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ABSTRACT

CDS8 T cells have been demonstrated to be critical in the resolution of acute
influenza A virus (IAV) infections. Previously our laboratory has demonstrated that the
magnitude of the IAV-specific CD8 T cell response is inversely proportional to the initial
IAV inoculum. The decrease in CD8 T cells observed during lethal dose IAV infections
was shown tobe a result of apoptosis driven by FasL expressed on lymph node dendritic
cells (LNDC) during lethal, but not sublethal, dose IAV infections. However the specific
LNDC subset(s) responsible for FasL:Fas mediated apoptosis of IAV-specific CD8 T
cells remains to be identified. The existence of multiple subsets of dendritic cells (DC)
within the lymph node (LN) with distinct functions during viral infections suggest the
possibility that a specific subset(s) may be responsible for this effect. Furthermore, the
regulation of FasL expression on LNDC during lethal versus sublethal dose IAV
infections was shown to be dependent on the levels of IL-12p40. However, the specific
IL-12p40 containing cytokine, as well as which cells produce this cytokine within the LN
remain unknown. Finally, whether or not the expression of FasL expression induced
during infections is unique to IAV or if other pulmonary insults can mediate this effect is
as of yet undetermined.

Here we demonstrate that plasmacytoid DC (pDC), which accumulate in the lung
draining LN, are the only LNDC subset eliminating IAV-specific CD8 T cells through
FasL:Fas dependent mechanism both in vitro and in vivo during lethal dose IAV
infections despite FasL expression by all LNDC subsets. Further we demonstrate that this
disparity in LNDC FasL induced apoptosis is related to the individual DC subsets ability
to present IAV antigen as pDC are the only LNDC subset incapable of viral antigen
presentation via MHC class I during IAV infections.

This dissertation further demonstrates that IL-12p40 homodimer (p40,), which is

produced by respiratory DC (rDC) and LNDC, and not IL-12p40 monomer controls FasL



expression on LNDC during lethal dose IAV infections. Additionally I also demonstrate
that IL-12RB1, which binds IL-12p40, is important for p40, mediated LNDC FasL
expression. We further go on to demonstrate that rDC migration from the lungs to the LN
is required for both LNDC p40, production and FasL expression. However, LNDC in
isolation are unable maintain FasL expression suggesting their production of p40, may
not me sufficient for FasL expression. Conversely, rDC are sufficient to induce FasL
expression on LNDC from IL-12p40 deficient LN. Together these data suggest that rDC
are a critical component of p40, mediated LNDC FasL expression. Finally, we
demonstrate that the differential production of p40,, and downstream LNDC FasL
expression, observed during lethal versus sublethal dose IAV infections is not unique to
IAV as intranasal stimulation with diverse TLR agonists also results in differential rDC
p40, production and LNDC FasL expression. These data suggest that in addition to IAV,
a multitude of pulmonary pathogens may regulate antigen-specific CD8 T cells through
this pathway.

Taken together the results present herein detail a mechanism of CD8 T cell
regulation during IAV infections mediated through p40, induction of FasL expression on
pDC within the LN. FasL expressing pDC then induce apoptosis of activated Fas’ IAV-
specific CD8 T cells within the LN during lethal a IAV infections leading to a reduction
in the number of [AV-specific CD8 T cells that reach the lung and as a result death of the

host.
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CHAPTER 1 GENERAL INTRODUCTION

Dendritic Cells

Dendritic cells (DC) are specialized cells capable of bridging the innate and
adaptive arms of the immune system. These cells act as sentinels for the immune system
as they are uniquely positioned throughout the body at points of potential pathogen
invasion (i.e. skin, lungs and intestines) and in sites where adaptive immune responses
are initiated (i.e. spleen, lymph nodes [LN] and peyers patches). DC are able to recognize
and engulf pathogenic organisms and subsequently produce cytokines and chemokines as
well as present antigens from these pathogens to both CD4 and CD8 T cells. Given DC
position within the body, their ability to produce cytokines and chemokines as well as
activate naive CD4 and CD8 T cells, DC are integral in the orchestration of the immune
response to pathogenic infections.

DC are a heterogeneous cell population classified into two major subtypes,
conventional and plasmacytoid, based in part on the precursor populations they arise
from and their phenotypic characteristics. Both conventional DC (¢DC) and plasmacytoid
DC (pDC) can be derived from common myeloid and lymphoid progenitors (1), and a
single precursor DC can give rise to both plasmacytoid and conventional lineages (2).
However, cDC can also be selectively generated from a lineage’ CD11c" precursor
originating in the bone marrow that is incapable of generating pDC (3) suggesting that
the signals and precursors required for the generation of cDC may be more stringent than
for pDC. cDC that seed both the lymphoid organs as well as the periphery are further
subdivided into multiple subsets. Within lymphoid organs ¢cDC are divided into CD8a",
CD4" or CD8a."CD4 (ie double negative [DN]) subsets (4, 5). While these subsets are
thought to be stable there is evidence that DN DC are capable of differentiating into
CD8a.'DC, through FIt3L signaling or during viral infections (6). The exact function of

DN DC during infections remains unclear and given the above findings this subset may



simply represent an immature form of CD8c.'DC. During multiple infections, CD8o." DC
within the LN are the primary cell that present antigens to naive CD8 T cells (7) and are
specialized to allow cross presentation of antigens in addition to direct presentation
through the classical MHC class I pathway (8, 9). In this connection, CD8c." DC acquire
antigens from pathogens either from DC that migrate into the LN from the site of
infection (10, 11) or through direct uptake of antigen from antigen drainage into the LN
from the lymphatics (12).

In addition to CD8c.'DC antigen presentation to naive CD8 T cells, DC that
migrate from the periphery into LN also present antigen to naive CD8 T cells (10, 11, 13,
14). Migratory DC represent a heterologous group of cDC that exist at sites throughout
the periphery and take up exogenous antigen for cross presentation and/or can become
directly infected with pathogens (10, 11, 15, 16). Furthermore, in addition to migration to
the draining LN to aid in the activation of naive CD8 T cells, rDC can also remain in the
periphery to assist in infection clearance through the production of type I IFN and pro-
inflammatory cytokines (17-19).

As described above pDC can arise from either the common myeloid or lymphoid
progenitor. However a unique precursor for pDC, that is incapable of also differentiating
into other cDC subtypes remains elusive (1), suggesting that pDC may comprise a
heterogenous population of cells derived from multiple sources. pDC are predominantly
thought to produce type I IFN following virus infections and were originally described
and named interferon producing cells (IPC) (20); however, these cells also have antigen
presenting function and might be capable of cross-presenting antigen to CD8 T cells (21).
Together these data suggest a multifaceted role for pDC in immune responses.

Both ¢DC and pDC must undergo maturation in order to orchestrate immune
responses. Maturation of quiescent DC occurs after exposure to pathogenic, but not non-
pathogenic material (22). Pathogens entering the body express many byproducts that are

recognized by DC through expression of pattern recognition receptors (PRR). DC utilize



multiple PRR (i.e. toll like receptors [TLR], and rig I like receptors [RLR], etc) as well as
cytokine receptors that permit the DC to either directly (i.e. PRR) or indirectly (i.e.
cytokine) sense a dangerous challenge and undergo activation and maturation (23, 24).
The TLR4 ligand LPS is among the best-studied examples of TLR-mediated maturation
of DC. LPS induces upregulation of co-stimulatory molecules and cytokines by both
human and murine cDC (25, 26). This maturation/activation in turn permits DC to drive
potent antigen-specific T cell responses.

Individual subsets of DC have been shown to differentially express TLR and it
has therefore been proposed that the individual DC subsets may be specialized in
recognition of individual classes of pathogens and priming appropriate immune responses
to that pathogen (17). For instance, the double stranded RNA mimic polyl:C, a ligand for
TLR3, drives cytokine production from human ¢DC but not pDC (17). In contrast, TLR9
(bacterial DNA mimic, CpG) and TLR7 ligands (influenza ssRNA, imiquimod) promote
type I IFN release only from pDC (17, 25, 27). All together these data suggest that during
an infection DC subsets may be specialized to perform unique tasks i.e. antigen
presentation, production of type I IFN, or drive specific flavors of immune responses.

In addition to direct stimulation by pathogen byproducts, DC can be stimulated to
mature (i.e. upregulate costimulatory molecules and produce pro-inflammatory
cytokines) via cytokine signals (22, 28). For example, type I IFN induces upregulation of
costimulatory molecules and enhances antigen presentation by cDC (29). Therefore, TLR
stimulation can lead to DC maturation either directly through interaction with the DC or
indirectly through TLR-induced cytokine production by other cells. Furthermore, TNFou
and type I IFN drive the maturation of DC populations independent of pathogen exposure
(29). These data suggest that rDC can mature and subsequently migrate to the draining
LN in response to indirect infection stimuli (i.e. TLR induced cytokines) (30, 31). Since
these cytokines can be critical to DC maturation, many pathogens have evolved

mechanisms to avoid DC maturation. For example, influenza A virus (IAV), respiratory



syncytial virus and measles virus block type I IFN production or signaling in mDC and/or
pDC (32, 33) allowing the virus to evade detection and destruction by the immune system
within the host.

DC within the periphery are critical for detection and subsequent migration to the
LN during pathogen invasion. Following acquisition of antigen and activation through
PRR or cytokines as described above, these DC subsequently migrate to lymphoid organs
and present antigen to naive CD4 and CD8 T cells. DC cell migration from the periphery
was initially studied either by transferring dye labeled cells into the lungs or by using
fluorescent labels given either on the skin or intranasally (30, 34). These studies
demonstrated that DC within the skin and lung utilize CCR7 and its ligands CCL19/21 to
migrate into their respective draining LN not only during inflammatory responses but
also during the steady state (30). Furthermore given the steady state DC migration these
studies suggest that DC within the periphery are not only critical for the initiation of anti-
pathogen responses but likely also play a role in the induction of tolerance to innocuous
antigens (34-36).

In addition to induction of early innate responses and the activation of adaptive T
cell responses, DC can act as both effector and regulatory cells. Multiple DC subsets have
been identified that can directly eliminate target cells using a variety of mechanisms.
Splenic CD8a" DC, langerhans DC and LNDC have all been implicated in the
elimination of T cells through the utilization of FasL as an effector molecule (37-39).
Additionally pDC, interferon-producing killer DC, and ¢cDC can employ tumor necrosis
factor apoptosis inducing ligand (TRAIL) to eliminate cancer cells (40-42). DC have also
been shown to affect the immune response through the production of indoleamine 2,3-
dioxygenase leading to decreased T cell proliferation and the generation of tolerance
(43). These data demonstrate that DC not only participate in the generation of effector
responses but also regulate the developing T cell response either by direct elimination or

through indoleamine 2,3-dioxygenase mediated control of expansion. All together these



studies demonstrate that, given DC location within the body and their ability to recognize
and present antigens from pathogenic challenges, DC are critical in the induction and

regulation of adaptive immune responses.

Influenza virus

The influenza A virus (IAV) is an enveloped single stranded, negative sense RNA
virus with a segmented genome that contains 8 gene segments that encode 11 proteins
(44, 45). IAV are classified by their two surface glycoproteins hemagglutinin (HA) and
neuraminidase (NA), which are also the targets for neutralizing antibody responses.
There are currently 16 different HA and 9 NA subunits that have been described (46).
Each year IAV infections cause significant morbidity and mortality throughout the world
resulting in approximately 250,000 to 500,000 deaths (47). Despite likely exposure to
IAV yearly as well as the generation of a potent acute B and T cell response, sterilizing
immunity to subsequent seasonal IAV infections is not generated. This is largely due to
IAV ability to subvert the immune system by undergoing processes known as antigenic
drift and antigenic shift. Antigenic drift results from minor changes in the two surface
glycoproteins HA and NA which occur during viral transcription due to a lack of proof
reading capabilities in IAV’s RNA-dependent RNA polymerase, ultimately leading to an
inability of neutralizing antibodies to recognize and bind IAV particles (48).
Additionally, because IAV has a segmented genome, it is capable of undergoing
reassortment, potentially resulting in pandemic strains of IAV. When two antigenically
distinct IAV (usually an avian and human virus) infect the same cell in a host animal,
gene segments from the two different virus can reassort leading to a new,
immunologically distinct virus that may be capable of evading neutralizing antibody
responses as well as protective memory CD4 and CD8 T cell responses (49) potentially
leading to pandemic strains. Recently the novel 2009 HINT1 virus arose through

reassortment between two swine IAV and rapidly spread throughout the human



population (50). Additionally the most notable IAV pandemic occurred in 1918 through
the introduction of an avian [AV strain into the human population ultimately leading to
between 20 and 50 million death worldwide (47). Together these data highlight how the
lack of immunologic memory to new immunologically distinct strains of [AV can lead to
severe pandemic strains.

Much of our understanding of the immune response as well as pathogenesis of
IAV infections has come from small animal models. Small animal models of [AV
infections, specifically mice, faithfully mimic many aspects of human disease including;
infection of similar airway epithelial cells and dendritic cells, increased pulmonary edema
and airway occlusion, and predisposition to secondary bacterial infections (51-56).
Importantly small animal models also mimic many aspects of the immune response
including type I IFN induction and strong B and T cell responses (57-59). This has
allowed for a detailed examination of many aspects of the host response to IAV from the
induction of type I IFN to the generation and regulation of adaptive immunity.

IAV enters the body via inhalation through the respiratory tract (47). The virus
HA is cleaved by host proteases within the respiratory tract resulting in HA; and HA,
subunits. These HA subunits bind to sialic acid residues on the surface of pulmonary
epithelial cells and the virus is then internalized via clathrin-coated pits, caveolae or by
macropinocytosis (60, 61). Once in the endosome, exposure to low pH results in a
conformation change in the HA, subunit exposing the fusion domain allowing for fusion
of the viral and host membranes (62). After fusion has occurred, the M2 ion channel
protein acidifies the viral capsid disrupting protein-protein interactions causing the virus
to disassemble and viral RNA and proteins to be shuttled into the cytoplasm (63). The
nucleocapsid protein (NP), associates with the viral RNA dependent RNA polymerase
(consisting of PB1, PB2 and PA proteins). This complex is bound to the viral RNA gene
segments, and the NP within this complex facilitates in the shuttling of this complex into

the nucleus (64). Once in the nucleus the PB2 protein steals 5’ methylguanosine caps



from host mRNA, and these caps then serve as primers for the RNA dependent RNA
polymerase to transcribe complementary strands of the viral genome (65, 66). Newly
transcribed positive strands of IAV that are polyadenylated are transported to the
cytoplasm and translated into IAV proteins (67). Transcription of IAV genes is aided by
IAV non-structural protein 1 (NS1) which binds to the 5’UTR of viral RNA and recruits
elF4GI, enhancing translation of viral mRNA over host RNAs (68). Non-polyadenylated
complete strands of RNA remain in the nucleus and serve as templates for the 8 [AV
gene segments. The NS1 gene aids in nuclear egresss of the viral RNA into the
cytoplasm. Influenza virions are then packaged in the cytoplasm out the plasma
membrane and released from the cell through cleavage of sialic acids bound to HA by
NA. Initially it was thought that the different segments of IAV were packaged into the
virion at random; however, recent evidence suggests that incorporation of RNA segments
occurs in a selective and organized manner through pairing with neighboring segments.
Such ordered packaging likely decreases the number of defective viral particle that are
produced (69). NS1, in addition to its role in transcription of IAV genes, also plays a
critical role in mediating evasion of the virus from the immune response, specifically the
type I IFN response. This occurs through 2 distinct mechanisms: 1) NS1 binds to viral
RNA or to viral RNA-RIG I complexes and prevents initiation of IFN production (70, 71)
and 2) by blocking cellular mRNA processing and IFNf synthesis through inhibiting
cellular pre-mRNA processing (72). Importantly, NS1 is capable of inhibiting rDC
maturation during IAV infection leading to decreased ability to activate naive IAV-
specific CD8 T cell responses (73, 74). Furthermore infection with IAV deficient in NS1
leads to enhanced type I interferon production and viral clearance highlighting the
importance of NS1 in IAV evasion of the immune response (75). Together these studies
demonstrate that NS1 is critical to the success of AV infections through both
transcription of IAV gene products as well as mediating evasion from type I [FN

responses.



The immune response to influenza A virus infections

Given IAV’s ability to evade the type I IFN response through NS1 and to avoid
neutralizing antibody responses generated during previous IAV infections, coordinated
responses by both arms of the immune system are required to mediate clearance of AV
infections. As such, immunity to acute IAV infections is multi-factorial beginning with
the induction of a type I IFN response followed by an innate immune response mediated
by NK cells, pulmonary macrophages and DC. At the same time pulmonary DC migrate
to the LN where they, and LNDC, initiate adaptive immune responses that mediate
clearance of virally infected cells and confer protection to infection with the same AV

strain.

Recognition of IAV infection, type I IFN response and NK
cells

Following infection within the respiratory tract [AV is recognized by a variety of
patter recognition receptors including TLR, RLR and the inflammasome. The IAV
replication intermediate double stranded RNA is recognized by TLR3 within endosomes
of respiratory epithelial cells and DC (76). In addition to detection by TLR3 IAV is also
recognized by RIG I within the cytoplasm through IAV RNA containing 5’ triphosphates
(70, 77). Additionally TAV is recognized by pDC through TLR7 and the detection of the
single stranded viral RNA (27). Detection of [AV through TLR3, 7 and RIG I pathways
leads to the production of type I IFN from both DC and pulmonary epithelial cells (27,
70, 76, 77). Additionally recently the detection of IAV through the inflammasome
complex, specifically the nod like receptor 3 complex, within macrophages has been
demonstrated to be critical to early innate responses. This detection is mediated through
IL-1p as well as induction of downstream CD4 and CDS8 T cell responses (78, 79). The
recognition of AV by the inflammasome is mediated through binding of IAV M2 protein

to the nod like receptor 3 complex leading to activation of caspase 1 and IL-1f (80). Loss



of this activation pathway leads to increased pulmonary viral titers as well as enhanced
mortality. Together these results demonstrate that [AV is detected through multiple
distinct mechanisms leading to the production of cytokines and ultimately the initiation of
innate and adaptive immune responses.

