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Abstract

Impact of Respiratory Tract Resident Memory CD8 T Cells on Viral Transmission

By Sarah E. Michalets

Respiratory virus-specific T cells recognize internal, conserved viral epitopes, enabling
protection against drifted and antigenically novel viral variants. One memory T cell subset, tissue
resident memory T cells (TRM), remain within nonlymphoid tissues where they persist, poised to
rapidly initiate effector functions upon exposure to their cognate antigen. Numerous studies have
demonstrated that respiratory tract CD8 TRM can substantially reduce viral burdens upon
heterosubtypic influenza virus infection and prevent immunopathology. However, these studies
often rely upon intranasal challenge models where large viral doses are deposited uniformly
throughout the respiratory tract. In nature, respiratory virus infection occurs by transmission; small
numbers of virions deposit along the respiratory mucosa and replicate to form an initial foci of
infection. Prior to the work presented in this thesis, it was unknown whether respiratory tract CD8
TRM were capable of preventing infection caused by natural respiratory virus transmission.

This thesis defines and characterizes the ability of respiratory tract CD8 TRM to protect
against natural respiratory virus transmission. Using Sendai virus as a model of respiratory virus
transmission, we show that antigen-specific CD8 TRM not only significantly reduce viral burdens
upon breakthrough infection but can prevent detectable infection entirely, in correlation with the
quantity of CD8 TRM in the respiratory tract. This protection elicited by CD8 TRM proved long-
lasting for at least six months upon intranasal immunization with a recombinant adenoviral vector
vaccine. Furthermore, we evaluated the CD8 TRM effector mechanisms responsible for preventing
viral transmission and learned that IFN-y signaling was essential. Rapid IFN-y secretion caused
nasal cavity epithelial cells to adopt antiviral transcriptional states, increase antigen presentation,
and secrete lymphocyte attractant chemokines. We assessed the respiratory tract localization of the
CD8 TRM response to viral transmission and noted that TRM in the upper respiratory tract, but
not lower respiratory tract, become activated, proliferate, and establish antiviral effector
transcriptional programs in response to transmitted virus. Finally, we demonstrated that nasal
cavity CD8 TRM alone are sufficient to protect against respiratory virus transmission.

The findings presented in this thesis provide critical insights for vaccine design aimed to
prevent viral transmission and spread among populations.
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CHAPTER I: Introduction
Global Burden of Respiratory Viruses

Millions of individuals globally contract respiratory virus infections annually, including
influenza viruses, coronaviruses such as SARS-CoV-2, rhinoviruses, adenoviruses, parainfluenza
virus, respiratory syncytial virus (RSV), and others. At the time of writing, the Centers for Disease
Control and Prevention reports approximately 1.2 million deaths in the United States since the
initiation of the SARS-CoV-2 global pandemic in January 2020, Between the years 2010 and
2023, influenza cases in the United States have ranged from 9 to 41 million with up to 700,000
hospitalization and 50,000 deaths annually?. Some respiratory viruses, such as RSV and
parainfluenza virus, disproportionately impact children, the elderly, and other immune
compromised populations. RSV causes around 4 million pediatric cases and 100,000
hospitalizations each year, while around 3 million infections and 29,000 hospitalizations can be
attributed to parainfluenza virus®. Symptoms for respiratory virus infections can range from sore
throat, runny nose, cough, headache, fever, and occasionally progress to bronchitis or pneumonia
which may require hospitalization in severe cases®*. Although vaccines are available for influenza
and SARS-CoV-2, they vary in effectiveness due to seasonal differences in circulating vaccine
strains and frequently require updating to match new strains. Furthermore, traditional vaccine
formats often fail to provide immune protection against potentially pandemic viruses and place the
population at risk for future outbreaks. As evidenced by the SARS-CoV-2 pandemic, respiratory
viruses can cause major burdens not only on health care infrastructure, but on businesses, schools,
and the economy due to loss of consumer revenue, missed time at work, and demoralized attitudes.

There is a significant need for more effective vaccines against respiratory viruses that can provide



cross protection against virus strains and limit viral transmission throughout populations to help

mitigate the impact of novel, potentially pandemic strains.

