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Abstract
Identifying Mechanisms of Lung Tissue-Resident Memory CD8 T cell Decay
By Sarah Louise Hayward

Tissue-resident memory (Trm) CD8 T cells are critical for cellular protection against pathogens
at barrier tissues, where they can rapidly recognize and respond to invading pathogens due to their
localization at the site of pathogen entry. In the lung, we find that protection against heterologous
influenza virus infection wanes over time. This waning suggests a reduction of memory CD8 T
cells. Trm are known to be long-lived within the tissue, but we find this not the case in the lung.
We find a loss of airway and interstitium Trwm, two distinct lung resident subsets, occurs gradually
over 6-8 months. This loss is not due to loss of specific phenotypic subsets, nor due to established
Trwm leaving the lung tissue as assessed using parabiosis experiments. We observed that airway
and interstitium Trv are prone to apoptosis in the tissue. Using paired RNA and ATAC-seq, we
find that flu-specific airway and interstitium Trm have distinct transcriptional and epigenetic
profiles. The profile of airway Trm revealed activation of the amino acid stress response pathway.
Restoration of nutrients to airway Trwm revealed this pathway is reversible. Thus, the amino acid
stress pathway plays a role in altering airway Trwm survival, leading to gradual cell death under
homeostatic conditions and possibly preventing subsequent damage that could occur through non-
specific bystander activation.

Most tissue-resident T cell memory is examined in the context of a single infection and
under homeostatic conditions. We examined how multiple infections impact pre-existing lung
Trm. We found that parainfluenza virus infection induces a loss of influenza-specific cell-mediated
protection against heterologous influenza challenge by driving the loss of pre-existing Trm. This
loss of Trm was driven by local infection, but not by localized sterile inflammation or by
competition for lung niches. Local infection in the lung drove release of significant extracellular
ATP (eATP), known to induce cell death through the purinergic receptor P2RX7. Quenching of
eATP using apyrase, which hydrolyzes ATP, prevented loss of Trm from the lung. Together, these
data suggest that each subsequent lung infection reduces pre-existing cellular immunity by
depleting lung Trm. Both the loss of airway resident Trm due to amino acid starvation, and the
selective loss of non-specific Trm due to local infection, help define unique mechanisms of loss in
lung Trwm populations.
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Chapter I: Introduction

There is an urgent need to design vaccines that induce durable cross-protective immunity
against influenza A viruses. Despite an annual vaccination program, up to 20% of the population
in the United States becomes infected in some years, and influenza viral infection leads to 36,000
deaths and over 200,0000 hospitalizations annually'-2. Recent data suggests that global deaths due
to seasonal influenza infections are between 290,000 and 650,000 annually. These deaths include
secondary complications, and demonstrate an enormous global burden of influenza disease and a
need to address it.? Every year a seasonal vaccine is produced to combat the burden of disease, and
these vaccines target B cell responses to the HA and NA proteins of the virus in order to generate
neutralizing antibodies that prevent viral infection* 3. However, these viral proteins are subject to
high mutation rates, leading to the inability of the vaccine to properly protect as the seasonal strains
change, thus allowing evasion of preexisting humoral immunity by the virus®. Furthermore, our
ability to predict the predominant influenza strains is not always accurate, resulting in a vaccine
that is poorly matched against one or more circulating strains® 7. Finally, influenza reassortants
that harbor novel HA and NA proteins can arise and enter circulation, resulting in potential
pandemics due to a lack of preexisting antibody responses in the human population®. Thus, it is
important to explore additional strategies that can limit influenza infection and transmission,

thereby reducing influenza-associated morbidity and mortality.

Humoral and cellular immunity to respiratory pathogens:

Respiratory pathogens and influenza virus structure:



Respiratory infections such influenza and Sendai virus, a murine parainfluenza type 1
virus, are restricted in their sites of infection. They bind to cells which express trypsin-like
enzymes to cleave surface proteins. In influenza’s case hemagglutinin must be cleaved to cause a
productive infection’. In Sendai virus, the fusion glycoprotein requires cleaving for infectivity, a
process that depends on proteases which are only present in certain cell types primarily in the lungs
of mice!’. Tissue restriction is further determined by binding of influenza and parainfluenza
viruses to specific receptors on permissive cell types. In the case of influenza A,
sialyloligosaccharides are implicated as these receptors. In human strains of influenza A, viruses
preferentially infection host cells that express receptors which have SAa2,6Gal sequences'!> 2.
These restrictions limit the infection of both influenza and Sendai virus to the respiratory tract!>.
Influenza virus is cleared within two weeks and is not considered to be a chronic infection®.
Despite the fact that the infection is localized, a broad adaptive immune response is generated
against the infection. Beyond the initial innate response to the virus, B and T cells are crucial to
the ability of the adaptive response to control the infection and can form long-lived memory
responses to aid against reinfection. B cells form antibody responses against the rapidly mutating
outer proteins of the viral capsid. T cells respond to epitopes from both the outer proteins and the
conserved internal proteins of the respiratory virus. These arms of the adaptive immune system
work in combination to control viral replication, limit immunopathology and prevent reinfection.

Influenza virus is a single stranded negative sense- RNA virus which has eight segments
encoding 16 proteins® 4. Its outer capsid contains the haemagglutinin (HA) and the neuraminidase
(NA) proteins, and these proteins are the primary targets for antibody production. The HA segment
codes for the receptor binding glycoprotein HA. The HA of influenza virus binds to sialic acid on

epithelial cells within the respiratory tract and mediates membrane fusion. The NA segment



encode the NA protein. The NA cleaves sialic acid residues on the surface of the epithelial cell
allowing the budding of newly formed virions following replication. The nonstructural segment of
the influenza virus contains the NS1 and NS2 segments. The NS1 segment is a host antiviral
antagonist. NS2 encodes a nuclear export protein. The matrix segment encodes three proteins: M1
the matrix protein, the ion channel protein M2, and the protein M42'4. The polymerase segment
codes for 3 proteins, PB1, PB2, and polymerase A (PA). The nucleoprotein (NP) segment encodes
the nucleoproteins which maintain the RNA genome structure as single stranded. The influenza
virus structure and life cycle are complex; thus the immune system has developed a multiple step

approach to respond to the virus'>.

B cell responses and influenza reassortment:

B cells form antibodies to the HA and NA proteins of the virus. These proteins are highly
variable between seasonal influenza stains, as both antigenic drift and reassortments can lead to
nonsynonymous mutations in these structures rendering previously formed antibodies of little use.
Antigenic drift occurs when mutations that accumulate during viral replication due to the error-
prone nature of the polymerase are selected based on an increase in viral fitness. Commonly drift
mutations are made within the head region of the HA. These mutations can change the binding site
recognized by HA antibodies created during a previous infection with strains from a prior influenza
season'®. This changing in epitopes recognized anti-HA antibodies over time, due to multiple
mutations, eventually prevents the activity of antibodies and renders them unable to neutralize the
virus. This is a means of escape and allows the individual to be re-infected in successive influenza

s€asons.



Antigenic reassortment or shift occurs when two different influenza viruses infect the same
host cell and there is a mixing of the viral genomes. When this occurs, it can lead to creation of
new influenza virus strain, with HA and NA combinations different from previously circulating
strains. While antigenic reassortment is less common than drift, the sudden change can lead to
pandemic strains, which cannot be controlled by previously formed antibodies. In addition,
influenza vaccines currently are aimed at primarily generating antibody responses, thus when an
antigenic shift occurs this leaves a large percentage of the population unprotected from the

pandemic influenza strain!7 1519,

2009, a new pandemic:

In 2009, a new pandemic HIN1 arose from porcine hosts. This was not a pure shift,
however. The pandemic 2009 HINI (pHIN1) arose out of HINI viruses which were
independently circulating in North American (a swine-lineage strain) and Eurasian (swine-origin)
swine strains?’. These viruses were combined in a host and adapted to infect and transmit between
humans, forming a pandemic strain due to genetic drift occurring within the swine hosts. The
HINTI influenza virus had been previously seen in 1918 with the Spanish influenza. The North
American swine lineage of the pHINI1 descended from 1918 HIN1 which began circulating in
swine following the 1918-1919 influenza season. The Eurasian swine strain derives from an avian
lineage of influenza which went directly into swine. Through multiple reassortments, the 2009
pandemic influenza is a hybrid of viruses with the HA and NA originally derived from1918 except
they are dramatically different due to drift in the sequences and resulting proteins?'. any antibodies
formed to the previous 1918 were rendered ineffective due to the drifting and reassorting of the

pH1N12%as despite the “similar” HA and NA epitopes are no longer shared.



Overall:

There is a complex adaptive immune response to respiratory pathogens, specifically in the
case of influenza virus. Respiratory viruses are limited in their host range and tissue tropism due
to the limited number of cell types that can support productive infection. B and T cells respond to
different aspects of the physical nature of the virus. The influenza’s complex structure means that
antibody responses are formed to HA and NA extruding from the surface of the capsid and T cell
responses are primarily directed against the NP, PA, M1, and PB1 proteins found within the capsid.
There is very little evidence for selective pressure on influenza viruses due to T cells, resulting in
conserved T cell epitopes across different influenza strains, enabling virus-specific T cells to
provide cross-protection against many strains of influenza virus?®. The cellular immune response
to influenza and mediate pathogen clearance while limiting immunopathology is complex and
centers on an intricate balance between co-stimulatory and co-inhibitory signals. This complicated

relationship indicates the importance of understanding T cell-mediated control of viral infections.

T cell responses to influenza:
Experimental model:

In the event of a pandemic strain event, CD8+ and CD4+ T cells are critical mediators of
the immune response to influenza and other respiratory pathogens. Immunodominant CD8+ and
CD4+ T cell responses are directed against the NP, PA, PB1 and M proteins of the influenza virus
in mice and humans?*2* 23, These proteins are typically more conserved than HA and NA, as there
is less selective pressure due to their location inside the virion. Due to the conserved nature of

these proteins, T cells offer the opportunity to provide cross-protection between strains of



influenza. To examine cross protection in the laboratory setting, two viruses are typically used,
Influenza A/PRS8 and Influenza A/HKx31. PRS8 is a mouse adapted HINI1 strain, and x31 is a lab
adapted H3N2 virus®®. Since as discussed before, the HA and NA protein are different, but the
internal gene segments are identical between these viruses. There is no protection mediated by
antibodies when the viruses are used in succession. A typical examination of a memory T cell
response will involve infecting mice, C57BIl/6, with a sublethal dose of virus, typically x31. Then,
once T cell memory has developed after 35 or more days, the mouse will be challenged with a
lethal dose of PR8. Due to the protection provided by cross-reactive memory T cells generated

during the initial x31 infection, the mice survive the lethal PR8 challenge.

Control of T cell activation during influenza infection:

Control of T cell activation during a primary influenza infection is a complex process
involving the lung mucosa, infected epithelial cells and the recruitment of innate and adaptive
immune cells to the site of infection. The lung mucosa is made up of a variable mixture of non-
hematopoietic structural cells and hematopoietic immune cells. This milieu of cells includes both
non-ciliated and ciliated lining cells, such as cuboidal and columnar epithelium, and alveolar
epithelial cells, both type I and type II?7- 28, These cells are targeted by influenza virus due to the
sialic acid residues on their surface, which are bound by the HA of the virus and used to mediate
fusion with the host cell®. The infection of these cells leads to production of type I interferons, and
many inflammatory cytokines and chemokines, due to innate recognition of the invading pathogen
by signaling pathways such as toll-like receptor pathways, Nod-like receptors and RIG signaling

pathways. This production of inflammatory mediators induces the recruitment of the innate and



adaptive immune cells to the infected tissues. In addition, these cytokines and chemokine are
capable of modulating the function and activation status of responding immune cells?’- 28 2% 30,

The respiratory tract, where the infected epithelial cells are supporting productive viral
replication, is where the initiation of the adaptive T cell responses begins. Viral antigen is captured
by resident respiratory dendritic cells (DCs) that reside in close proximity to the airway epithelium,
and within the parenchyma (interstitium) and the pleura of viscra®'. This capture of antigen and
viral particles by DCs leads to their activation, which in turn leads to their up regulation of CCR7
allowing them to respond to the gradient of CCL21 and migrate into the lymphatic system3? 33,
Respiratory DCs migrate into the draining lymph node (mediastinal)** 3. Respiratory DCs in mice
can be divided into distinct subsets which vary in phenotype, distribution within the lung
compartment, and function. Conventional DCs can be categorized into 3 different subsets found
in the respiratory tract; CD103+CD11b+ DCs, CD103-CD11b" DCs and monocyte derived DCs.
CD103+ DCs are typically found within the intraepithelial layer in the respiratory tract and the
CD11b" DCs are found within the submucosa interstitial area of the lung. These distinct locations
allow monitoring of the differential local environments3? 6. Another subset of DCs which make
up respiratory DCs are the plasmacytoid DCs (pDCs). This subset is key for producing large
quantities of type I interferons and inducing a highly inflammatory environment following their
recognition of influenza due to infection via pathogen-associated molecular patterns (PAMPS)3”:
38 Most antigen captured by DCs involved in the response to influenza is likely due to the direct
infection of DCs by the virus, but DCs can also acquire influenza antigens by the phagocytosis of
virions and dying infected cells within the respiratory tract3®,

Following the migration of DCs to the draining lymph node, DCs present antigen to naive

influenza-specific CD8+ T cells. This is primarily carried out by CD103+ DCs due to their



enhanced ability to migrate from the tissue to the lymph node. This was shown by the depletion of
langerin-expressing CD103+ DCs before an influenza infection. This depletion of CD103+ DCs
resulted in a decreased cytotoxic T lymphocyte (CD8 T cell) response, which in turn reduced viral
clearance®. After this initial wave of CD8 T cell activation by the migrant CD103+DCs, influenza
antigen is continuously presented by CD11b" DCs in the draining lymph node throughout the
remaining course of infection. Additionally, pDCs have been implicated in capturing and
presenting antigen to CD8 T cells, but it was shown in a sublethal influenza infection model that

pDCs are unable to induce CD8 T cell responses by themselves*.

Other cell types regulating T cell activation:

In addition to dendritic cells, many other cell types play a role in regulating T cell responses
during influenza infection. CD45+ myeloid cells play a crucial role in this response. Myeloid cells
include inflammatory granulocytes and mononuclear cells which infiltrate the lung tissue and
airways in response to localized inflammation during infection*!> 42, Neutrophils are one of the
primary cell types infiltrating the lung following severe influenza infection. Neutrophils, while
crucial to clearing infected cells and debris, can induce lung injury through production of reactive
oxygen species (ROS) species and pro-inflammatory cytokines®®. In these contexts, their
involvement in influenza infection can be both helpful and harmful. In the context of a severe
influenza infection, neutrophils are shown to be highly beneficial, but in the context of a mild
infection neutrophils are shown to induce unnecessary tissue damage**. Inflammatory monocytes
are another myeloid subset which produce ROS, TRAIL (TNF-related apoptosis-inducing ligand),
INOS (inducible nitric oxide synthase) and also pro-inflammatory cytokines. Inflammatory

CCR2+ mononuclear cells have been shown to play a role in regulation of effector T cells. They



have been shown to promote growth and survival of virus specific CD8+ T cells and to modulate

the cytokine production by these CD8 T cells in acutely infected lungs*? 43 46-47,

CD8+ T cell effector mechanisms:

CD8+ effector T cells have various ways to control influenza infection. Conventionally, CD8 T
cells kill influenza infected cells via Fas ligand/Fas mediated apoptosis or by perforin/granzyme-
dependent granule exocytosis*®. These methods destroy the infected host cell, and in the process
can release additional DAMPs and PAMPs that further activate the innate immune system. In
addition, effectors CDS8 T cell produce the pro-inflammatory cytokines of interferon gamma (IFN-
v) and tumor necrosis factor-alpha (TNF-a). These cytokines further contribute to the recruitment
and activation of innate inflammatory cells, including inflammatory DCs and pDCs. This
activation by T effectors contributes to the ever-increasing storm of immune activation in the lung.
As the infection progresses, effector CD8 T cells continue to interact with respiratory DCs,
expanding and differentiating the virus-specific effector CD8 T cell pool to enable optimal
antiviral effector activity and promote viral clearance. If they only interact with respiratory
epithelial cells they are only able to lyse the infected target cell*>. This is an interesting mechanism
of control that serves to prevent excessive release of potentially destructive pro-inflammatory
cytokines, thus limiting damage to the surrounding tissue and preventing deleterious
immunopathology. An additional method of control with regard to the release of pro-inflammatory
cytokines are the interactions of co-stimulatory receptors and their ligands. CD28 on effector CD8
T cells interacts with CD80 and CD86 which are displayed on inflammatory CD11ch DCs*. There
are also various mechanisms that regulate the cytolytic capabilities of CD8 T cells which together

prevent unnecessary immunopathology.
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Immunopathology as a result of immune activation:

While effector CD8 T cells are important in clearing influenza infection, an unintended
consequence of eliminating infected host cells is the resulting lung injury, which in itself causes a
significant health risk by increasing the susceptibility to secondary bacterial and viral pneumonias.
The classic methods of cell lysis by CD8 T cell through FasL/Fas and granzyme/perforin
mechanisms leads to massive cell death during infection*®. Effector T cells, through their
interactions with antigen-bearing cells inflammatory DCs in the lung, contribute huge quantities
of pro-inflammatory chemokine and cytokines. These include IFN-y, TNF-a, IL-17, and
macrophage inflammatory protein-1a. These contribute to the damage and inflammation which is
incurred during an acute influenza infection. While necessary for inducing an localized antiviral
state and promoting apoptosis of infected cells, the problem with pro-inflammatory cytokines is
that they are indiscriminate®. They target many cells, whether infected or not, and can induce non-
specific damage to the respiratory tract>’. In addition, T effector cells induce lung injury through
the release of cytolytic granules and pro-inflammatory cytokines. The potential contribution of this
damage on tissue resident memory T cells will be further explored below. Further studies, as will
be discussed later in relation to tissue resident memory, suggest that this balance between
immunopathology and cell-mediated protection may in part be tightly regulated by the activation
of danger receptors on CDS8 T cells, and the interactions between danger receptor signaling and
recognition of specific antigen by CD8 T cells in the lung plays an important role in maintaining

this balance.