Type I IFN is critical in the immune response to viral infections. Type I [IFN
serves as a signal to infected and neighboring uninfected cells to induce an anti-viral state
thereby preventing the spread of the virus within the host. Additionally Type I IFN also
serves as an activation signal for DC to undergo maturation enhancing antigen
presentation (81). The importance of type I IFN during IAV infections was highlighted
by studies using either gene targeted knockouts of either type I IFN or downstream IFN
induced-genes. These animals displayed delayed viral clearance and enhanced mortality
during IAV infections (82, 83). During the initial stages of AV infection pDC recognize
the virus through TLR7 and produce large amounts of type I interferon (84). However,
Lambrecht and colleagues have demonstrated that depletion of pDC during IAV
infections did not result in a reduction of pulmonary type I IFN (15). These data suggest
that during IAV infections another cell(s) within the lung is capable of compensating for
the loss of pDC and produce type I IFN. One cell that may be capable of compensating
for the loss of pDC-produced type I IFN is the alveolar macrophage as depletion of these
cells prior to infection, but not at later time points, results in the inability to control viral
replication (85). Furthermore during Newcastle disease virus infection alveolar
macrophages, and not pDC, were found to be the primary producer of type I IFN (86).
These data suggest that alveolar macrophages may be playing a critical role early in
controlling the early spread of the virus within the host IAV infections.

Type I IFN not only serves as an activation signal for DC but for NK cells as well.
Importantly type I IFN was demonstrated to be critical for NK cytotoxicity in vitro (87).
NK cell responses during IAV infections are critical as in vivo depletion of NK cells or

infection of mice that lack NCR1, a receptor for [AV HA on NK cells, results in failure to
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control early IAV viral replication leading to death of the host (88). Together these data
suggest that early control of IAV infections are critically dependent on type I IFN and

NK cell responses.

rDC migration and CD8 T cell activation

Respiratory DC (rDC) within the lungs play a critical role during IAV infections.
rDC acquire AV antigens likely through either direct infection (VanOosten and Legge,
manuscript submitted) (89-91) or through phagocytosis of dead and dying [AV-infected
epithelial cells (92-95). Following acquisition of IAV antigen these rDC then mature,
upregulate co-stimulatory markers and migrate to the regional LN (11, 30). Interestingly,
TLR mediators as well as TNFa administered alone intranasally also induced a rapid
maturation and migration of rDC from the lungs to the LN suggesting that direct or
indirect TLR signaling triggered during IAV infections is sufficient to induce rDC
migration to the LN (30). However unexpectedly, rDC migration from the lungs to the
draining LN was only enhanced for the first ~24-48 hours post-infection (30). This result
suggested that [AV-induced rDC migration was transient and limited to the early stages
of infection. Interestingly, the establishment of the DC migratory refractory state
profoundly affected subsequent respiratory challenges as the lack of rDC migration led to
inhibited adaptive immune responses to subsequent pathogenic challenges (30).
Furthermore, blockade of rDC migration ((11, 30), and Katewa and Legge, unpublished
results) or deletion of rDC ((15), Boeding and Legge, unpublished results) prior to [AV
infection inhibits the activation of naive CD8 T cells. These results suggest that migration
of the rDC from the lungs to the LN is a necessary component in the activation of the
naive T cells within the LN. However, in contrast to the above results the early kinetics of
rDC migration during [AV infections remain controversial, as multiple groups have
demonstrated that DC can emigrate from the lungs as late as 7 days post infection (96,

97). Interestingly, these studies demonstrated that early and late migration was mediated
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by different rDC subsets (97). The consequence of late rDC migration as well as
differential function of rDC subsets remains unclear.

Recently, studies have demonstrated that rDC may not solely be responsible for
presenting virus antigen to naive CD8 T cells. Belz et al demonstrated that both the
migratory rDC as well as a LN resident DC population (i.e. the CD8c. ' DC) had the
ability to activate naive IAV-specific CD8 T cells following IAV infections (10, 11).
However, when rDC migration from the lungs to the LN was blocked, CD8o." DC did not
present [AV antigens suggesting that rDC are critical for the transport of AV antigens to
the LN and may transfer these antigens to LN resident DC. Similar transfer of antigen
from migratory DC to LNDC has been described in herpes simplex virus-1, vaccinia
virus and Lysteria monocytogenes infections (13, 98). Together these results suggest that
rDC are most likely responsible for transport of IAV antigens into the LN and then they
may share that antigen, as well as the responsibility to activate naive T cells, with
endogenous CD8a” LNDC. Interestingly, in contradiction with the previously published
literature, one recent report demonstrated that CD8a.” DC were unable to present antigen
within the LN and that only migratory DC were able to activate naive CD8 T cells (96).
These differences in antigen presentation within the LN could represent differences in
viral strain, viral dose, route of administration or strain of animal used. Therefore given
the above caveats the DC population(s) within the LN responsible for antigen
presentation during IAV infections remains controversial. However, what is clear is that
not all LN resident DC subsets or migratory subsets are capable of presenting [AV
antigens to naive CD8 T cells as pDC isolated from IAV infected LN were unable to
stimulate naive CD8 T cell responses despite the presence of intracellular AV antigens
(10, 11, 15, 97). In this regard, depletion of pDC during IAV infection resulted in no
diminution of the CD8 T cell response suggesting that in vivo these cells are not critical
for the induction of IAV-specific CD8 T cell responses (15). However, when pulsed with

IAV peptide ex vivo or directly infected in vitro pDC gained the ability to activate naive
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CD8 T cells (97). These data suggest that while in vivo pDC may not be able to
efficiently process IAV antigens within the LN during IAV infection they could remain
inherently capable of antigen presentation to naive CD8 T cells if the IAV peptides
reached the cell surface independently (97). Together these data suggest that pDC,
despite their ability to acquire [AV antigen (15), are unable to efficiently process and
present AV antigens via MHC I and do not play a role in activating CD8 T cells within
the LN in vivo.

The cooperation between DC subsets within the LN in generating an IAV-specific
T cell response is not just limited to antigen presentation. Recently, our laboratory has
described a novel regulatory axis where LNDC expression of FasL is differentially
regulated following lethal and sublethal IAV infections (Figure 1) (38). In naive mice, the
LNDC within the lung draining LN normally express FasL. Following sublethal dose
IAV infections, however, the emigrated rDC and LNDC down regulate IL-12 p40
expression (38). This loss of [L-12p40 from the LN in turn down regulates FasL
expression on the LNDC, through a yet to be determined mechanism. In contrast, during
lethal dose IAV infections IL-12 p40 expression by rDC and LNDC is maintained
allowing LNDC FasL expression to remain intact (38). At this time the specific cell type
responsible for IL-12p40 production as well as the IL-12p40 isoform required for IL-
12p40-dependent LNDC FasL regulation remains unknown. As the naive IAV-specific
CDS T cell repertoire is activated by rDC and CD8o." DC within the LN, these CD8 T
cells upregulate Fas expression and become susceptible to FasL.-mediated apoptosis (38).
In the case of lethal IAV infections, the burgeoning activated IAV-specific CD8 T cells
are therefore eliminated by the FasL" LNDC. This loss of IAV-specific CD8 T cells leads
to delayed virus clearance in the lungs and increased mortality. Importantly, blockade of
FasL expression during lethal IAV infections or deficiency in functional FasL rescues
CD8 T cell immunity and protects mice from IAV-associated mortality during lethal dose

IAV infections (38). At this time the LNDC subset(s) responsible for FasL. mediated
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elimination of IAV-specific CD8 T cells during lethal dose IAV infections have yet to be
identified. Further any additional requirements for LNDC mediated elimination of [AV-

specific CD8 T cells have not been defined. Taken together these results suggest that the
magnitude of the [AV-specific CD8 T cell response is intimately dependent upon, and

regulated by, rDC and LNDC within the LN.

CD8 and CD4 T cell responses within the lung

Initiation of an effector CD8 T cell response is critical for the resolution of acute
IAV infections (99-101). Following presentation of IAV-antigens by DC within the LN,
CDS8 T cells rapidly divide and migrate into the lungs beginning at day 4 p.i and peaking
at approximately day 10 p.1. (18, 96). These CD8 T cells then recognize IAV infected
cells through viral peptide-MHC I complexes and subsequently eliminate these cells
using a variety of effector mechanisms including the perforin and granzyme pathways as
well as TRAIL and FasL (100, 102). Following resolution of IAV infection, effector
IAV-specific CD8 T cells contract leaving a long-lived memory CD8 T cell pool capable
of responding to, and mediating some protection from, secondary IAV infections (103-
105).

Like IAV-specific CD8 T cells, CD4 T cells are activated within the lung draining
LN, migrate into the lungs and play an important role during IAV infections. In the
absence of CD4 T cells viral clearance is delayed ~2-4 days. However CD4 T cells alone,
1.e. in the absence of CD8 T cells and B cells, are not sufficient to clear IAV infections
suggesting the major role for CD4 T cells is to provide help to other immune cells(58,
106). Within the lungs IAV-specific CD4 T cells produce IFNy, IL-2 and TNFa that help
to sustain effector CD8 T cell responses as well as activate innate cells to aid in clearance
of the IAV infection (107, 108). Finally memory CD4 T cell responses are also critical in
the generation and maintenance of memory CD8 T cell and B cell responses allowing for

enhanced protection from secondary IAV infections (108, 109).
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In addition to the role DC play in shaping the CD8 T cell response within the LN
during IAV infections, DC also participate locally (i.e. at the site of infection). During
IAV infections, DC are recruited into the lungs for at least 6 days p.i. (15, 30, 110, 111).
While it is still unclear exactly where all of these cells localize, it is thought that they
repopulate areas vacated by LN emigrant rDC. Additionally some of these recruited DC
may localize in the inducible bronchus associated lymphoid tissue (iIBALT) (112, 113) as
DC are critical for iBALT formation within the lung of IAV infected mice (114). The
importance of iBALT in the immune response to IAV is highlighted by studies
demonstrating that even in the absence of secondary lymph organs an effective adaptive
immune response can be generated in the lungs within the iBALT (71, 72). These results
suggest that the DC that are recruited into and remain in the lungs during IAV infections
may also play an important role in generating and/or regulating the effector CD8 T cell
response to IAV infections. Indeed, the regulation of CD8 T cell responses by DC
following initial antigen encounter are not limited to DC within the LN as recent studies
in our laboratory suggest that [AV-specific CD8 T cells require a second hit within the
periphery, i.e. in addition to the initial MHC I: IAV antigen encounter within the LN,
from rDC and LNDC. In addition to presenting MHC I: AV antigen complexes these
rDC also trans-present IL-15 (110, 111). If the newly emigrated CD8 T cells do not see
both IL-15 and MHC I: AV antigen complexes on DC within the lungs they undergo
increased levels of apoptosis and are unable to accumulate to the levels required to
eliminate virally infected cells (110, 111). The above data demonstrate a complex
regulatory system for CD8 T cells activation that is mediated by DC both in the LN and
lungs during IAV infection. Heavy regulation of the CD8 T cell response to AV likely
arose to prevent CD8 T cell mediated immunopathology within the lungs, which can be
lethal to the host (115). All together these data demonstrate that for effective clearance of
IAV infections DC within the lungs and the LN must coordinate with CD8 T cells to

generate an effective immune response capable of eliminating the infection.
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FasL

FasL was first described by Nagata et al as a molecule involved in
lymphoproliferative disease (116) and has been subsequently demonstrated to be critical
for maintenance of immune privilege (117, 118), the prevention of autoimmunity by
elimination of self reactive cells (119, 120) and the clearance of viral, bacterial and
parasite infected cells (100, 121, 122). During immune responses against pathogens, FasL
is generally thought of as an effector molecule capable of eliminating infected target
cells. Specifically, FasL is critical in the clearance of IAV infections as mice deficient in
Fas (i.e. FasL receptor) have delayed viral clearance (100). However, as described above,
expression of FasL by LNDC can play an aberrant role during lethal dose IAV infections
by eliminating IAV-specific CD8 T cells in the LN (38).

Expression of FasL, a type Il transmembrane protein, is heavily regulated. The
FasL promoter is activated by a variety of transcription factors including; NFAT, NFkB,
cMYC, STATI, IRF-1, Ap-1 etc (123-126), and is negatively regulated by the
transcription factor c-fos (127). Following translation, FasL is expressed in the secretory
pathway or at the cell surface. Once on the cell surface FasL expression can be regulated
through cleavage mediated by matrix metalloproteases, ADAM10 and plasminogen,
reducing the ability of the effector cell to induce apoptosis of its target through cell:cell
contract mechanisms (125, 126). A role for secretory FasL, generated either through
cleavage from the cell surface or by insertion into the secretory pathway following
translation, remains controversial. Studies have demonstrated that FasL in multivesicular
bodies that are secreted are capable of inducing apoptosis of Fas target cells (128, 129).
However, recently it was demonstrated that secretion of FasL by CD8 T cells was not
required for the induction of apoptosis in target cells or for the induction of activation
induced cell death suggesting that membrane, not soluble, FasL is sufficient for effector

function (130).
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The receptor for FasL, Fas is expressed on a wide variety of cells including
lymphocytes (131-133). Fas is upregulated following cellular activation and cell stress
and in certain situations, is constitutively expressed. Expression of Fas on the cell surface
makes the cell susceptible to FasL:Fas mediated apoptosis (131-133). For apoptosis to be
induced a trimeric Fas complex must form allowing the death domain on the intracellular
tail of Fas to associate with the Fas associated dead domain (FADD). This leads to the
recruitment of pro-caspase 8 forming the death inducing signaling complex, which
subsequently leads to cell death by either the type I or type II pathway (Figure 2A) (131,
133).

Furthermore in addition to regulation of FasL:Fas interactions on the effector cell
surface and therefore regulation of apoptosis, apoptosis can be inhibited down-stream of
Fas receptor signaling. This can occur through upregulation of NFkB, which protects T
cells, macrophages and B cells from Fas mediated apoptosis (134-137). NFkB is
upregulated in T cells following T cell receptor (TCR) stimulation (138) suggesting that
TCR induced NFkB may be capable of protecting T cells from Fas mediated apoptosis.
Similarly signals through the B cell receptor, which upregulate NFkB, result in a
transient (less than 24h) protection from Fas-mediated apoptosis (Figure 2B) (135). One
potential mechanism for NFkB induced protection is upregulation of cFLIP. cFlip
contains a death domain and is capable of decreasing caspase 8 activation by binding and
blocking processing of caspase 8 into its active form (Figure 2B) (139). Together these
data suggest that antigen-specific activation of adaptive immune cells and the subsequent
upregulation of NFkB might be able to protect these cells from immediate Fas mediated
apoptosis.

In addition to a role for FasL:Fas interactions in apoptosis, stimulation of Fas by
FasL can also play a costimulatory role. Interestingly two down-stream signaling
components critical for Fas mediated induction of apoptosis, FADD and caspase 8, have

been shown to also be important for T cell activation and proliferation (Figure 2C) (131,
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133, 140, 141). Further these findings suggest that, under certain conditions, Fas can act
as a costimulatory molecule enhancing T cell activation. However, at this time the
mechanisms of how Fas signaling leads to death versus costimulation as determined by
the cell are poorly understood but may be related to the cell-type or the cellular activation
state and additional signals the cell receives from the environment at the time of FasLL

engagement (133).

IL-12p40

IL-12 is a proinflammatory cytokine that is predominantly produced by antigen
presenting cells during infection and plays a critical role as a co-stimulatory signal during
antigen presentation (142). IL-12 is made up of two distinct subunits IL-12p40 and IL-
12p35 (142). Furthermore the IL-12p40 subunit also heterodimerizes with an additional
subunit IL-23p19 to form IL-23 (142). Finally, IL-12p40 can exist in monomeric form or
alternatively pairs with itself forming IL-12p40 homodimer (p40,). The IL-12 subunits
p40 and p35 are located on separate chromosomes, 3 and 11 respectively, and are
differentially regulated at the transcriptional level (143, 144). In naive animals IL-12p40
is made in 5-500 fold excess over IL-12p35 or IL-12p19, and p40, represents
approximately 20-40% of the total IL-12p40 found in the serum of LPS treated mice
(145). Therefore the levels of IL-12p35, which preferentially pairs with IL-12p40, can
dictate not only the amount of IL-12 produced but also the level of p40 monomer and
p40,. Interestingly direct TLR stimulation leads to preferential production of IL-12p40
over the other IL-12p40 binding partners (146). In this connection, while signaling
through TLR7 and TLR9 have been demonstrated to induce strong p40, production from
DC, signaling through TLR4 induces only transient production and is rapidly shut off
(146). Additionally PGE; (a pro-inflammatory lipid compound) selectively stimulates
production of p40, but not p70 in DC (147). In addition to regulated transcription of the

various IL-12p40 binding partners, IL-12p40 is also post transcriptionally modified.
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Following translation p40 monomer subunits require chaperone protein disulfide
isomerase (148) for formation of disulfide bonds that hold the homodimer together. All
together these studies suggest that various TLR stimulations may differentially regulate
the production of p40, and therein potentially the down-stream immune response that is
generated.

Similar to p40, production and regulation, p40, signaling is also complex. Early
studies demonstrated that because 1L-12p40 bound with high affinity to IL-12R1 that
p40, and IL-12p40 monomer could act as IL-12 signaling antagonists (145, 149-151).
However, more recent reports have demonstrated that p40, administered to mice deficient
in IL-12p35 and p40 protected these animals from Bacillus Calmette-Guerin in the
absence of IL-12 (152, 153), enhanced macrophage chemotaxis through IL-12R1 (154),
induced DC migration from the lung to the draining LN, and enhanced CD8 T cell
priming during mycobacterium tuberculosis infections (155). These data suggest that
p40, can mediate its own novel agonist signaling, in addition to the previously described
antagonist function of blocking IL-12 signaling. One major hurdle in further elucidating a
role for p40, in the immune system was a lack of p40, specific reagents as well as a
limited understanding of p40, receptor/signaling properties. Recent data has
demonstrated that p40, signals directly through IL-12R31 mediating the production of
nitrous oxide and IL-16 from microglia as well as lymphotoxin o and nitrous oxide from
splenocytes (156-159). This p40, signaling through IL-12R1 was demonstrated to
require p38 MAPK and ERK (156). However the full signaling cascade as well as the
potential for an additional receptor remain uncharacterized. All together these data
suggest that p40, signaling represents a complex balance between not only the formation
of IL-12 and IL-23 but also in blockade of IL-12 signaling and p40, generated agonist

signaling.
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Rationale for project
CD8 T cell responses have been demonstrated to be critical for the resolution of

acute AV infections (100, 101, 160). However, during lethal dose IAV infection, DC
within the LN induce apoptosis of these CD8 T cells though IL-12p40 regulated FasL:Fas
interactions (38). Currently, the LNDC population that induces apoptosis of [AV-specific
CD8 T cells as well as the cell/cells that produce IL-12p40 during lethal dose IAV
infections remains unknown. This dissertation has been undertaken to answer the

following questions:

1)  Which LNDC subset(s) induce apoptosis of IAV-specific CDS8
T cells during lethal dose IAV infections, and are DC mediated
MHCI:IAV-Antigen complexes capable of protecting TAV-
specific CD8 T cells from LNDC FasL mediated apoptosis.