Routes of Respiratory Virus Transmission

An infected individual can spread a respiratory virus to another individual through contact
with respiratory secretions. There are four primary modes through which respiratory virus
transmission occurs, including direct contact, indirect contact, droplet, and aerosol transmission®
6 Transmission by direct contact occurs when an infected individual has physical contact with a
susceptible individual, predominately through contact with unwashed hands and subsequent
touching of mucosal membranes. Indirect contact transmission, also referred to as fomite
transmission, occurs when an infected individual touches a surface, such as a cell phone, door
handle, or light switch and leaves infectious virions behind. A susceptible individual then touches
that surface, comes in contact with the viral particles, and touches their own mucous membranes
to initiate an infection” 8. These two modes of transmission are often targeted in public health
campaigns to reduce viral transmission, with suggested measures including decontamination of
surfaces and proper hand washing hygiene. In contrast to forms of contact transmission, aerosol
and droplet transmission involve the spread of viral particles through the air. Although there is
some debate about the molecular size determination that differentiates a droplet from an aerosol,
many researchers use a 5 um size cut off, where particles larger than 5 um are considered droplets
and those smaller are considered aerosols> % 0. Larger sized droplet particles are typically
generated by coughing or sneezing, while aerosols can originate from exhaled breath. Some studies
have shown that respiratory viruses can also become aerosolized after flushing toilets with infected

feces'' 12, Because of droplets’ larger size, they tend to stay suspended in air for briefer periods of



time, less than 15 minutes, and remain localized near their site of expulsion® *-¥>, On the other
hand, aerosols can be found over 1 meter away from their generation and can remain in the air for
long periods of time. Another important difference between aerosol and droplet transmission is
their location of deposition along the respiratory tract of susceptible hosts. Aerosol’s smaller size
allows them to penetrate deeper within the respiratory tract, pass the nasal turbinates, and settle
within alveolar and lung tissue® & 10131617 "1t js well established that when respiratory viruses
infect lung tissue, they can cause significant immunopathology and often lead to pneumonia, which
may necessitate hospitalization. Contrastingly, droplets deposit within the upper respiratory tract
and nasal cavity where they may more easily be cleared by mucus production® & 10:13.15.17.18 ‘Thyg,
the mode of transmission can have significant ramifications on the location, duration, and

symptoms of subsequent infections.

Models Used to Study Respiratory Virus Transmission

To study modes and immunological determinants of transmission, it is critical to have clear,
consistent, and reproducible animal models. The most common animals used in transmission
studies are mice, ferrets, guinea pigs, hamsters, rabbits, and non-human primates. Different
animals are more suitable for modeling pathogenesis and transmission of different viruses. For
example, ferrets have been shown to support direct contact transmission of SARS-CoV-2, but do
not show obvious signs of disease or pathology'®. In contrast, Syrian golden hamsters show
respiratory distress and disease upon intranasal SARS-CoV-2 infection and more effectively model
droplet or aerosol transmission?’. Due to their more effective recapitulation of COVID-19 disease,
the majority of SARS-CoV-2 studies utilize the Syrian golden hamster as their model organism?*.

To model influenza induced respiratory disease, mice are frequently used due to their relatively



low cost, ease of breeding, and the availability of transgenic mouse strains and immunological
reagents. Due to differences in sialic acid linkages frequently found in the airways of human and
mice, most human influenza A isolates do not cause disease upon inoculation in mice without
previous host adaptation through serial passaging?® 2. A few exceptions to this exist, as the 1918
pandemic flu strain, some H5N1, and H7 influenza strains do not need lab adaptation to cause
symptoms of disease and replicate within mice?*. Most influenza virus studies are conducted using
lab adapted PR8 (H1N1) or X31 (H3NZ2) influenza strains which cause most inbred mouse strains
to exhibit signs of clinical disease such as weight loss, lethargy, lung lesions, pulmonary edema,
and in some cases, death?*. Furthermore, influenza disease in mice is contingent upon deactivation
or lack of an Mx1 gene allele. The Mx1 protein has been shown to be induced after interferon
signaling (an interferon-stimulated gene) and encodes an antiviral protein that is a potent inhibitor
of influenza virus replication®. In wild mice or Mx1 competent mice, infection with a highly
pathogenic H5N1 influenza virus resulted in minimal weigh loss or viral titers in the lungs when
compared to Mx1 deficient mice?.

Although mice are useful to model influenza virus disease upon intranasal inoculation, they
fail to support efficient transmission among cage mates and produce consistent results between
research groups and facilities. Historical studies on influenza transmission from the 1960s
demonstrated that influenza transmitted with varying efficiencies depending on subtype, with PR8
influenza in particular only transmitting to 5% of contacts?” 28, Follow up studies in the 2000s
were unable to reproduce these findings, with neither HIN1, H3N2, H5N1, or the 1918 pandemic
flu strain transmitting to cage mates, as evidenced by a lack of seroconversion?®. Another study
demonstrated that HIN1 influenza virus was unable to transmit between mice, while a few H3N2

strains, namely A/Udorn, were able to transmit by contact transmission only, albeit in varying