Limiting immunopathology:
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Effector T cells are also capable of limiting immunopathology. Effector T cells in the lung
environment express several co-inhibitory molecules known to limit cellular proliferation and
cytokine production. Effector CD8 T cells which infiltrate into the lung highly express an
inhibitory receptor called NKG2A, which can bind to a on classical MHC class 1b molecule.
Engagement of this pathways reduces TNF-alpha dependent inflammation, and blocking NKG2A
interactions increases inflammation 3!. Additionally, classic inhibitory molecules such as Lag-3,
PD-1, and Tim-3 are expressed on effector T cells during acute influenza infection and on memory
T cells established following viral clearance™.

The production of IL-10 by effector CD8 T cells is another major mechanism of immune
suppression designed to limit immune pathology. IL-10 inhibits pulmonary inflammation during
influenza infection and thusly controls the amount of effector T cell infiltration into the lung.
Without IL-10 production by CD8 T cells, influenza infection results in lethal pulmonary
inflammation and injury. However, mice which have the ///0 gene deleted are more resistant to
influenza infection as a result of elevated Th17 and antibody responses®>>* 33 It has also been
shown that I1-10 production by effector T cells is restricted to areas of the lungs which are actively
infected with influenza. This suggests tightly regulated control over //10 transcription in T cells
that limits IL-10 production to an inflamed environment where influenza antigens are present>.

Another crucial cytokine in the anti-inflammatory milieu is transforming growth factor
(TGF)-B. Blockade of this cytokine results in lethality, lung destruction, and excessive
inflammation in the context of influenza infection®’. Alternatively, TGF- B1 is also known to be a
pro-viral factor and acts to suppress the immune system long enough for viral replication’®. It is
not known exactly which cells produce TGF- during an influenza infection but it is thought that

T regulatory cells (Tr) and pulmonary epithelial cells are important sources 3% %°. Ty, are an
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important mediator of immune suppression and healing. Treg, T regulatory cells are a subset of
CD4+ T cells that mediates and limits immune responses due to self-antigen and infection through
a variety of mechanisms, including TGF-B ©'. Depletion of Ty, induced increased CD8+ T cell
responses during influenza infection and required a transfer of exogenous Treg to limit immune
pathology and suppress excess immune activation®® %, The production of TGF-B has also been
shown to be important in the formation and maintenance of memory CD8 T cells following
infection, and this aspect will be discussed further below. Another mediator of immune
suppression and bringing the immune response within the lung environment back to homeostasis
following influenza infection, is a molecule expressed by the respiratory epithelium itself. CD200
is expressed by epithelial cells in the reparatory tract and engages CD200R on lung macrophages.
This interaction suppresses macrophage injury potential, specifically inhibiting the ability of
macrophages to induce tissue injury through the release of reactive oxygen species intermediates,
nitric oxide, proinflammatory cytokines, and hydrolytic enzymes®*. In addition, CD200 is also
expressed by effector T cells, providing another method for T cells to directly control

immunopathology through their interaction with myeloid lineage cells®: °,

Therapies limiting the pathology of influenza:

Many therapies are focused on targeting the release of pro inflammatory cytokines by
effector T cells as strategies to limit immune pathology while maintaining viral clearance. Two
pathways that are currently the focus of research are OX-40 and ICOS. OX-40 is a co-stimulatory
receptor which is found T cells and has been shown to promote T cell survival and proliferation.
In influenza infection, a blockade of OX-40 is able reduce T cell infiltration, proliferation and the

associated pro-inflammatory cytokine production. This leads to reduced weight loss and



13

pulmonary injury but still allows for efficient viral clearance®'-®’. In contrast, blockade of the ICOS
co-stimulatory receptor on T cells reduces T cell proliferation, infiltration and cytokine production
but does not lessen pulmonary inflammation®!. This is due to the fact that ICOS blockade seems
to significantly enhance viral persistence within the lung tissue, leading to prolonged pro-
inflammatory ' %%, While these studies hold great promise for lessening lung pathology by limiting
infiltration of influenza-specific T cells in the lung, the effect of these approaches on the
development of memory CD8 T cells is unknown. How resident memory CDS8 T cells are formed
within the lung is still unclear, and the impact of these therapies on the development of T cell

memory must be further explored.

Formation of memory CD8+ T cells:

Following resolution of acute infection, a population of influenza-specific T cells forms
the memory response. This memory response is critical to providing cell-mediated immunity.
During an acute infection, virus-specific T cells can expand 10*- to 10°-fold, and they can divide
every 6 to 8 hours®- 7%, Following the peak of CD8 T cell expansion and the resolution of infection,
the majority of virus-specific CD8 T cells, about 90-95%, die by apoptosis within three weeks’"
71,72 The remaining cells will undergo transcriptional changes to transition to long-lived memory
CDS8 T cells. 7> 7+ 75 It is a gradual developmental program that occurs as a CD8 T cell transitions
from an effector T cell to a memory CD8+ T cells. There are three main changes that occur. First
the ability to produce the cytokine IL-2 increases. Effector T cells produce only modest amounts
of IL-2, and one of the key steps in the differentiation process is the ability to increase IL-2
production’® 77, The second change which occurs is an increase in the proliferative potential of the

cell in response to antigen or homeostatic signaling. While terminally differentiated effector T
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cells are unable to proliferate, it is key for a memory T cell to be able to replicate in the event it
reencounters its specific antigen. It is also important that memory CD8 T cells be able to undergo
homeostatic turnover in response to both IL-7 and IL-15, and that these abilities can only be
acquired by fully differentiated memory CDS8 T cells’”>77. Additionally, some effector CD8 T cells
fail to reacquire the ability to home to the lymph nodes via high endothelial venules, and
preferentially locate to non-lymphoid tissues as they remain CD62%° and CCR7°. Eventually very
long-lived memory CDS8 T cells can convert and reacquire CD62L and CCR7. In murine models
of influenza infection, this process can take between 90-360 days’’. One of the most important
features of memory CD8+ T cell is that they maintain the ability to rapidly reactivate antiviral
effector functions such as cytokine production following stimulation with their cognate antigen’®.

Thus, memory CD8 T cells are one of the first lines of defense against reinfection.

Importance of T cell mediated Cross protection:

Recently the importance of T cell mediated protection was tested due to the 2009 pandemic
H1NI, previously discussed within this chapter. In a study examining the role for T cell protection
during influenza infection, mice were infected with viruses distantly related to the pHIN1 Ca 2009
influenza strain, including PR8 (HINT1), x31(H3N2), and New Caledonia (HIN1). These viruses
were distant enough that sera isolated from mice infected with these viruses provided no protection
when a mouse was infected with the 2009 pH1N 1. This meant that antibody responses alone would
not protect a mouse from the 2009 pHINT1 strain. In order to examine the T cell response, mice
were initially infected with one of the three previously stated viruses. The mice were then rested
to allow formation of influenza specific memory CD8+ T cells. Then, mice were challenged with

the 2009 pHI1N strain and weight loss, death, and viral titers were measured in the subjects. All
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mice which were previously infected with one of the distantly related virus strains had reduced
viral titers, weight loss, and mortality compared with unprimed mice’®. Given that sera containing
antibodies to these viruses was of no protection against the 2009 pHINTI strain, it is clear that T
cell-mediated immunity was critical to cross-protection against seasonal strains, and also very
important in protection against possible pandemic strains. These experiments were a valuable
addition to the initial experiments from Walter Gerhard’s laboratory examining the heterologous
influenza protection provided by effector CD8 T cells, and the subsequent decline in heterologous

immunity over time, which is the focus of this dissertation’.

Resident memory:

Subtypes of memory T cells:

Memory T cells have traditionally been divided into central memory (Tcm) T cells that
reside in lymphoid tissues and effector memory (Tem) T cells that recirculate through peripheral
tissues®®. Tcewm cells express CCR7 and CD62L in addition to CD127 and CD44. Tcm remaining in
the lymphoid tissue are capable of proliferating extensively in response to antigen, in contrast to
the Tem subset which are less proliferative and produce interferon (IFN)-y in contrast to
interleukin(IL)-2%'. Tem subsets are more heterogeneous than Tewm cells. Recently, a population of
non-circulating memory T cells localized permanently to the peripheral tissues, termed resident
memory (Trm) T cells, has been identified at sites such as the gut, skin, lung, reproductive tract,
and brain®> #3. These cells are shown to express CD44, are CD62L and CCR7 low (like Tem),

CD11a high, and can express both CD69 and CD103%.
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Transcriptional profile of tissue resident CD8+ T cells:

Trwm cells have been shown to have a unique transcriptional and phenotypic profile. They
express various unique retention markers depending on the tissue in which they reside and their
spatial arrangement within the tissue. CD69 and CD103 expression prevent egress from the tissue.
CD69 is an antagonist of SIP1R, which mediates migration from the tissue in response to S1P
gradients in the blood. CD103, whose gene name is ITGAE, is an integrin which binds to E-
cadherin, CDHI1, expressed on the surface of epithelial cells. This combination of CD69,
preventing tissue egress, and CD103, binding these cells to the lung epithelium, provides the
mechanisms to enable these memory CDS8 T cells to remain within the tissue®’. The expression of
these proteins is governed by overarching transcriptional networks. Examining the network
governing CD69 expression: the transcriptional regulation of k/f2 and s/prl, which encodes S1pl,
have been implicated in the establishment and maintenance of tissue resident CD8 T cells.
Specifically, KLF2 is a transcription factor that promotes expression of S1pl, and k/f2 and sipri
genes are found to be down regulated in CD8 Trm cells®®. TGF-B is a cytokine that has been
implicated in the establishment of Trm via the induction of CD103 expression and down regulation
of KLF2. In addition, continued TGF-f signaling may be important for the long-term maintenance
of CD8 Trm>” ¥, Finally, it has recently been shown that zfp683, which encodes the transcription
factor Hobit, is a master regulator of the Trm transcriptional program®®,

Another set of transcription factors crucial to understanding the transcriptional regulation
of tissue resident CD8 T cells are the T-box transcription factors. These transcription factors are
Eomesodermin (Eomes) and a related homolog called T-bet. These two transcription factors
combine to control the formation of CD8+ CD103+ tissue resident memory T cells. There is a

coordinated down-regulation of Eomes in conjunction with TGF-B cytokine signaling. This TGF-
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B signaling resulted in reciprocal down-regulation of the T-box transcription factors. There are
subtle differences in the regulation of these two transcription factors during Trm development, as
while the complete loss of Eomes signaling was necessary for CD8+ CD103+ tissue resident
memory T cell development, T-bet was required to be maintained at a low level in order to allow
for the cell surface expression of interleukin-15 receptor beta chain to remain expressed. Thus,
modest expression of T-bet was necessary for tissue resident T cells to maintain responsiveness to
homeostatic cytokines. The reciprocal nature of the relationship between T-box transcription
factors and the control of Trm development by the TGF-f and IL-15 cytokines demonstrates the

complexity of understanding the formation and maintenance of tissue resident memory T cells®.

Tissue Resident T cells as sentinels of the immune system:

Tissue resident CD8 T cells have been shown to play a critical role in protective immunity
as sentinels of the immune system at sites of pathogen entry®® °! 2. For example, in the mouse
female reproductive tract, tissue-resident CD8 T cells rapidly induce strong local chemokine
expression when they interact with their cognate antigen, leading to the rapid accumulation of
circulating immune cells in the infected tissue’’. Within the lung these populations have been
shown to be highly protective against influenza virus and other pulmonary virus infections. They
are critical to providing cross-protection against heterologous influenza infections via their CTL
activity®®. Additionally, within the lung they have been shown to be heterogeneous in phenotype,
proliferative, and multifunctional producing several different cytokines®.

Within the small intestine, extensive work has been done to parse out tissue resident
memory T cells and their role in protection. This work has led to the idea that within the small

intestine there are two populations of resident T cells which are distinct and play different roles.
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In a model of Yersinia pseudotuberculosis (Yptb), work from Michael Bevan’s group has shown
that the inflammatory microenvironment of the gut leads to both CD103- and CD103+ Trm which
are developmentally and spatially distinct. Mice were initially infected using a Yptb expressing
both OVA and YopE, a specific antigen in Yptb infection. They found that CD8 T cells in the
intestine underwent a typical phenotypic transition into memory cells expressing CD69, CD103
and granzyme B expression. In the intestinal epithelium compartment the CD103+ cells quickly
became stable, but in the lamina propria a heterogeneous population of cells was observed. These
were both CD103 positive and negative. They found the CD103+CD8+ tissue resident cells to be
TGF-beta dependent and scattered throughout the lamina propria. In contrast, they found the
CD103- tissue resident cells to be independent of TGF-beta, clustered around CD4+ T cells and
CX3CR1+ macrophage and/or DCs. The close proximity to APCs suggested to them that these
CD103- tissue resident cells served more of an alarm function®!. While this study was interesting
and does suggest that tissue resident CD8 T cells could function as sentinels in different ways. As
will be discussed later, the problem with using a depleting antibody to define tissue residency is
that peripheral tissues, and thus the T cells within them, by definition have little access to the
circulation. This is a problem because at any one time the T cell population within a tissue is
comprised of both permanently-lodged Trm and transiting Tem that are surveilling the tissue. How
is it known if the CD103- population is not this transient Tem population? There are still many

questions regarding what is a true resident CD8 T cell.

Sterilizing immunity:
Most importantly, Trwm in peripheral tissues have been shown to provide nearly sterilizing

immunity when present in sufficient numbers, likely through their ability to rapidly respond to the
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invading pathogen before it can replicate to sufficient numbers®® %%-21-93:94 " In a parabiosis system
in which a vaccinia-immune mouse is sewn to a naive partner mouse, circulating T cells are free
to move between the mice. In this case, it was shown that truly resident T cells are formed in the
skin of the previously infected partner and are unable to move into the skin of the naive partner.
These vaccinia-specific tissue resident T cells are shown to be potent effector T cells capable of
producing high levels of IFN-y upon antigen re-encounter. It is also possible to continually boost
this population of vaccinia-specific tissue resident T cells by repeated infections, and these Trm
are highly protective when the mice are challenged®3.

In another model of skin infection using herpes simplex virus (HSV), it is found that HSV-
specific tissue resident memory CDS8 T cells preferentially form on the ipsilateral flank relative to
the infection site. This accumulation on the same side as infection leads to 100-fold greater control
of infection upon challenge on the ipsilateral flank versus the contralateral flank in B cell deficient
mice. B cell deficient mice are used to control for antibody mediated protection, allowing for the
investigation of protection on the basis of T cell responses®3.

In the case of the lung and respiratory infections, it has been shown that tissue resident
memory CD8 T cells are critical to protection against heterologous influenza infections. Linda
Cauley’s group showed in a heterosubtypic reinfection model, using WSN-OVA and X31-OVA
(HIN1 primary, challenged with an H3N2 virus), that viral clearance after reinfection is very
closely linked to the number of antigen-specific tissue resident CD8 T cells in the lung. They also
show that new effector T cells, developed as a result of the heterologous virus, play very little role
in protection. This is shown through BrdU labeling of proliferating cells, as BrdU is not
incorporated by the new effector T cells before virus is cleared®. Our laboratory has shown that

the transfer of virus-specific CD8 T cell directly into the airways of naive mice is sufficient to
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confer protection from respiratory virus challenge in an antigen-dependent manner®®. This manner
of protection is dependent on the production of IFN-y, as transfer IFN-y deficient cells into the
airways failed to control virus replication as efficiently as WT cells®. Interestingly, it was revealed
recently that the expression of an interferon induced transmembrane protein, IFITM3, by lung Trm
cells aids in survival of Trm following secondary or challenge infections. This protein expression,
conferring broad resistance to many viral infections, was selective and promoted survival and

cellular protection following influenza challenge®’.

Key methods:

One of the key developments in the study of tissue resident memory T cells was the
development of intravascular staining. In many of the studies referenced in this dissertation, and
in much of our own work, intravascular staining is the gold standard for defining tissue resident T
cells. In the initial studies describing this approach from David Masopust’s laboratory, mice are
injected with 3ug of anti-CD8 in APC or PE®. This has been further developed to include the
possibility of staining with CD3e or a pan-CD45 marker in many other fluorophores. After 3 to 5
minutes, blood was taken from the mice to confirm sufficient labeling and the mice are euthanized.
Masopust’s group went as far as to perfuse the mice with PBS following sacrifice to ensure that
antibody was removed from the system. Tissue were processed and again rinsed free of antibody.
Interestingly, donor naive T cells staining by the intravenous (i.v.) antibody varied according to
the permissiveness of the distinct tissue, with this permissiveness being dictated by the vascularity
of the tissue. In a successful intravital labeling experiment, all of the donor cells within the blood

were stained with the i1.v. antibody, some cells within the spleen with the antibody, and almost no
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cells within the lymph node were stained. Within the spleen, labeled cells were seen in the red
pulp, whereas the unlabeled cells were localized to the white pulp. Within the lungs, labeled CDS8
T cells were found to be closely associated with pulmonary capillary beds. Using these methods
Masopust was able to distinguish that some cells protected from i.v. labeling were in fact CD103
and CD69 positive, and that protected lung cells down regulated the integrin CD11a%. Some
example staining is shown here in Figure 1 distinguishing resident from systemic T cells in the
lung. The development of this technique transformed the field of tissue residency as it was an
efficient approach for which cells were in the tissue versus the blood stream. However, this method
does have its caveats. At any one time there are transient Tem cells moving through a tissue. These
cells will momentarily not have access to the vasculature, and thus could be falsely labeled as
resident memory T cells. Other methods to determining tissue residency include using depletion
antibodies, as a cell outside the vasculature should be protected from the depleting antibody.
Unfortunately, this has some of the same flaws as i.v. labeling, plus depletion antibodies can vary

in their efficacy depending on the tissue.

Key points regarding Tissue Resident memory T cells:

Tissue resident memory CD8 T cells are shown to be highly protective in the peripheral
tissues of the intestinal tract, the female reproductive tract, the skin, and the lung. They have been
shown to be sentinels using chemokine gradients and cytokine release to pull innate lymphocytes
and leukocytes to the site of a reinfection. They have been shown to be protective against multiple
strains of influenza. The genetic profile of tissue resident CD8+ T cells is still currently being

parsed apart, and although the transcriptional regulation of Trm development and maintenance is



22

a developing field, it is clear that Trwm are a distinct T cell subset with a unique genetic program.
Trwm in different peripheral tissues have been shown to provide robust protection against local
reinfection, and importantly in the context of influenza infection these cells are critical to providing
cell-mediated protection in the event of a pandemic strain or influenza vaccine/seasonal strain

mismatch.