2)  Which IL-12p40 cytokine controls LNDC FasL expression,
and what cell within the LN produces this cytokine during lethal
dose IAV infections?

3)  What role does migration of rDC from the lungs to the LN play
in the regulation of FasL expression by LNDC during lethal

dose AV infections?



Figure 1. Model of LNDC mediated elimination of IAV-specific CD8 T cells during
lethal dose TAV infections. (A) During lethal dose IAV infections there is an
increased level of IL-12p40 monomer and/or homodimer resulting in subsequent
increases in LNDC FasL expression (blue cylinders). CD8 T cells that have become
activated and upregulate Fas (green arrows) are eliminated by FasL:Fas (DC:T cell)
mediated apoptosis leading to decreased numbers of IAV-specific CD8 T cells that
reach the lung ultimately leading to the death of the host. (B) In contrast, during
sublethal dose AV infections there is a decrease in the total amount of IL-12 p40
monomer and/or homodimer resulting in reduced LNDC FasL expression. This
reduced FasL expression by LNDC allows Fas+ activated CD8 T cells to escape
FasL:DC mediated apoptosis leading to an increased accumulation of IAV-specific
CD8 T cells in the lungs and clearance of the infection.
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Figure 2. Models of Fas signaling. (A) Following ligation of Fas by FasL a trimeric
Fas complex forms leading to recruitment of procaspase 8. Caspase 8 then mediates
apoptosis through either type I or type 2 cell death pathways. (B) Fas mediated
apoptosis is regulated at many points within the signaling cascade. Increased NFxB
generated from antigen specific stimulation can lead to the upregulation of cFLIP
preventing conversion of procaspase 8 into active caspase 8. Further, NFkB
upregulation of cIAP inhibits type I cell death and increases Bcl-2 and Bel-Xp
transcription therein inhibiting type II cell death. (C) In addition to apoptosis, Fas
and downstream caspase 8 can mediate enhanced activation and proliferation in CD8
T cells.
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CHAPTER II PLASMACYTOID DENDRITIC CELLS
ENHANCE MORTALITY DURING LETHAL DOSE
INFLUENZA INFECTIONS BY ELIMINATING VIRUS-
SPECIFIC CD8 T CELLS

Introduction

Clearance of primary influenza virus (IAV) infections is greatly enhanced by the
generation of an effector CD8 T cell response (99-101). Initially, these CD8 T cells are
primed by DC within lung draining lymph nodes (LN) (11, 15, 30, 97) and then
subsequently traffic to the lung where they eliminate virally infected cells via effector
mechanisms including; perforin, FasL and tumor necrosis factor related apoptosis
inducing ligand (TRAIL) (100, 102). Previously, we have demonstrated a novel
regulatory mechanism whereby lymph node resident dendritic cells (LNDC) directly
drive apoptosis of [AV-specific CD8 T cells within the LN during lethal, but not
sublethal, IAV infections (38) (Figure 1). This loss of IAV-specific CD8 T cells leads to
decreased numbers of CTLs that enter the lungs, resulting in a failure to clear the
infection and ultimately the death of the host. Such elimination of Fas” IAV-specific CD8
T cells occurs subsequent to the initial priming of CD8 T cells on days three and four
post-infection (p.i.). In contrast to lethal dose IAV infections, during sublethal infections
LNDC downregulate FasL expression allowing the developing Fas’ IAV-specific CD8 T
cells to escape apoptosis and traffic into the lungs in sufficient numbers to clear the
infection (38).

At least six distinct populations of DC have been described within the lung-
draining LN. There are four LN resident DC subsets that can be identified phenotypically
as CD4" DC, CD8a." DC and CD4'CD8a DC, also known as double negative (DN) DC
(161-163). Furthermore, in response to infection plasmacytoid DC (pDC) are recruited

into the LN from the blood (164, 165). In addition to these LNDC, there are also at least
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two respiratory DC (rDC) populations that migrate from the lung into the draining LN
during infections (11, 15, 30, 97). Once they enter the LN these migratory rDC are
thought to share antigen with LNDC, particularly with CD8a." DC, allowing this LNDC
subset to also participate in activation of naive CD8 T cells (10, 11). Interestingly,
although Ag may be shared with all LNDC subsets, not all LNDC subsets are able to
present [AV antigens to naive CD8 T cells as pDC purified from the LN of IAV infected
mice are unable to activate CD8 T cells directly ex vivo (10, 11, 15, 97). In support of the
idea that pDC do not participate in the activation of naive CD8 T cells, when pDC are
depleted in vivo during sublethal IAV infections there is no diminution of the CD8 T cell
response (15, 166). However, in contrast to the above ex vivo/in vivo results, when pDC
are [AV-infected or pulsed with IAV peptides in vitro they are now able to activate naive
CD8 T cells (21, 167). Together these results suggest that while inherently capable of
presenting viral antigens to naive CD8 T cells, pDC may not present IAV-antigens via
MHC class I in the LN due to inefficient processing of acquired viral proteins in vivo (15,
166).

While our previous work has demonstrated that LNDC eliminate [AV-specific
CD8 T cells through a FasL-mediated pathway during lethal dose infections, it did not
pinpoint the individual DC subset(s) that directly eliminate [AV-specific CD8 T cells.
Further, it remains unknown what role MHC class I presentation of viral antigens by
these DC subsets might play in the LNDC FasL:Fas-mediated elimination of [AV-
specific CD8 T cells. The data presented in this chapter of my thesis demonstrates that
whereas all LN resident DC subsets were FasL" during lethal dose IAV infection, only
pDC were able to eliminate activated IAV-specific CD8 T cells. In contrast, pDC isolated
from sublethal dose IAV infected mice downregulated FasL and were therefore unable to
eliminate activated Fas" CDS8 T cells. Interestingly, our findings also demonstrate that the
recruitment of pDC into the lung draining LN was increased during lethal versus

sublethal dose AV infections elevating the putative in vivo E:T ratio (i.e. pDC:T cell)
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and that transfer of FasL" pDC into mice deficient in functional FasL (i.e. gld mice) was
sufficient to reverse the previously described protection of gld mice from lethal dose IAV
infections (38). Finally, this chapter demonstrates that lethal dose pDC elimination of
IAV-specific CD8 T cells occurs in the absence of direct viral-peptide MHC class I
presentation. Taken together these data suggest that pDC are the cell type responsible for
dampening the CD8 T cell response during lethal IAV infection in vivo and that such

elimination occurs in the absence of cognate IAV antigen presentation.

Materials and Methods

Mice

Wild-type BALB/c mice were purchased from the National Cancer Institute
(Frederick, MD). BALB/c CD90.1 congenic mice were kind gifts from Dr. Richard
Enelow (Dartmouth College, Hanover, NH) and Dr. John T. Harty (University of lowa,
Iowa City, IA). Clone-4 (CL-4) TCR transgenic mice specific for the HAs33/HAsy9
epitope of H1 and H2 TAV viruses, respectively were a kind gift from Dr. Linda Sherman
(Scripps Research Institute, La Jolla, CA). BALB/c gld mice (CPt.C3-Tnfsf6gld/J) were
obtained from the Jackson Laboratory (Bar Habor, ME). DUC18 TCR transgenic mice
specific for mutated tERK 36144 were kindly provided by Dr. Paul Allen (Washington
University, St. Louis, MO). All experiments were performed in accordance with federal
and institutional guidelines approved by the University of [owa Animal Care and Use

Committee.

Virus Infection
6-10 week old BALB/c mice were anesthetized by halothane or isofluorane and
infected i.n. with either a 10LDsy or a 0.1LDsy dose of mouse-adapted A/JAPAN/305/57

in 50ul of Iscoves media. Viruses were grown and stored as previously described (38).
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MHC I Tetramers
Tetramers HAp4 (H-2K(d)/LYQNVGTYV), HAsy9 (H-2K(d)/IYATVAGSL), and
NP47 (H2K(d)/TYQRTRALYV) were obtained from National Institute of Allergy and

Infectious Disease MHC Tetramer Core Facility (Atlanta, GA).

Flow Cytometry

LN cells were stained with the following monoclonal antibodies: rat anti-mouse
CD8a (53-6.7), hamster anti-mouse CD11c (HL3), rat anti-mouse CD3¢ (145-2C11), rat
anti-mouse CD4 (CT-CD4), and rat anti-mouse CD43 (S7) purchased from Becton
Dickinson; mouse anti-mouse CD90.2 (5a-8), rat anti-mouse CD45R (RA3-6B2), rat
anti-mouse DXS5, and rat anti-mouse CD19 (6D5) purchased from Caltag (Invtrogen).
Anti-FasL CD95L (MFL3) was purchased from eBioscience. For FasL staining, cells
were blocked with 1:100 rat serum, 1:100 hamster serum and 1:400 free streptavadin
(Molecular Probes) on ice for 25 mins. Cells were then washed twice and stained with 2x
(i.e. 1:50) biotin-congugated anti-FasL. (MFL3) followed by streptavadin-PE purchased
from Becton Dickinson. For surface staining, isolated cells (10°) were stained with
antibody, and then fixed using BD FACS Lysing Solution (BD Biosciences). All flow
cytometry data were acquired on a BD FACS Calibur or BD FACS Canto II (BD
Immunocytometry Systems) and analyzed using FlowJo software (TreeStar, Ashland,

OR).

CD8 CL-4 T cell purification and adoptive transfer
Spleens from CL-4 mice were removed and processed into single-cell
suspensions. Cells were then labeled with anti-CD8a Microbeads and purified according
to manufacturer’s instructions (Miltenyi Biotec). The purified CD90.2" CL-4 cells (2
x10°) were then adoptively transferred i.v. into BALB/c CD90.1" mice. 24 hrs post-
transfer the host mice were infected i.n. with a 0.1LDso of IAV as described above. For

isolation of activated CL-4 CDS8 T cells lung draining LN from [AV-infected CD90.1-
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CL-4 transferred host mice were removed on day 3 p.i. and digested as described above.
CD8 T cells were enriched using anti-CD8a beads according to manufacturer’s
instructions (Miltenyi Biotech). CD8a:" cells were then stained with antibodies to CD90.2
and CD43 and activated CD90.2"CD43" CL-4 cells were sort purified using a FACS

DIVA.

Lymph Node Dendritic Cell Purification

Lung draining LN (peribronchiolar and mediastinal) were removed and digested
with 4000 units of type IV collagenase (Worthington) and 600 units of DNase 1 (Sigma)
in Iscoves media for 10 mins at room temperature. LN were then processed into a single-
cell suspension and red blood cells lysed using NH4Cl-Tris. Cells were then stained with
anti-CD3e-PE and anti-CD19-PE mAb followed by anti-PE microbeads according to
manufacture’s instructions (Miltenyi Biotech). Labeled cells were isolated using an
autoMACS. The negative fraction was saved, stained with antibodies to CD11c, CD45R
(B220), CD8a, CD4 and sorted into CD11¢™CD45R"CDS8" cells (i.e. pDC);
CD11¢"CD45R CDS" cells (i.e. CD8a." DC); CD11¢ CD45R CD8 CD4 cells (i.e. DN
DC); and CD11¢"CD45R CD8 CD4" cells (i.e. CD4 DC) using a FACS DIVA.

Ex vivo LNDC killing assay
Purified LNDC subsets (10%) were co-incubated with 10* activated CL-4 cells and
2.5ug of rmFas-human Fc (R&D Systems), 1uM HAs,9 peptide (Biosyn), or control
media for 18 hours at 37°C. To determine viability, cells were resuspended in 1X annexin
binding buffer and stained with Annexin-V-APC and 7-AAD (40% as per BD
recommendation for 10° cells). The degree of DC killing of T cells was determined by
measuring the fraction of CD8 T cells that were non-apoptotic (i.e. Annexin-V" 7-AAD",

live cells) and normalizing this value to CD8 T cells cultured alone.
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In vivo pDC transfer studies
Spleens from naive wild-type or gld mice were removed, and single cell
suspensions stained with anti-PDCA-1 microbeads and purified according to
manufacturer’s instructions (Miltenyi Biotec). 2 x 10° wild-type or gld pDC were then
adoptively transferred i.v. into gld mice 18 hours post lethal IAV infection. Some groups
of pDC were also pulsed with 1uM HAsy9 peptide for 30 mins at 37°C. Mice were
monitored daily for weight loss and mortality and on day 4 lung draining LN were

removed to determine IAV-specific T cell responses in the LN.

pDC depletion
Mice were infected with a 10LDsg of IAV and treated intravenously at 0 and 24
hours post infection with 125ug of anti-PDCA-1 (Miltenyi Biotech). Depletion was

assessed within the lung draining LN using antibodies against CD11c and B220.

Statistical Analysis
Statistical analysis between 2 data sets was performed using a one tailed student’s
T test. Differences were considered to be statistically significant at p values at or below
0.05. Statistical analysis for mortality experiments was performed using Kaplan-Meier

survival analysis.

Results

CD8a DC and pDC downregulate FasL expression during
lethal dose IAV infections
Our previous studies have demonstrated that the reduction in IAV-specific CD8 T
cell numbers in lethal dose IAV infections (Figure 3) is linked to FasL expression on DC
within the LN (38). This FasL expression on LNDC decreases during sublethal,

compared to lethal dose IAV infection, therein allowing activated effector [AV-specific
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CD8 T cells to leave the LN and traffic to the lungs to fight the infection. However the
decrease in FasL expression on LNDC during sublethal IAV infections was not uniform
with some LNDC maintaining high levels of FasLL expression. This finding suggested that
a unique LNDC subset(s) may be triggering the elimination of CD8 T cells during lethal
dose IAV infection (38). In order to determine which LNDC subset(s) differentially
modulate FasL expression during IAV infections, mice were infected with either a lethal
or sublethal dose of IAV and the level of FasL on individual LNDC subsets determined
on day 3 p.i., the time-point where LNDC-mediated elimination of IAV-specific CD8 T
cells begins (38). Interestingly, while both CD8a." DC and pDC decreased FasL
expression during sublethal compared to lethal dose IAV infection, CD8a” DC, including
both the CD4" and DN DC subsets, did not modulate FasL expression between the two
IAV infection doses and had increased FasL expression compared to both CD8c.” DC and
pDC (Figure 4). Further, the rDC subsets, which have migrated from the lungs to the LN
during IAV infection, remained FasL™ during both lethal and sublethal IAV infection
(Legge and Braciale, unpublished results). Given that the pDC and CD8a.” DC subsets
are the only LNDC populations to down-modulate FasL expression during sublethal dose
IAV infections, and IAV-specific CD8 T cell responses are rescued at this dose of
infection (Figure 3) despite the remaining CD8a’'DC FasL expression (Figure 4) (38), it
suggests that CD8a ' DC are not the cells responsible for the elimination of CD8 T cells
during lethal dose IAV infections. Further these results importantly indicate that either
the pDC and/or CD8a." DC are likely responsible for mediating FasL driven CD8 T cell

apoptosis during lethal dose IAV infections.
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pDC accumulate in the lung draining LN in greater
numbers during lethal dose IAV infections

Since our above results suggested the involvement of CD8c.'DC and/or pDC in
the induction of CD8 T cell apoptosis during lethal dose IAV infections, we next
determined the kinetics and magnitude of their recruitment/expansion within the lung
draining LN during lethal and sublethal dose IAV infections. Our results show that the
number of both pDC and CD8a.'DC increases within the LN between day 2 and 4 (Figure
5), i.e. the time-point during LNDC-mediated induction of CD8 T cell apoptosis occurs
within the LN (38). Specifically, the number of pDC substantially increased in the LN
during lethal versus sublethal IAV infections between day 2 and 4 reaching significant
differences by day 3 p.i. (Figure 5A). Importantly, the number of pDC present in the LN
was approximately six times greater than the number of CD8c.'DC present during lethal
dose IAV infections. Therefore these results together with results demonstrating that
there are approximately 6500 activated CD43"CD8 T cells present in the LN on day 4 p.i.
during lethal dose IAV infection (data not shown) the putative in vivo E:T (i.e.
DC:activated T cell) ratio for pDC is conservatively ~1:1 compared to ~1:6 for
CD8a.'DC. Given that pDC exhibited enhanced LN recruitment during lethal dose IAV
infections (Figure 5) and that FasL expression on pDC was dependent on the dose of [AV
infection (Figure 4), these data suggest that pDC may be the predominant LNDC
population responsible for elimination of IAV-specific CD8 T cells during lethal IAV

infections.

pDC directly kill IAV-specific CD8 T cells during lethal
dose TAV infections
To directly determine the LNDC subset responsible for driving apoptosis of [AV-

specific CD8 T cells during lethal dose IAV infections we utilized an ex vivo apoptosis
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assay. Briefly, transgenic CD90.2" Clone-4 T cells (CL-4), which are specific for the
HAs»9 epitope of IAV, were transferred into CD90.1 hosts that were then infected with a
sublethal dose of IAV. Activated donor CD90.2" CL-4 cells, which express higher levels
of Fas (Figure 6), were then purified on day 3 p.i. (i.e. the time directly before T cell
apoptosis occurs during lethal dose IAV infections) (38). These activated CD90.2" CL-4
T cells were then subsequently incubated with CD90.1" LNDC subsets purified from day
3 lethal dose IAV infected mice (Figure 7A). Subsequent CL-4 CDS8 T cell apoptosis was
measured following 18 hours of coculture (Figure 7B). Interestingly, despite the fact that
all lethal dose LNDC subsets express FasL at this time-point (Figure 4), only pDC
induced statistically significant levels of apoptosis of the IAV-specific CL-4 CD8 T cells
after coculture. The T cell apoptosis induced by pDC was FasL:Fas dependent as
coculture in the presence of Fas-Fc, which blocks FasL-mediated apoptosis, abrogated
the ability of pDC to drive T cell apoptosis (Figure 7C). Given that pDC during sublethal
IAV infection downregulate FasL expression (Figure 4) we next determined if pDC from
sublethal dose IAV-infected mice showed a similar ability to induce apoptosis of
activated IAV-specific CD8 T cells. Consistent with their downregulation of FasL during
sublethal AV infection, pDC from sublethal dose IAV-infected mice were unable to

induce apoptosis of [AV-specific CD8 T cells (Figure 7D).