efficiencies®. Contrastingly, a different study found that A/Udorn was able to transmit between
mice by contact and aerosol routes®!. Infant mice may serve as a model for x31 H3N2 influenza
virus transmission due to their immunocompromised state and difficulty to control viral
replication, but do not support H1IN1 influenza transmission®?. It is possible that the discrepancies
in results regarding H3N2 influenza transmission between research groups could be due to
differences in infection doses, age of mice, time of contact between index mice and susceptible
cage mates, and animal facility housing conditions, as relative humidity and temperature
significantly impact influenza transmission®. Ultimately, mice are poor models of influenza virus
transmission because they do not support HIN1 influenza virus transmission and results on H3N2
transmission have proved inconsistent and not reproducible.

Ferrets and guinea pigs are the most popular models used to study influenza virus
transmission, as they readily support transmission of all subtypes and recapitulate clinical
symptoms of disease. Upon intranasal inoculation with influenza virus, ferrets display symptoms
resembling those seen during human infection such as fever, nasal discharge, lethargy, and
sneezing?*. Furthermore, infection in ferrets is predominately limited to the upper respiratory tract,
as in humans, while lower respiratory tract infection is seen in the majority of mouse influenza
infections4. Additionally, human influenza virus isolates do not require lab adaptation to infect
ferrets®*. Dating back to studies in the 1930s, ferrets have been used as the main animal model to
study influenza virus transmission using PR8 H1N1 influenza®. In years since, ferrets have widely
been used to study mechanisms of transmission** % 3 influenza virology and reassortment in
transmission® 3 pandemic potential of novel influenza viruses*®*2, and assess the effect of
antiviral drugs and vaccines on transmission*3¢. Similar to ferrets, guinea pigs can support viral

replication of human influenza virus isolates without lab adaptation, exhibit upper respiratory tract



infections, and support influenza transmission by airborne and contact modes?* 2°. However,
transmission efficiencies varied between strains tested and were lower than those seen in ferret
studies®*. Additionally, guinea pigs do not display clinical symptoms of disease similar to those
seen in mice, ferrets, or humans*” “8, Because of this, guinea pigs are not widely used to assess
antiviral drugs or vaccine candidates. Although guinea pigs and ferrets are useful models of
influenza virus transmission, experiments are limited to lower group sizes due to cost and housing
concerns, and immunological tools such as antibodies, tetramers, and genetic engineering are
rudimentary.

Human parainfluenza viruses are capable of infecting many species such as ferrets, guinea
pigs, cotton rats, and hamsters, but do not cause signs of disease or pathology*®-53. Furthermore,
mouse species are not permissive to human parainfluenza virus infections*®. Because of this,
Sendai virus, a murine parainfluenza virus, is frequently used to model parainfluenza infection in
mice. Sendai virus and human parainfluenza virus exhibit high levels of sequence homology with
86% amino acid sequence overlap in the large protein, 72% with the HN protein, 61% with the
matrix protein, and 83% with the nucleoprotein®’. Additionally, Sendai virus and human
parainfluenza virus infection generate cross-reactive CD8 T cells and exhibit similar replication
Kinetics®® %°. Sendai virus infection in non-human primates generated long-lived neutralizing
antibody responses that constituted protection against a human parainfluenza virus challenge®.
Unlike mouse-adapted influenza viruses, Sendai virus transmits naturally between mice. In order
to study the kinetics, effect of inoculum dose, and tissue tropism of Sendai virus transmission,
Burke et. al. generated a luciferase expressing Sendai virus, which enabled tracking of viral
replication and transmission efficiency through bioluminescent in vivo imaging®. This mutant

virus demonstrated similar kinetics, antibody titers, and lymphocyte infiltrates found in



bronchoalveolar lavage to wildtype Sendai virus®'. Furthermore, bioluminescence flux
measurements were identified as a substitute for viral titers, as bioluminescence in the
nasopharynx, trachea, and lung regions strongly correlated with viral titers from corresponding
tissues®. Overall, the luciferase expressing Sendai virus demonstrated higher levels of infection
in the nasopharynx and trachea compared to the lung®. The Sendai-luciferase virus was then used
to analyze transmission dynamics by both contact and aerosol transmission. Contact transmission
caused infection to initiate in the nasopharynx region and spread to the lung, which corresponded
with high viral titers in the nasal cavity of mice!’. In contrast, airborne transmission occurred
around 2 days later than contact dependent transmission and initiated in the tracheal’. This
coincides with the understanding that droplet particle size contributes to localization and
deposition of virions along the respiratory tract, with aerosols establishing infection deeper in the
respiratory tract than larger sized droplets. When analyzing viral titers throughout the respiratory
tract of Sendai-luciferase infected mice, viral loads in the lung did not correlate with airborne
transmission efficiency!’. This suggests that titers in the nasopharynx of index mice may be
responsible for transmission efficiency, which aligns with results from a recent study
demonstrating that viral replication within the nasal respiratory epithelium of ferrets is the source
of infectious virions that spread during influenza virus A transmission®. Another interesting
finding regarding Sendai virus transmission was that mice who had previously been infected with
Sendai-luciferase by contact transmission, as opposed to airborne transmission, were better
protected against reinfection with the same virus!’. Overall, these studies demonstrate that Sendai
virus represents a useful substitute to study respiratory virus transmission in mice. The use of