Loss of cellular immunity over time:

A note on the unique formation of tissue resident memory in the lung:

Unlike in other peripheral tissues, we have found tissue resident memory in the lung
requires that effector T cells encounter antigen at the site of infection within the lung to promote
Trwm formation. Our laboratory and others have shown that intranasal delivery of peptide plus an
inflammatory stimulus such as CpG is necessary and sufficient for forming protective Trwm
populations.”® This is in contrast to other tissues such as the skin and genital tract, where
recruitment of effector T cells into the tissue is sufficient for the development of Trm, even in the

absence of local antigen.

Importance of tissue resident memory:

Following clearance of a primary influenza infection, memory T cells are found in
secondary lymphoid organs, such as the spleen, mediastinal lymph node (MLN), and bone marrow,
as well as peripheral tissues, such as the lung parenchyma (interstitium) and lung airways®. There
is ample evidence from animal models that memory CD8 T cells confer protective immunity to

respiratory viruses by significantly decreasing viral loads, leading to faster clearance and decreased
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immunopathology®* 19 101~ Also, recent studies in humans showed that increased numbers of
circulating cross-reactive memory T cells correlated with significant decreases in viral loads and

lower disease burden following heterosubtypic influenza challenge!%% 103104,

Waning of influenza specific memory over time:

However, the efficacy of heterologous cellular immunity against influenza viruses has been
shown to wane over time. Studies in the mouse model have demonstrated that the number of virus-
specific memory CD8 T cells present in the lung following respiratory virus clearance
progressively declines over several months post-clearance, before stabilizing at a low number for
the life of the animal®* 195196107 " Tp contrast, the number of systemic virus-specific memory CD8
T cells remains relatively constant.

Gerhard’s group showed that over time heterologous immunity to influenza virus also
waned. They showed this through a series of experiments in which they infected mice with PRS
and challenged these mice with x31 at various times after initial PR8 infection (days 0, 3, 7, 10,
14, 21, etc). Next, they determined influenza viral titers in both the lung and upper respiratory
tract. They compared these viral titers to previously uninfected mice which were challenged with
the heterologous x31 virus. They observed that as time progressed further away from the initial
PRS infection, the ability of the previously vaccinated mice to control viral loads decreased. Once
sufficient time had elapsed, the previously vaccinated mice showed similar viral titers to the
unvaccinated control mice. This suggested that T cell memory to the reparatory pathogen was lost
over time”. These data correlated with data I have produced as part of my dissertation project. In
Figure 2 (derived from data in chapter II), mice were previously infected with x31, an H3N2

influenza virus, and then rested for 1 month or 6 months prior to challenge with a 10LDso PR8 (10
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times the lethal dose that result in the death of 50% of the mice). There was a significant loss of
life for mice that were 6 months from initial infection compared to mice 1 month from initial
infection. Figure 1A shows dramatic weight loss for these late memory mice, and in fact all mice
were sacrificed by day 7 due to falling below the weight loss limits mandated in our animal
protocol. In contrast, the early memory (1 month post-infection) mice lost little weight and only
one mouse from the study died. This experiment was a simple demonstration of the loss of cellular
immune protection against influenza virus, which we will demonstrate in this dissertation

correlates with the loss of the protective tissue resident CD8 T cells.

Two scenarios for examining the loss of Trm from the lung:

Homeostatic loss due to lung microenvironment:

As mentioned before, cellular immunity to influenza gradually wanes as time from initial
influenza priming increases’® 84 1% As opposed to the stability of tissue resident memory in other
tissues, we and many others suspected that the loss of heterologous cellular immunity was largely
due to a loss of tissue resident memory T cells in the lung. It was recently reported that Trm from
the lung were rapidly lost under steady-state, homeostatic conditions, and that the lung Trm
population as a whole had to be continually replenished by circulating Tem through an antigen-
independent process!'?”. However, this finding conflicted several reports that demonstrated antigen
was required for the establishment of lung Trm. Recently, however, it was shown that under
specific inflammatory conditions using the glucan zymosan, tissue resident memory T cells can

form within the lung in the absence of antigen encounter within the tissue!'?. This contradiction,
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and its implications for lung Trm maintenance and decline, will be further explored in this

dissertation.

Loss of lung Trm due to damage from unrelated infections:

As previously discussed, during the course of influenza infection DAMPs and PAMPs are
released in response to innate recognition of the virus and tissue damage. One of these DAMPs is
extracellular ATP (eATP). ATP release is tightly regulated in the lung and the dysregulation of
ATP release during an infection further amplifies the pro-inflammatory program'!!> 12, The release
of eATP drives systemic inflammation via the release pro-inflammatory cytokines such as TNF
and I1-1B"'3 114, This release of eATP also activates a family of receptors, called purinergic
receptors, including the receptor P2RX7''* | P2RX7 has recently been implicated as being very
important in memory CD8 T cells. The activation of P2RX7 has been implicated in regulating
mitochondrial homeostasis in memory CD8 T cells and was posited to be critical to tissue resident
memory survival!’>. Van Lier and colleagues found that tissue resident memory CD8 T cells
expressed P2RX7 at high levels, and activation of the receptor via a sterile inflammation model of
liver damage was sufficient to induce rapid death of liver TRM''®, For most studies, tissue resident
memory has been studied in the context of a single infection, so the effect of subsequent, unrelated
infections and the tissue damage they induce hasn’t been thoroughly examined. The secondary
effects of DAMPs and PAMPs on pre-existing Trm need to be further considered with regards to

the decline of cellular immunity in the lung.

Unanswered questions:
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We now know that the number of memory CD8 T cells in the lung correlates with the
efficacy of cellular immunity to influenza challenge’ !'7. Thus, the waning of lung Tru is likely
responsible for the gradual loss of protective cellular immunity against secondary pathogen
encounters in the lung. However, a number of unanswered questions regarding the gradual loss of
lung CD8 Trm remain, including: (a) whether the inability to maintain Trwm is unique to the lung
environment or occurs distinct subsets of Trm within the lung, (b) what are the mechanisms that
regulate the slow decline of lung Trm over time, and (c) how unrelated infections or localized
inflammation affects pre-existing lung CD8 Trwm. Given the contribution of lung Trwm to the cellular
immunity against respiratory pathogens, it is essential we understand the factors that govern their

long-term maintenance.

Additional future studies outside the scope of this dissertation:

Prime boosting or use of adenoviral vectors? A way of ameliorating lung Trm loss:

A series of prime-boosting regimens could be one way to prevent this loss of lung Trm and
cellular immunity. Prime-boost strategies have been shown to increase the number of antigen-
specific memory CD8 T cells through repeated antigen exposure, and have been used to
successfully improve the efficacy of cellular immunity against pathogen challenge!'!8: 119 120, 121,
Furthermore, repeated boosting of pre-existing memory T cells can lead to improved memory T
cell responses on a per cell basis, suggesting that secondary or tertiary memory lung Trm may
acquire intrinsic properties that enhance their longevity!?? 123124125 Another strategy to improve
lung Trm numbers that has recently been demonstrated is the use of adenoviral vectors in

immunization strategies. These strategies have been used in the design of vaccines for avian
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influenza and they are ideal vaccine candidates due to the diverse tissue tropism of the vector,
large quantities of antigen produced following immunization, and the non-productive infection
that prevents the adenoviral vector from inducing adverse pathology!%% 127> 128 ' Adenoviral vectors
are being further explored as methods for inducing large T cell responses and protective cellular

immunity.

Is the immune compartment within the lung truly fixed in size?

Contrasting views exist as to whether the loss of memory CD8 T cells is environmental or
structural. Can the lung memory T cell compartment expand indefinitely, or is it limited in its size
and variation due limitations for space and resources or subsequent inflammatory events? This
question, regarding whether the memory compartment can continue expanding, or whether the
memory compartment is culled by subsequent infection through inflammation-dependent attrition
was taken up by Masopust and Welsh'?®> 13°, Masopust’s group used a series of prime-boost
strategies to increase the size of the memory CD8 compartment in the blood. They transferred
LCMV specific P14 cells into mice and then used a series of heterologous prime-boosts to examine
the expansion and contraction of this memory population. They observed that there was an overall
increase in the memory compartment, and the increase in this compartment was almost entirely
due to an increase in CD44 high CD8 T cells. These data suggested that the memory compartment
does not undergo attrition due to inflammatory cytokines, at least in the blood. Further studies are
needed to examine the expansive nature of the immune compartment of the lung and determine

whether there are tissue-specific limitations on the size of the memory T cell compartment.
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How does tissue remolding following infection modulate tissue resident memory within the lung
environment?

Following primary infection and clearance of the virus, tissue remolding occurs during the
healing process as a result of repairing the damage induced by the immune response to an active
infection. As previously discussed, PAMPs and DAMPs are released as a result of influenza
infection. These PAMPs and DAMPs activate various receptors, including TLRs and purinergic
receptors, respectively!'® 13! Additionally, it was shown that SI00A9, a molecule expressed by
influenza-infected epithelial cells, is a DAMP that is capable of inducing inflammation through
the TLR4-MyD88 pathway'3!. The TLR4-TRIF pathway alternatively activates oxidative stress
pathways which contribute to acute lung injury'32. In response to these DAMPs and PAMPs,
considerable damage occurs which must be healed, resulting in tissue repair and remodeling. ILCs
are critical to helping restore functionality through their expression of epidermal growth factors
which help heal the damaged tissues'*3. These epidermal growth factors also remodel the airway
following acute injury'3*. As a result of recurrent lung infections, sites of tissue repair, which are
known to preferential niches for Trm in the lung, are continuously being destroyed and
remolded'3> 3¢, Future studies should examine how Trm within the lung adapt to their ever-

changing environment following subsequent infections.
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Figure 1. Example staining showing the use of intra-vital labeling to distinguish systemic
from resident populations within tissues. Used to determine tissue resident lymphocytes
in this case CD8a+ cells.
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Figure 2. The efficacy of heterosubtypic immunity to influenza virus declines over time.
Mice were infected with x31 influenza virus, challenged with 10 LD5(0 PRS influenza
virus 1 month or 6 months later, and monitored for (A) weight loss and (B) mortality.
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Abstract

Tissue resident memory (Trwm) is critical for cellular immunity against respiratory pathogens. Lung
Trm consist of two different populations that reside in airways or interstitium, and how the
microenvironment influences Trm biology in distinct tissue compartments within the lung is
unknown. Here, we show the airway environment drives dramatic transcriptional and epigenetic
changes that regulate cytolytic functions of airway Trm and promote apoptosis due to amino acid
starvation and activation of the integrated stress response. Comparison of airway Trm and splenic
Tem transferred into the airways showed that core Trvm genes were regulated during their initial
differentiation but not through exposure to the tissue environment, whereas cell function and fate
was regulated by the environment. In addition, activation of the integrated stress response was
reversible when airway Trm were placed in a nutrient-rich environment. Overall, our data define
the genetic programs of different lung Trm populations and show how local cues alter airway Trm

to limit cytolytic function and promote cell death, ultimately leading to the decline of lung Trwm.
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Introduction

Tissue resident memory cells (Trm) act as critical sentinels of the immune system within peripheral
tissues as they are uniquely positioned to rapidly recognize and respond to invading pathogens'> %
3. Trm share many properties with effector memory T cells (Tgwm), including genetic architecture
poised for cytokine production and robust cytolytic activity’ . Despite these functional
similarities, Trm are clearly a distinct memory T cell subset defined by a core transcriptional
signature that supports long-term tissue residence via regulation of cell trafficking molecules and
adaptations that enable survival in the tissue microenvironment> ®, These adaptations allow for
long-term protection by Trm in sites such as the skin and gut where they can provide nearly
sterilizing immunity when present in sufficient numbers' 3. In contrast, the efficacy of cellular
immunity against respiratory pathogens gradually wanes, and this decline is associated with the
progressive loss of virus-specific Trm in the lung’” 8. However, the mechanisms driving the
transient nature of lung Trm are not well defined.

Following clearance of a primary influenza infection, virus-specific memory CDS8 T cells
are localized to secondary lymphoid organs and peripheral tissues, primarily the lung interstitium
and lung airways®'% !, There is abundant evidence from animal models and humans that memory
CD8 T cells confer protective immunity to respiratory viruses by significantly decreasing viral
loads, limiting immunopathology, and lowering disease burden’- 3 12 13, Notably, optimal cellular
immunity to influenza requires lung Trwm, as systemic infections or vaccinations that fail to induce
Trum are largely ineffective against heterosubtypic influenza challenge'®. The lung CD8 Trwm pool
is comprised of two distinct populations, airway and interstitial Trm, With unique functional
properties. Airway Trwm are poorly cytolytic compared to interstitial Trm yet are sufficient to

protect against influenza challenge through the rapid production of antiviral cytokines'>. In
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addition, the number of airway Trm correlates with the efficacy of cellular immune protection in
the lung®. These findings have raised questions about the requirements for differentiation and
maintenance of these distinct populations of lung Trwm, and about how environmental niches shape
the function and lifespan of these cells, but to date the molecular underpinnings of differences
between airway and interstitial Trm have not been explored.

It was recently shown that lung Trvm were rapidly lost under steady-state conditions and the
entire population had to be continually replenished by circulating Tem through an antigen-
independent process'é. However, comparisons of Trm in the lung and other barrier tissues show a
remarkably consistent transcriptional profile, raising questions as to why the lifespan of Trm would
vary between tissues® !> 13, Furthermore, several recent reports have shown that antigen encounter
in the lung tissue is required for Trm differentiation, preventing circulating cells from replenishing
lung Trm following antigen clearance'®. One potential explanation for these conflicting findings is
that lung Trm have often been investigated as a single population and not separated into airway
and interstitial Trm subsets. Given the known functional differences between these subsets and the
distinct environments where they reside, a detailed comparison of airway and interstitial Trm may
shed new light on the mechanisms that control their unique biology and regulate lung Trm decline.

In the present study, we examined the decline of cellular immunity to influenza virus over
time, with a focus on comparing flu-specific lung Trwm in the airways and interstitium. We observed
that the number of airway Trm declined at a faster rate than interstitial Trm. Parabiosis experiments
showed that established airway and interstitial Trvm subsets do not freely exchange with the
circulation, but are gradually lost due to apoptosis in the tissue. Transcriptome and chromatin
accessibility analysis comparing flu-specific CD8 airway Trwm, interstitial Trm, and circulating

splenic Tem revealed that the transcriptional and epigenetic programs of interstitial Trm and splenic
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Tem were more closely related than airway Trwm. Analysis of airway Trm found an enrichment of
genes associated with the integrated stress response (ISR), notably the amino acid starvation
pathway. We show that CD98, an amino acid transporter, was upregulated following exposure to
the airway environment and deletion of Ddit3, a primary mediator of amino acid starvation-
induced apoptosis, increased the lifespan of memory CDS8 T cells transferred into the airways.
Intratracheal transfer of Tem into the airways showed that the induction of genetic programs related
to amino acid starvation, apoptosis, and reduced cytolytic activity were due to the airway
environment. In contrast, core TrMm signature genes were not impacted by the local tissue
environment, but rather were regulated during the initial differentiation of airway Trm following
infection. The induction of genetic programs related to amino acid starvation and cell stress was
unique to the quiescent airway environment, as Tegm transferred into inflamed airways failed to
induce these programs. Finally, the programs of cell stress and apoptosis in airway Trwm could be
rescued by transfer to a nutrient-rich environment. Overall, these findings provide new insight into
the role of environmental cues in controlling the differential functions and lifespan of airway and
interstitial Trv and identify pathways that may be manipulated to improve the longevity of cellular

immunity against respiratory pathogens.
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Materials and Methods
Data Availability:
All sequencing data can be found in the NCBI Gene Expression Omnibus (GEO) under accession

GSE118112. All code and data processing scripts are available from https://github.com/cdschar

or upon request.

Mice:

C57BL/6] (WT), B6.SJL-Ptprca Pepc®/BoylJ (CD45.1), and B6.129S(Cg)-Ddit3™*Pron/J (Ddit3-
) mice were purchased from The Jackson Laboratory and colonies were maintained at Emory
University in specific pathogen-free conditions. Mice were between 8 and 13 weeks of age at the
time of infection and housed under specific ABSL2 conditions following infection. All
experiments were completed in accordance with the Institutional Animal Care and Use Committee

guidelines of Emory University and Kindai University.

Infections:

Mice were either anesthetized with 300 mg/kg Avertin (2,2,2-Tribromoethanol, Sigma) or
isoflurane (Patterson Veterinary) prior to infection. Mice were infected intranasally with a 30,000
50% egg infectious doses (EIDso) Influenza A/HKx31 (x31, H3N2) or 3,000 EIDso Sendai Virus
in a total volume of 30ul. Heterologous challenge of x31-immune mice was performed with a 10
LDso (3000 PFU) dose of Influenza A/PR8 (PR8, HIN1) in 50ul. Challenged mice were monitored
daily for weight loss and humanely euthanized if they fell below 75% of original weight in

accordance with Emory IACUC guidelines.
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Intravenous labeling, Single Cell isolation and Staining:

Mice were intravenously labeled via tail vein injection under heat lamp with either CD3e (1.5ug
of fluorophore-conjugated a-CD3e antibody in 200ul PBS) or CD45.2 (2ug of fluorophore-
conjugated a-CD45.2 antibody in 200ul PBS). Five minutes post i.v. injection mice were
euthanized with Avertin and exsanguinated prior to harvest of bronchoalveolar lavage (BAL), lung
and other tissues. Lung and other tissues were disassociated as previously described'>. Single cell
isolations were Fc-blocked using 2.4G2. Then surface stained with tetramers at room temperature
for one hour, followed by surface staining with listed antibodies. Cell viability was determined by
either Zombie NIR (Biolegend) or 7AAD. Tetramers were against influenza epitopes NP3¢6.374 D°
and PA224.233 DY . For in vitro cultures, total BAL and CD8 T cell-enriched spleens from influenza-
immune mice were plated in round bottom plates in R10 (RPMI, 10% FBS, and 1% PSG) for 48
hours in a 5% CO2 incubator at 37 degrees prior to sorting for RNA isolation and downstream
analysis. For RNA seq samples, CD8" CD44Hi CD62L" T cells were sorted from the BAL and

spleen pre and post in vitro culture.