pDC contribute to increased mortality during lethal dose
IAV infection
Our previous studies have shown that gld mice (i.e. mice lacking functional FasL.)
exhibit increased IAV-specific CD8 T cell expansion and protection during lethal dose
IAV infections (38). Therefore we used gld mice as hosts for pDC in order to directly
determine if wild-type pDC (i.e. FasL") could mediate a similar reduction in CD8 T cell

responses in vivo. Indeed when wild-type pDC were adoptively transferred into gld mice,



33

the number of CL-4 T cells within the LN on day 4 p.i. was significantly reduced (~65%)
(Figure 8A). In fact this reduction mirrored the number of IAV-specific T cells found in
the LN of lethal dose infected wild-type mice. Further when wild-type pDC were
transferred into lethal dose IAV infected gld mice it resulted in an enhanced mortality
that was statistically similar to lethal dose IAV-infected wild-type mice (Figure 8B). This
increase in disease severity was FasL.-dependent as adoptive transfer of gld pDC into
lethal dose IAV-infected gld mice did not increase the severity of disease. Importantly in
these latter experiments, the transferred donor pDC are the only cells expressing FasL.
and therefore the only LNDC population able to induce FasL:Fas-mediated apoptosis of
[AV-specific CD8 T cells. In preliminary studies to further demonstrate the detrimental
role of pDC during lethal dose IAV infection, pDC were depleted using anti-PDCA-1,
which reduces pDC numbers within the LN during lethal dose IAV infections (Figure
9A). Consistent with the above results mice that were pDC depleted displayed
significantly delayed progression to mortality than mice treated with control antibody
(Figure 9B) supporting the idea that pDC are enhancing mortality during lethal dose IAV
infections by eliminating IAV-specific CD8 T cells within the LN. Taken together these
data suggest that pDC are sufficient to dampen in vivo the magnitude of the IAV-specific

CDS8 T cell response during lethal dose IAV infections.

pDC eliminate [AV-specific CD8 T cells through FasL:Fas
interactions in the absence of cognate [AV-antigen
presentation
Given that both CD8c.'DC and pDC downregulate FasL expression in sublethal
dose IAV infected mice, it was surprising that only the pDC eliminated IAV-specific
CDS8 T cells directly ex vivo. Further, both CD4 and DN DC expressed FasL during

lethal dose TAV infections yet did not lead to any detectable apoptosis. We therefore next
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undertook experiments to determine the mechanism regulating this differential killing.
Previous studies have demonstrated that pDC isolated directly ex vivo from IAV-infected
mice are unable to stimulate naive CD8 T cells suggesting that pDC do not present [AV
antigens via MHC class I in vivo (10, 11, 15, 97). In contrast to pDC, CD8a." DC and
CD8a'DC purified from the LN of [AV-infected mice are able to induce proliferation of
naive CD8 T cells directly ex vivo (10, 11, 97). Given this differential ability of LNDC
subsets to present IAV-antigen to CD8 T cells, we hypothesized that [AV-peptide-MHC [
presentation might rescue the IAV-specific CD8 T cells from FasL-mediated apoptosis.
To test this hypothesis activated CL-4 T cells were incubated with pDC from the LN of
day 3 lethal dose IAV-infected mice in the presence or absence of exogenous [AV-
peptide and the ability of pDC to drive apoptosis of [AV-specific CD8 T cells was
determined. Strikingly, culturing pDC with IAV-peptide abrogated their ability to
eliminate [AV-specific CD8 T cells (Figure 10A). To determine if antigen presentation
by pDC ablates their ability to eliminate [AV-specific CD8 T cells in vivo, pDC were
pulsed with TAV peptide, transferred into gld mice and the number of transferred CL-4
cells measured following IAV-infection on day 4 p.i.. Unlike unpulsed pDC (Figure 8A
and Figure 10B), pDC pulsed with cognate a [AV peptide epitope did not eliminate [AV-
specific CD8 T cells leading to a T cell response similar to that observed in gld mice that
did not receive pDC (Figure 8B). Importantly, peptide pulsing of pDC did not increase
pDC apoptosis (Figure 11) suggesting that in vitro pDC that express [AV peptides are not
eliminated by IAV-specific CD8 T cells and that the decrease in CD8 T cell apoptosis
does not relate to a loss of effector cells (i.e. pDC). Taken together these data suggest that
concomitant viral antigen peptide:MHC I presentation overrides the ability of pDC to
induce FasL.-mediated apoptosis in vitro and in vivo and suggest that pDC elimination of
[IAV-specific CD8 T cells is critically tied to a lack of IAV-antigen presentation.
Therefore the lack of apoptosis induction by CD8o." and CD8a” DC may relate to their

presentation of IAV-antigens. Consistent with this idea, pDC from lethal dose IAV
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infected mice were also able to mediate the apoptosis of in vitro activated DUC18 CD8 T
cells (i.e. a non-IAV-specific CD8 T cell that display an activation phenotype similar to
in vivo activated CL-4 T cells (Figure 12)) (Figure 13) similar to their elimination of in
vitro activated CL-4 cells (Figure 13A). Furthermore while CD8c.'DC purified from IAV
infected mice were unable to eliminate [AV-specific transgenic T cells (Figure 7B and
13A), they were capable of eliminating non-IAV-specific transgenic T cells (Figure 13B)
suggesting that CD8c.'DC can mediate elimination of activated T cells in the absence of
antigen presentation. Together these data support the idea that elimination of [AV-
specific T cells during lethal IAV infection does not require engagement of T cell
receptors and in fact TCR engagement may inhibit such apoptosis. Therefore CD8 T cell

apoptosis may instead relate to the overall T cell activation state and Fas expression.

Discussion

DC elimination of T cells through FasL:Fas interactions has been previously
described by multiple investigators (39, 168, 169). Suss and Shortman demonstrated that
CDS8a." splenic DC expressing FasL were able to eliminate CD4 T cells during a mixed
leukocyte reaction. Additionally, multiple groups have used adoptive transfer of DC
transfected with FasL to control T cell numbers in a variety of disease settings including
autoimmunity, cancer and viral infection (168-170). Herein we have shown that LN
resident and/or recruited pDC can mediate the elimination of IAV-specific CD8 T cells
during lethal dose IAV infections. Together, our results, suggest that elimination of
activated Fas" T cells by FasL pDC may represent an integral mechanism for dampening
T cell numbers.

While DC-mediated reduction of the effector T cell response in autoimmune
reactions or at the conclusion of an immune response would be beneficial, the loss of

effector CD8 T cells here is clearly detrimental to survival during a high dose [AV
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infection (38). Indeed our previous studies have shown that in the absence of functional
FasL, sufficient numbers of CD8 T cells develop to control the high dose IAV inoculum
(Figure 8) (38). Thus, the enhanced recruitment of pDC into the LN observed during
lethal dose TAV infections (Figure 5), coupled with pDC-mediated elimination of the
[IAV-specific CD8 T cell response (Figures 7 and 8), allows the virus to escape adaptive
immune control leading to death of the infected host. In this regard, recent studies have
shown that individuals infected with highly pathogenic Avian (H5N1) IAV have
dampened or reduced CD4 and CDS8 T cell responses (171). Similarly, mice and monkeys
infected with highly pathogenic HSN1 IAV develop T cell lymphopenia (172-174) with
the loss of CD8 T cells in the lungs and lymph nodes associated with enhanced levels of
apoptosis (172). The exact pathway(s) and cell type mediating the apoptosis responsible
for T cell lymphopenia remain poorly understood at this time. However, given our
results, it will be important to determine what role FasL expression by pDC plays in the
lymphopenia associated with high pathogenic avian HSN1 IAV infections.

Surprisingly, LNDC elimination of IAV-specific CD8 T cells does not require
cognate MHCI:antigen presentation. In fact the rescue of these T cells from FasL™ DC
induced apoptosis during recognition of viral peptide-MHC I complexes may be due in
part to TCR mediated upregulation of NFkB, which has been shown to protect T cells,
macrophages and B cells from Fas mediated apoptosis (134-137). Interestingly signals
through the B cell receptor, which upregulate NFkB, result in a transient (less than 24h)
protection from Fas-mediated apoptosis (135). In our studies, pDC driven apoptosis is
induced in the LN at a time point concomitant with DC-mediated antigen presentation.
Additionally, signaling through Fas on T cells may act as a co-stimulatory molecule and
in the presence of TCR stimulation has been demonstrated to enhance proliferation and
activation (132, 138, 175, 176). Together these data suggest the possibility that during a
narrow window immediately following the activation of naive T cells within the LN

cognate MHClI:antigen TCR interactions the presence of additional FasL:Fas interactions
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results in enhanced activation and proliferation of the T cells rather than apoptosis.
Conversely, FasL:Fas engagement alone in the LN or after egress from the LN would
mediate death. Consistent with our results showing that co-culturing of pDC and CL-4 T
cells with IAV-peptide epitopes reverses the pDC-mediated loss of the T cells (Figure
10A), a recent report has demonstrated that antigen-pulsed FasL-transfected DC enhance
antigen-specific CD8 T cell responses rather than induce apoptosis. This finding suggests
that the presentation of antigen by these transfected DC inhibits their ability to drive
elimination of cognate T cells (177). In contrast to this report, and our own findings,
other groups have suggested that DC FasL-mediated elimination of CD4 and CD8 T cells
can occur in an antigen-dependent manner (168, 169, 178). The reason for these
differences is not clear at this time; however, in contrast to our own studies, these latter
experiments utilized conventional bone-marrow derived DC or DC cell lines rather than
pDC obtained from the LN. In addition, these studies used effector DC transfected with
FasLL cDNA resulting in constitutively high levels of FasL.

Our results suggest that pDC-mediated induction of apoptosis in activated T cells
during lethal dose IAV infections occurs independent of concurrent IAV-antigen
presentation (Figure 10 and 13). In agreement with this idea recent reports have
demonstrated that although LN resident pDC contain IAV-proteins following infection,
they are unable to stimulate naive or memory CD8 T cells and may instead regulate B
cell responses (15). Unlike pDC, LN resident CD8a.” DC acquire IAV-antigen (likely
from migratory rDC) and cross-present this antigen during IAV infections (10).
Interestingly while our results show that CD8a.” DC are also able to regulate FasL
expression in an [AV dose-dependent manner (see Figure 4), they do not eliminate [AV-
specific CD8 T cells during lethal dose IAV infections (Figure 7). Together these results
along with those demonstrating that pDC from lethal-dose IAV infected mice kill both
activated non-IAV specific and IAV-specific CD8 T cells with the same efficiency

(Figure 13A) suggests that pDC elimination of effector CD8 T cells during lethal dose
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IAV infections is independent of concurrent T cell receptor engagement. Rather, pDC-
mediated elimination of the T cells is associated with the T cells activation state and Fas
expression. Thus Fas expressing activated or memory CD8 T cells of any specificity
might be susceptible to pDC-mediated apoptosis during lethal dose IAV infections.

In addition to the differential FasL expression on pDC from lethal and sublethal
dose IAV-infected mice, our results demonstrate an enhanced recruitment of pDC into
the LN of lethal-dose infected mice (Figure 5). pDC recruitment into LN through high
endothelial venules (HEV) is thought to be mediated in part in response to CXCL12 and
CXCL9 expression (164, 165). Interestingly, CXCL9 is upregulated in response to IL-1
and IFNy expression (179). Consistent with these findings, preliminary experiments from
our laboratory have demonstrated increased secretion of IFNy, IL-1a, and IL1f from in
vitro cultured LN obtained from lethal compared with sublethal dose IAV infected mice
(Legge and Braciale; unpublished results). Importantly, as pDC leave the HEV and enter
the into LN, the increased recruitment of pDC during lethal AV infections will also raise
the local in vivo E:T ratio. Even without factoring in a localization of these recruited
pDC into areas of the LN that accumulate newly activated Fas' T cells (84), our data
suggest that in vivo there is ~1 pDC available for every activated CD8 T cell. In our ex
vivo analysis (Figure 7), pDC cultured at a 1:1 ratio with T cells were able to reduce a
static number of T cells by ~45% in the span of 18 hours. Therefore the ~80-95%
reduction of the endogenous T cell response observed in vivo on days 5 and 6 p.i. (see
(38) and Figure 3) may relate to either the fact that elimination of activated T cells would
also reduce the subsequent burst size of the total response and/or an increased local LN in
vivo E:T ratio.

All together the data presented herein describe a novel role for pDC during lethal
dose IAV-infection- namely the elimination of activated CD8 T cells leading to enhanced
mortality. Given the emerging threat of highly pathogenic pandemic IAV and the

detrimental role FasL" pDC can play during a lethal IAV infection our findings suggest



that pDC and FasL may be strong candidates for therapeutic blockade during highly

virulent IAV infections.
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Figure 3. [AV-specific CD8 T cells are reduced in the lymph nodes of lethal dose IAV
infected mice. Mice were infected with either 10LDsy or 0.1LDso of AV and on day 5
p.i. the number of HAsy9, HA204 and NP147 tetramer’ CD8 CD3" cells were enumerated.
LN were pooled from 3-5 mice per group. Data are representative of 3 independent
experiments.

40
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Figure 4. pDC and CD8a." DC modulate FasL expression during IAV infection. Mice
were infected with either a 10LDsg (black line) or 0.1LDs, (shaded histogram) of IAV
and on day 3 p.i. cells from draining LN (pooled) from each group examined for FasL
expression. Dotted line represents staining with an isotype control mAb. (A) FasL
expression on CD11¢™CD45R"CD8" cells (i.e. pDC); 10LDsy M.F.L.=60.5 and
0.1LDso M.F.1.=28.3. (B) FasL expression on CD11¢'CD45R"CDS8" cells (i.e. CD8o."
DC); 10LDsy M.F.1.=139 and 0.1LDsy M.F.I.=118. (C) FasL expression on
CD11c¢'CD45RCDS cells (i.e. CD8a DC); 10LDso M.F.1.=618 and 0.1LDs
M.F.[.=496.2. The MFI of staining with isotype control mAb has been subtracted from
the FasL MFTI for the DC subsets to yield the MFI reported above. Data are
representative of 5 independent experiments.
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Figure 5. pDC preferentially accumulate in the lung draining LN of lethal dose [AV
infected mice. Mice were infected with IAV as in Figure 1 and on day 1-4 p.i. lung
draining LN from each group were pooled and the number of (A) CD11¢™CD45R"
cells (i.e. pDC) and (B) CD11¢'CD45R'CDS" cells (i.e. CD8a." DC) in the LN was
determined. Data are representative of 3 independent experiments with 2-3 mice per
group.
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Figure 6. Dividing CD43" CD8 T cells express Fas during IAV infections. CD90.2 CL-
4 T cells were purified by magnetic activated cell sorting and labeled with 25um CFSE
and then transferred into CD90.1 wild-type mice. On day 3 p.i. LN were removed and
Fas expression on CD8"'CD90.2"CFSE'CD43" and CD8'CD90.2"CFSE'CD43 CL-4 T
cells was measured.
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Figure 7. pDC from lethal dose IAV infected mice kill activated IAV-specific CD8 T
cells. (A) Experimental setup for LNDC:CD8 T cell ex vivo apoptosis assay. (B) 10*
of the indicated purified LNDC subsets were incubated with 10* activated CL-4 T
cells and incubated at 37°C for 18 hours. After incubation the percentage of
CD90.2" Annexin V' 7-AAD" live CL-4 T cells was determined and normalized to
CD8 T cells incubated alone (~70% live). Data are representative of 3 independent
experiments. (C) pDC and CL-4 T cells were purified and incubated +/- Fas-Fc and
the percentage of live CD8 T cells was determined as described above. Data are
representative of 2 independent experiments. (D) 10* pDC from 0.1LDsy IAV-
infected mice were incubated with 10* activated CL-4 T cells and apoptosis measured
as in B. Data are representative of 3 independent experiments. n.s. = not significant.
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Figure 8. Donor wild-type pDC reduce IAV-specific T cell numbers and cause
enhanced mortality in mice deficient in functional FasL. (A) CD90.2 wild type (Wt)
and gld mice received 2x10° CD90.1 CL-4 T cells and 24 hours post transfer were
infected with a 10LDs( dose of IAV. 24 hours p.1. one group of gld mice received
2x10° Wt pDC i.v.. On day 4 p.i. lung draining LN were removed and
CD3'CD8'CD90.1" Cl-4 T cells enumerated. Data are pooled from 2 independent
experiments with 8-10 mice per group. (B) gld or wild type mice were infected with a
2.5LDsg of IAV. 24 hours p.i. pDC were purified from naive wild-type or gld mice
and then transferred (2x10°) into IAV-infected gld mice. Mortality was then
monitored for 10 days p.i.. p values are as follows: Wt vs GLD=0.0285, Wt vs
(GLD+ Wt pDC) =0.7013, GLD vs. (GLD+Wt pDC) =0.0157, (GLD+ Wt pDC) vs
(GLD+ GLD pDC) =0.0103 and (GLD+ GLD pDC) vs GLD=0.5722. Data are
pooled from 3 independent experiments with n values equaling; Wt=15, GLD+Wt
pDC =14, GLD+ GLD pDC=9, GLD=18.
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Figure 9. Depletion of pDC decreases mortality during lethal dose IAV infections.
Mice were treated at 0 and 24 hours post lethal dose IAV infection with 125ug of
anti-PDCA-1 pDC depleting antibody. (A) On day 3 post infections (i.e. the window
directly before LNDC FasL mediated elimination of IAV-specific CD8 T cells) pDC
within the spleen were enumerated representative of 3 mice. (B) Progression to
mortality was followed during lethal dose IAV infections. Statistical differences were
seen between aPDCA-1 treatment and IgG control; p=0.029.
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Figure 10. pDC induction of apoptosis in IAV-specific CD8 T cells is abrogated by
cognate viral peptide:MHC I presentation. (A) CL-4 T cells and pDC were purified as
described in Figure 8, co-cultured +/- 1uM HAs,9 peptide and then the percentage of
live CD8 T cells determined as in Figure 8. (B) pDC were purified as in Figure 7 and
pulsed with 1uM HAs,9 peptide and transferred into IAV-infected mice and CL-4 T
cell numbers measured as in Figure 8. Data are representative of 2-3 independent
experiments. n.s. = not significant.
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Figure 11. pDC are not eliminated by CL-4 T cells at increased rates after peptide
pulsing. CL-4 T cells and pDC were purified as described in Figure 7, co-cultured +/-
1uM HA sy peptide and then the percentage of live pDC (i.e. B220"'CD90.2) cells
was determined as Annexin V and 7-AAD negative. Data are representative of 2
independent experiments. n.s. = not significant.
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Figure 12. In vitro activated IAV-specific and non [AV-specific CD8 T cells express
similar levels of CD43 and Fas. CD8 T cells from the spleens of naive CL-4 and
DUCI18 transgenic mice were purified and cultured for 3 days in the presence of
aCD3/CD28 antibodies in order to activate the T cells. Shown is the level of CD43
expression on CD8" gated cells (upper panel) or the expression of Fas by CD8 CD43"
T cells (lower panel). Data are representative of 3 independent experiments.
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Figure 13. pDC from lethal dose IAV infected mice eliminate [AV-specific and non
[IAV-specific activated CD8 T cells. CD8 T cells from the spleens of naive CL-4 (A)
and DUCI18 (B) transgenic mice were purified and cultured for 3 days in the presence
of aCD3/CD28 antibodies in order to activate the T cells. Activated transgenic T
cells (10%) were incubated with pDC or CD8c'DC (10%) from lethal dose IAV-
infected mice at 37°C for 18 hours as described in Figure 3. After incubation the
percentage of CD90.2" Annexin V'7-AAD’ live transgenic T cells was determined and
normalized to CD8 T cells incubated alone. n.s.=p > 0.1. Data are representative of 2
independent experiments.

