cell basis, then the killing difference is likely due
to differences in T cell number. Alternatively, if the killing difference between TRAIL™
T cells and TRAIL™ T cells persists in in vitro killing experiments, some other
mechanism would be responsible for the difference in killing. Given that similar
expression of FasL, granzyme B, TNF, and CD107a was observed, the differential killing
could involve differences in the expression of other cytolytic molecules (e.g. granzyme
A, granzyme K) that are also upregulated in T cells after influenza infection (258, 259).

Alternatively, differences in T cell expression of LFA-1 could influence lytic synapse
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formation and associated killing ability (260). Hence, if differences in T cell cytotoxicity
on a per cell basis were observed, subsequent studies would examine differential
expression of other cytolytic molecules as well as differential expression of adhesion
molecules. Further, the function of T cells from TRAIL” and TRAIL"" mice would be
determined by microscopy studies to examine the frequency of T-cell:infected-cell
interactions, T-cell:infected-cell contact/interaction times, and the per cell killing
capacity of individual T cells.

Beyond confirming the results included herein, further in vitro analysis of killing
by CD8" T cells from the TRAIL™ could help to determine the effector functions utilized
by the TRAIL™ T cells. Interestingly, infection with a sub-clinical dose resulted in the
priming TRAIL™ T cells that had diminished cytotoxicity compared to those from
TRAIL"" mice. Conversely, infection with a clinical dose resulted TRAIL™ T cells with
cytotoxic function similar to their TRAIL™" counterparts. Side-by-side comparison of
the TRAIL™ T cells from sub-clinical dose infection and from clinical dose infections
would help to determine the difference in the T cells in the two infection settings. Such
comparisons would include comparisons of surface phenotypes (e.g. expression of CD69,
CD62L, CD25, PD-1, KLRGI), comparisons of the expression of effector molecules (e.g.
expression of granzyme B, FasL, IFNy, TNFa) and side-by-side comparisons of in vitro
cytotoxicity. The effector molecule analysis would likely reveal differential expression
of a known effector pathway (e.g. FasL or Granzyme B), and would lead to additional in
Vitro cytotoxicity experiments to block/inhibit the altered pathway and confirm its role in
the differential killing. If differential effector molecule expression was not
observed/confirmed on T cells from sub-clinical versus clinical doses of infection,
subsequent experiments would examine inhibitory molecule expression (e.g. PD-1 or
CTLA-4, both of which are associated with T cell exhaustion (261)) or the production of
inhibitory cytokines (e.g. IL-10, which can be produced by CD8+ T cells after influenza

virus infection (262, 263). Observing differences in inhibitory molecule expression or in
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inhibitory cytokines would lead to neutralization studies to verify their role in the
differential function of the T cells from sub-clinical versus clinical dose infections.

Other studies of the differential T cell response from the sub-clinical dose
infections compared to clinical dose infections could examine the cause of the differential
response; that is, determine if the differential T cell responses are due to differences in
the priming of the T cells. The DC populations in the lung-draining LN play a key role in
initiating T cell responses to influenza virus infection (53, 57, 58). Comparing the
phenotype of DC (e.g. upregulation of costimulatory molecules and secretion of
cytokines) and the function of DC (e.g. migration from lung to the lung-draining LN and
ability to activate naive T cells) after sub-clinical and clinical dose infections would help
determine if differences in DC are the cause of the differential T cell response.
Alternatively, the differential T cell responses could result from differences in the
pulmonary environment induced by a sub-clinical dose infection versus a clinical dose
infection. Clearly, signals received in the LN are not the only determining factor for T
cell responses—as after T cell migration from the lung-draining LN to the lung, DC:T
cell interactions in the lung environment are important to T cell survival and
accumulation in the airways (59, 60). Differential survival/activation signals from
pulmonary DC populations could influence the T cell function in a sub-clinical dose
versus a clinical dose. Determining the influence of these DC populations (and their
cytokine expression, costimulatory molecule expression, MHC expression) in a sub-
clinical dose versus a clinical dose would reveal the potential roles for the pulmonary
environment in influencing T cell function. Further, these studies of DC function in the
draining LN and in the lung environment would expand understanding of how the
influenza dose alters DC function to influence T cell responses.