Antibodies and Flow Cytometry:

Marker Clone Manufacturer
CD8a 53-6.7 Biolegend
CD4 RM-45 Biolegend
CD69 H1.2F3 Biolegend
CD103 M290 BD

CD103 2E7 Biolegend
CDl1a M1714 BD




CDl1a M1714 Invitrogen
CDh44 IM7 Ebioscience
CD44 IM7 Biolegend
CD62L MEL-14 Biolegend
Zombie NIR Biolegend
7AAD Biolegend
CD3e 145-2C11 BD
CD45.2 104 Biolegend
CD98 RL388 Biolegend
CXCR3 CXCR3-173 Biolegend
CD45.1 A20 Biolegend
Annexin V Biolegend
BCL2 3F11 BD
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Tetramers were provided by the NIH Tetramer Core Facility at Emory (H-2D(b) Influenza A NP

366-374 (ASNENMETM) and H-2D(b) Influenza A PA 224-233 (SSLENFRAYV)). All samples

were run on an LSRII or Fortessa X20 (BD Biosciences), or sorted on a FACSAria II (BD

Biosciences). Flow cytometry data were analyzed with FlowJo v10 software.

Parabiotic Surgery:

Parabiotic surgery was performed as described?® with the following modification. Each parabiont

partner was infected with x31 (30,000 EIDso) and allowed to mature to a memory time point (28
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days), then stitched together and maintained as parabiont pairs for 3 weeks. Equilibration was

confirmed in the peripheral blood before separation, intravital labeling, and analysis.

Mixed bone marrow chimeras:

Mixed BM chimeras were generated as previously described?! and allowed to reconstitute for 8
weeks before infection. CD45.1 and Ddit3-/- mice were used as bone marrow donors, and
CD45.2/CD45.1 heterozygous mice were used as recipients. Mice were irradiated using RS2000

x-ray irradiator (Rad Source) and received two doses of 4.75 grays, 6 hours apart.

Intratracheal and Intraperitoneal Transfers:

Intratracheal (IT) and intraperitoneal (IP) transfers were performed as described'>,?%. Cells were
isolated from the spleens of x3 1-immune mice (35-100 days post infection) and sorted on the CD8*
CD44Hi CD62L" population to isolate Tem. Between 5-10x10* cells were transferred
intratracheally or intraperitoneally into congenic, infection-matched recipient mice and cells were
collected by BAL or peritoneal lavage two days later. Cells were sorted on the basis of congenic

marker staining to isolate transferred cells for downstream analysis.

Viral Titers:
Lung viral titers were measured following PRS8 infection of naive congenic mice receiving either

WT or Ddit3” sorted airway Trwm as previously described. 2

RNA-seq:
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For each population, 1000 cells were sorted into RLT lysis buffer (Qiagen) containing 1% BME
and total RNA purified using the Quick-RNA Microprep kit (Zymo Research). All resulting RNA
was used as input for cDNA synthesis using the SMART-Seq v4 kit (Takara Bio) and 10 cycles of
PCR amplification. Next, Ing of cDNA was converted to a sequencing library using the
NexteraXT DNA Library Prep Kit and NexteraXT indexing primers (I1lumina) with 10 additional
cycles of PCR. Final libraries were pooled at equimolar ratio and sequenced on a HiSeq2500 using
50bp paired-end or NextSeq500 using 75bp paired-end sequencing. Raw fastq files were mapped
to the mm9 build of the mouse genome using Tophat2** with the mm9 UCSC KnownGene
reference transcriptome?. The overlap of reads with exons was computed and summarized using
the GenomicRanges?® package in R/Bioconductor and data normalized to fragments per kilobase
per million (FPKM). Genes that were expressed at a minimum of 3 reads per million in all samples
for each cell typed were considered expressed. Differentially expressed genes were determined
using the glm function in edgeR?’ using the mouse each cell type originated from a covariate.
Genes with an FDR < 0.05 and absolute log> fold-change (logFC) > 1 were considered significant.
For GSEA?8, all detected genes were ranked by multiplying the sign of the fold change by the -
logio of the P-value between two cell types. The resulting list was used in a GSEA Preranked

analysis.

ATAC-seq:

For ATAC-seq®® 3%, 2000 cells were isolated by FACS, resuspended in 50 [/l Nuclei isolation
buffer (10 mM Tris-HCI [pH 7.4], 10 mM NaCl, 3 mM MgCl2, 0.1% IGEPAL CA-630, molecular
grade H20, filter sterilized), and centrifuged for 30 min at 500xg at 4°C. Nuclei were then

resuspended in 25 [1]1 Tagmentation reaction buffer (2X TD buffer, 1 pul Tagmentation enzyme,
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molecular grade H20O, (Illumina, Inc.), incubated for 1 hr at 37°C, and DNA isolated by addition
of 25 [l Lysis Buffer (326 mM NaCl, 109 mM EDTA, 0.63% SDS) with incubation for 30 min at
40°C. Low molecular weight DNA was purified by SPRI-bead size selection and PCR amplified
using Nextera indexing primer (Illumina) and 2x HiFi ReadyMix (KAPA Biosystems). Final
libraries were purified by a second size-selection and pooled at equimolar ratio for 50 bp paired-
end sequencing on a HiSeq2500. Raw fastq reads were mapped to the mm9 build of the mouse
genome using Bowtie®! with the default settings. For the analysis of accessible regions, first
accessible peaks were identified for each sample using MACS2*2. Second, all unique peaks were
merged and the read depth annotated for each sample and normalized to reads per peak (rpm) using
GenomicRanges?® and R/Bioconductor. Differentially accessible regions (DAR) were determined
using edgeR?’ and those with an FDR < 0.05 and absolute log» fold-change (logFC) > 1 were
considered significant. DAR were annotated to the nearest gene transcription start site (TSS) using

HOMER?,

Integrative analysis

To integrate the RNA-seq and ATAC-seq data we used a normalized Euclidean distance K-means
clustering pipeline that we have previously described** 3. First, DAR were annotated to the DEG
using the overlap of Entrez ID resulting in 1,652 DAR mapping to 704 DEG. Second, for each
DAR-DEG combination, data were aggregated by cell type, variance normalized, and a pair-wise
Euclidean distance matrix calculated. The resulting matrix was K-means clustered using a K of 3.
For each cluster, Gene Ontology (GO) analysis was performed on the DEG using DAVID?¢ and
enriched motifs in the DAR were identified with HOMER?? using the ‘findMotifsGenome.pl’

script. All other data display was done in R/Bionconductor.
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Statistical analysis:
Statistical analysis was performed with Prism (GraphPad Software). Each figure legend indicates

methods of comparison and corrections.
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Results

Airway Trwm decline more rapidly than interstitial Trm following influenza infection

To investigate the loss of virus-specific airway and interstitial Trm in the lung, we infected
C57Bl/6] (WT) mice with influenza A/HKx31 (x31, H3N2) and analyzed the number of flu-
specific CD8 T cells over time in the lung airways (BAL), lung interstitium (INT), and spleen,
using intravital labeling, which allows for the identification of extravascular T cells in the tissue.
To confirm previous findings that cellular immune protection against heterologous influenza
challenge is rapidly lost, some mice were challenged with influenza A/PR8 (PR8, HIN1) at 1, 3,
or 8 months post-x3 linfection. In agreement with prior reports’-%, as time increased from the initial
x31 infection, the mice showed progressively more weight loss (Fig. 1a) and decreased survival
(Fig. 1b) following PRS8 challenge. To examine the loss of flu-specific Trm in different
compartments of the lung we performed a time course covering the acute phase and including 6
months post-infection (Fig. 1¢c, 1d). We tracked CD8 T cells specific for two dominant epitopes,
influenza nucleoprotein (FIuNP) and acid polymerase (FIuPA) to control for potential epitope-
specific effects. Regardless of specificity, the number of both airway and interstitial Trm gradually
declined over time, whereas splenic memory CD8 T cell numbers remained mostly unchanged
(Fig. 1e, 1f). We observed a similar trend following Sendai virus infection, demonstrating that this
effect was not specific to influenza virus (Supplementary Fig. 1). Notably, when comparing the
rate of loss among these populations, airway Trm were lost much more rapidly than interstitial
Trm, declining nearly 100-fold by 6 months post-infection. Together, these data show that while
both lung airway and interstitial Trm are lost over time, the decline of Trm in the airways is

significantly accelerated.
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Airway and interstitial Trm do not recirculate and express pro-apoptotic markers

To investigate potential mechanisms that could be contributing to the gradual decline of both
airway and interstitial Trm, we focused on several possibilities related to egress from the tissue or
cell death in situ. First, we considered that loss of lung Trm could be limited to a subset of cells.
To address this possibility, we examined the expression of the residency markers CD69 and CD103
on flu-specific extravascular CD8 T cells in the lung (Fig. 2a). Absolute numbers of all subsets of
flu-specific airway and interstitial Trm declined regardless of CD69 or CD103 expression (Fig.
2b). Additionally, we examined the possibility that the gradual conversion of the circulating flu-
specific memory CD8 T cell pool from Tem to Tem was contributing to the loss of lung Trm. Similar
to previous studies of respiratory virus infections®’, the conversion to Tcm was very gradual, and
the number of flu-specific Tem in the spleen modestly decreased by 6 months post-infection
(Supplementary Fig. 2). Furthermore, we observed that CD69" and CD69"CD103* lung Trwm
declined significantly faster than spleen Tem. In contrast, extravascular flu-specific cells in the
lung that did not express CD69 and CD103, and were likely transiting Tewm, declined at the same
rate as Tewm in the spleen (Supplementary Fig. 2).

To address whether the lung Trwm subsets were truly resident populations, or whether they
were maintained by replenishment from the circulating memory T cell pool, we performed
parabiosis experiments using congenic mice with established airway and interstitial Trm. Four
weeks post-infection with x31, mice were joined for three weeks prior to separation and
intravascular labeling (Fig. 2¢). Example staining from the lungs of two partner mice gated on flu-
specific, extravascular CD8 T cells in the lung showed that over 90% of the cells were host-derived
and expressed CD69 and CD103. In contrast, the few partner-derived cells present were CD69

CD103", suggesting they were transiting Tem (Fig. 2d). Comparison across tissues showed that
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flu-specific cells were in equilibrium in the spleen and in the lung vasculature (LV), but were
significantly enriched for host-derived cells in both airway and interstitial Trm (Fig. 2e).
Furthermore, analyzing extravascular flu-specific INT Trm using CD69 and CD103 expression
found that greater than 95% of CD69" and CD69"'CD103" cells were host-derived (Fig. 2f).
These data indicated that lung Trm were not exiting the tissue or being replenished by
circulating Tem. Therefore, we investigated the possibility that lung Trm were being lost over time
due to death in the tissue. On day 35 post-infection with x31, we examined expression of the pro-
apoptotic marker Annexin V on flu-specific airway Trw, interstitial Trm and splenic Tewm (Fig. 2g).
Extravascular flu-specific cells in both the airways and interstitium showed increased Annexin V
staining compared to the spleen, supporting increased apoptosis of these populations (Fig. 2h).
Furthermore, we observed a significant increase in apoptotic cells among CD69" airway Trm (Fig.
2i). Together, these data show that the gradual loss of lung Trwm is due to increased apoptosis within
the tissue. Additionally, the higher rate of cell death among airway Trm suggests that unique

microenvironments within the lung differ in their capacity to support Trm survival.

Unique transcriptional programs of airway and interstitial Trm

To gain further insights into the unique properties of each Trm subset we used RNA-seq to compare
the transcriptional profiles of flu-specific airway Trwm, interstitial Trm, and splenic Tem 35 days
post-infection (Fig. 3a). Despite their shared residence within the lung, airway and interstitial Trm
were surprisingly disparate in terms of their transcriptional signatures. Principal component
analysis (PCA) of 9,362 detected genes revealed that interstitial Trv more closely aligned with
splenic Tem than with airway Trwm (Fig. 3b). Differentially expressed genes (DEGs) revealed a

distinct expression profile for cells of each population and confirmed that airway Trm were the
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most transcriptionally distinct (Fig. 3c¢). We examined the correlation between the change in
expression for DEG between airway Trm (BAL) versus spleen Tem and BAL versus interstitial
Trm (INT). This identified gene expression changes unique to each population, as well as those
shared by both airway and interstitial Trm (Fig. 3d). A selection of DEGs upregulated in airway
Trwm (shown in black) includes genes involved in amino acid transport (Slc/a4 and Slc7a5) and
amino acid synthesis, whereas DEGs shared by airway and interstitial Trm (shown in red) include
genes associated with Trm programming (/zgae) (Fig. 3d). Gene set enrichment analysis (GSEA)?®
identified a significant positive enrichment in genes associated with the unfolded protein response
(UPR) in airway Trm compared to both interstitial Trm and spleen Tem, suggesting stresses unique
to the airway and not present in the lung interstitium or spleen (Fig. 3e). Airway Trm were also
negatively enriched for genes involved in the CTL pathway, which supports previous findings that
airway Try are poorly cytolytic'>. The large numbers of DEGs between airway and interstitial Trm
led us to confirm that both populations shared expression of a core set of known Trm genes,
including Jtgae, Cdhl, Ahr, Cxcr6, KIf2, and S1pIr% ' (Fig. 3f). Additionally, airway Trm showed
decreased expression of genes important for cytolytic function including Prfl, Gzma, Gzmb, and
Gzmk. Finally, given the increased apoptosis of airway Trm and enrichment for genes associated
with cell stress, we compared the expression of DEGs associated with cell survival. Airway Trm
showed altered expression of DEGs related to intrinsic cell death, maintenance of cell survival
under cell stress, and activation of the integrated stress response (ISR), including Duspl, Bax,
Bcl2, Bbc3, Pim2, and the pro-apoptotic transcription factor Ddit3 (Fig. 3f). To confirm our RNA-
seq findings, we performed a second analysis with cells sorted from additional cohorts of mice and
included flu-specific Tem from the lung vasculature to ensure processing of the lung tissue did not

impact the genetic signature of interstitial Trm (Supplementary Fig. 3). These data show a similar
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pattern of gene expression to our initial analysis and confirm that influenza-specific interstitial Trm
and lung vascular Tem have unique transcriptional signatures. In addition, protein staining of Bcl2
expression confirms that Bcl2 is significantly upregulated in airway Trvm (Supplementary Fig. 4).
Together, these data show vastly different transcriptional profiles between airway and interstitial
Trwm, supporting a critical role for the local microenvironment in regulating Trm biology. In
addition, the gene expression profile of airway Trm suggests a population under cellular stress

balancing both pro- and anti-apoptotic signals.

Differential epigenetic programming regulates lung Trwm cell survival and homeostasis

The immediate microenvironment can impact the epigenetic programming and function of immune
cells®®, including those in the lung®. In order to determine the effect of tissue location on the
epigenetic programming of airway and interstitial Trm, we assessed chromatin accessibility using
the assay for transposase accessible chromatin (ATAC-seq)?® *°. PCA of 47,683 accessible loci
revealed that airway Trm separated from both interstitial Trm and spleen Tem (Fig. 4a). As with
the transcriptome data, these differences were not due to tissue processing and were consistent in
a second cohort (Supplementary Fig. 3). Differentially accessible regions (DARs) were
identified (Fig. 4b) and integrated with RNA-seq data to determine coordinated changes in the
epigenome and transcriptome (Fig. 4¢)*. Using K-means clustering, we observed three distinct
patterns in the data (K1-3) that could be mapped to each of the cell types: K1 - spleen Tem, K2 -
interstitial Trm, and K3 - airway Trm. As observed with DEGs, airway Trm have a unique
chromatin accessibility landscape compared to both interstitial Trm and spleen Tem that results in
coordinated changes in gene expression and suggests that the epigenetic architecture of airway

Trm may be impacted by their distinct environment.
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We examined each pattern for the enrichment of transcription factor DNA-binding motifs
within the DARs. All three cell types were enriched for ETS and RUNX motifs, which are common
to memory CDS8 T cells** (Fig. 4d). We found that K3, enriched in airway Trm, was enriched for
STATS and DDIT3 transcription factor-binding motifs. Airway and interstitial Trm shared
enrichment for AP-1 motifs while interstitial Trm were uniquely enriched for FOS and CREM
motifs. The unique accessibility footprint surrounding CREM, STATS, and DDIT3 motifs was
analyzed. As predicted by the motif enrichment, CREM motifs were highly accessible in
interstitial Trm compared to spleen Tem and airway Trwm (Fig. 4e). Similarly, both STATS and
DDIT3 were significantly more accessible in airway Trwm cells compared to the other cell types.

To complement the motif analysis, we performed a gene ontology analysis to determine a
functional enrichment for genes in each pattern. The spleen Tgm pattern was enriched for genes
associated with T cell differentiation and activation (Fig. 4f). Interestingly, the airway Trwm pattern
was enriched for genes implicated in cellular homeostasis, ER stress, hypoxia, and glucose
starvation. In interstitial Trwm, the extrinsic apoptosis pathway was uniquely enriched, which may
explain their increased apoptosis compared to spleen Tem and supports differential mechanisms
for regulating cell death among lung Trm populations. Airway Trm DARs were enriched for
DDIT3 motifs, which is a known to be activated by the integrated stress response and promote
apoptosis in cases of unresolved cellular stress*’. For example, Slc7a5 and Asns contained DARs
with increased accessibility and were expressed at higher levels in airway Trm (Fig. 4g). Together
these data show differential epigenetic and transcriptional programming of pathways related to cell

stress and apoptosis in airway Trw.