60



% Normalized live CD8 T cells

105

100

95

90

85

80

75

Cl-4
only

Cl-4+
pDC

Cl-4 +
CD8'DC

% Normalized live CD8 T cells

105

100

95

90

85

80

75

n.s.

L]
Duc18 Duc18+ Duc18 +

only

pDC

cD8*DC

61



62

CHAPTER III IL-12P40 HOMODIMER CONTROLS
LNDC FASL EXPRESSION DURING LETHAL DOSE
TIAV INFECTIONS

Introduction

The regulation of FasL on LNDC during lethal dose IAV infections is correlated
with the expression of the cytokine IL-12p40 within the lung draining LN (38). However,
IL-12p40 is a multimeric cytokine subunit capable of forming multiple distinct cytokines
and the specific IL-12p40 dependent cytokine responsible for LNDC FasL expression has
not been identified. IL-12p40 preferentially pairs with the IL-12p35 subunit to form the
cytokine IL-12p70 but also pairs with IL-23p19 to form IL-23 (142). In addition to
pairing with IL-12p35 and IL-23p19 to generate heterodimeric cytokines, IL-12p40 is
also found in monomeric or homodimeric forms (142). Importantly, the IL-12p40
monomer is often produced in excess over the IL-12p35 and IL-23p19 subunits allowing
the potential for increased levels of IL-12p40 monomer and homodimer (p40,) (145).
Surprisingly, in the above study FasL expression did not correlate with either the level of
IL-12 and IL-23 within the LN during lethal dose IAV infections (38). Instead, LNDC
FasL expression positively correlated with the levels of total p40, and/or IL-12p40
monomer suggesting that one or both of these cytokines are involved in the regulation of
FasL expression during IAV infections (38). However while LNDC FasL expression
correlates with the level of p40, and/or IL-12p40 monomer within the LN it remains
unclear if one or both of these cytokines regulates LNDC FasL expression.

The cytokine IL-12p70 signals through the IL-12 receptor complex which is
composed of IL-12Rf31 and IL-12Rp2. IL-12p40 binds to IL-12Rp1 and stabilizes the
interaction between IL-12p35 and IL-12R2 allowing for the initiation of signaling
through IL-12RB2 (180). However IL-12R1 alone is not capable of mediating IL-12p70

signals (180, 181). Initially p40, was shown to bind with high affinity to the IL-12Rf31
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subunit of the IL-12 receptor and was thought to be unable to drive signaling and instead
act as an antagonist by blocking access to the IL-12R complex and therefore block IL-
12p70/35 signals through IL-12Rp2 (145, 149-151). However, the role p40; plays in the
immune system is complex as more recent studies have shown that p40, also has
agonistic functions. These studies demonstrated that p40, could enhance macrophage
chemotaxis through IL-12R31(154), DC migration from the lung to the draining LN, as
well as enhance T cell priming and IFNy production during mycobacterium tuberculosis
infections (153). These data suggest that p40,, in addition to its well-described
antagonistic role, is capable of inducing unique signaling. Recently the development of
p40, specific reagents has allowed for direct dissection of a pathway for p40, signaling
during an immune response. Results from Pahan and colleagues have shown that p40,
signals directly through IL-12Rf1 to mediate the production of nitrous oxide and IL-16
from microglia as well as lymphotoxin a and nitrous oxide from splenocytes (156-159,
182). These results therefore suggest that p40, can affect the immune response either
directly by signaling through IL-12Rf1 or indirectly by blocking IL-12p70 and therein
antagonize IL-12p35 signaling through IL-12RB2. Currently it is unknown what role IL-
12RB1 plays in the regulation of LNDC FasL during IAV infections.

Previously, we have demonstrated a differential production of IL-12p40, in either
monomeric or homodimeric form, during lethal versus sublethal dose IAV infections
(38). During lethal dose IAV infections both respiratory DC (rDC) and lymph node
resident DC (LNDC) express increased levels of intracellular IL-12p40 in comparison to
DC from the LN of sublethal dose IAV infected mice. This increased IL-12p40 in turn
correlates with FasL expression on LNDC since neutralization of IL-12p40 results in
decreased LNDC FasL expression (38). The consequence of increased LNDC FasL
expression, specifically pDC FasL expression, during lethal dose IAV infections is the
elimination of IAV-specific CD8 T cells through a FasL.:Fas dependent mechanism

resulting in a significant decrease in the magnitude of the CD8 T cell response and
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ultimately death of the host (Chapter II). Together these results suggest that either IL-
12p40 monomer and/or p40, is capable of regulating the magnitude of the CD8 T cell
response to IAV infections through regulation of pDC FasL expression. However the
isoform of IL-12p40 that regulates LNDC FasL expression and the cell(s) that produce
IL-12p40 within the LN are currently undefined.

In this chapter we demonstrate that p40,, and not IL-12p40 monomer, controls
FasL expression on LNDC, specifically pDC, during lethal dose IAV infections.
Additionally we demonstrate that IL-12Rf1 is important for LNDC FasL expression
during lethal dose IAV infections. Finally, our results show that both LNDC and rDC
produce p40, during lethal dose IAV infections. Together the data presented herein
suggest that p40, produced by rDC and/or LNDC is responsible for controlling the level
of FasL expression on pDC and therefore the magnitude of the IAV-specific CD8 T cell

response and the outcome of IAV infections.

Material and methods

Mice
Wild-type BALB/c mice were purchased from the National Cancer Institute
(Frederick, MD). 11-12p40™ (C.129S1-1112b™"™/J) and IL-12RB 17 (C.129S1-
1112rb1"™"™/J) mice were purchased from Jackson Laboratories (Bar Harbor, Maine). All
experiments were performed in accordance with federal and institutional guidelines

approved by the University of lowa Animal Care and Use Committee.

Virus infection
6-10 week old BALB/c, IL-12p40” or IL-12RB17" mice were anesthetized with

isofluorane and infected i.n. with a 10LDs, or a 0.1LDsy dose of mouse-adapted
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A/JAPAN/305/57 (H2N2) in 50ul of Iscoves media. Viruses were grown and stored as

previously described (38).

Intranasal CFSE administration
CFSE (Molecular Probes) was dissolved at 25mM in DMSO and further diluted to
8mM 1in Iscoves DMEM. Mice were anesthetized with isofluorane and 50ul of 8mM

CFSE was then given intranasally.

Flow cytometry

LN cells were stained with the following monoclonal antibodies: rat anti-mouse
CD8a (53-6.7), hamster anti-mouse CD11c (HL3), rat anti-mouse IL-12Rb1, rat anti-
mouse CD3¢ (145-2C11), rat anti-mouse CD103 (M290), rat anti-mouse MHC II
(M5/114.15.2) and CD11b (M2/70) purchased from Becton Dickinson; rat anti-mouse
CD45R (RA3-6B2), and rat anti-mouse CD19 (6D5) purchased from Caltag (Invtrogen).
Armenian hamster anti-mouse FasL. CD95L (MFL3) was purchased from eBioscience.
For FasL staining, cells were blocked with 1:100 rat serum, 1:100 hamster serum and
1:400 free streptavidin (molecular probes) on ice for 25 mins. Cells were then washed
twice and stained with 2x (i.e. 1:50) biotin-conjugated anti-FasL (MFL3) followed by
streptavidin-PE purchased from Becton Dickinson. For surface staining, isolated cells
(10% cells were stained with antibody, and then fixed using BD FACS Lysing Solution
(BD Biosciences). For intracellular p40, detection, cells were fixed using BD FACS
Lysing Solution and then permeabilized using buffer containing 0.5% saponin (Acros
Organics, NJ) and labeled with 1:50 of Armenian hamster anti-mouse p40; (a3-1D)
kindly provided by Kalipada Pahan (Rush University) for 1 hour at 4° C. All flow
cytometry data were acquired on a BD FACS Calibur or BD FACS Canto II (BD
Immunocytometry Systems) and analyzed using FlowJo software (TreeStar, Ashland,

OR).
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Lymph node organ culture

Lung draining LN from day 3 post 10LDs IAV infected wild-type or IL-12p40™
mice were removed and placed in DMEM containing 2x penicillin/streptomycin. 5 LN
were then placed into a 96 well plate with 200ul of medium alone, medium containing
200ng recombinant p40,, 200ng of recombinant IL-12p40 monomer (R and D systems),
or 25ug of anti-p40; ((a3-1D) kindly provided by Kalipada Pahan (Rush University)) or
Armenian hamster IgG isotype control. LN were then placed into a modular incubator
chamber (Billups-Rothenberg) 95% O, and 5% CO; at 37° C for 24 hours. Following
incubation LN were removed and processed into a single cell suspension for flow

cytometry staining.

Statistical analysis
Statistical differences between IL-12p40” and wild-type IL-12p40™* mice for

survival was determined by Kaplan-Meier mean survival analysis.

Results

IL-12p40 homodimer controls FasL expression on LNDC
during AV infections
Previously our laboratory has demonstrated that the levels of IL-12p40

monomer/p40, within the LN remain high during lethal dose IAV infections but are
significantly decreased during sublethal dose IAV infections (38). These changes in IL-
12p40 correlate with differential LNDC FasL expression with increasing levels of IL-
12p40 leading to increased LNDC FasL expression and decreases in total IL-12p40
leading to decreased LNDC FasL expression (38). Surprisingly, the expression levels of
neither IL-12, nor IL-23, correlate with LNDC FasL expression as there were similar

levels of IL-12 during both lethal and sublethal dose IAV infections and an increase in



67

IL-23 during sublethal dose infections. These results further suggests that IL-12p40
monomer/p40, are responsible for the regulation of LNDC FasL expression during [AV
infections (38). Importantly, blockade of total IL-12p40 results in decreased LNDC FasL.
expression highlighting the importance of total IL-12p40 in the regulation of FasL
expression on LNDC during IAV infections (38). Together these data suggest that p40,
and/or momomer may be involved in the IL-12p40 dependent FasL regulation of LNDC
(38).

Given that neutralization of total IL-12p40 decreases LNDC FasL expression,
LNDC from mice deficient in IL-12p40 would be predicted to exhibit reduced and/or no
FasL expression. As expected during lethal dose [AV-infection, LNDC (including pDC)
from IL-12p40” mice express reduced FasL compared to LNDC from lethal dose TAV-
infected IL-12p40™" mice (Figure 14A). Since IL12p40”" mice have reduced LNDC
FasL we therefore utilized these mice to determine which isoform of IL-12p40 (i.e. IL-
12p40 monomer or p40,) regulates FasL expression on LNDC. LN from IL-12p40
deficient mice were cultured intact with either recombinant p40; or IL-12p40 monomer.
As shown in Figure 14B after culture, p40, induced greater levels of FasL expression on
total LNDC and on pDC i.e. the cell type responsible for FasL mediated elimination of
[AV-specific CD8 T cells (Chapter II) (Figure 14B). In contrast, IL-12p40 monomer did
not upregulate FasL expression on LNDC or pDC (Figure 14B). Together these results
suggest that p40,, and not IL-12p40 monomer, is responsible for regulating the levels of
LNDC FasL expression during lethal dose IAV infections. To confirm the requirement of
p40, in LNDC FasL expression during lethal dose IAV infection, LN from lethal dose
[AV-infected wild-type mice (i.e. mice that express FasL on LNDC) were removed and
cultured with a p40,-specific blocking antibody (a3-1d) that does not bind IL-12p40
monomer, IL-12p70 or IL-23 (183). Blocking p40, resulted in decreased FasL expression
on both LNDC and LN pDC (Figure 14C). These data demonstrate that removal of p40,

results in downregulation of FasL expression suggesting that LNDC may need to see
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continuous p40; to maintain FasL expression during lethal dose IAV infections.
Surprisingly, culture of wild-type LN from lethal dose IAV infected mice with IL-12p40
monomer also decreased LNDC FasL expression (Figure 14D). These data suggest that
instead of signaling, IL-12p40 monomer may instead block p40, signaling and further
that cross linking of IL-12Rf1 may be required. In this regard the overall ratio of p40, to

IL-12p40 monomer may ultimately dictate LNDC FasL expression.

IL-12Rp1 1s required for LNDC FasL expression

Recent studies from Pahan and colleagues have demonstrated that IL-12Rf1 is
critical for p40, mediated signaling (156, 159). Importantly all LN resident DC subsets
including pDC express IL-12R1 during lethal dose IAV infections suggesting that they
may be able to mediate [L-12R1 dependent signals (Figure 15). Given the above results
demonstrating that p40; is critical for LNDC FasL expression we therefore hypothesized
that LNDC from mice deficient in IL-12Rf1 would have reduced FasL expression similar
to IL-12p40” mice (Figure 14A). Consistent with this idea, LNDC and pDC from lethal
dose TAV infected IL-12R[31'/ “mice have decreased FasL expression (Figure 16). Given
that the levels of IL-12 and IL-23 which both signal through IL-12R1 do not correlate
with LNDC FasL expression, these data suggest that p40, signaling through IL-12Rf1

may be important for LNDC FasL expression during lethal dose IAV infections.

rDC and LNDC produce IL-12p40 homodimer during
lethal dose IAV infections
Taken together the above results suggest that p40, may signal through IL-12Rf1
to induce FasL expression on LNDC and that the levels of p40, present within the LN
regulate FasL expression on LNDC during IAV infections. Therefore it was important to
determine which cell(s) produce this cytokine during lethal dose IAV infections. During
IAV infections rDC migrate transiently from the lungs to the draining LN where they

present [AV-antigens to naive CD8 T cells as well as transfer [AV-antigens to LNDC (7,
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10, 38). Furthermore our previous studies have demonstrated that these rDC and LNDC
both express high levels of total IL-12p40 during lethal dose IAV infections (38).
Therefore we hypothesized that DC within the LN, would be the cellular source of p40,
during lethal dose IAV infections. To test this hypothesis mice were infected with either a
lethal or sublethal dose of IAV and the level of intracellular p40, expression by rDC and
LNDC within the LN was determined. As expected, rDC (as identified by CD103
expression (Figure 17A) or by i.n. CFSE labeling (Figure 18A)) in LN from lethal dose
[AV infected mice expressed higher levels of intracellular p40, than rDC from sublethal
[AV-infected mice (Figures 17A and Figure 18A). Furthermore, non-migratory LN
resident DC populations (i.e. CD103") also produced intracellular p40, during lethal but
not sublethal dose IAV infections (Figures 17B and 18B). Such production was not
limited to individual DC subsets as all LNDC subsets; as CD8a.'DC, CD8a'DC and pDC
produced intracellular p40; (Figure 19A-C). Non-DC, i.e. CD11c” LN cells, did not
produce p40, during either lethal or sublethal dose IAV infections (Figure 19D)
suggesting that DC within the LN are solely responsible for producing p40, during IAV
infections. However, whether or not the production by individual DC subsets themselves
(autocrine signaling) or p40, from neighboring DC subset (paracrine signaling) is

required to control FasL expression remains unknown.

IL-12p40™ mice exhibit delayed mortality during lethal
dose IAV infections
Previously we have demonstrated that mice deficient in functional FasL (i.e. gld
mice) have decreased susceptibility to lethal dose IAV infections (Figure 8) (38). Given
that IL-12p40 deficient mice have reduced LNDC FasL expression (Figure 14A) we
therefore hypothesized that the IL-12p40 deficient animals would also display decreased
mortality when challenged with lethal dose IAV infections. To test this hypothesis we

infected IL-12p40” and IL-12p40™" wild-type mice with a lethal dose of AV and
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assessed the progression to mortality during infection. Consistent with our hypothesis we
observed a significant delay in mortality in IL-12p40”" mice compared to wild-type mice
(Figure 20). These data suggest that the reduction in FasL expression on LNDC,
specifically pDC, in IL-12p40'/ “LNDC may be sufficient to allow activated IAV-specific
CD8 T cells to escape FasL:Fas mediated apoptosis, migrate to the lungs and aid in

clearance of the infection.

Discussion

The data presented herein demonstrate a novel role for p40; in the regulation of
LNDC FasL expression. The cytokine p40,, but not IL-12p40 monomer, regulates FasL
expression on LNDC during lethal dose IAV infections. Both migratory rDC and LN
resident DC express increased levels of intracellular p40, during lethal versus sublethal
dose IAV infections correlating with LNDC FasL expression (Chapter II) (38). Finally,
the data presented above demonstrate that the loss of LNDC FasL expression in IL-12p40
deficient mice translates into increased survival to lethal dose IAV inoculums suggesting
that CD8 T cells are able to escape pDC:FasL. mediated apoptosis allowing for enhanced
viral clearance and survival.