Sendai virus circumvents the inconsistencies seen in influenza virus transmission in mice, while



enabling utilization of immunological resources that are currently unavailable to ferret and guinea

pig models.

Initiation of Infection in Respiratory Epithelium

Following transmission of a respiratory virus, infectious virions deposit on locations along
the respiratory tract and initiate infection by binding to entry receptors on target cells. Influenza
virus infection initiates by binding the viral glycoprotein hemagglutinin to sialic acid receptors on
respiratory epithelium®. These sialic acid linkages have been identified on epithelial cells within
the trachea, nasal mucosa, paranasal sinuses, bronchi, and alveoli within the lung®? 3. Similarly,
Sendai virus enters cells through binding to sialic acid receptors present throughout the upper and
lower respiratory tract®* 8. Consequently, it is critical to understand the epithelial cell composition
throughout the respiratory tract and antiviral mechanisms which may prevent productive infection.
There are several main types of epithelial cells present in respiratory epithelium, including goblet
cells, club cells, tuft cells, basal cells, and ciliated cells. Basal cells are located directly beneath the
epithelial layer exposed to the external environment and serve as stem cells which give rise to
ciliated and secretory cells, enabling regeneration and repair of the epithelial barrier®®-%, Club cells
and goblet cells are responsible for the secretion of mucins, proteases, and antimicrobial peptides,
which form a thick mucus layer covering the underlying epithelium®” ¢, Virions that find their
way onto the airway epithelial surface can become trapped by this mucus layer, swept upwards by
ciliated cells, and ultimately expelled by sneezing or nasal discharge®” 8°. A rarer epithelial cell
population, termed tuft or brush cells, express a variety of immune and metabolic receptors that
enable them to promote innate immune activation®. It is important to note that epithelial cell

composition differs between locations along the respiratory tract and between species. For



example, basal cells are located throughout the respiratory tract in humans but are strictly found
within trachea and proximal bronchi in mice®. Alveolar epithelial cells are only located within the
lung alveoli and have specialized functions for gas exchange and pulmonary surfactant secretion
that helps maintain structural integrity and function of the lung®® ¢°. Epithelial cell types are best
defined through transcription factor analysis, as different transcription factors are expressed or
downregulated at various stages throughout cell development and activation. Ultimately, the
composition of the epithelial barrier is highly heterogenous, and recent single cell RNA sequencing
studies have enabled identification of rare cell types, whose functions are still being discerned.
Because the airway epithelium is constantly exposed to both infectious and innocuous particles
present in the air, its role in antiviral defense is critical to protecting against and limiting respiratory
virus transmission.
Innate Immune Response

Besides the production of mucus and antimicrobial peptides, epithelial cells express pattern
recognition receptors (PRRs), which enable rapid detection and response to invading pathogens.
Stimulation of PRRs triggers signaling cascades that lead to the production of cytokines and
chemokines that help activate an antiviral state in nearby cells and recruit other cells to the site of
infection. The main types of PRRs that respond to viral infections are the Toll-like receptors
(TLRs) and retinoic acid-inducible gene 1-like receptors (RLRs). TLRs 3, 7, and 9 respond to
double stranded DNA, single stranded DNA, and unmethylated CpG, respectively within the
endosomal compartment’®72, Of the known RLRs, retinoic acid-inducible gene | (RIG-1) detects
unmethylated 5’-triphosphate ends on single stranded RNA and melanoma differentiation
associated gene 5 (MDADS) recognizes double stranded RNA found in the cytoplasmic

compartment’ 7. The cyclic GMP-AMP synthase (cGAS)- stimulator of interferon genes