Considering the differences in sub-clinical dose infection and clinical dose
infection from a different perspective, determining how the initial inoculum of virus

differentially stimulates/activates the viral sensing pathways (e.g. TLR and NLR) would
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be of interest. Initial experiments would be completed to determine the involvement of
specific TLR/NLR by blocking these pathways in TRAIL” mice receiving sub-clinical
and clinical doses of infection or by crossing the TRAIL” mice to TLR/NLR knockouts
(e.g. Nalp3™, TLR3™, TLR77). Involvement of the pathways would be determined by
comparing the pulmonary chemokine production (e.g. MIG, IP-10, MIP-1a, MIP-1p),
pulmonary cytokine production (IFNa, IFNy, IL-6, IL-12, IL-10), and the antigen-
specific CD8" T cell responses induced by a sub-clinical dose versus a clinical dose.
If/when the involvement of these pathways was confirmed, the results would be applied
to determining how the TLR/NLR activation alters DC function and T cell priming.
Future experiments would determine the extent to which TLR/NLR activation altered DC
migration from the lung to the dLN was altered, altered DC activation (e.g. expression of
costimulatory molecules or production of cytokines), altered T cell activation (e.g.
stimulation of T cell proliferation and upregulation of T cell activation markers), and
influenced T cells inhibition (e.g. by signals through PD-1 or from IL-10).

While the previous paragraphs have emphasized comparisons between the sub-
clinical infectious dose and the clinical infectious dose, similar studies would be
completed to determine the differential T cell responses in TRAIL™" and TRAIL” mice
given clinical dose infections. Of specific interest might be a comparison of killing
mechanisms used by the TRAIL"" and TRAIL™ T cells at the clinical dose infection.
Considering the lack of difference in in vitro killing by CD8 T cells after a clinical dose
infection, comparing the relative importance of FasL, TRAIL, and granzyme B to the
cytotoxic function of CD8" T cells would be of interest. Utilizing the adoptive transfer
system of single-deficient and double-deficient T cells outlined above, the effectiveness
of the individual pathways in killing infected cells, in clearing virus, and in protecting
from infection would be determined. If comparisons of sub-clinical responses to clinical
dose responses revealed differential expression and utilization of FasL, subsequent

studies would determine how TRAIL regulates FasL expression. Additionally,
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comparing T cell activation (e.g. ability to proliferate and expression of CD69/CD25) as
well as T cell inhibition/exhaustion marker expression (e.g. PD-1, KLRG1) on the
TRAIL"" and TRAIL™ T cells would help verify the similarities between the T cells in
the respective immune responses to clinical-dose influenza virus infection. Should
differences in T cell activation and/or inhibition in the TRAIL"" and TRAIL"" mice be
revealed, subsequent studies would seek to determine the extent to which TRAIL
regulates T cell activation and proliferation, T cell expression of inhibition/exhaustion
markers, and the interactions of T cells with infected target cells after clinical dose
infections of TRAIL"" and TRAIL” mice.

Differences in DC function could also contribute to the differential T cell

** and TRAIL” mice. As mentioned in the discussion

responses observed in the TRAIL
of sub-clinical versus clinical dose infections in the TRAIL” mice above, altered DC
function could exist in the lung-draining LN as well as in the lung environment itself. To
address these possibilities, experiments would be conducted to examine DC function in
the lung-draining LN including DC costimulatory molecule expression (e.g. CD80,
CD86), DC chemokine production (e.g. IL-12), and DC ability to prime naive T cells
(e.g. stimulate T cell proliferation and upregulation of activation markers). Additional
experiments would evaluate DC functions in the lung environment, including
chemokine/cytokine production (e.g. IL-12, IL-15), MHC expression, and ability to
stimulate T cell survival in the lung environment. Subsequently, followup experiments
would be aimed at determining how TRAIL expression alter the DC function. These
experiments would determine how TRAIL expression influences DC apoptosis in the LN
and lung environment (including determining how TRAIL induced apoptosis influences
DC numbers, determining the cells responsible for stimulating the apoptosis of DC, and
determining the specific DC subsets undergoing apoptosis). Additionally, these
experiments would determine the extent to which TRAIL expression stimulates non-

apoptotic effects on DC in the LN and lung environments (including determining how
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TRAIL expression influences DC chemokine/cytokine production and determining how
TRAIL expression influences the DC expression of costimulatory and inhibitory
molecules on the surface of DC).