Consistent with results from Pahan and colleagues demonstrating that p40, signals
through IL-12Rf1 and not IL-12RB2 (156, 157), we demonstrate that mice deficient in
IL-12RB1 display a similar LNDC FasL phenotype as mice deficient in I[L-12p40
suggesting that IL-12R1 is required for signaling. Despite the requirement for IL-12 and
IL23 signaling it is unlikely that the loss of these cytokine signals affects FasL expression
given that IL-12 and IL-23 protein levels do not correlate with FasL expression. However
because IL-12Rp1 is required to bind IL-12p40 our experiments do not exclude the
possibility that IL-12Rp1 is required for high affinity binding and that IL-12p40 can

mediate low affinity signaling through IL-12R(32. The pathways employed by IL-12Rf1
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to mediate downstream signaling as well as the requirement for another receptor remain
unknown. Given that the IL-12Rf31 does not contain any phosphorylatable tyrosines in its
cytoplasmic tail to act as docking sites for downstream signaling components (153), it is
likely that another receptor may be required to mediate signaling. In the future it will be
important to determine the signaling properties required to mediate p40, signaling and
further if IL-12RB1 mediates p40, signaling alone or in tandem with another receptor.

The data presented in Figure 14 show that incubation with IL-12p40 monomer
results in decreased LNDC FasL expression suggesting that [L-12p40 monomer may bind
to IL-12RB1 and block p40; signaling. Therefore the ratio of p40, versus p40 monomer
in the environment may dictate the levels of FasL expression. In the future it will be
important to determine the relative levels of both p40, and IL-12p40 monomer in the LN
during IAV infections. Importantly mice treated with LPS intra-peritoneally have a two
fold increase in p40;, over IL-12p40 monomer in the serum suggesting the possibility that
lethal dose IAV infections may induced increased production of p40, over IL-12p40
monomer (145). Additionally to mediate downstream signaling p40, may cross link the
IL-12RB1. However IL-12 p40 monomer, which can only bind a single IL-12Rf1 chain,
may be incapable of cross-linking and therefore unable to signal. Another potential
explanation for the decreased FasL expression after culture with IL-12p40 monomer is
that IL-12p40 monomer sends an inhibitory signal to the cell thereby shutting down FasLL
production. Consistent with this possibility results from Jana et al demonstrate that IL-
12p40 monomer can mediate signals in macrophages leading to TNFa expression similar
to IL-12p70 and p40, (182). These data suggest the possibility that IL-12p40 monomer
may also be able to stimulate its own p40, independent signaling properties. However,
the pathway(s)/receptors used by these IL-12p40 cytokines to induce TNFa expression
was not determined.

The production of IL-12p40 during infections or stimulation with pathogen by

products is generally restricted to DC and macrophages (142). However, despite the
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presence of macrophages within the LN during IAV infections (97) only DC produced
p40,. Consistent with our results, other studies have shown that macrophages directly
infected with IAV do not produce IL-12p40 (184). Together these data suggest that DC
may be solely responsible for the production of IL-12p40, and therefore p40,, during [AV
infections.

As shown in Figure 20, IL-12p40 deficient mice exhibit a delayed mortality to
lethal dose IAV infections compared to 1L-12p40 sufficient wild-type mice. This is likely
due to loss of p40,. However because IL-12p40”" mice are also deficient in other
cytokines that have been demonstrated to be important in immunity to viral infections,
including IL-12 and IL-23 (185), the possibility exists that the differences seen in
mortality may instead be due to the loss of one of the additional IL-12p40 cytokines.
Importantly mice deficient in IL-12p35 (which are only deficient in IL-12p70) display
identical mortality kinetics as wild-type mice during lethal dose IAV infections (186)
suggesting that IL-12p70 does not contribute to resistance to lethal dose IAV infection.
To date IAV infections of mice deficient in IL-23p19 have yet to be evaluated. Together,
these data suggest that the difference in mortality observed in IL-12p40 deficient mice
infected with IAV may be due to loss of p40, and not the absence of IL-12p70.

All together the data presented herein describe a novel role for p40, during lethal
dose IAV-infection through the control of FasL expression on LNDC. Given that FasL"
pDC eliminate IAV-specific CD8 T cells leading to enhanced progression to mortality
these data suggest that p40, produced by DC within the LN may ultimately be capable of
regulating the IAV-specific CD8 T cell response. Given the emerging threat of highly
pathogenic pandemic [AV infections, which exhibit increased T cell apoptosis (172), and
the detrimental role of p40, in regulation of FasLL during a lethal IAV infection; our
findings suggest that p40, may be a strong candidate for therapeutic blockade during
highly virulent IAV infections to prevent FasL driven apoptosis of [AV-specific CD8 T

cells.



Figure 14. p40, controls FasL expression on LNDC during lethal dose [AV
infections. (A) Wild-type IL-12p40"* and IL-12p40™ mice were infected with a
10LDsp of IAV and the level of FasL expression on total CD1 I¢" LNDC and
CD11c¢™*B220" pDC was determined. (B) Intact LN from 10LDs, infected IL-12p40°
" mice were incubated with either recombinant p40; or IL-12p40 monomer (p40,) and
the levels of FasL expression on total CD11¢" LNDC and CD11c¢™B220" pDC was
determined. (C) Intact LN from 10LDso IAV infected Wt IL-12p40™* mice were
cultured with anti-p40, (a3-1D) or isotype control, and the levels of FasL expression
on total CD11¢” LNDC and CD11¢™B220" pDC was determined. (D) Wt IL-
12p40™" mice were infected with a 10LDs, dose of IAV and intact LN were cultured
with either p40,, IL-12p40 monomer (p40,) or media alone. After culture the level of
FasL expression on CD11¢” LNDC and CD11c¢™B220" pDC was determined. LN
were pooled from 3-5 mice per group. Data are representative of 2-4 independent
experiments.
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Figure 15. LN resident DC express IL-12R1 during lethal dose IAV infections.
Wild-type mice were infected with a 10LDsy of IAV and on day 3 p.i. LNDC subsets;
CD11¢'B220°CDS8a.’, CD8a.'DC; CD11¢'B220° CD8ar’, CD8o. 'DC and
CD11c¢™B220", pDC were analyzed for FasL expression (open histogram). Isotype

control-filled grey histogram. Data are representative of 2 independent experiments
with 3-5 mice per group.
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Figure 16. IL-12RB1 regulates FasL expression on CD11¢” LNDC and pDC. Wild-
type and IL-12R[31'/ “mice were infected with a 10LDsy of [AV and the level of FasL.

expression on (A) total CD11¢” LNDC or (B) CD11¢™*B220" pDC was determined.

Mean fluorescence intensity (M.FI.) are subtracted from isotype controls. LN were
pooled from 3-5 mice per group. Data are representative of 2 independent
experiments.
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Figure 17. Both respiratory and LN resident DC produce p40, during lethal dose IAV
infections. Mice were infected with either a 10LDs, (dotted histograms) or a 0.1LDs
(open histograms) of IAV and 18 hours post infection (A) CD11¢'CD103" rDC and
(B) CD11¢"CD103" LN resident DC were analyzed for intracellular p40, expression.
Isotype control-filled grey histograms. LN were pooled from 3-5 mice per group.
Data are representative of 3 independent experiments
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Figure 18. Both rDC and LNDC produce intracellular p40, during lethal dose IAV
infections. Mice were treated i.n. with CFSE to label pulmonary DC and 6 hours post-
treatment were infected with either a 10LDs (dotted histograms) or 0.1LDs, (open
histograms) of IAV. Lung draining LN were removed and the levels of intracellular
p40, production by (A) CFSE'CD11¢’ rDC and (B) CFSE'CD11c¢" LNDC was
determined. Isotype control-filled grey histograms. LN were pooled from 3-5 mice
per group. Data are representative of 2 independent experiments.
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Figure 19. Intracellular p40, expression by LNDC subsets during lethal dose AV
infections. Mice were infected with either a 10LDsy (open histogram) or 0.1LDs
(filled grey histograms) of IAV and the levels of p40, expression by (A)
CD11¢™B220", pDC; (B) CD11¢'B220°CD8", CD8a.'DC; (C) CD11¢"B220°CDS’,
CD8a’DC and (D) CD11c¢” non-DC was determined. Isotype control-dotted
histograms. LN were pooled from 3-5 mice per group. Data are representative of 2
independent experiments.
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Figure 20. IL-12p40 deficient mice have delayed mortality during lethal dose IAV
infections. Wild-type IL-12p40"* and IL-12p40™ mice were infected with a 10LDs
dose of IAV. Mortality was monitored daily post infection. Statistical differences
were seen between wild-type and IL-12p40'/ “mice, p=0.009 as determined by
Kaplan-Meier survival analysis. n=1.
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CHAPTER IV RESPIRATORY DC CONTROL LNDC
FASL EXPRESSION DURING LETHAL DOSE IAV
INFECTIONS THROUGH PRODUCTION OF IL-12P40
HOMODIMER

Introduction

Respiratory dendritic cells (rDC) are critical mediators of the immune response to
pulmonary viral infections, specifically IAV infections, as they orchestrate the adaptive
immune response by acquiring viral antigens within the lungs and migrating into the
draining LN (10, 11, 15, 30, 96, 97, 187). Once in the LN these rDC influence the activity
of a variety of immune cells through their production of inflammatory cytokines as well
as direct presentation of IAV antigen to naive CD8 and CD4 T cells (10, 11, 15, 30, 97,
187). In addition to cytokine and direct antigen presentation mediated communication
with other cells rDC transfer IAV antigen to CD8a ' DC thereby allowing these DC to
activate naive CD8 T cells (10, 11). Ultimately through all of this communication, rDC
are thought to translate the nature of the pulmonary insult into the draining LN allowing
for the proper programming of the adaptive immune responses required to resolve the
pulmonary insult.

However proper immune induction is not always established following pulmonary
insults. Indeed, during lethal dose IAV infections the expression of the cytokine p40,
dictates FasL expression on pDC within the LN (Chapter III). Such pDC FasL expression
during lethal dose IAV infections leads to the elimination of [AV-specific CD8 T cells
through FasL:Fas interaction and an increased progression to mortality (Chapter II).
Further, the data presented in Chapter III demonstrate that both rDC that have migrated
from the lungs into the draining LN and LNDC produce increased levels of intracellular

p40, during lethal compared to sublethal dose IAV infections. However whether or not



88

p40; production by both rDC and LNDC, or these DC subsets individually, is required for
LNDC FasL expression remains unknown.

Previously our laboratory has demonstrated that intranasal stimulation with TLR
ligands (CpG, LPS and poly I:C) as well as inflammatory cytokines (TNFa) leads to
migration of rDC from the lungs into the lung draining LN similar to that observed
during IAV infections (30). In contrast to the similar migration kinetics seen between
intranasal TLR stimulators, activation of DC with various TLR agonists and
inflammatory cytokines leads to a known differential production of cytokines, including
IL-12p40 (146, 147). Importantly while stimulation of TLR4 with LPS drives only
transient 6 hour activation of the IL-12p40 gene, stimulation of TLR9 with CpG
generates continual long lasting, greater than 48 hour, activation of IL-12p40 (146).
Interestingly, there is a similar differential production of intracellular IL-12p40 by rDC
within the LN during lethal versus sublethal dose IAV infections (Chapter III) (38).
These data suggest that the different inflammatory environments rDC are exposed to
during a diverse array of pulmonary pathogen exposures may lead to a differential rDC
p40, expression and hence LNDC FasL expression.

In this chapter we demonstrate that rDC control both LNDC intracellular p40,
production as well as subsequent LNDC FasL expression during lethal dose IAV
infections. In addition to differential rDC p40, production during lethal and sublethal
dose TAV infections, stimulation with viral, but not bacterial, derived TLR ligands leads
to enhanced rDC intracellular p40, expression. Further, consistent with levels of
intracellular rDC p40, expression during viral and bacterial derived TLR agonists, these
diverse stimulations lead to a differential level of FasL expression on pDC. Therefore, the
data presented herein suggest a model where the pulmonary environment initiated by
increasing doses of IAV infections as well as diverse pathogen associated molecular
patterns leads to differential rDC p40, production and subsequent pDC FasL expression.

This FasL expression then in turn regulates the overall magnitude of the IAV-specific
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CDS8 T cell responses through pDC FasL mediated elimination of activated CD8 T cells

within the LN.

Materials and Methods

Mice
Wild-type BALB/c mice were purchased from the National Cancer Institute
(Frederick, MD). IL-12p407 (C.129S1-1112b"™"™/J) mice were purchased from Jackson
Laboratories (Bar Harbor, Maine). All experiments were performed in accordance with
federal and institutional guidelines approved by the University of lowa Animal Care and

Use Committee.

Virus infection
6-10 week old mice were anesthetized with isofluorane and infected i.n. with
either a 10LDsy or a 0.1LDsy dose of mouse-adapted A/JJAPAN/305/57 (H2N2) in 50ul

of Iscoves media. Viruses were grown and stored as previously described (38).

Flow cytometry

LN cells were stained with the following monoclonal antibodies: rat anti-mouse
CD8a (53-6.7), hamster anti-mouse CD11c¢ (HL3), rat anti-mouse CD3¢ (145-2C11),
CD103 (M290), MHC II (M5/114.15.2), rat anti-mouse IL-12Rf31, and rat anti-mouse
CD11b (M2/70) purchased from Becton Dickinson; rat anti-mouse CD45R (RA3-6B2),
and rat anti-mouse CD19 (6D5) purchased from Caltag (Invtrogen). Armenian hamster
anti-mouse-FasL. CD95L (MFL3) was purchased from eBioscience. For FasL staining,
cells were blocked with 1:100 rat serum, 1:100 hamster serum and 1:400 free streptavidin
(molecular probes) on ice for 25 mins. Cells were then washed twice and stained with 2x
(i.e. 1:50) biotin-conjugated anti-FasL (MFL3) followed by streptavidin-PE purchased

from Becton Dickinson. For surface staining, isolated cells (10°) cells were stained with
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antibody, and then fixed using BD FACS Lysing Solution (BD Biosciences). For
intracellular p40, detection, cells were fixed using BD FACS Lysing Solution and then
permeabilized using buffer containing 0.5% saponin (Acros Organics, NJ) and labeled
with 1:50 of Armenian hamster anti-mouse p40, (a3-1D) kindly provided by Kalipada
Pahan (Rush University) for 1 hour at 4° C. All flow cytometry data were acquired on a
BD FACS Calibur or BD FACS Canto II (BD Immunocytometry Systems) and analyzed

using FlowJo software (TreeStar, Ashland, OR).

rDC depletion
Respiratory DC and macrophages were depleted using liposomes containing
dichloromethylene bisphosphonate (Clodronate) which accumulates in phagocytic cells
resulting in apoptosis (188). Chlodronate was a kind gift from Roche Diagnostics GmbH,
Mannheim, Germany. Clodronate was encapsulated in liposomes as previously described
(189). 6 hours prior to infection mice were anesthetized using isofluorane and 75ul of

Clodronate containing liposomes were given intranasally.

rDC purification

Mice were treated i.n. with 25mM CFSE suspended in dimethyl sulfoxide (Fisher)
and 6 hours post treatment were infected with either a 10LDsy or a 0.1LDsg dose of IAV.
18 hours p.i. lung draining LN were removed and digested with 4000 units of type IV
collagenase (Worthington) and 600 units of DNase 1 (Sigma) in Iscoves media for 10
mins at room temperature. LN were then processed into a single-cell suspension and red
blood cells lysed using NH4CI-Tris. Cells were then stained with anti-CD3¢-PE and anti-
CD19-PE mAb followed by anti-PE microbeads (Miltenyi Biotech) according to
manufacture’s instructions. CD19"CD3¢" labeled cells were isolated using an
autoMACS. The CD19°CD3¢" fraction was saved, stained with antibodies to CD11c¢ and

MHC II, and CD11¢"MHCII'CFSE" cells sorted using a FACS DIVA.
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Lymph node organ culture

Lung draining LN from day 3 10LDs, infected IL-12p40'/ " mice were removed
and placed in DMEM containing 2x penicillin/streptomycin. 5 LN were then placed into
a 96 well plate with 200ul of medium alone or medium containing either 200ng
recombinant p40, (R and D systems), or 2.5x10* purified rDC from 10Ds IAV infected
wild-type mice. LN were then placed into a modular incubator chamber (Billups-
Rothenberg) containing 95% O, and 5% CO; at 37° C for 24 hours. Following incubation
LN were removed and processed into a single cell suspension for flow cytometry

staining.

Lymph node dendritic cell purification

Lung draining LN (peribronchiolar and mediastinal) were removed and digested
with 4000 units of type IV collagenase (Worthington) and 600 units of DNase 1 (Sigma)
in Iscoves media for 10 mins at room temperature. LN were then processed into a single-
cell suspension and red blood cells lysed using NH4Cl-Tris. Cells were then stained with
anti-CD3e-PE and anti-CD19-PE mAb followed by anti-PE microbeads according to
manufacture’s instructions (Miltenyi Biotech). Labeled cells were isolated using an
autoMACS. The negative fraction was saved, stained with antibodies to CD11c, CD45R
(B220), CD8a, CD4 and sorted into CD11c¢™CD45R"CDS8" cells (i.e. pDC);
CD11¢"CD45R CDS" cells (i.e. CD8a." DC); CD11¢ CD45R CD8 CD4 cells (i.e. DN
DC); and CD11¢"CD45R CD8 CD4" cells (i.e. CD4 DC) using a FACS DIVA. Cells

were then cultured in isolation for either 6 or 18 hours.

In vivo TLR stimulation
Wild-type mice were anesthetized with isofluorane and given either 25ug LPS or
25ug of poly I:C. intranasally. Lung draining LN were removed at either 18 or 72 hours
post stimulation and processed into a single cell suspension for flow cytometry labeling

and analysis.
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Results

rDC are required for LNDC p40, production during lethal
dose IAV infections

Previously we have demonstrated that p40, production either by rDC and/or
LNDC may be responsible for regulating LNDC FasL expression during IAV infections
(Chapter III). Therefore we next determined if rDC migration from the lungs to the
draining LN is required for LNDC p40, expression or if LNDC production of p40; is
independent of rDC migration. When rDC were depleted within the lungs prior to lethal
dose IAV infection, which therein decreases rDC migration into the LN (Figure 21) (111,
188), LN resident DC failed to produce intracellular p40, (Figure 22). These data suggest
that in addition to producing p40,, the presence of rDC is required for LNDC production
of p40,.

rDC are required for inducing LNDC FasL expression
during lethal dose influenza virus infection.