ISR driven by amino acid starvation controls the lifespan of airway Trm
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The ISR is activated by several different indicators of cellular distress, including viral infection,
ER stress, and amino acid starvation, with the primary goal of inhibiting protein translation and
ultimately inducing apoptosis if the distress is not resolved. Although all ISR triggers lead to a
similar outcome of inhibiting protein translation, unique pathways are activated in response to
these different stressors in order to restore cellular homeostasis*'. To determine which of these
pathways is primarily responsible for the gradual loss of airway Trm, we focused on a set of DEGs
known to be involved in responses to cellular stress. The majority of these transcripts that were
upregulated in airway Trm were involved in amino acid transport (Sic25a22, Sicla4, Slc7a$),
amino acid synthesis (Mars, Lars, Sars, Aars, Asns), recognition of uncharged tRNAs (Eif2ak4),
cell cycle arrest (Cdknla), and pro-apoptotic transcriptional regulation in response to stress (Ddit3)
(Fig. 5a). These data suggested that amino acid starvation may be the primary trigger for activation
of the ISR in airway Trm*'. GSEA supported this hypothesis of ISR activation and amino acid
starvation, as gene sets involved in intrinsic apoptotic signaling in response to ER stress and amino
acid transport were highly enriched in airway Trm compared to interstitial Trm and spleen Tewm
(Fig. Sb). To further investigate the impact of the airway environment on development of the
amino acid stress response, we investigated the expression of the neutral amino acid transporter
CD98, a heterodimer of Slc7a5 and Slc3a2, on airway Tru, interstitial Tru, and spleen Tem*. We
examined CD98 expression in combination with CD11a, which is highly expressed on memory
CD8 T cells but is downregulated within 36 hours after entry into the airways®. Airway Trum
expressed significantly higher levels of CD98 compared to interstitial Trvm and spleen Tem (Fig.
5S¢, 5d). Furthermore, increased CD98 expression in airway Trm was limited to CD11a" cells,
showing that upregulation of CD98 occurred shortly after entry into the airway environment (Fig.

5d). To confirm the airway environment itself was sufficient to drive upregulation of CD98, we
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transferred spleen Tewm intratracheally (IT) into congenic recipient mice (Fig. Se). Similar to airway
Trm, CD98 expression was significantly increased 4 days following IT transfer (Fig. 5f). In
addition, CD98 upregulation correlated with duration in the airways as expression steadily
increased on transferred cells over time (Fig. 5g).

As these data supported a role for amino acid starvation in mediating the loss of airway
Trm, we next assessed whether deletion of Ddit3, a downstream regulator of apoptosis via amino
acid starvation that was specifically induced in airway Trm, could increase the survival of memory
CDS8 T cells in the airway (Fig. 5h).*** Congenic WT and Ddit3”- mixed bone marrow chimeras
were infected with influenza x31 and the number of flu-specific CD8 T cells were assessed in the
BAL, lung, and spleen during the peak of acute infection (day 10) and at memory (day 60) (Fig.
5i). After normalizing the ratio of WT to Ddit3”- FluNP-specific CD8 T cells in the spleen, we
observed no difference in the ratio of WT to Ddit3”~ FluNP-specific CD8 T cells between the
airway and INT Trm populations (Fig. §j). Although these data show that Ddit3-deficiency was
not sufficient to allow for the accumulation of flu-specific airway Trm over time, the dynamic
balance between cell death and cell recruitment that regulates the number of airway Trm made it
difficult to accurately define whether Ddit3 was impacting the survival of T cells in the airway.
Thus, we used a more controlled approach where we could assess cell survival in the absence of
new cells being recruited into the airways. Tem from the spleens of congenic WT and Ddit3” mice
previously infected with influenza x31 were sorted and transferred 1:1 into the airways of
infection-matched recipients (Fig. 5k). Within three days post-transfer, the ratio of transferred
cells was significantly skewed towards Ddit3” cells, indicating increased survival of this
population in the airways (Fig. 5l). To address whether deletion of Ddit3 impacted cellular

immunity, airway Trm from influenza-immune WT and Ddit3”- mice were transferred
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intratracheally into the airways of naive hosts prior to PR8 influenza challenge. Viral titers were
similar between mice that received WT or Ddit3”- airway Trm, showing that Ddit3 expression did
not alter the protective functions of airway Trvm (Supplemental Fig. 5). Taken together, these data
show the profound impact of the airway environment on TrMm biology and demonstrate that amino

acid starvation contributes to the gradual loss of airway Trwm.

Activation of the ISR is driven by the airway environment under homeostatic conditions

Airway and interstitial Trm reside in vastly different environments. The lung airways are nutrient
poor, with high oxygen tension and surfactant content that exert stresses on normal cellular
homeostasis. Although the epigenetic and transcriptional profiles of airway Trm are consistent
with cells exposed to such harsh conditions, we sought to provide a causative link between the
microenvironment and the airway Trwm transcriptional signature. Therefore, we sorted flu-specific
CD8 Tgm from the spleen 35 days post-infection and transferred them intratracheally (IT) or
intraperitoneally (IP) into infection-matched congenic recipients (Fig 6a). Two days later,
transferred cells were recovered from the airways or peritoneum, sort purified based on congenic
marker expression, and RNA-seq was performed comparing pre- and post-transfer cells. Analysis
of DEGs found 375 transcripts altered following airway exposure, whereas only 54 transcripts
showed differential expression following transfer into the peritoneum (Fig. 6b). Importantly, genes
for amino acid transporters, tRNA synthases, mediators of intrinsic cell death, and cell survival
were among the upregulated DEGs following airway exposure, but not peritoneal exposure. GSEA
comparing pre- and post-transfer samples revealed a significant enrichment for pathways
mediating the amino acid starvation response following exposure to the airways, but not the

peritoneum (Fig. 6¢)*°. Notably, these pathways are enriched specifically in T cells within the
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airway environment, as published datasets from alveolar and lung interstitial macrophages showed
no enrichment of genes involved in amino acid starvation or ER stress (Supplementary Fig. 6).
Cellular stress due to the nutrient-poor conditions of the airway environment during
homeostasis may serve to limit the lifespan and effector functions of airway Trwm in order to prevent
unnecessary immunopathology, but whether similar programming occurs upon entry into inflamed
airways during an infection was unclear. In this scenario, death of infected cells and fluid leakage
due to tissue damage may supply airway T cells with sufficient local nutrients to limit cellular
stress in order to promote optimal effector functions. To test this, influenza-specific Tem were
transferred IT into the airways of mice on day 8 of a Sendai virus infection (Fig. 6d). As influenza
and Sendai viruses are antigenically distinct and share no cross-reactive T cell epitopes, this
approach allowed us to directly assess the impact of the inflamed airway environment on the
programming of Tem. Comparing Tem transferred into quiescent (Post-IT Mem) versus inflamed
airways (Post-IT Acute) found over 400 DEGs, and genes related to amino acid starvation, Sars
and Slc7a5, and genes related to cell survival, Myc and Bbc3, were significantly increased
following transfer into quiescent, but not acutely infected, airways (Fig 6e). Combining gene
expression from both IT transfer conditions with pre-transfer and post-IP transfer samples shows
no change in expression of Sars and Slc7a5 between the pre-transfer, post-IP transfer, and post-1T
acute samples, supporting that there are sufficient nutrients in acutely infected airways to prevent
induction of the amino acid starvation response (Fig. 6f). These differences in gene expression
were confirmed by surface expression of the amino acid transporter CD98 following transfer into
these different environments (Fig. 6g). Together these data show the quiescent airway

microenvironment can drive activation of amino acid stress response pathway in memory CD8 T
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cells, and that local infection can alter this environment to provide sufficient nutrients which limit

cellular stress in airway T cells.

Impact of environment and nutrient availability versus Trm differentiation on the genetic
program of airway Trm

To determine the gene signatures that were due solely to the airway environment versus
programmed during the initial differentiation of airway Trm following viral clearance we
compared all DEGs between airway Trm and spleen Tewm (from Fig. 3) with DEGs pre- and post-
transfer into the airways. We hypothesized that this would separate potential effects of the airway
environment from the core transcriptional Trm program induced during differentiation. In
agreement with GSEA, a number of genes associated with amino acid starvation, such as Slc7a3,
Asns, and Myc, were regulated solely by the airway environment, whereas known Trm genes such
as Itgae were regulated only during differentiation and independent of the tissue environment (Fig.
7a). Expanded comparisons of select DEGs across all cell populations (airway Trw, interstitial
Trw, spleen Tewm, and pre-and post-transfer) showed that while DEGs associated with cell stress or
lack of CTL activity are only observed in cells exposed to the airway environment, DEGs that
comprise known Trwm genes are similarly expressed only in airway and interstitial Trm (Fig. 7b).
These data suggest that the initial differentiation program of lung Trwm is shared between cells in
the airways and interstitium, with subsequent differences being driven by adaptations to the local
environment.

With activation of the ISR being a key adaptation of Trm to the quiescent airway
environment, it raised the question of whether the cellular stress and pro-apoptotic program of

airway Trwm could be rescued if nutrients were no longer limiting. To examine the impact of nutrient
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restoration, we took airway Trwm and splenic Tem from influenza-immune mice and cultured the
cells for two days without stimulation in vitro (Fig. 7¢). As shown in the heatmap of DEGs, airway
Trwm cultured in vitro show substantial changes in gene expression, whereas splenic Tem show only
minor variations (Fig. 7d). Changes in airway Trm gene expression divided into three clusters of
DEGs, and gene ontology analyses showed processes involved in apoptosis, tRNA charging, and
the response to ER stress being significantly altered in airway Trm following in vitro culture (Fig.
7e). Notably, a number of genes involved in DNA damage repair are induced in airway Trwm
following in vitro culture, consistent with DNA damage known to occur following serum
starvation.*. Specific genes related to the ISR, including Sic7a5, Slc3a2, Ddit3, Sars, Aars, and
Bbc3, are down-regulated following culture of airway Trm in a nutrient-rich environment,
demonstrating this pathway is reversible and driven by the local microenvironment (Fig. 7f, 7g).
Together these data define the key transcriptional programs induced by Trwm differentiation versus
the airway environment, and show the ISR driven by amino acid starvation can be rescued by the

presence of sufficient nutrients in the local microenvironment.
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Discussion

Despite the importance of lung airway and interstitial Trum for effective cellular immunity against
respiratory pathogens, the impact of the local environments on their maintenance and effector
functions has been largely unexplored. Here we demonstrated that airway and interstitial Trwm
populations have profoundly different transcriptional and epigenetic profiles due to their unique
localization within the tissue. Although both airway and interstitial Trm gradually decline over
time, airway Trm show increased apoptosis, decreased expression of genes associated with
cytolytic function, and a transcriptional signature indicative of increased cellular stress due to
amino acid starvation. The transcriptional and epigenetic profile unique to airway Trm was not
programmed during initial Trm differentiation, but by exposure to the airway environment.
Conversely, comparisons of naturally generated airway Trm and Tewm transferred into the airways
showed that expression of known core Trm genes were largely unaffected by the environment, and
were instead regulated during initial Trm differentiation. Thus, the cells that comprise the overall
lung-resident T cell pool are comprised of functionally and genetically distinct airway Trm and
interstitial Trm populations that share a common Trwm differentiation program but are further
shaped by their respective microenvironments.

The molecular programming of immune responses is controlled by distinct mechanisms
that include lineage specification and the local tissue microenvironment®3°. CD8 Tru share a core
lineage programming that is driven by interactions between Blimpl and Hobit transcription
factors®. Using chromatin accessibility as a readout for epigenetic states, we found that the
accessible chromatin of all three subsets of memory CDS8 T cells was enriched for ETS and RUNX
transcription factor motifs, indicating that these factors contribute to the specification of the CD8

T cell memory lineage. The accessible chromatin of both lung Trm populations was enriched for
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AP-1 transcription factor motifs that signal from cytokine receptors, implicating a role for the
environment in shaping the epigenome of these populations. However, airway Trm were
specifically enriched for Ddit3 motifs and coordinately upregulated genes in the amino acid
starvation response, with distinct accessible chromatin peaks at stress response genes such as
Slc7a5 and Asns. Consistent with the concept that the Trm molecular programming is both lineage
and environmentally determined, we observed only a partial adoption of the airway Trwm program
following intratracheal transfer of splenic Tewm into the airways. The amino acid stress response,
but not core Trm genes, was induced following intratracheal transfer. These data show that core
programming of airway Trwm is not induced by exposure to the local microenvironment. Rather,
regulation of the Trm gene signature in airway Trwm is induced during their initial differentiation
following pathogen clearance. Thus, these data identify a common lung Trwm signature and
separate this from the impact of distinct microenvironments within the lung.

Airway Trm were previously shown to have a limited lifespan, and in situ labeling
experiments have estimated memory CD8 T cells can survive in the airway environment for
several weeks*. Although airway Trwm decline more rapidly than interstitial Try, airway Tru are
nevertheless present for at least 3 months post-infection. This discrepancy in timelines, with the
half-life of an individual cell being two weeks whereas the overall population is still present at
three months, supports prior studies that show the airway Trm pool is maintained by the continual
recruitment of new cells into the airways??. The waning of the airway Trm pool over time suggests
that the source of these newly recruited cells must also be similarly transient, but whether these
cells come predominantly from the circulation or from within the tissue was less clear. However,
the parabiosis of influenza-immune mice demonstrated that both airway and interstitial Trm are

not maintained by recruitment of circulating cells into the lung Trm pool, suggesting the newly
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recruited airway Trm are mostly derived from the interstitial Trm pool. In addition, the small
number of flu-specific, extravascular cells derived from the parabiont partner in the lung airways
and interstitium did not express CD69 or CD103 and thus are likely Tem migrating through the
tissue. The inability of circulating Tem to convert to CD69°CD103" Trum in the lung agrees with
several recent studies showing that antigen encounter in the pulmonary environment, and not
simply entry to the lung tissue itself, is required for Trm differentiation' 2% 47, These data are in
contrast to a recent study showing that circulating Tem were able to re-seed the lung Trm pool.'®
In support of this, it was shown that lung Trm could develop even in the absence of pulmonary
antigen encounter under specific inflammatory conditions.*® This may explain why boosting of
the circulating Tem pool was able to enhance lung Trm numbers, while in our study we observed
no contribution of the Tem pool under non-inflammatory, homeostatic conditions.

The poor longevity of Trm in the airways and interstitium observed in animal models after
respiratory viral infections would be an impediment to the development of cell-mediated vaccines
against respiratory pathogens, but several studies have reported approaches that maintained lung
Trwm and protective cellular immunity for at least one year. Comparison of primary and quaternary
CD8 T cell memory showed that lung Trm from repeated influenza infections were resistant to
apoptosis in the lung tissue and persisted at much larger numbers*’, suggesting prime-boost
strategies may program cells for improved survival in the tissue. Similarly, lung Trm were
sustained following vaccination with replication-defective adenoviruses expressing 4-1BBL°, and
it was evident that activation signals in the lung environment were necessary for sustaining lung
Trum. Additional research into the mechanisms behind the longevity of lung Trm observed in these

studies is needed to better inform the rational design of cell-mediated vaccines.
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These findings raise another important question regarding the utility of having a relatively
short-lived airway Trm population. Severe influenza infections are accompanied by extensive
tissue damage that leads to fluid leakage in the airspaces. Under these conditions, virus-specific
CD8 T cells in the airways would be in an environment rich in nutrients and amino acids, and thus
able to maintain their cytolytic function to lyse infected cells and promote viral clearance®'. Indeed,
we show that transfer of Tewm into acutely infected airways prevents the induction of the ISR and
pro-apoptotic pathways, even in the absence of cognate antigen. In contrast, the nutrient poor
conditions during homeostasis may serve as a brake on CTL activity by altering the genetic
program to avoid unnecessary damage to the epithelial lining of the airways. Notably, this nutrient
poor environment does not influence the secretion of antiviral cytokines such as IFN-y, which is
critical for protection mediated by airway CD8 Trm'>. Therefore, the difference in nutrient
availability among distinct microenvironments of the lung may create a division of labor among
the lung Trwm pool, with Trm in quiescent airways serving primarily a “sensing and alarm” function
through the rapid production of cytokines and chemokines that could recruit cytolytic interstitial
Trm and other immune cells to the site of infection?.