The data from Chapter 3 support a role for TRAIL:DRS interactions as a
mechanism of regulating immune responses, which reinforces the discovery by Diehl,
et.al. that established a role for TRAIL as a regulator of immune responses. While the
data from Chapter 3 clearly demonstrated increased chemokine expression in the absence
of TRAIL, the mechanism of this regulation was not determined. Given the strong
evidence for TRAIL as an inducer of apoptosis and the emerging evidence for non-
apoptotic TRAIL signaling, either of these is a possible means for controlling pulmonary
chemokine expression. TRAIL expression could result in killing the chemokine
expressing cells; alternatively, TRAIL expression could induce signaling pathways that
shut down the chemokine production. Considering the recent report suggesting that cIAP
is required for activation of the inflammasome (264), that TRAIL signaling can
downregulate cIAP (265), and the reports that influenza activates the inflammasome
through NLRP3 (32, 33), the intersection of TRAIL signals with inflammasome signaling
provides an intriguing possibility for how TRAIL might modulate cytokine and
chemokine expression. This possible regulation is further supported by a study
connecting IL-1f (a major product of inflammasome activation) to the induction of CXC
chemokines (266). Future studies to examine the possible connections between cIAP
modulation by TRAIL, as well as the effects of this modulation on chemokine/cytokine
production, would expand the understanding of non-apoptotic TRAIL signaling as well as
provide a mechanism by which TRAIL regulates chemokine/cytokine production during
immune responses.

During primary influenza infection, CCR5-deficiency results in enhanced disease
correlated to increased immunopathology. In subsequent studies, it was determined that

loss of both CXCR3 and CCRS pathways resulted in amelioration of the
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immunopathology observed in the CCR5-deficient hosts (267). These data suggest the
existence of multiple T cells subsets responding to the infection, which are differentially
recruited by CXCR3- and CCR5-associated chemokines. Interestingly, CXCR3™"
resulted in decreased leukocyte infiltration to the airway, but had no effect on viral
clearance (61). Given the increase in pulmonary CXCR3-associated chemokines and the
increased immunopathology that is observed in the TRAIL™ mice after clinical-dose
influenza virus infection, exploring the link between CXCR3-chemokine expression and
immunopathology would be an interesting followup study. Breeding TRAIL” CXCR3™
mice would allow the importance of the CXCR3-associated chemokines in the induction
of immunopathology in the TRAIL™ system. Additionally, such experiments would
allow further assessment of the overall importance of CXCR3-associated chemokines in
driving immunopathology during influenza virus infections. These experiments might
reveal the existence of a specific subset of T cells (presumably CXCR3-expressing) that
induce immunopathology after influenza virus infections; or conversely, examination of
the CCR5-deficient system might reveal a specific subset of T cells (presumably CCRS5-
expressing) that help to control immunopathology after influenza virus infection.
Observing either of these outcomes would reveal an additional role for TRAIL in
controlling immunopathology after influenza virus infection. Subsequent studies would
seek to determine the mechanism by which TRAIL controls chemokine expression (e.g.
by the direct apoptosis of chemokine-producing cells or by non-apoptotic signals to the
chemokine-producing cells that results in stopping their chemokine production).

In related, complementary studies it would be of interest to determine the specific
cell types producing the cytokines/chemokines in the TRAIL™* and TRAIL™ airways, as
both epithelial cells and leukocytes are capable of producing these products. While

.
mice

similar levels of infection in the lung were observed in TRAIL” and TRAIL
(figures 14 & 16), determining how infection relates to chemokine expression could

reveal additional means of regulation. Primary future explorations should examine the
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production of MIG and MIP-1a (as well as other chemokines) in the airway—
specifically, determining the cell population(s) responsible for production. Once this
determination has been made, subsequent experiments could explore the importance of
the chemokines as well as the chemokine source in determining the outcome of infection.
Further, determining the chemokine source(s) would allow better-defined experiments to
be conducted regarding how TRAIL:DRS interactions are controlling chemokine
expression.