The above results suggest that rDC may be regulating LNDC FasL expression
during lethal dose IAV infections either directly by producing p40, and/or indirectly by
inducing LNDC production of p40,. We next determined if LNDC, after initial exposure
to rDC, are programmed to maintain FasL expression or if they need continual rDC
stimulation to maintain FasL expression. To test this purified LNDC from day 3 IAV
infected mice (i.e. LNDC that have been exposed to migratory rDC for ~3 days) were
cultured in isolation and the levels of FasL determined following culture. Surprisingly,
despite intracellular p40, expression by all LN resident DC subsets measured ex vivo in
previous experiments (Figure 19), all of these LNDC lost FasL expression when cultured

in isolation (Figure 23). These data suggest that the initial ability of LNDC to produce
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p40; is not sufficient to maintain FasL expression and that another cell within the LN,
likely another DC subset, given that only DC produce p40, during lethal dose AV
infections (Chapter II), is required to maintain LNDC FasL expression. Since LNDC
expression of FasL is tied to p40, expression (Figure 14A-C) and LNDC are unable to
maintain LNDC FasL expression in isolation following initial rDC encounter, we next
determined if rDC are required for LNDC FasL expression, similar to the requirement for
p40, expression (Figure 22). To this end rDC were depleted prior to infection and LNDC
FasL expression was assessed following lethal dose IAV challenge. Consistent with the
loss of p40, production in the absence of rDC, LNDC from mice that had been depleted
of rDC and infected with a lethal dose of IAV also displayed decreased FasL expression
when compared to LNDC from non-rDC depleted mice (Figure 24A-C). Importantly,
pDC, the cell responsible for eliminating IAV-specific CD8 T cells (Chapter II), also
reduced FasL expression in the absence of rDC migration to the LN (Figure 24C).

Given the above results, we next determined if rDC are sufficient to induce
LNDC FasL expression. To address this, rDC were purified from lethal dose IAV
infected IL-12p40"" wild-type mice and then incubated with intact LN from lethal dose
IAV infected mice deficient in IL-12p40 whose LNDC are FasL'®" (Figure 14A). After
co-culture IL-12p40” LNDC that had been incubated with wild-type IL-12p40™"* rDC
from lethal IAV infected mice upregulated FasL expression to a level similar as addition
of recombinant p40; to the culture (Figure 25). These data do not exclude the possibility
that autocrine p40, signaling from LNDC may be capable of boosting FasL expression.
However, autocrine p40, signaling is not required as addition of exogenous p40; to IL-
12p40 deficient LN can mediate upregulation of LNDC FasL expression (Figure 14B and
25). Together these data suggest that migration of rDC from the lungs to the LN during
lethal IAV infections is required for LNDC and pDC FasL expression and that LNDC do
not self regulate their FasL expression or p40, expression in the absence of these cells

within the LN.
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Pulmonary TLR stimulation controls pDC FasL expression
within the LN
Given the difference in p40, production by rDC during lethal versus sublethal
dose TAV infections and the subsequent impact on LNDC FasL expression we next
determined if this was distinct to AV infections or if this effect was more global.
Previous studies have demonstrated that stimulation of DC with multiple TLR agonists
induces differential production of inflammatory cytokines such as IL-12p40 (146, 190).
Our laboratory has also demonstrated that i.n. stimulation with TLR agonists results in a
level of rDC migration from the lungs to the LN similar to what is observed during IAV
infections (30). Therefore to determine if stimulation with TLR ligands likewise
modulates p40, production in vivo, mice were treated i.n. with individual TLR agonists,
or infected with either a lethal or sublethal dose of IAV as controls, and the levels of
intracellular p40, expression by rDC within the LN was determined. Interestingly
simulation with TLR3, but not TLR4, agonists resulted in higher levels of intracellular
p40, production in rDC (Figure 26A) but not LNDC (Figure 26B). Since p40; is tied to
LNDC FasL expression these data suggested that TLR3 induced p40, production by rDC
may subsequently result in increased FasL expression on LNDC. To test this hypothesis,
mice were treated with TLR agonists i.n. and the level of FasL on LNDC was determined.
Consistent with the above results stimulation with TLR3 agonists resulted in higher FasL
expression on pDC whereas TLR4 agonist did not (Figure 26C). Furthermore our
preliminary results have demonstrated that stimulation with another viral derived TLR
agonist, R848 which triggers TLR7, also leads to higher levels of LNDC FasL expression
similar to stimulation with TLR3 agonists (Langlois and Legge, unpublished resutlts).
These data suggest that distinct TLR signaling within the lungs during an array of

pathogenic challenges may be able to dictate the levels of p40, produced by rDC.
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Following rDC migration into the lung draining LN altered levels of rDC p40, production
could therein dictate the levels of FasL expression on pDC ultimately leading to either

survival or apoptosis of activated Fas" CDS8 T cells.

Discussion

The data presented in this chapter highlight a novel role for rDC during IAV
infections. Herein we demonstrate that rDC are required for the regulation of FasL
expression during IAV infections. Furthermore we show that the regulation of rDC p40,
expression as well as the subsequent LNDC FasL expression extends beyond IAV
infections as stimulation with diverse TLR agonists leads to differential rDC p40,
production and corresponding LNDC FasL expression.

Previously we have demonstrated that LNDC FasL expression during lethal dose
[AV infections is dependent on p40, expression within the LN (Chapter III). While the
production of p40, within the LN was restricted to DC, which LNDC or migratory DC
subset(s) were required for LNDC FasL expression remained unknown. In this chapter
we demonstrate that rDC are required for both LNDC p40, production as well as LNDC
FasL expression. Importantly LNDC, which express intracellular p40, during lethal dose
IAV infections, lose FasL expression when cultured in isolation. These data suggest that
LNDC require communication with another cell within the LN to maintain FasL
expression. Given that neutralization of p40, leads to decreased LNDC FasL expression
(Figure 14C) suggests that p40, is acting directly upstream of LNDC FasL expression or
any other potential additional mediators. In the future it will be important to determine if
the regulation of FasL expression by p40, is direct, or instead if p40, signals LNDC FasL
expression indirectly through the production of another, as yet to be described cytokine.
One potential cytokine that could be involved in indirect p40, mediated LNDC FasL

expression is TNFa.. TNFa is upregulated by p40, stimulation and induces FasL
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expression in a variety of cell types (182, 191-193). Additionally recent studies have
demonstrated that p40, signals through IL-12Rp1 to mediate the production of IL-16,
which has also been shown to induce FasL expression (157, 194). Importantly
preliminary results from our laboratory have demonstrated that TNFa levels within the
LN increase during lethal dose IAV infections correlate with 1L-12p40, while IL-16
decrease (Legge and Braciale, unpublished). Together these data suggest the possibility
that increased TNFa, but likely not IL-16, within the LN during lethal dose IAV
infections may be induced by p40, signaling and may represent an indirect downstream
signal that ultimately could mediate LNDC FasL expression.

Our data also demonstrate that regulation of IL-12p40 can also occur in the
absence of viral infection as TLR agonists administered i.n. were also capable of altering
both rDC p40, production as well as downstream LNDC FasL expression (Figure 26B-
C). Interestingly, our findings demonstrated that a TLR triggered during viral infections
(i.e. TLR3) was able to induce both rDC p40, production as well as subsequent LNDC
FasL expression while a TLR most associated with bacterial infections (i.e. TLR4) was
unable to mediate this effect. Further our preliminary experiments suggest that a mimic of
another viral TLR ligand, R848 (single stranded RNA), behaves similarly to TLR3
ligands when administered intranasally, further suggesting that bacterial and viral
infections may lead to differential rDC p40, production and subsequent LNDC FasL
expression. Interestingly given that TLR7 is not expressed on rDC this effect is likely
mediated from a downstream signal possible initiated through TLR7 expressing
pulmonary pDC (27). In support of this idea a recent report has demonstrated a
differential activation of the IL-12p40 gene during diverse TLR stimulation. TLR9
agonist treatment resulted in constitutive IL-12p40 activation while TLR4 induced only
transient [L-12p40 activation (146). The mechanism for how these TLR agonist
differentially stimulate p40, production remains unknown. One potential hypothesis for

these differences may be the different downstream signaling pathways employed by
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TLR3 and TLR4. Both TLR3 and TLR4 utilize the adapter molecule TRIF to mediate
downstream signaling (195). However, TLR4, but not TLR3, can mediate signals through
an additional adapter MyD88 (195). Furthermore, it has been demonstrated that the
outcome of TLR3 signaling and which proximal-TRIF pathways are utilized are cell type
specific (196). Our data also demonstrate that stimulation of TLR4 and 7 lead to
differential LNDC FasL expression despite both being capable of signaling through
MyD88. One possibility for this is that TLR7 expression is restricted to pDC (17, 25, 27),
which do not migrate directly into the lung draining LN, suggesting that TLR7
stimulation of rDC may be indirect through pDC. Together these studies suggest the
possibility that TLR3 and TLR4 signaling may lead to a diverse cytokine array in rDC
ultimately leading to differential p40, production.

During IAV infections the viral replication intermediate double stranded RNA is
recognized by TLR3 leading to the generation of a proinflammatory response (76).
However much of this double stranded IAV RNA is sequestered away from TLR3 by the
viral polymerase complex and NS1 as well as the intracellular viral RNA receptor RIG |
(76, 197, 198). The results presented in this chapter demonstrate that the double strand
RNA mimic poly I:C induces higher levels of intracellular rDC p40, expression and
subsequent LNDC FasL expression similar to lethal dose IAV infections. Interestingly,
when mice are infected with a lethal dose of IAV, rDC become infected at an increased
multiplicity of infection when compared to sublethal dose infection (VanOosten and
Legge, manuscript submitted). The increase in infectious virus within rDC during lethal
dose TAV infection may lead to saturation of NS1, viral polymerase, and RIG I leading to
increased levels of free viral double stranded RNA within the cell suggesting the
possibility of increased TLR3 signaling within rDC during lethal dose IAV infection.
Further, there could also be an increase in extracellular IAV double stranded RNA

generated from increased levels of necrosis from cells infected at high M.O.1. during
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lethal dose TAV infection. This differential rDC infection level may represent a possible
mechanism for the differential rDC p40, during lethal and sublethal dose IAV infections.

The data presented herein offer another example of DC mediated cross-talk
between immune cells. Previous studies have demonstrated that migratory tissue derived
DC cross-talk with LN resident DC through antigen transfer during a variety of
infections, including IAV infections (10, 11). In addition to cross-talk with other DC
subsets, DC also cross-talk with NK through IL-15 trans-presentation, allowing for the
initiation of appropriate immune responses (199, 200). Furthermore IL-15 also plays a
role in DC:T cell communication within the lungs. Results from McGill and Legge have
demonstrated that subsequent to CD8 T cells initial antigen encounter with DC within the
LN, activated CD8 T cells require a second hit from DC within the lungs through
MHClT:antigen and trans presentation of IL-15 during IAV infections. Together these
results highlight the importance of DC cross-talk through a variety of mediators and to
multiple different cells of the immune system. Importantly, the results presented in
chapter IV extend the idea of DC cross-talk by demonstrating that migration of rDC into
the LN is required for p40, mediated expression of FasL on LNDC. However whether
rDC:LNDC interaction through p40, requires cell contact similar to DC:NK and DC:T
cell communication through IL-15 or if rDC cross-talk is mediated in a paracrine fashion
remains unknown.

All together our studies demonstrate a critical role for rDC, and their production
of p40,, in modulating the phenotype of DC within the LN. Given the aberrant interaction
of pDC with [AV-specific CD8 T cells during lethal dose IAV infections and the data
presented herein demonstrating the rDC dependent regulation of FasL expression on
pDC, together results suggest the possibility that rDC may control the overall magnitude
of the CD8 T cell response generated during IAV infections both at the initial activation
stage of adaptive responses but also via production of p40, and regulation of the

magnitude of that response by FasL" pDC mediated apoptosis.



Figure 21. Depletion of respiratory phagocytic cells decreases rDC migration to the
lung draining LN during lethal dose IAV infections. Wild-type mice were treated i.n.
with or without liposomes containing clodronate, to deplete rDC, or PBS, as a
control. 4 hours post depletion mice were treated 1.n. with 25mM CFSE, and 2 hours
post CFSE labeling infected with a 10LDsy dose of IAV. 18 hours p.i. lung draining
LN were removed, pooled and the number of CD11¢"MHCII'CFSE" rDC per LN was
enumerated. Data are representative of 1 experiment.
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Figure 22. rDC migration into the lung draining LN controls LNDC p40, expression.
rDC were depleted by treating mice i.n. with liposomes containing clodronate as in
Figure 21. Six hours post-treatment mice were infected with a 10LDsp of IAV and the
level of intracellular p40, in CD11¢"CD103", LN resident DC at 18 hours post
infection was determined. LN were pooled from 3-5 mice per group. Data are
representative of 2 independent experiments.
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Figure 23. Purified LNDC decrease FasL expression in isolation. Wild-type mice
were infected with a 10LDs dose of IAV and on day 3 p.i. CD8a'DC, CD4'DC,
DNDC and pDC were purified from lung draining LN. Purified DC were then either
stained for FasL directly after purification or cultured in isolation for 6 hours and then
the levels of FasL determined (similar results seen after 18 hours of isolation, not
shown). pDC were stained with anti-FasL-biotin/texas red conjugated avadin (TR) all
other subsets stained with anti-FasL-biotin/phycoerythrin conjugated avadin (PE).
Data are representative of 3 independent experiments.
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Figure 24. rDC migration into the lung draining LN controls LNDC FasL expression.

rDC were depleted by treating mice i.n. with clodronate liposomes. Six hours post-
treatment mice were infected with a 10LDso of IAV. (A) CD11¢'B220°CDS§",
CD80'DC; (B) CD11¢"B220°CD8", CD8a’DC; (C) CD11¢™B220", pDC within the
LN were analyzed for FasL expression. LN were pooled from 3-5 mice per group.
Data are representative of 2 independent experiments.
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Figure 25. rDC control FasL expression on LNDC during lethal dose IAV infections.
rDC were purified from 10LDsy IAV infected wild-type IL-12p40+/ " mice. Purified
rDC were then incubated with intact LN from 10LDs, infected IL-12p40'/ “mice and
the level of FasL expression on CD11¢” LNDC was determined after 18 hour co-
culture. As a positive control IL-12p40™ LN were also incubated with p40,. Data are
representative of 4 independent experiments.
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Figure 26. Pulmonary TLR stimulation controls both rDC p40, production and pDC
FasL expression. Mice were treated 1.n. with LPS, poly I:C, or either a 10LDs or
0.1LDso of IAV and the level of intracellular p40, expression in (A) CD11¢"CD103",
tDC and (B) CD11¢"CD103", LN resident DC was determined. (C) Mice were treated
or infected as described above and on D3 post infection/treatment CD11¢™B220",
pDC FasL expression was determined. M.F.I. were subtracted from isotype controls.
LN were pooled from 3-5 mice per group. Data are representative of 2-4 independent
experiments.
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CHAPTER V CONCLUSIONS

Synopsis
This study was undertaken to elucidate the interplay of specific LNDC subsets

and rDC in the elimination of virus-specific CD8 T cells during lethal dose IAV
infections. Previously it was determined that LNDC expressing regulated FasL during
lethal dose IAV infections drive apoptosis of Fas" IAV-specific CD8 T cells through
FasL:Fas (DC:CD8 T cell) interactions(38). In this dissertation I demonstrate that, despite
FasL expression by all LN resident DC subsets during lethal dose IAV infections, only
pDC are capable of directly eliminating IAV-specific CD8 T cells ex vivo. Furthermore
pDC also eliminated IAV-specific CD8 T cells in vivo leading to enhanced mortality
during lethal dose IAV infections. Interestingly, the discrepancy in other FasL™ LNDC
subsets inability to eliminate activated virus-specific CD8 T cells was determined to be
dependent on viral antigen presentation. This outcome is consistent with other studies
which have demonstrated that pDC isolated from the lung draining LN of IAV infected
mice are incapable of presenting antigen to CD8 T cells, whereas all of the other LNDC
subsets present [AV antigens (10, 11, 15, 97). However, MHC I on pDC experimentally
loaded with AV peptide inhibited pDC ability to eliminate IAV-specific CD8 T cells.
Together our results suggest that during lethal dose IAV infections pDC are the cells
within the lung draining LN that eliminate IAV-specific CD8 T cells through FasL:Fas
interactions and that such killing occurs in the absence of CD8 T cells recognition of
cognate viral antigen presentation.

Previous studies in our laboratory have also demonstrated that the differential
FasL expression on LNDC during lethal versus sublethal dose IAV infections is regulated
by the cytokine IL-12p40, specifically either the monomeric and/or homodimeric (p40-)
form (38). Herein I demonstrate that p40, and not p40 monomer, regulates FasL.

expression on bulk LNDC as well as on pDC. Furthermore the data presented in this
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dissertation demonstrate that IL-12Rf1, which binds to the IL-12p40 subunit, is critical
for FasL expression on LNDC during lethal dose IAV infections. Surprising, both LN
resident and respiratory migratory DC produced increased p40, during lethal dose IAV
infections. Together these data suggest that either rDC and/or LNDC may be responsible
for regulating LNDC FasL expression through their production of p40,.

Lethal and sublethal dose IAV infections induce markedly different inflammatory
environment within the lungs (173, 174). We therefore hypothesized that the differential
pulmonary environment induced by lethal versus sublethal IAV infections may affect
rDC activation and, upon migration into the draining LN, p40, production as well as
corresponding LNDC FasL expression. Consistent with this idea when rDC migration
was blocked by depleting phagocytic cells within the lungs, LNDC p40, expression and
corresponding FasL expression was reduced suggesting that rDC control both LNDC
p40, and FasL expression. Despite p40, expression directly ex vivo, LNDC failed to
maintain FasL expression when cultured in isolation suggesting that another cell within
the LN is required for LNDC FasL expression. Importantly purified rDC from lethal dose
[AV-infected mice were sufficient to induce FasL expression on LNDC and pDC in mice
deficient in IL-12p40. Together these data suggest that rDC are critical for the control of
FasL expression on LNDC during lethal dose IAV infections.

Previous studies have demonstrated that differential IL-12p40 production is not
unique to AV infections as stimulation of DC with LPS leads to a rapid shut off of IL-
12p40 production while CpG stimulation leads to enhanced IL-12p40 production (146).
These data suggest that p40, may be differentially regulated by stimulation of DC with
bacterial or virally derived TLR ligands. The data presented herein extend the previous in
vitro data discussed above into an in vivo intranasal TLR stimulation model and further
confirms that diverse TLR ligands can stimulate differential IL-12p40 (via p40,)
production in rDC in vivo. Furthermore our studies show that i.n. stimulation of TLR

mediated regulation of rDC p40, production also translates into differential LNDC FasLL
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expression as TLR ligands that induce p40, production also induce downstream LNDC
FasL expression. Together these data demonstrate that the regulation of rDC p40,
production and subsequent LNDC FasL expression is not restricted to IAV infections and
that CD8 T cell responses to pulmonary bacterial and viral infections may be regulated by

differential pDC FasL expression.