In summary, we show that the overall lung Trm pool is comprised of two distinct subsets,
airway Trwm and interstitial Trm, with different cell functions and cell fates that are shaped by
epigenetic reprogramming in response to environmental cues. Our findings show the amino acid
starvation response in airway Trm shuts down the cytolytic program and promotes intrinsic
apoptosis leading to the gradual homeostatic decline of lung Trm. This may be of particular
importance to abnormal settings such as the tumor microenvironment, where alterations in nutrient
density could influence the effector functions and longevity of responding T cells. One limitation

of our study is that we do not a specific nutrient-molecular axis that primarily drives the re-
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programming of Trm in the airways, only that restoration of a complete nutrient-rich milieu is
sufficient to restore homeostasis in airway Trm. CD98, a heterodimer composed of Slc3a2 and
Slc7a85, preferentially transports large neutral amino acids, and it will be of interest to determine
whether deficits in specific amino acids within the airway environment are responsible for
inducing cellular stress in airway Trm. Developing a more thorough understanding of how tissue
microenvironments in the lung influence the genetic program of resident T cells and defining
mechanisms by which cells adapt to and possibly overcome these challenging environments will

assist in the rational design of cell-mediated vaccines against respiratory pathogens.
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Figure 1. Decline of airway and interstitial Trv over time. (a) Morbidity curve examining
decline of protection from heterologous challenge. (b) Mortality curve examining decline of
protection from heterologous challenge over time following a 10x LDso PR8 challenge. (¢)
Experimental design. (d) Example intravital staining, showing FluNP-specific T cells derived from

resident population. (e, f) The number of FluNP-specific (e) and FluPA-specific (f) CD8 T cells
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from the spleen (red line), airway resident (BAL - black line) or lung interstitium resident
compartments (INT - blue line) was determined at various times after influenza infection. Data
represented as mean + SEM. (g, h) Fold decrease in FluNP-specific CD8 T cells compared to d35
(h) and fold decrease in FluPA-specific CD8 T cells to d35. Data represented as mean + SEM.
Derived from data in (e, f). n-10 mice for 1 mo, n=19 mice for 8 mon (a,b). n=9-10 for all time

points (except d10 for 5) (e,f) Data further derived from mice used in Fig 1 e,f (d,g,h).
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Figure 2: In situ apoptosis drives lung Trm decline. (a) Example staining reflecting CD69 and
CD103 expression on FluNP-specific INT (b) Cell count of CD103/CD69 subsets in resident
compartment and frequency of FIuNP-specific lung Trm with the indicated phenotype. Data
represented as mean + SEM. (¢) Experimental design of parabiosis experiment. (d) Example
staining of host and donor flu-specific lung Trm from one parabiont pair. (e) Frequency of donor

and host flu-specific CD8 T cells in various tissues of parabiosis partners. Data represented as
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mean = SEM. Multiple t tests were performed. 6 parabiont pairs were sacrificed with an n=12. (f)
Frequency of host or donor flu-specific INT CD8 T cells from parabiosis partners based on CD69
and CD103 expression. (g) Example staining of AnnexinV on CD69* FIluNP-specific CD8 T cells.
Mice were infected with x31 (H3N2) and airways (BAL), lung (INT) and spleen were harvested
at day 35 PIL. (h) Frequency of Annexin V on FIuNP* CD8 T cells. Statistical significance
determined via paired Student’s t test. (i) Frequency of Annexin V on CD69" CD8 T cells.
Statistical significance determined via unpaired Student’s t test. n=9-10 for all time points (a,b)
with data further derived from mice used in Fig 1 e,f . n=12 . n=14 for (g,h,i). P values are as

follows: * = p<0.05, ** = p<0.01, *** =p<0.001, **** = p<0.0001
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Figure 3: Influenza-specific lung airway and interstitial Trv have distinct transcriptional
profiles. (a) Example intravital staining and sorting gates for RNA-seq designated with red arrow.
(b) PCA 0f 9,362 detected genes. Circles represent 99% confidence intervals. BAL (airway Trw,
n = 3), spleen (effector memory Tem, n = 3), and INT (lung interstitium Trwm, n = 2). (¢) Heatmap
of 1,622 genes differentially expressed genes (DEG) between any two cell types. (d) Scatterplot
examining correlation of DEG between BAL versus Spleen and BAL versus INT. Genes in black
are DEG in BAL compared to both spleen and INT, red are DEG between only BAL and spleen,
and blue are DEG between INT and spleen. (e) Gene set enrichment analysis (GSEA) of the

unfolded protein response and CTL pathway gene sets comparing BAL to INT and spleen. (f)
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Heatmap of select genes derived from (c) related to a core Trm signature, cytotoxic function, and

cell survival.
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Figure 4: Chromatin accessibility reveals a distinct epigenetic programming of airway and
lung interstitial Trm populations. (a) PCA of 47,683 accessible loci in each cell type. Circles
represent 99% confidence intervals. BAL (airway Trwm, n = 4), spleen (effector memory Tem, n =
6), and INT (lung interstitium Trm, n = 3). (b) Heatmap of 8,772 differentially accessible regions
(DAR) between any two cell types. (¢) Integrative analysis of DEGs and DARs using k-means
clustering. Barplots showing the expression (top) and accessibility (bottom) for each cell type in

each of the K-patterns. FPKM, fragments per kilobase per million; RPM, reads per million. Data
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represent mean = SD. (d) Heatmap displaying the enrichment of transcription factor motifs for
DAR within each of the K-patterns from (c¢). P-value determined by HOMER using a binomial
distribution. (e) Histogram (left) and boxplot (right) of accessibility surrounding the indicated
motif for each of the cell types. Boxplot center line indicates data median, lower and upper bounds
of boxes the 1st and 3rd quartile ranges, and whiskers the upper and lower ranges of the data. Data
represents the mean accessibility for each cell type. Significance determined by two-tailed
Student’s #-test. (f) Radar plot of GO pathway enrichment for each of the K-patterns from (c).
Significance determined by Fisher’s exact test. (g) Genome plot (left) showing the accessibility
pattern at the indicated loci for each cell type. For each gene, the direction of transcription and
location of DAR are annotated. A barplot showing the expression of each gene is also depicted

(right). Data represent mean + SD.
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Figure 5: Exposure to the airway environment drives activation of the integrated stress
response. (a) Heatmap for selected ISR genes associated with the amino acid starvation response.
(b) GSEA of intrinsic apoptotic signaling in response to ER stress and amino acid trans-membrane
transport gene sets comparing of BAL to INT and BAL to spleen. (¢) Example CD11a by CD98

staining from mice infected with x31 (H3N2) 35 days prior. Samples are gated on flu-specific Trm
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(BAL and INT) or flu-specific Tem (spleen) (d) gMFI of CD98 measured on FIuNP-specific CD69*
cells from BAL (airway Trm) compared to spleen Tem and INT (lung interstitial Trm), and on
CDI11a" or CD11a" cells in the BAL. n=7 (c,d). A Kruskal Wallis Test on gMFI between BAL,
INT, and spleen determined statistical significance and Mann Whitney U test was performed to
compare CD11a'" or CD11a" cells in the BAL. (e) Experimental design of intratracheal transfer
experiment. (f) CD44H CD8 Tgm from spleen were isolated from influenza infected memory mice,
intratracheally transferred into congenic recipients, and isolated by airway lavage (BAL) four days
later. gMFI of CD98 was determined on pre-sort and transferred cells n=8. Statistical significance
was determined by Mann Whitney U test. (g) gMFI of CD98 over time following transfer into the
airways n=8-15 per day. (h) Expression of Ddit3 from RNA-seq in BAL, spleen, and INT, shown
as FPKM (Fragments Per Kilobase Per Million reads). Data represent mean £SD. (i) Experimental
design of 50:50 (Ddit3-/- : WT) mixed bone marrow chimeras. (j) Ratio of WT to Ddit3-/- FluNP
specific CD8 T cells in BAL and INT normalized to the ratio in spleen (n=9-10 mice per
timepoint). (k) Experimental design of 1:1 intratracheal transfer of Ddit3”- and congenic WT cells.
(1) Frequency of Ddit3”- and WT cells prior to (day 0) or 3 days following intratracheal transfer.
Data represented as mean = SD. Statistical significance was determined via multiple (d, f, j) or

paired (i) t-tests. P values are as follows: * =p<0.05, ** =p<0.01, *** =p<0.001, **** =p<0.0001.
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Figure 6: The airway environment is sufficient to alter the transcriptional program of
memory CDS8 T cells but does not induce core Trm programming. (a). Experimental design of
intratracheal (IT) and intraperitoneal (IP) transfer experiment. (b) Volcano plot of DEG between
pre-transfer spleen TEM (pre-SPL) (n=4) and post IT (n=4) and IP (n=4) transferred Tgwm into the
airway. Example genes are highlighted and the number of DEG are indicated. (¢) GSEA on pre-
and post-transfer using the indicated gene sets. (d) Experimental design of intratracheal acute

experiment (acute). (e) Volcano plot of DEG comparing between post intratracheal transfer into



98

acute Sendai virus infection airway and post intratracheal transfer into memory airway. Example
genes are highlighted and the number of DEG are indicated. (n=5 for acute transfer samples) (f)
Barplot showing the expression of cell stress genes (Sars, Slc7a5, Ddit3). Data represent mean
+SD. (g) Example histogram of CD98 staining on CD44 high CD8 T cells on all post transfer

samples (memory, acute, and IP).
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Figure 7: Restoration of a nutrient-rich environment resolves environmentally driven cellular
stress in airway Trwm. (2) Scatterplot correlating the DEG between pre- and post-transferred Tewm
and BAL Trwm versus spleen Tem (SPL). The location of select genes are indicated. X indicates
DEG in both comparisons. (b) Barplot showing the expression of cell stress (4ars, Slc7a5, Ddit3)

and Trm (Itgae, Itgal, Gzmb) signature genes. FPKM (Fragments Per Kilobase Per Million reads).
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Data represent mean = SD. (¢) Experimental design. (d) Heatmap of 5,715 genes differentially
expressed genes (DEG) between any two cell types comparing spleen and BAL pre and post in
vitro (n=5 for BAL, n=3 for SPL). (e) GO pathway analysis for three distinct regions of gene
expression. Significance determined by Fisher’s exact test. (f) Heatmap for selected ISR genes
associated with the amino acid starvation response. (g) Barplot showing the expression of amino
acid stress (Slc7a5, Slc3a2, Aars, ), pro-apoptotic (Ddit3, Bbc3), cell stress (Myc, Pim2) and cell
adhesion (/tgae) genes. FPKM (Fragments Per Kilobase Per Million reads). Data represent mean

+ SD.
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Supplementary Information
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Supplementary Fig 1: Sendai-specific CD8 TRM in the airways and interstitium gradually
decline over time. (a) Example staining reflecting Sendai NP tetramer staining of BAL, INT, and
Spleen and CD44. (b) Number of Sendai NP-specific CD8 T cells in the airway (BAL), lung
interstitium (INT), and spleen following infection with Sendai virus. n=10 for all timepoints. Data

represented as mean + SEM.
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Supplementary Fig 2: Lung Trm decline more rapidly than circulating Tem. (a) Example
staining of CXCR3 and CD62L on flu-specific splenic Tem over time. (b) Number of flu-specific
splenic Tewm. (¢) Fold change in spleen Tem and subsets of lung interstitium (INT) T cells defined
by CD69 and CD103 expression between day 35 and day 60 (left graph) and between day 35 and
day 180 (right graph). n=10 for all time points and data are derived from mice in Fig. 1. Data

represented as mean + SEM.
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Supplementary Fig 3. Validation of BAL-specific epigenomic and transcriptome profiles. (a)
Principal component analysis of 9,970 detected genes in SPL (n=3), LV (N=3), INT (N=3) and
BAL (n=3). Points denote samples and circles show 99% confidence intervals for each cell type.
(b) Bar plots of FPKM normalized gene expression for the indicated genes. Data represent mean
+ SD. (¢) Principal component analysis of 31,049 accessible peaks in SPL (n=3), LV (N=3), INT

(N=3) and BAL (n=3). Points denote samples and circles show 99% confidence intervals for each
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cell type. (d) Genome plot showing the Sic7a5, Asns, and Gzma loci. Accessibility for the
indicated sample is shown along with gene structure and transcription direction. Locations of
DAR are boxed. Data represent the mean of three replicates for each group. (e) Percent Annexin
V+ among FIuNP+ CD44+ CDS8 T cells in INT and LV in the lung. INT data taken from Fig 2h.

p<0.05. Data represented as mean + SEM.
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Supplementary Fig 4: BCL2 is up regulated in airway Trwm. (a) Frequency of BCL2 on FIuNP-
specific CD8 T cells in Spleen, INT and BAL (n=5). (b) gMFI of BCL2 on FluNP-specific CD8
T cells in Spleen, INT and BAL (n=5). Data represented as mean = SEM. Significance determined
by Mann-whitney U test. (¢) Example histogram of BCL2 on FluNP-specific CD8 T cells in

Spleen, INT and BAL.
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Supplementary Fig 5: Airway Trm from WT and Ddit3-/- mice provide similar protection
following influenza challenge. (a) Experimental design for intratracheal transfer (IT) of WT or
Ddit3-/- airway Trm into naive recipient mice. (b) Viral titers measured on day 4 post-challenge
in mice receiving WT (black bar, open circles) or Ddit3-/- (grey bar, open squares) airway Trwm.

Data represented as mean = SD.
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Supplementary Fig 6. Alveolar macrophages do not up regulate stress response pathways.
Gene Set Enrichment Analysis comparing transcriptome profiles of Alveolar versus Interstitial

macrophages>? for the indicated gene sets. The FDR g-value for each comparison is indicated.
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Abstract

Lung-resident memory T cells (lung Trm) are critical for heterosubtypic protection against
influenza viruses, but the efficacy of this immunity wanes over time due to the gradual loss of flu-
specific lung Trm. One possible mechanism for this decline is frequent exposure to environmental
and biological insults that promote the death of established lung Trm. We investigated whether
unrelated infections could exacerbate the loss of pre-existing, flu-specific lung Trm in mice and
reduce the efficacy of cellular immunity to subsequent influenza challenge. Infection of influenza-
immune mice with Sendai virus, an unrelated murine parainfluenza virus, resulted in significantly
higher viral titers and greater morbidity following subsequent influenza challenge, and this loss of
protective cellular immunity corresponded to a significant decrease of the number of pre-existing
flu-specific lung CD8 Trm. Notably, Sendai infection had no impact on the number of systemic
flu-specific memory CD8 T cells in the spleen. The loss of lung Trm required a local infection, as
intranasal delivery of TLR agonists did not significantly reduce the number of pre-existing flu-
specific lung CD8 Trwm. In addition, the loss of pre-existing lung Trm following Sendai infection
was not due to competition for limited resources or tissue niches between flu- and Sendai-specific
lung Trm. However, blocking extracellular ATP during Sendai infection prevented the accelerated
loss of pre-existing flu-specific lung Trm. Together, these data suggest that tissue damage induced
by unrelated respiratory infections can promote the loss of pre-existing lung Trm and compromise

cellular immunity against respiratory pathogens.
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Introduction

Virus-specific memory CD8 T cells are formed and localized to peripheral tissues and secondary
lymphoid organs following pathogen clearance. In the case of influenza and parainfluenza virus
infections, these peripheral tissues include the lung interstitium and the lung airways 2 3 4,
Memory CD8 T cells confer protective immunity against respiratory viruses through the
elimination of infected cells, thereby decreasing viral loads and limiting immunopathology which
together lower disease burden 3% 7-3.9:10 A gubset of these memory CD8 T cells, known as tissue-
resident memory T cells (Trm), remain permanently lodged in the lung due to a unique
transcriptional program that inhibits cell egress and promotes tissue retention ' 1213 14.15.16 Here,
they act as sentinels of the adaptive immune system within peripheral tissues due to their location
at the site of pathogen entry, and their ability to rapidly recognize and counteract invading
pathogens is essential for optimal cellular immunity !7> 18,1920, 21,

Cellular immunity mediated by memory CD8 T cells is known to be protective against
several respiratory pathogens, such as influenza, RSV, and coronaviruses * 2% 2324 We and others
have shown that optimal protection is provided by Trwm in the airways and interstitium of the lung,
but the efficacy of protection slowly wanes over time 2% 23, Notably, waning cellular immunity is
accompanied by the gradual loss of virus-specific lung Trm over time % 26, This is in contrast to
other mucosal tissues, where Trm are long-lived and can maintain cellular immunity for many
months 2>2% 2%, The mechanisms driving this gradual loss of lung Trwm are not well understood, but
may include local environmental conditions that induce cellular stress, limited access to nutrients
and/or survival signals, loss of tissue niches capable of supporting Trwm, or inflammation and/or

tissue damage resulting from environmental or infectious exposures.
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Controlled animal experiments investigating the longevity of T cell memory subsets and
protective cellular immunity following respiratory viral infection do not reflect the complex
exposure history that occurs naturally, where individuals can be infected with multiple respiratory
pathogens over a single year. The effect of repeated, unrelated infections on pre-existing cellular
immunity has not been well studied or characterized. Trm are exposed at the front lines of barrier
tissues where multiple infections can occur, and are thus repeatedly exposed to pathogen- and
damage/danger-associated molecular patterns (PAMPs and DAMPs), inflammatory cytokines, and
tissue damage and remodeling. It was recently shown that the purinergic receptor P2RX7, which
recognizes the DAMP extracellular ATP (eATP), is highly expressed on Trm, and in models of
sterile tissue damage resulted in the selective cell death of Trym °. However, the impact of these
multiple signals on pre-existing lung Trm maintenance following unrelated respiratory infections
is still largely unexplored.

In this paper we illustrate that infection of influenza-immune mice with an unrelated
paramyxovirus, Sendai virus, compromises a protective cellular memory response to heterologous
influenza challenge, and this corresponds with a loss of influenza-specific CD8 lung Trm. Inducing
inflammation in the lung by TLR agonist administration is insufficient to induce loss of pre-
existing Trm, and the decline in pre-existing lung Trm following Sendai infection is not due to
competition for limited tissue niches for Trm maintenance. However, an acute systemic viral
infection also resulted in a loss of pre-existing lung TrMm, suggesting a requirement for immune-
mediated tissue damage in this process. In support of this, Sendai virus infection leads to increased
extracellular ATP (eATP) in the lung, a danger signal and known agonist of purinergic receptors
linked to cell death 3'. Finally, hydrolysis of eATP by apyrase treatment during Sendai infection

is sufficient to prevent loss of pre-existing FIuNP" lung Trm. Overall this study shows that tissue
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damage by unrelated respiratory infections drives the loss of pre-existing lung Trm, and
amelioration of these danger signals may provide a mechanism to extend the longevity of

protective cellular immunity in the lung.
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Materials and Methods

Mice: C57BL/6J (WT) mice were purchased from The Jackson Laboratory and colonies were
maintained at Emory University in specific pathogen-free conditions. Mice were between 8 and
13 weeks of age at the time of infection and housed under specific ABSL2 conditions following
infection. All experiments were completed in accordance with the Institutional Animal Care and

Use Committee guidelines of Emory University.

Infections: Mice were either anesthetized with isoflurane (Patterson Veterinary) or with 300mg/kg
(2,2,2-Tribromoethanol, Sigma) prior to infection. Mice were infected intranasally with a 30,000
50% egg infectious doses (EIDso) Influenza A/HKx31 (x31, H3N2) or 3,000 EID50 Sendai Virus
in a total volume of 30ul. Heterologous challenge of x31-immune mice was performed with a
2.5LDso (750 PFU) or a 5LDso (1500 PFU) dose of Influenza A/PR8 (PRS, HINI) in 50pl.
Challenged mice were monitored daily for weight loss and humanely euthanized if they fell below
75% of original weight in accordance with Emory IACUC guidelines. LCMV Armstrong was

kindly provided by Dr. Rafi Ahmed, and mice were infected intraperitoneally with 2x10° PFU.