For example, consider a case in which both epithelial cells and macrophages are

++

infected and producing cytokine. In a TRAIL "~ environment, TRAIL signals would
presumably kill the infected cells, thus eliminating the chemokine production by these
cells; however, in a TRAIL™ environment, no death of these cells would occur and the
chemokine production would persist. Further, the potential non-apoptotic signals
mentioned above could also act differentially on the various populations that are infected,
as the distribution of inflammasome components varies from cell type to cell type (268).
TRAIL-receptor expression might relate to a cell’s susceptibility to TRAIL-induced
regulation/apoptosis. Examining the relative effect of TRAIL signaling on infected
(NP'DR5™MM) cells in comparison to uninfected (NPYESDR5W) could offer insight to
the control of chemokine production. Such experiments would help determine if
apoptotic versus nonapoptotic signaling relates to the intensity of TRAIL receptor
expression on the cells as well as the chemokine/cytokine production by these cells.
Among the many influences chemokines and cytokines have on the immune
response is the formation and maturation of nasopharyns-associated lymphoid tissue
(NALT) and bronchus-associated lymphoid tissue (BALT) (269-271). While the
chemokines associated with establishing BALT and NALT (SLC, MIP-33, CXCL13, and
CCL19) were not specifically examined in the investigations, the aberrant expression of
chemokines in the lung after influenza virus infection could extend to the chemokines

related to NALT/BALT cell recruitment. Determining the mechanisms controlling
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chemokine expression will offer potential insight about the control of chemokines in the
NALT/BALT, but the effects of TRAIL:DRS interactions on BALT/NALT-associated
chemokines has not been examined. Further, considering the specific upregulation of
MIG and MIP-1a, but not other chemokines, the potential role that TRAIL:DRS
interactions have in the control of NALT/BALT-associated chemokines is difficult to
predict. Determining the effects on the expression of these chemokines would not only
reveal the roles for TRAIL in BALT/NALT function, but would also reveal mechanisms
of regulation for specific chemokines by TRAIL:DRS interactions.

While most effects of TRAIL are associated with signaling induced when its
receptor is ligated on a target cell, reports also indicate that some cell-intrinsic “reverse
signaling” can occur. Cross-linking TRAIL with plate-bound TRAIL-receptor Fc
resulted in enhanced CD4" proliferation and IFNy production (272, 273). Further, this
reverse signaling isn’t just an in vitro artifact, as this TRAIL signaling was shown to have
a potential role in the development of autoimmune disease (273). Alveolar macrophages
and influenza-specific T cells—both of which have been associated with inducing
immunopathology—express TRAIL after influenza virus infection. Determining the
effects of reverse signaling through TRAIL in these cell types would initially require
moving from in vivo infection models into the more controlled system of T cell and
macrophage cell lines. Examining the effects of DRS engagement on cytokine
production and proliferation as well as determining the signaling pathways activated by
ligand engagement. Of particular interest in this regard would be the studies examining
the potential for differential signals by the various TRAIL receptors, particularly in the
human system. If the different receptors were discovered to differentially “back signal”
through TRAIL, it would add another intriguing level of complexity of immune
regulation via TRAIL. In such a case, immune regulation (including the regulation T cell
activation and proliferation, regulation of cytokine and chemokine production, and

regulation DC activation and function) could result from modulation of either TRAIL



expression or from modulation of the TRAIL-receptor expression. Future studies would
aim to determine how the modulation of specific TRAIL-receptor expression correlates
with disease outcome after influenza virus infection.

Prior to the investigations of the role for TRAIL in the human immune response
to influenza virus, TRAIL was thought to be involved primarily in the response to
tumors. Multiple lines of research focused on how TRAIL fights tumors and how TRAIL
can be upregulated/exploited to help fight tumors. Investigations of TRAIL expression in
human influenza infections have revealed potentially harmful roles for TRAIL—based
largely on in vitro studies of TRAIL expression on various cell types after influenza
stimulation. TLR stimuli and direct infection of PBMC resulted in TRAIL upregulation.
Given that both influenza infection and the TLR stimuli used caused the production of
type I and type Il interferons, the expression of TRAIL on these cells is not surprising.
Considering that all of the TRAIL-expressing cell types that were examined have been
shown to kill TRAIL-sensitive targets in vitro, these TRAIL expression data did not shift
any long-established thoughts in the field; however, they did serve to reinforce a positive
role for TRAIL in the immune response to influenza virus infection that had been implied
by the mouse studies. Future examination of TRAIL in the human immune response to
influenza virus infection should target the in vivo response to influenza infections. Such
studies would help establish a “normal” baseline response that could be used as a context
in which to interpret data from in vitro studies. Without an in vivo baseline to serve as a
reference point, the data from in vitro studies are difficult to interpret without bias
influencing the explanation of outcomes.