Future directions

This dissertation highlights many novel aspects of both LNDC and rDC
regulation of CD8 T cell numbers during IAV infections that necessitate further study.
Chapter II details the elimination of IAV-specific CD8 T cells by pDC during lethal dose
IAV infections. Our lethal dose infectious model system was chosen to mimic highly
virulent IAV (i.e. 1918 and H5N1) that replicate to very high titers early following
infection (173). Importantly during infection with these highly virulent IAV strains,
severe lymphopenia develops likely from the increased corticosteroid production from
the stress response (172-174). However, it will be important to determine in future
studies if there is also an antigen-specific CD8 T cell lymphopenia that is mediated by
similar pDC-FasL:CD8 T cell-Fas interactions as we have described in our system. If
FasL" pDC are responsible for additional IAV-specific lymphopenia associated with
highly pathogenic IAV infections these data would suggest that strategies aimed at
inhibiting or blocking FasL expression or depletion of pDC may be capable of reversing
some of the CD8 T cell lymphopenia and ultimately the outcome of infection.

Additionally, the data presented in chapter II demonstrate that pDC and
CDS8a. 'DC decrease FasL expression during sublethal compared to lethal dose IAV
infections. This differential expression of FasL was found to be dependent on p40,
expression within the LN. However the exact pathway through which p40, leads to FasL
expression was not elucidated. One potential mechanism for p40,-mediated induction of

FasL expression is direct upregulation of the FasL gene. Future experiments aimed at
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determining the activation of the FasL promoter during IAV infections will be critical to
our understanding of [AV-associated LNDC and pDC FasL expression. Alternatively,
another possibility for the differential LNDC FasL expression is the down regulation of
proteins involved in posttranslational regulation FasL expression on the cell surface.
Along these lines, IL-12 stimulation of ovarian cancers cells results in increased levels of
FasL expression which was demonstrated to be dependent not on induction of the FasL
gene but instead downregulation of matrix metalloproteases 3 and 7, which cleave FasLL
at the cell surface (201). Future experiments aimed at determining the levels of matrix
metalloproteases, as well as other proteins capable of cleaving FasL from the cell surface
such as ADAM10 (202), during lethal and sublethal dose IAV infections will be
important in deciphering the mechanism of differential LNDC FasL expression.

Despite regulated FasL expression by both CD8c.'DC and pDC during IAV
infections only pDC induce apoptosis of [AV-specific CD8 T cells directly ex vivo. One
major difference between these cells during IAV infections is their overall accumulation
within the LN and the putative effector to target ratio (i.e. DC:CD8 T cell). The ratio of
pDC to IAV-specific CD8 T cells is approximately 9 times higher than CD8c.'DC to
IAV-specific CD8 T cells suggesting that an increased effector to target ratio may play a
critical role in the elimination of virus-specific CD8 T cells during IAV infections.
Currently the location of this CD8 T cell apoptosis within the LN is unknown. pDC
colocalize with CD8 T cells both within the T cell zones as well as at high endothelial
venuoles (84, 164, 165), sites of T cell entry and egress suggesting that one or both of
these sites may be involved. However CD8c.'DC only localize within the T cell zones of
the LN. Furthermore, at either of these sites the local effector to target ratio (pDC:IAV-
specific CD8 T cells) may in fact be higher than the overall effetor to target ratio for pDC
allowing for increased chance of pDC:IAV-specific CD8 T cell interaction and therefore
potentially increased FasL mediated apoptosis. Future studies aimed at determining the

location of pDC induced IAV-specific CD8 T cell apoptosis as well as the local effector
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to target ratio during lethal dose IAV infections will be important for our understanding
of this detrimental interaction.

My results further demonstrate that the elimination of activated IAV-specific CD8
T cells by pDC only occurs in the absence of cognate viral antigen presentation (Figure
10). However, these experiments did not address how CD8 T cell cognate recognition of
viral peptide:MHC I complexes protects them from FasL:Fas (DC:CD8 T cell) induced
apoptosis. In this regard, studies have demonstrated that Fas ligation in the face of B cell
antigen receptor stimulation does not lead to apoptosis (135). The pathway for this
protection has not been fully elucidated. However, the current hypothesis is that antigen
receptor stimulation leads to increased NFkB expression which subsequently protects the
cells from apoptosis (134-137). In the future it will be important to determine the levels
of NFxB in [AV-specific CD8 T cells incubated with pDC purified from lethal dose IAV
infected mice in the presence or absence of AV peptide. If NFkB expression correlates
with protection the next step would be to determine which NFkB target(s) are responsible
for protecting these cells from apoptosis. NFkB stimulates the transcription of a variety
of molecules that can inhibit Fas mediated apoptosis. One potential target is cFLIP,
which regulates Fas stimulated apoptosis by preventing the conversion of procaspase 8
into active caspase 8 (Figure 2B) (139). Other potential NFxB targets are the pro-survival
molecules Bcel-2 and Bel-X. which both inhibit type II cell death by binding and blocking
Apaf-1 and inhibiting apoptosis through caspase 9 (203). Finally, NFkB induces
transcription of cIAP, which inhibits type I cell death by binding to and inhibiting the
conversion of procaspase 3 and 7 into active caspase 3 and 7 (204). Any, or all of these
NFkB induced genes could significantly alter the Fas mediated apoptosis pathway within
activated CD8 T cells leading to protection from apoptotic Fas signaling.

Another intriguing hypothesis for antigen presentation mediated inhibition of
LNDC FasL induced apoptosis of [AV-specific CD8 T cells is the location of Fas on the

target cell surface. During antigen-specific DC:CD8 T cell interactions an immunological
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synapse forms allowing for a stable long-term interaction (205). One protein critical for
the formation and organization of the synapse in T cells, ezrin, also binds to the
intracellular portion of Fas (206). Recent data have demonstrated that knockdown of
ezrin in T cell lines enhanced FasL mediated apoptosis (207). Together, these data
suggest the possibility that during an antigen-specific encounter with a viral antigen
presenting DC, Fas may be sequestered into the synapse and away from FasL on the
opposing cell, thereby preventing interaction between these molecules and the
downstream induction of apoptosis. Currently, the location of FasL on the surface of DC
during antigen presentation and therefore the ability to induce apoptosis, remains
unknown. Therefore, in future studies it will be important to determine the distribution of
FasL and Fas during DC and T cells interaction in the presence and absence of antigen
presentation.

There are a variety of reasons for why FasL" pDC-mediated elimination of
activated Fas" CDS8 T cells in the absence of cognate antigen presentation would be
beneficial to an animal. One possibility is that in the absence of infection, FasL
expressing pDC may be capable of inducing apoptosis of aberrantly activated CD8 T
cells. This could potentially help generate peripheral tolerance through elimination of
self-reactive CD8 T cells and subsequently prevent autoimmune damage of pulmonary
tissue following migration into the lungs. Therefore FasL" pDC may be gatekeepers
allowing or denying access of CD8 T cells, activated within the LN, into the lungs similar
to epithelial and endothelial cells inducing immune privilege through FasL within the eye
(117). Given that 1LDsy IAV infections, like 10LDsy IAV infections, also have reduced
IAV-specific CD8 T cell response compared to 0.1LDsy IAV infections (38) suggests the
possibility that during these infection the potential elimination of IAV-specific CD8 T
cells may in fact be beneficial for the host through the inhibition of a potentially over
exuberant IAV-specific CD8 T cell responses and downstream CD8 T cell mediated

immunopathology.
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The data presented in this dissertation demonstrate that p40, controls FasL
expression by LNDC during AV infections. Importantly, chapter III also demonstrates
that LNDC, that regulate FasL through p40,, also express IL-12RB1. Given LNDC
expression of IL-12RfB1 and previous studies demonstrating that p40, signals through this
receptor (156, 157) it was not surprising that mice deficient in IL-12R31 have reduced
LNDC FasL expression (Figure 16). However, how IL-12R1 signals LNDC to
upregulate FasLL expression remains unknown. Interesting the cytoplasmic tail of IL-
12RP1 is short and contains no phosphorylatable tyrosines (153). Despite the short
cytoplasmic tail, TYK2 has been demonstrated to associate with IL-12R1 (208) and
may be capable of mediating p40, signaling. Importantly, results from Pahan and
colleagues have demonstrated that p40, signals mediated through IL-12Rp1 require both
p38 MAPK and ERK as downstream signaling mediators (156). However the signaling
intermediates in between the IL-12RB1/TYK2 and p38 MAPK/ERK remain unknown.
One potential intermediate linking the IL-12Rp1, TYK2 and the MAPK/ERK pathway is
Rac1 which acts directly upstream of p38 MAPK/ERK (209, 210), as following TYK2
activation during type-1 IFN signaling VAV is phosphorylated and subsequently
activates Racl which is subsequently able to activate p38 MAPK
[INFR—tyk2—=VAV—=Racl—p38 MAPK] (211). Future studies aimed at elucidating if
Racl plays a role downstream of IL-12R1 will be critical to our understanding of the
p40,:IL-12RB1 signaling pathway.

Another intriguing possibility for how IL-12R31 mediates p40, signals despite a
lack of phosphorylatable tyrosines is through pairing with a novel, as yet to be described
signaling partner/receptor. One potential binding partner is IL-31Ra (also known as
gp120 like protein) which is expressed on DC (212). The IL-31Ra has ~49% homology
to IL-12RB1 (calculated by adding number of identical plus conserved amino acids and
dividing by total) (Figure 27). The IL-31Ra contains phosphorylatable tyrosines and

signals through STAT1, STAT3 and STATS, which could potentially overcome the lack
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of STAT signaling through IL-12Rf1 alone. Importantly, activation of STAT1 has been
demonstrated to activate the FasL. gene (124), suggesting the possibility that IL-12Rf1
and IL-31Ra may act in concert to mediate p40, signaling via STAT1 to drive
upregulation of FasL expression through STAT1. During IL-12p70 signaling IL-12p40
binding to IL-12RB1 is thought to stabilize the interaction between IL-12p35 and IL-
12RPB2 (208). Interestingly, IL-12p70 is able to mediate weak signals through IL-12R{32
in the absence of IL-12R31 (213). Given that loss of IL-12Rf31 does not completely
abrogate LNDC FasL, these data suggests that p40, may also be able to weakly signal
through another receptor in the absence of IL-12R1, possibly IL-31Ra, alone.

The data presented herein demonstrating p40, role in the regulation of LNDC
FasL expression do not demonstrate whether or not p40, acts directly on LNDC to induce
FasL expression, or if p40, acts indirectly through another cell or through another
mediator to regulate FasLL expression. To determine if p40, directly, or indirectly, induces
FasL expression on LNDC, purified LNDC subsets from IL-12p40 and IL-12Rp1
deficient mice could be incubated with either recombinant p40, or supernatant from
cultured intact LN from lethal dose IAV infected wild-type mice and the levels of LNDC
FasL determined after culture. If p40, upregulates FasL expression on purified LNDC
subsets from IL-12p40 but not IL-12Rp31 deficient DC these data would suggest that the
p40,-mediated control of FasL expression is direct. If, however, p40, cannot directly
induce LNDC FasL expression and supernatants from lethal dose IAV infected LN
(which contain p40, as well as all other cytokines induced during lethal dose AV
infection) induce FasL expression in DC from IL-12RB 17" these data then would suggest
that p40,-mediated LNDC FasL expression is indirect and requires an additional
cytokine.

Herein we further report a novel rDC-LNDC cross-talk mediated by differential
production of p40, during lethal and sublethal dose IAV infections. Importantly, in

chapter IV we found that rDC-LNDC cross-talk mediated by differential p40, expression
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is not unique to IAV infections and can also be mediated by intranasal stimulation with a
variety of TLR agonists. However, we did not directly determine if rDC-LNDC
communication requires cell:cell contact or if this communication can instead can be
mediated through paracrine mechanisms. One possibility is that p40, signaling to LNDC
requires cell:cell contact to increase the local cytokine concentrations within the LN. In
this regard, multiple investigators have found that cytokine signaling can require cell:cell
contact for efficient cytokine signaling (214, 215). However, in this dissertation we found
that incubation of intact LN with p40, was sufficient to induce LNDC FasL expression
suggesting that paracrine cytokine signaling is sufficient to induce FasL expression.
Consistent with this idea, a recent report has demonstrated that both IFNy and IL-4
signaling within the LN does not require cell:cell conjugates and can instead mediate
paracrine signals throughout the LN (216).

Chapter IV details the differential regulation of p40, expression and subsequent
LNDC FasL expression following stimulation of rDC during lethal and sublethal dose
[AV infections as well as during distinct intranasal TLR stimulation. However the
mechanism for the differential regulation of p40, and subsequent LNDC FasL expression
by IAV infections and TLR stimulation was not determined. One possibility for this
difference is the selective induction IL-12p40 but not IL-12p40 binding partners, i.e. IL-
23p19 and IL-12p35, which would potentially increase the chance for IL-12p40 to
homodimerize. Interestingly preliminary data from our laboratory has demonstrated that
prostaglandin E, is upregulated during IAV infections (Katewa and Legge, unpublished
results). Importantly prostaglandin E, specifically induces IL-12p40 and not IL-12p35
(147) suggesting the possibility prostaglandin E; expression within the lungs during IAV
infections may lead preferential IL-12p40 production from rDC increasing the likelihood
for p40, formation. Another potential mechanism for differential p40, production during
TLR3 and TLR4 stimulation is direct regulation of IL-12p40 homodimerization. In order

for IL-12p40 to form a homodimer a chaperone protein, protein disulfide isomerase, is
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required (148). Interestingly, studies have demonstrated that LPS signaling through TLR4
results in decreased levels of protein disulfide isomerase in macrophages (217). These
data suggest that reduced protein disulfide isomerase, and therefore reduced ability to
form p40,, may be a potential mechanism for the decreased level of intracellular rDC
p40, expression observed during intranasal LPS stimulation (Figure 26).

In addition to TLR stimulation during IAV infections, IAV also stimulate immune
responses through another class of pattern recognition receptors within the cytoplasm, the
Rig I like receptors (70, 77). During IAV infections, single stranded IAV RNA
containing 5’ triphosphates directly stimulates IL-6 production through RIG I in infected
DC (70) and preliminary results from our laboratory have demonstrated that IL-6 is
increased within the LN during lethal dose IAV infections (Legge and Braciale,
unpublished results). Importantly IL-6 production is often associated with IL-12
production (218, 219) suggesting the possibility that RIG I signaling during IAV
infection may directly lead to IL-12p40 production. If this is the case, these data would
suggest that, given increased viral RNA within rDC during lethal dose IAV infection
(VanOosten and Legge, manuscript submitted), triggering of RIG I within these may be a
potential pathway for the increased intracellular p40, observed in rDC during lethal dose

TAV infections.

Conclusions
Based on the data presented in chapters II-IV we propose the following model for
the regulation of CD8 T cell responses during lethal dose IAV infections (Figure 28).
During a lethal dose IAV infection, rDC migrate from the lungs to the regional LN
translating the type of local inflammatory environment of the lungs into the LN through
their production of cytokines, specifically p40,. This p40, produced within the LN results
in increased FasL expression on pDC. The consequence of FasL expression on pDC is

the elimination of activated Fas' IAV-specific CD8 T cells. Importantly pDC, which are
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incapable delivering a survival signal through presentation of IAV antigens via MHC I in
vivo, instead only deliver an apoptotic signal through FasL. pDC elimination of IAV-
specific CD8 T cells ultimately leads to an inability to control the infection resulting in
death of the host. Conversely, during sublethal dose IAV infections rDC within the LN
produce decreased p40,. Consequently the reduction in p40, within the LN leads to
decreased pDC FasL expression allowing activated Fas™ IAV-specific CD8 T cells to
escape pDC mediated FasL:Fas apoptosis. IAV-specific CD8 T cells then accumulate in
the lungs in greater numbers allowing for clearance of the virus infection and survival of
the host.

Taken together the results presented in this dissertation suggest that rDC mediated
control of pDC FasL expression ultimately dictates the overall magnitude of the virus-
specific CD8 T cell response generated during lethal dose IAV infections. These results
highlight a novel interplay between rDC and pDC mediated by p40, production and
suggest that rDC conditioned in different inflammatory environments can manipulate the
ensuing adaptive immune response through p40, production. In the future manipulating
the level of p40; or inhibiting the detrimental action of pDC through pDC depletion or by
blockade of FasL, may represent a novel therapeutic approach to boost virus-specific
CD8 T cell numbers in patients who are highly susceptible to IAV infections or during

highly virulent IAV outbreaks.



Figure 27. Sequence alignment for IL-31Ra and IL-12RfB1. Mouse IL-31R (top) and
IL-12RB1 (bottom) were aligned using clustalw 2 software. (*) represents identical
amino acids between the two sequences. (.) represents conserved aminio acid
substitutions based on size and polarity. (:) represents semi-conserved amino acid
substitutions. 115 out of 714 (16.1%) of amino acids are identical. 223 out of 714 are
either conserved or semi-conserved (31.2).
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Figure 28. Model of rDC and pDC mediated control of the magnitude of IAV-specific
CD8 T cells during lethal dose IAV infections. (left panel) During lethal dose IAV
infections rDC migrate from the lungs into the draining LN, producing increased
levels of p40, as well as controlling LNDC p40, production. p40, results in FasL
expression on pDC, which accumulate at increased numbers within the LN and
subsequently results in FasL:Fas mediated apoptosis of activated Fas" IAV-specific
CD8 T cells. The loss of IAV-specific CD8 T cells within the LN results in a
decreased CD8 T cell response in the lungs and death of the host. (right panel) During
sublethal dose AV infections rDC migrate from the lungs to the draining LN.
However during sublethal dose IAV infections both rDC and LNDC produce
decreased levels of p40,. The decrease in p40, within the LN leads to decreased pDC
FasL expression allowing activated Fas" IAV-specific CD8 T cells to escape pDC
mediate FasL dependent apoptosis. This ultimately results in increased numbers of
[AV-specific CD8 T cells that reach the lungs and resolution of the infection.
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