Intravital labeling, cell isolation and flow cytometry: Mice were intravenously labeled via tail
vein injection under heat lamp with either CD3e (clone 145-2CI11, 1.5ug of fluorophore-
conjugated a-CD3¢ antibody in 200ul PBS). Five minutes post-intravital labeling, mice were
euthanized with an overdose of avertin and exsanguinated prior to harvest of bronchoalveolar
lavage (BAL), lung and spleen. Lung and spleen were disassociated as previously described 2°. For
flow cytometry, single cell suspensions were treated with Fc-block (2.4G2 antibody), then stained

with tetramers at room temperature for one hour, followed by antibody staining. Tetramers (H-
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2D(b) Influenza A NP 366-374 (ASNENMETM) and H-2K(b) Sendai NP 324-332
(FAPGNYPAL)) were provided by the NIH Tetramer Core Facility. Antibodies used for flow
cytometry were anti-CD8a (clone 53-6.7, BioLegend), anti-CD4 (clone RM-45, BioLegend, anti-
CD69 (H1.2F3, BioLegend), anti-CD103 (clone M290, BD), anti-CD103 (clone 2E7, BioLegend),
anti-CD11a (clone M1714, BD), anti-CD44 (clone IM7, Ebioscience), anti-CD62L (clone MEL-
14, BioLegend), and anti-CXCR3 (clone CXCR3-173, BioLegend). Cell viability was determined
by Zombie NIR (Biolegend). All samples were run on an LSRII or Fortessa X20 (BD Biosciences).

Flow cytometry data were analyzed with FlowJo v10 software.

Gating strategy: Influenza- or Sendai-specific CD8 T cells were gated as follows: Singlets,
lymphocytes, live cells, CD4- CD8at+, then lung resident cells were gated on CD3e IV- CD8+ (for
spleen total CD8+ was taken), followed by gating on tetramer+ CD44" cells to identify antigen-

specific cells. Additional markers for gating include CD69 and CD103.

Extracellular ATP assay: Mice were sacrificed at the indicated time points and BAL was
collected in Iml PBS. Lungs were placed in 2ml of PBS and minced to allow PBS to permeate the
tissue, and rested on ice for 1 hour. Following resting, BAL and lungs were spun to clear the
supernatant of cells. The supernatant was collected and aliquots stored at -80C. ATP levels were

measured using a bioluminescent ATP assay detection kit (Abcam).

Apyrase dosing: Mice received 15 units of Apyrase *? from potatoes (Sigma) in 200ul of PBS via

daily intraperitoneal injections from d-1 to d10 of Sendai infection.
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CpG and SenNP peptide dosing: Mice were dosed intranasally with Sug CpG (ODN 1826
InvivoGen) every other day for 6 days, for a total of 3 treatments. Some mice received Sug of

Sendai NP324.332 peptide in combination with CpG using the same dosing schedule.

Statistical analysis: All figure legends indicate methods of comparison and corrections. Statistical

analysis was performed with Prism vo6.
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Results

Parainfluenza virus infection reduces the efficacy of pre-existing cellular immunity to
influenza

To investigate how pre-existing immunity is impacted by a secondary, unrelated respiratory
infection, we employed a model of Sendai virus infection. Sendai virus is a parainfluenza which
shares no cross-reactive T or B cell epitopes with influenza virus. We infected C57Bl1/6J (WT)
mice with influenza A/HKx31 (x31, H3N2) and at day 35 post-infection (p.i.) mice were
challenged with either Sendai virus or PBS intranasally (i.n.). Thirty five days p.i. with Sendai
virus or PBS, mice were challenged with heterologous influenza A/PR8 (PR8, HINT1), and weight
loss, mortality and viral titers were assessed (Fig. 1A). Following 2.5L.Dso PR8 challenge, x31-
immune mice that received a Sendai virus showed significantly greater weight loss than PBS
controls on days 6 and 7 following challenge (Fig. 1B). Additionally these mice had slightly
increased mortality, although this difference was not significant (Fig. 1C). However, increasing
the PRS8 challenge dose to SLDso resulted in earlier and increased weight loss in x31-immune mice
that received Sendai virus, and also a significant increase in mortality in mice that received Sendai
virus as opposed to PBS controls (Supplemental Fig. 1). Furthermore, if the viral titers are
examined following 2.5L.D50 PR8 challenge we find that at both day 4 and day 6 post challenge
x31-immune mice that received Sendai virus had significantly increased PR8 viral titers on days
4 and 6 p.i. compared to PBS controls, demonstrating pre-existing cellular immunity to influenza

virus was comprised (Fig. 1D).

Unrelated respiratory infections induce loss of pre-existing lung Trm
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Following the loss of protection due to an unrelated respiratory infection, we sought to understand
the effect this infection had on the memory T cell populations mediating heterosubtypic protection
to influenza. Our lab and many others have shown tissue resident memory (Trm) CD8 T cells in
the lung are critical to mediating cellular immunity to respiratory pathogens 2+ 2°, therefore we
sought to examine the effect of Sendai infection on pre-existing flu-specific lung Trm (Fig. 2A).
Example flow cytometry staining shows that x31-immune mice that received Sendai virus had
reduced frequencies of FIUNP* CD44" cells in the lung resident compartment as defined by
intravital labeling. In contrast, the splenic FIuNP* effector memory frequencies remained stable
(Fig 2B). Further examination showed there is a significant decrease in the number of FIuNP-
specific lung Trm in mice that had received Sendai virus versus those that received PBS (Fig 2C).
Comparison of FIuNP* lung Trm numbers from day 35 to day 90 in Sendai infected or PBS control
mice found that mice receiving Sendai infection had a 55-fold loss of pre-existing FIuNP* lung
Trm compared to a 15-fold loss in mice that received PBS (Fig 2D). To determine if this
phenomenon was unique to a Sendai virus infection, we reversed the system and primed mice with
Sendai virus followed by an x31 influenza infection or PBS at day 35 post-Sendai, and then
examined Sendai-specific lung Trm (Fig 2E). Similar to our previous results, infection of Sendai-
immune mice with x31 influenza significantly reduced the number of SenNP+ CD44" lung Trm
compared to PBS, suggesting the loss of pre-existing lung Trm was a common feature following

infection with an unrelated respiratory virus (Fig 2F).

Inflammation and limited availability of tissue niches do not contribute to loss of pre-existing

lung Trm
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Several factors, including inflammation and availability of tissue niches that support Trwm
maintenance, could be contributing to the loss of a pre-existing lung Trm population. In order to
examine whether sterile inflammation was sufficient to induce the loss of pre-existing Trwm, x31-
immune mice were dosed three times i.n. with the TLR agonist CpG, or CpG plus SenNP peptide
in order to induce a secondary SenNP* lung Trm population as previously described (Fig. 3A)>.
As shown in Fig. 3B, the frequency of FluNP-specific lung Trwm is unaffected by i.n. administration
of CpG with or without the addition of Sendai peptide. Examination of the number of FIluNP* lung
Trm confirms that there is no significant loss of pre-existing Trm following CpG administration
(Fig. 3C). Additionally, we have confirmed that the dose of CpG used induces infiltration of
neutrophils into the airways, and therefore is sufficient to induce immunologically relevant
inflammation (Supplemental Fig 2). We confirmed that CpG + SenNP peptide induced formation
of a de novo Sen NP* lung Trm population (Fig. 3D and 3E). As expected, mice that received
CpG+SenNP peptide and formed SenNP* lung Trm also had a significant increase in the number
of total memory CD8 CD44" T cells in the lung compared to those receiving PBS or CpG alone
(Fig. 3F). These data suggested the loss of pre-existing lung Trm observed following a Sendai
infection was not due to a competition for limited tissue niches capable of supporting lung Trm
maintenance. To further investigate whether “space” limitations impacted development of lung
Trm, mice were infected with x31 influenza, or mock infected with PBS, to assess whether
increased numbers of pre-existing lung Trm lead to reduced numbers of de novo lung Trm
following an unrelated respiratory infection (Fig. 3G). At day 35, prior to Sendai virus infection,
as expected the x31-immune mice had significantly increased memory CD8 T cells in the lung
compared to PBS controls (Fig 3H). Following Sendai virus infection of both x31-immune and

PBS control mice, there was no difference in the number of SenNP* lung Trwm (Fig. 3I), suggesting
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pre-existing lung Trm did not preclude the formation of a de novo lung Trm population via

competition for limited tissue niches.

Local infection alone induces loss of pre-existing T cell memory populations

Given that neither inflammation alone nor limited availability of tissue niches was sufficient to
drive the loss of pre-existing influenza-specific lung Trm, we reasoned that a viral infection within
the tissue may be required. LCMV results in a systemic infection that generates robust
inflammation and immune damage in many tissues, and we used this model to test the ability of
an acute systemic viral infection to drive lung Trm loss. X3 1-immune mice were infected with
LCMV intraperitoneally or given PBS as a control, and we assessed the effect of LCMV infection
on pre-existing flu-specific lung Trm (Fig. 4A). Example flow cytometry staining shows, that
following LCMYV infection, the frequency of pre-existing FluNP* CDS8 T cells in both spleen and
lung resident compartments were reduced compared to PBS controls (Fig. 4B). This reduction was
confirmed by significant decrease in the numbers of both FIuNP* Tgwm from the spleen and FIuNP*
lung Trm (Fig. 4C), suggesting that acute infection within a tissue results in changes to the local

microenvironment that are necessary to induce the loss of pre-existing Trw.

Limiting danger signals during an unrelated respiratory infection increases the survival of
pre-existing lung Trm

It has been shown that danger signals resulting from immune-mediated damage, such as
extracellular ATP (eATP), can induce the attrition of tissue resident memory CD8 T cells in the
liver through activation of receptors such as P2RX7 3°. Additionally, it was demonstrated that

eATP contributed to pulmonary inflammation and lung fibrosis, and that loss of P2RX7 reduces



130

inflammation within the lung during injury **. To examine whether danger signals may be playing
a role in the loss of pre-existing Trwm in the context of an unrelated respiratory infection, we first
investigated the release of extracellular ATP during an acute Sendai virus infection in x31-immune
mice using a luminescent ATP assay (Fig SA). On day 7, there was a significant increase of eATP
in the lungs of mice that received Sendai virus compared to PBS. In the airway lavage (BAL),
there was also increased eATP at day 7, although this difference was not significant (Fig. SB).
Together these data show that the danger signal eATP is released during Sendai virus infection.
To determine if eATP was playing a role in the loss of pre-existing influenza-specific lung Truw,
x31-immune mice were treated with apyrase or PBS during Sendai infection (Fig. 5C). Apyrase
hydrolyzes ATP to ADP and AMP 33, rendering it unable to signal through the purinergic receptors
linked to memory CD8 T cell attrition. As shown by example flow cytometry staining,
administration of apyrase through the acute stages of Sendai virus infection resulted in an increased
frequency of FIuUNP" lung Trm compared to PBS-treated controls (Fig. 5D). Additionally, mice
that received apyrase had significantly larger numbers of FIuNP* lung Trm compared to PBS-
treated controls (Fig 5E). However, the number of FIuNP* Tgwm in the spleen were unaffected by
apyrase dosing during Sendai infection, as expected given that an infection limited to the
respiratory tract is unlikely to generate eATP in the spleen. These data show that the ability of an
unrelated respiratory infection to drive the loss of pre-existing lung Trwm is reduced when eATP is
neutralized, and that extracellular danger signals play a critical role in the maintenance of lung

TRM.
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Discussion

During the course of an influenza season, individuals can be exposed to multiple respiratory
infections from different pathogens that drive local inflammation, immune system activation, and
tissue damage and remodeling. However, the effect of these repeated, unrelated infections on pre-
existing memory CD8 T cell subsets had been studied very little. In this paper, we show that
unrelated, acute viral infections in the lung deplete the pre-existing influenza-specific CD8 Trm
and compromise the effectiveness of cellular immunity to heterologous influenza challenge. This
effect was not due to sterile inflammation alone, nor to competition for limited tissue niches
necessary to support Trm maintenance. Rather, tissue damage from immune-mediated pathology
or lytic viral infection resulted in the local production of DAMPs, such as eATP, that was necessary
for the loss of pre-existing lung Trm. These findings are supported by the observations that an
unrelated respiratory infection did not impact the number of pre-existing, circulating influenza-
specific Tem, and that hydrolysis of eATP protected pre-existing lung Trm from loss during an
unrelated respiratory infection.

These findings parallel a recent study from van Lier and colleagues where signaling
through the purinergic receptor P2RX7 resulted in the rapid death of Trm in a model of sterile
tissue damage °. Additionally, it has been shown that P2RX7 promotes the development of
memory CD8 T cells by regulating mitochondrial homeostasis °. Interestingly, TCR stimulation
protected Trm from P2RX7-mediated cell death through downregulation of the receptor, providing
a means to protect only those CD8 Trwm that can recognize the invading pathogen. These findings,
and the data presented here, raise interesting questions regarding the potential benefit of deleting
pre-existing lung TrMm in an antigen-independent manner. It was recently shown that lung Trwm,

while critical for protection against respiratory virus challenges, must temper their effector
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functions in order to limit immune-mediated damage and fibrosis *7. Thus, perhaps purinergic
receptor signaling in lung Trwm acts to prevent the antigen-independent release of pro-inflammatory
mediators in order to maintain the fine balance between immune protection and pathology within
the infected tissue.

The delicate balance of ATP regulation and release has been well documented within the
lung environment under homeostatic conditions. ATP regulates epithelial mucociliary clearance
activities within the airways and ATP release with the airways regulates cell volume critical to
lung functionality 3% 3. In the context of an infection or inflammation this balance can be
dysregulated resulting in the increased release of eATP, which can amplify the inflammatory
program induced by pattern recognition receptors and drive additional pro-inflammatory cytokine
production from antigen presenting cells and neutrophils 4% 4!- 42 This release of eATP is capable
of driving systemic inflammation through the release pro-inflammatory cytokines such as TNF
and I1-1pB, and the removal of eATP via the use of apyrase has been shown to reduce these signals
and ameliorate damage > “*. In our system, the TLR agonist CpG was insufficient to drive loss of
pre-existing Trwm, this may in part be due to the tightly controlled regulation of inflammatory
cytokine genes following TLR stimulation in the absence of additional danger signals #4. Together
these studies, combined with our data, suggest that differential amounts of eATP may be released
in the lung by sterile inflammation versus an active infection, and only during an infection is eATP
present in sufficient concentrations to drive the P2RX7-mediated attrition of pre-existing Trwm.

Another possibility is that this system provides a mechanism to ensure that Trm being
seeded in the tissue immediately following clearance of an acute respiratory infection have access
to sufficient nutrients and specific niches required for their development. For example, areas of

tissue damage and repair in the lung serve as niches for developing lung Trm ** %, and high
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concentrations of extracellular nucleotides at these sites during the infection may serve to deplete
non-specific, established Trm to eliminate competition for this niche. Although we did not observe
a role for limited tissue niches in our study using two respiratory virus infections, it is important
to note that this model fails to recapitulate the many unrelated respiratory infections that an
individual is exposed to over a lifetime. Indeed, examination of T cells mucosal tissues in adults
showed that Trm are the dominant memory CD8 T cell subset in the lung 7, raising the possibility
that competition for tissue niches could become a limiting factor for the development of de novo
Trwm over time. Additional studies are necessary to determine the importance of P2RX7-mediated
Trwm deletion for the generation of niches capable for supporting de novo Trm development.

In summary, we have shown that unrelated respiratory infections can compromise pre-
existing cellular immunity in the lung through the depletion of pre-existing lung Trwm. This required
local tissue damage and the production of DAMPs such as eATP, as sterile inflammation alone
was insufficient to drive Trwm loss, and hydrolysis of eATP during an unrelated infection protected
pre-existing lung Trm. These findings have important implications for the design of cell-mediated

vaccines against respiratory pathogens.
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Figure 1. Infection with Sendai virus reduces protection against heterologous influenza
challenge in influenza immune mice (A) Experimental design. (B) Percent of original weight
following 2.5LD50 PRS challenge in x3 1-immune mice infected with Sendai virus or given PBS.
(C) Percent survival following 2.5LD50 PR8 challenge in x31-immune mice infected with Sendai

virus or given PBS. For PBS n=15, for Sendai n=14. (D) Viral titers at day 4 and day 6 following
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heterologous challenge with 2.5LD50 PR8 in x31-immune mice infected with Sendai virus or
given PBS. For PBS n=12 per time point, for Sendai n=11 per time point. P values are as follows:

* =p<0.05, ** =p<0.01, *** =p<0.001, **** = p<0.0001. Data represent mean + SEM
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Figure 2: Infection with an unrelated respiratory virus accelerates the decline of pre-existing
flu-specific lung Trm. (A) Experimental design. (B) Examples of FIuNP tetramer frequencies in
the lung (IV-) and spleen from Sendai and PBS treatment groups. (C) Number of FluNP-specific
splenic Tem and lung Trm 1n x31-immune mice 55 days after infection with Sendai virus or PBS

treatment. Significance was determined using a Mann-whitney U test. For PBS n= 10, for Sendai
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n=10. (D) Fold decrease in FluNP-specific from day 35 to day 90 following Sendai infection or
PBS treatment (E) Experimental design. (F) Number of SenNP-specific lung Trvm in Sendai-
immune mice 55 days after infection with x31 influenza or PBS treatment. Significance was

determined using a Mann-whitney U test. For PBS n=8, for x31 n=9. Data represent mean + SEM
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Figure 3: Inflammation and limited availability of tissue niches do not contribute to loss of

pre-existing lung Trm. (A) Experimental design. (B) Example staining of FIluNP-specific lung



140

Trwm in x31-immune mice on day 55 post-treatment. (C) Number of pre-existing FluNP-specific
lung Trum following PBS, CpG, or CpG+SenNP peptide treatment. (D) Example staining of Sendai-
virus specific lung TRM in mice given CpG alone or CpG+SenNP peptide. (E) Number of SenNP-
specific lung TRM in x3 1-immune mice 55 days after CpG+SenNP peptide treatment. (F) Number
of total memory CD8 CD44" T cells in the lung (IV-) in x31-immune mice 55 days following PBS
(n=11), CpG (n=9) or CpG+SenNP peptide (n=10). Significance was determined using a Mann-
whitney U test, p=0.029 (CpG+SenNP vs PBS) and p=0.044 (CpG+SenNP vs CpQG). (G)
Experimental design. (H) Number of total memory CD8 CD44" T cells in the lung (IV-) in naive
SPF mice (n=9) and x31-immune mice 35 days post-infection (n=15). Significance was
determined using a Mann-whitey U test. (I) Number of SenNP-specific lung Trwm in previously

naive or x3 1-immune mice 55 day post-Sendai infection. Data represent mean + SEM
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Figure 4: Local infection alone induces loss of pre-existing T cell memory populations. (A)
Experimental design. (B) Example staining of FluNP-specific lung Trm and spleen Tem 55 days
after infection with LCMV-Armstrong or PBS treatment. (C) Number of FluNP-specific lung Trwm
(p=0.019) and splenic Tem (p=0.01) in x31-immune mice 55 days following LCMV-Armstrong
infection (n=10) or PBS treatment (n=9). Significance was determined using a Mann-whitey U

test. Data represent mean = SEM
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Figure 5: Limiting danger signals during an unrelated respiratory infection increases the

survival of pre-existing lung Trm. (A) Experimental design. (B) Extracellular ATP in broncho-

alveolar lavage (BAL) of x31-immune mice on day 4 and day 7 following infection with Sendai

virus or PBS treatment. PBS d4 n=8, d7 n=5. Sendai d4 n=8, d7 n=10 (C) Experimental design.