Perhaps the most interesting finding from the human studies was the discovery
that infection of epithelial cells sensitizes them to TRAIL-induced apoptosis, but not
FasL. This rapid sensitization to killing by TRAIL raises many questions for future
study. Consistent with previous reports, the sensitization to TRAIL was not due to

modulation of TRAIL-receptor expression. However, the infection did cause a change in

153
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the balance of pro-and anti-apoptotic message in these epithelial cells. Subsequent
studies to determine if these changes are interferon-driven or infection-driven would offer
better understanding of the role of TRAIL/TRAIL-receptor in the response to influenza
virus, but could potentially help explain the TRAIL-associated immunopathology that
was observed in the recent study by Herold, et.al. that showed TRAIL as an inducer of
immunopathology (101). Determining the mechanism of TRAIL sensitization could
offer treatment strategies that would prevent potential immunopathology after infection.

Subsequent studies into TRAIL’s role in the human response to influenza virus
infections should also seek to correlate the mouse studies with human responses. First, it
would be interesting to determine if the CD8" T cells responding to infection express
TRAIL in an influenza-specific fashion, and if these influenza-specific cells use the
TRAIL expressed on their surface to kill infected cells. An upregulation of TRAIL in the
in vitro cultures was observed, but examining TRAIL expression during a “normal”
priming response in vivo would reinforce the data obtained in the mouse studies. Further,
determining the importance of TRAIL: TRAIL-receptor interactions in healthy patient
responses could improve the understanding of the TRAIL system and how it contributes
to immune responses to influenza virus infection. Further, determining how the various
receptors in the human system contribute to apoptotic versus nonapoptotic signals during
influenza infections could improve the understanding of the TRAIL: TRAIL-receptor
system in humans and could help elucidate roles for TRAIL in the regulation of human
immune responses and the mechanisms by which TRAIL regulates these responses. And
as mentioned previously in the discussion, examining how the various TRAIL receptors
might cause differential “reverse signaling” to TRAIL-expression cells would be of
interest. Additionally, analysis of human cancer patients has revealed polymorphisms of
TRAIL-R1 that have been correlated with increased susceptibility to disease. Examining
how these polymorphisms might influence the other roles for TRAIL could offer

additional insight for how TRAIL functions in the immune response.
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Regarding Scientific Discoveries and Paradigm Shifts

Considering the data presented herein, I believe that the discoveries described in
this dissertation make considerable contributions toward further developing, if not
shifting, established paradigms in immunology. Chapter two outlines an additional
pathway by which CD8" T cells can kill infected cells after influenza virus infection.
This finding not only shifts the paradigm of how the T cells kill, but also supports the
paradigm that TRAIL has roles outside the realm of tumor immunology. The discoveries
described in Chapter three reinforce a relatively new paradigm—one in which TRAIL
acts as a regulator of immune responses. Though the mechanistic details of this
regulation are still to be determined, future studies to examine how TRAIL acts to
regulate immune responses will push forward the fields of immune regulation and TRAIL
signaling. Chapter four complements the data from chapter two, reinforcing a role for
TRAIL in the immune response to influenza virus infections; but perhaps most
substantially, these data demonstrate that infected epithelial cells are sensitized to
TRAIL-induced apoptosis—implying that the control of influenza infection by TRAIL
need not be antigen-specific killing by CD8 T cells. Together, the discoveries made
during the investigations that contributed to this dissertation have filled in some of the
knowledge gaps of existing paradigms while forcing subtle shifts in other paradigms.

All that said, Max Plank is credited with the adage that “Old paradigms don’t die
because the practitioners agree with the superior reasoning of the new paradigm. The old
ideas die when the practitioners die.” So while the data in this thesis show new
mechanisms of killing infected cells as well as new roles for TRAIL in regulating
immune responses, it will likely take some time before TRAIL is regularly included as a
major mechanism by which CD8" T cells clear influenza virus infections. Further, next
week a new set of data could emerge that adds to or even refutes the findings made
herein—inducing additional shifts the current paradigms. Such shifts are neither grounds

for despair nor grounds for elation—they are just the nature of the science.
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