(D) Example staining of FIuNP-specific lung Trm in x31-immune mice that received either PBS

or apyrase treatment during Sendai infection. (E) Number of FluNP-specific lung Trm and splenic

Tem in x31-immune mice that received either PBS (n=5) or apyrase (n=8) treatment during Sendai

infection. Data represent mean £ SEM
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Supplemental Figure 1: SLDS0 PRS8 challenge induces significant mortality in Sendai exposed
mice. x31-immune mice infected with Sendai virus (n=21) show increased weight loss and
significant decrease in survival compared to PBS controls (n=20) following SLD50 PRS challenge.

Significance determined by log-rank (Mantel-cox) test.
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of mice. Mice received Sug of CpG (n=5, representative of 3 experiments) and the number of

neutrophils in the BAL was measured by flow cytometry.
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Chapter 1V: Discussion

Tissue resident memory (Trm) CD8 T cells are an important subset of memory CD8 T cells.
They provide protection against previously experienced antigen and considered to be the sentinels
of the adaptive immune system. They are isolated from the circulation due to their location within
the peripheral tissues away from the vasculature. They conically express CD103 and CD69 which
are markers that aid in their retention in the tissue'> 2. Trm share expression of a set of core genes
and transcription factors regardless of the peripheral tissue in which they reside®. We show these
core genes are conserved within both the airway and interstitium Trm populations of the lung in
chapter II of this dissertation. Trm provide protection at common sites of infection through their
recognition of cognate antigens. They provide both cytokine-mediated protection (activating the
immune system through alarmins and the recruitment of additional immune cells to the infected
site) and cytotoxic protection through killing of infected cells # . Trm have been shown to be
critically important to the response and protection from respiratory viruses including influenza,
respiratory syncytial virus, and tuberculosis®7-3. Additionally, examining the loss of immunity to
influenza, Walter Gerhard and others have previously shown that protection from heterologous
influenza infection wanes over time, resulting in increased morbidity and mortality as time from
initial priming increases” '® !'. Our laboratory and many others have long suspected this loss of
immunity was due to a loss of influenza-specific tissue resident memory from the lung
environment.

In chapter II, we examine mechanisms driving the loss of influenza-specific tissue resident
memory T cell populations in the lung under homeostatic conditions. This chapter focuses on two
distinct populations of tissue resident memory within the lung; airway resident CD8 T cells (BAL)

found to be loosely associated with the epithelium of airways in the lung and interstitium resident
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CD8 T cells (INT) found within the interstitial tissue between the epithelium and endothelium of
the lung tissue’> ! 12, There locational differences can be further seen in Figure 1. Tissue resident
memory CD8 T cells in the lung can be split between these two populations via experimental
technique that isolate these populations separately, and through their phenotypic characteristics.
In order to isolate airway resident cells, bronco-alveolar lavage is used to pull airway resident T
cells out of the airway before the lung tissue is mechanically and enzymatically digested’.
Phenotypically, airway resident cells downregulate CD11a, which is one subunit of the integrin
aL, within 48 hours of entering the airway environment!® . Here, we show that it is very important
to separate and study BAL and INT populations individually, as unique lung influenza-specific
populations serving differential and complementary purposes.

Repeating past studies, we find that protection from heterologous PR8 influenza infection
wanes as time from initial x31 influenza infection passes. By 3-months post-infection, mortality
increases to almost double that of I-month post-infection, and by 8-months post-infection
protection is completely lost, with all mice succumbing to a 10LDso infectious challenge. Further
investigating this loss of T cell mediated heterologous immunity, we found there was a 40-fold
decrease in interstitium resident CD8 T cells and an over 100-fold loss in airway resident CD8 T
cells between 1 and 8 months following initial infection. This loss is not a result of a loss of specific
subsets as defined by CD69 and CD103. Additionally, through a parabiosis model we found that
this loss is not due to Trwm exiting the tissue and re-entering the circulation, which would have
suggested they were not truly resident. Additionally, we found BAL and INT to be differential in
their expression the pro-apoptotic marker annexin V, with BAL cells showing increased apoptosis
compared to INT cells. This differential apoptosis and the unique environments in which these

cells reside lead us to examine these two populations separately using global approaches, namely
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RNA and ATAC-seq. We found that BAL and INT have vastly different transcriptional and
epigenetic profiles. Both populations share expression of core genes previously defined as
hallmarks of tissue resident CD8 T cells. However, they were unique in their expression of genes
related to cell stress and cell survival. In BAL cells, these genes were found to be associated with
the integrated stress response, specifically the amino acid stress response pathway. When the
stressors are not resolved the ultimate result is cell death, and this mechanism is a primary mediator
driving the loss of tissue resident memory in the lung over time !4 15,

The amino acid stress response is a pathway activated when cells are placed in an
environment lacking the amino acid necessary for cell survival'*. In order to examine this
phenomenon in more detail, TEM were transferred intra-tracheally into the airways of congenic
mice to examine the effect of the airway environment alone on the activation of the amino acid
stress response pathway. Using a combination of RNA-seq and flow cytometry, we were able to
determine this pathway was activated as a result of the environment and was not due general
properties of the development of Trwm in the airways. Additionally, we were able to show that the
nutrients present in the airways during an active infection are sufficient to prevent activation of
genes related to the amino acid stress response pathway, enabling BAL Trwm to persist during an
infection so that they can mediate their antiviral functions. Given the loss of BAL over time, and
the implication of the amino acid stress response pathway in driving this cell death, there may be
therapeutic options for increasing the lifespan of BAL Trm. One possible option is the restoration
of nutrients to the BAL cells. Additionally, in this chapter we examined how the BAL cells
responded when placed into a nutrient-rich environment in vitro. Using RNA-seq, we found the
restoration of nutrients there resulted in a rapid down-regulation of gene expression related to the

amino acid stress response pathway. Furthermore, there were a large number of genes activated
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which are involved in DNA repair and other repair functions, further suggestion that the airway
environment is extremely harsh and showing that several mechanisms may be at play in the decline
of BAL. However, nutrient deprivation is an important factor that ties these cell death mechanisms
together. Overall, the data in this chapter suggests a unique, environmentally-driven loss of Trm
from the airways contributes to the homeostatic loss of Trm from the lung.

In chapter III, we further explore another scenario of loss of tissue resident T cell memory
in the lung by examining the loss of pre-existing influenza-specific lung resident Trm following
secondary parainfluenza infection. Typically, Trwm in the lungs and airways are examined in the
context of single infection or inflammatory stimuli. This does not reflect the reality in which
multiple respiratory infections are experienced yearly. Recent data suggests that inflammatory
stimuli are capable of deleting pre-existing immune cells through the activation of P2RX7' . These
purinergic receptors are activated via ATP released extracellularly in the context of an
inflammatory assault ' '¥ . While the activation of such receptors are shown to regulate
metabolism, it was also shown that tissue resident memory was cleared from the liver via a P2RX7-
dependent mechanism '% 1°. Given the effect of non-specific inflammation on pre-existing T cells,
we chose to examine how an unrelated secondary infection affected pre-existing Trm within the
tissue of the lung. First of all, we examined how parainfluenza infection effected protection
provided by pre-existing influenza-specific Trm. An unrelated Sendai infection resulted in an
increase in morbidity and mortality in the face of a heterologous influenza challenge. Additionally,
there was a significant increase in PRS viral titers in the lungs of mice who had previously seen
parainfluenza virus compared to PBS control. This suggested that parainfluenza infection had
resulted in a decline in influenza-specific immunity. We found that parainfluenza infection resulted

in a significant decrease in influenza-specific Trum in the lung, but not in other tissues such as the
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spleen. Additionally, if the system was reversed, in which parainfluenza-specific memory was
allowed to form, followed by an unrelated influenza infection, there was a significant loss in the
parainfluenza-specific memory from the lung. Together these data suggested that an unrelated
respiratory infection leads to a decline in pre-existing immunity through the deletion of established
lung Trwm.

The loss of pre-existing immunity due to an unrelated respiratory infection suggested
several possible mechanisms, including inflammation, space limitations, and damage from
infection may be playing a role. We found that sterile inflammation alone was insufficient to drive
loss of pre-existing Trm. We then found that the presence of pre-existing Trwm in the lung, compared
to a naive mouse, had no effect on the expansion of de novo parainfluenza-specific Trm. This
suggested that there was not competition for niche space among Trm within the lung. Since
inflammation and availability of niches were not implicated in the loss of pre-existing Trm, an
examination of the effect of local infection was necessary. Using the systemic acute viral infection
LCMYV, it was revealed that local infection was sufficient to induce loss of pre-existing CD8 T
cells not only from the lung resident compartment, but also from the splenic effector memory
compartment. This suggested that local infection was capable of clearing pre-existing immunity
from multiple compartments, but only when there was an active infection in that tissue. Given
recent studies implicating purinergic receptors in the clearance of Trm, we found that parainfluenza
virus infection resulted in significant release of eATP within the lung. Using apyrase, eATP was
quenched during an unrelated infection, resulting in the maintenance of pre-existing lung Trwm
following parainfluenza infection. Together, these data suggested that local infection drives eATP
release, which activated P2RX7 signaling on lung Trwm, leading to cell death and the loss of pre-

existing lung TrMm. Together, the data in this chapter present an examination of how unrelated
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infections can drive the loss of pre-existing Trwm, suggesting dynamic changes in the local

environment can modulate the lifespan of lung Trwm.

Implications of environmental stressors on tissue resident memory:

The data within this dissertation bring together a picture of complicated environmental
stressors which affect the survival of tissue resident memory CD8 T cells in the lung. Both the
environment at homeostasis and the environment during an infection can contribute to the loss of
lung Trm, which together suggest there are multiple scenarios that can have downstream effects
on the lifespan of CDS tissue resident memory. Notably, the loss of TrMm over time seems to be
specific to the lung, as Trm in many other peripheral tissues are shown to be stable over time 2% 2!
2

This lack of stability may in part be due to the structure and function of the lung. The lung
is highly susceptible to damage due to uncontrolled pro-inflammatory cytokine release and tissue
destruction from uncontrolled immune responses. In severe influenza infection, damage results in
secondary bacterial pneumonia and other conditions as the lung attempts to heal and remodel
following infection?® 24 2%, Following asthma, severe damage due to eATP can lead to fibrosis and
other pathologic conditions which further impair the abilities of the lung tissue '7> '3, Due to the
susceptibility of the lung to damage following inflammatory insult, it is critical that mechanisms
exist to modulate and prevent the damage.

It has previously been shown that following metapneumovirus infection, CD8 T cells in
the lung upregulate PD-1, Lag-3 and 2B4 in order to mitigate the potential damage by effector
memory T cells in the lung?®. It was also shown that inhibitory ligands were expressed on APCs

and airway epithelial cells to provide further control of effector mechanisms. Recently, it was
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shown that PD-1 acts as a break on tissue resident memory cells following influenza infection to
prevent pulmonary fibrosis?’. Together, these examples show an effort by multiple mechanisms in
the lung to limit the pathological effects of CD8 T cells. Through the data presented in this
dissertation, we present two further mechanisms of preventing deleterious immunopathology via

the culling of TrMm from the airways and intersititium of the lung.

Designing vaccines in face of constitutive loss of protection:

In the face of continual loss of tissue resident memory CD8 T cells, vaccine design must
change to either account for, or to ameliorate, this loss. T cell-directed vaccines are critical for
heterologous protection against multiple seasonal strains?® 2°. T cell protection does not prevent
infection but is important for limiting viral replication and this preventing immunopathology?° . If
Trm are continually lost as shown by multiple mechanisms in this dissertation, there is an
immediate concern that T cell-based vaccines for respiratory infection may have limited
effectiveness and may not be able to provide long-term protection over multiple seasons.

The continual loss of Trm suggests a couple of alternatives that can be explored in order to
prevent the loss of cell-mediated protection. An initial suggestion is a continual boosting strategy,
or an examination of whether secondary or tertiary memory populations, memory T cells which
have seen cognate antigen multiple times, show a more stable persistence in the lung, or whether
the number of these cells can be boosted to such a degree that gradual loss did not have a significant
impact on protection’!. For example, in a transfer model in which primary and secondary influenza
memory cells were transferred into a naive host and challenged, it was shown that primary memory
was better able to migrate to the site of infection to provide protection, however secondary memory

induces greater numbers of protective memory CD8 T cells*2. Together, these findings suggest
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that multiple encounters with antigen do increase protection, and prime-boost approaches need to
be further explored, and they may have profound effects on the intrinsic properties of memory
CD8 T cells that can enhance their survival in the lung.

An alternative to prime-boosting strategies is the use of recombinant adenovirus vectors
expressing T cell antigens as vaccine platforms. These vaccine approaches have been shown to
provide long-term protective immunity in several settings and have the potential to be extremely
useful in infections where protection is mediated by T cells. In HCV, adenoviruses have been
shown to produce strong and prolonged T cell responses in human hosts. Additionally, using
multiple adenovirus serotypes, the response can be boosted further driving the prolonged T cell
response to immunodominant HCV epitopes and preventing infection®3. Additionally, it was
shown that a replication deficient adenovirus expressing influenza nucleoprotein in combination
with 4-1BBL is able to induce stable and protective Trm within the lung®*. These lung Trm formed
with this approach are persistent to a much greater degree than lung Trm generated during an
influenza infection. The mechanisms of this persistence of Trm in the lung have not yet been
defined but have been suggested to be due to persistent antigen that serves to constantly replenish

and re-stimulate the Trm pool, furthering their proliferation and maintenance within the lung tissue.

Future studies in tissue resident memory:

Tissue resident memory T cells are becoming increasingly important in many fields of
study outside of infectious disease. The presence of tissue resident memory CD8 T cells are
implicated in improved suppression of cancer in melanoma, with their immunosurveillance being
critical to maintaining the dormancy of epicutaneous cancer cells, and Trm being critical to

maintaining durable immunity to melanoma 3> 3¢, Additionally, CD103 “Trm like” tumor
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infiltrating lymphocytes, have been associated with favorable prognosis in solid tumors, with the
critical Trm development cytokine TGF-f3 being critical to the accumulation of CD103+ T cells in
lung tumors®”- 38, Tissue resident memory stability in the context of cancer has not been thoroughly
examined. Depending on the tumor type, tissue resident memory T cells may be starved of
nutrients in a similar manner to which airway resident T cells are shown to be starved of amino
acids in chapter 1I. Solid tumors are known to be hypoxic and nutrient starved®. In fact, tumor
cells are shown to take advantage of the amino acid stress response pathway in order to further
their growth through the GCN2 — ATF4 pathway, allowing them to subvert nutrient deprivation*’.
Tissue resident memory CD8 T cells will be exposed to these starvation conditions and
mechanisms which lead to their adaption to the environment, or subsequent loss, are of great
interest to the tissue resident memory field. It is also of interest whether tissue resident memory T
cells specific for cancer neo-antigens are critical in simply preventing the spread of tumors by
staying at the more nutrient-dense edges of the solid tumor, or whether they perform a more selfless
duty within the tumors aiding in the tumor destruction while also limiting their lifespan due to
nutrient deprivation. Further studies examining how Trwm interact with different tumor types, and
under different nutritional conditions, will be extremely important in determining how Trwm adapt
to tissue-specific stress pathways.

Trm have also been implicated in the formation and pathogenesis of autoimmune disease*'.
Their role in mediating the damage associated with autoimmune diseases, and mitigating their
formation or suppression, is becoming increasingly important as a potential treatment for disease.
In multiple sclerosis, Trm have been associated with active brain lesions and implicated in the
inflammatory response and reactivation of lesions**. In psoriasis, it has been shown that relapses

preferentially occurs in areas of skin which has been previously affected and contain Trwm cells
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which are pathogenically poised to produced IL-17A and IL-22%. Additionally, patients can be
stratified in their clinical outcomes by the presence of Trm in resolved psoriasis lesions**. Further
studies examining how and under what certain circumstances Trm can be suppressed
therapeutically will be important in controlling pathogenic Trwm.

Together these data suggest that the waning of tissue resident memory is a unique
phenomenon to the lung, and both homeostatic and pathogenic factors can contribute to this loss.
These data develop a mechanism of homeostatic loss in which the airway microenvironment drives
the loss of airway resident CD8 T cells via the activation of the amino acid stress response pathway.
This loss over time may play a role in mediating and preventing unnecessary and deleterious
immune activation due to non-specific stimuli. Ameliorating this loss through therapeutic methods
such as amino acid restoration or limiting loss by inducing a larger CD8 Trm response through
various vaccine strategies, may provide alternatives to prevent this loss and increase the longevity
of protective cellular immunity to respiratory pathogens. These data additionally examine a
method of clearing pre-existing Trm in an antigen-independent manner, where an unrelated
infection with a parainfluenza virus causes tissue damage, leading to the release of extracellular
ATP, resulting in the loss of Trm via local infection. These mechanisms implicate another
mechanism of Trm clearance, which may also be critical in preventing the unwanted, non-specific
immune activation of Trm, thus preventing immunopathology and maintaining critical gas
exchange functions of the lung. Additionally, this may be a method of clearance in order to ensure
that Trwm are able to be seeded following infection by providing adequate nutrients and specific
niches for Trm to form. Overall, this dissertation serves to define mechanisms of lung Trm decay
and examines how this deterioration leads to the gradual decline of cellular immunity within the

lung.
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Figure 1
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Figure 1. Summary figure distinguishing airway and interstitium tissue resident T cell
population via distinct location within lung environment. Airway resident Try shown to
be loosely associated with epithelium. Interstitium resident found between epithelium
and endothelium. Tey and Teu found in blood and trafficking through tissue.
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