10

(STING) pathway is invoked by sensing of double stranded DNA within the cytoplasm’®. Genomic
material is normally not found within the cytoplasm or endosomal compartments of cells but can
often be detected during viral fusion with the cell membrane and endosome formation or viral
replication in the cytoplasm. Stimulation of these receptors leads to activation of nuclear factor -
kB (NF-kB) and interferon regulatory factors (IRFs)’®. Expression of these antiviral transcription
factors leads to production of type | interferons, IFN-o and IFN-p, along with type III interferons,
IFN-As”". Interferons signal through their respective receptors to induce interferon stimulated
genes (ISGs) which encode antiviral functions such as apoptosis, termination of translation,
enhanced antigen presentation, and inhibition of viral membrane fusion’®8. The Mx1 gene,
previously mentioned, is one such ISG?. In addition to the interferon response, stimulation of
epithelial cells through their PRRs can initiate production of many pro-inflammatory cytokines.
TNF-a, IL-1p, and IL-6 promote inflammation by causing fever, increasing expression of adhesion
molecules, and increasing vascular permeability to ultimately cause leukocyte influx to the site of
infection®%-#2, CCL2 and 1L-8 are chemokines that recruit inflammatory monocytes, dendritic cells,
and neutrophils®-®, Additionally, NK cells are recruited from the bloodstream and can be found
in the lung 3 days after influenza virus infection®. All of these innate immune responses are
intended to initiate the adaptive immune response and hold viral replication at bay until an effective

antigen specific lymphocyte response can be mounted to clear the infection.

Development of Adaptive Immune Response
During a respiratory virus infection, dendritic cells either resident or recently recruited into
the airways recognize antigen and undergo maturation. Dendritic cells (DCs) can acquire antigen

by either becoming directly infected with virus themselves or phagocytosing an infected cell®”: 8,
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Once a DC encounters antigen, their PRRs will become stimulated, invoking expression of
molecules involved in antigen presentation such as MHC Class Il and co-stimulatory molecules
required for naive T cell priming including CD80, CD86, and CD40%. Additionally, the
chemokine receptor CCR7 becomes upregulated which guides DCs to the nearest tissue draining
lymph node along a CCL21 and CCL19 gradient®. In the case of influenza infection in the lung,
this is the mediastinal lymph node, while the nasal cavity, turbinates, and nasopharynx drain into
the pharyngeal and retropharyngeal lymph nodes in humans®® °2, Upon migration into lymph
nodes, DCs can enter into T cell zones and present their antigen on MHC Class | and Il to CD8
and CD4 T cell respectively®. In the context of influenza infection, CD103+ c¢DC1s in the lung
are critical for cross-priming and activation of CD8 T cells®. This initial dendritic cell — T cell
interaction is referred to as T cell priming and is the first step in activating an antigen specific

immune response, designed to eliminate infected cells.

T Cell Response to Respiratory Viruses

Once a naive T cell recognizes its antigen presented by MHC on a dendritic cell, they form
stable contacts that persist for multiple hours®. During this time, T cells undergo massive amounts
of proliferation, generating a large number of virus-specific T cells®®. Co-stimulatory molecules
including CD28, CD27, 4-1BB, and OX40 expressed by dendritic cells are needed to generate
effective T cell responses, and reduced effector and memory T cell responses have been reported
in the absence of these molecules®” %, Cytokines secreted by dendritic cells or other cells in the
local microenvironment can influence T cell differentiation, particularly for CD4 T cell
polarization®®. These recently activated effect T cells then follow an S1P gradient via SIPR1 to

exit the lymph nodes, enter the bloodstream, and ultimately enter the infected nonlymphoid
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tissue'®. Influenza specific effector CD8 T cells can first be seen in the lung around 4-5 days after

infection%?

. A variety of chemokines are involved in the trafficking of T cells into infected lung
tissue, as chemokine receptors are often redundant in their roles and ligands. In the case of
influenza infection, CCR4 and CXCR3 help guide antigen specific CD4 T cells into the lung®
103, Effector and memory CD8 T cell trafficking into the lung depends at least partially on CXCR3
and CCR5%41% CXCL12 secreted by neutrophils within the lung can also attract influenza-
specific CD8 T cells into the lung by CXCR4'%". Memory CD8 T cells have also been shown to
traffic from the lung parenchyma into the airways by CXCR6 expression, along a CXCL16
gradient 1%, Furthermore, expression of adhesion molecules such as VLA-4 and LFA-1, which
bind to VCAM-1 and ICAM-1 respectively, are necessary for CD8 T cell recruitment and retention
in the lung®. While T cell trafficking into the nasopharynx region and nasal associated lymphoid
tissue (NALT) has not been as widely studied as trafficking into the lung, one study suggests that
the presence of CXCL10 in influenza infected NALT tissue recruits CXCR3+ effector and memory
CD8 T cells''®, Expression of the adhesion molecules MadCam-1 and PNad within the NALT
further enables lymphocyte homing*'® 112,

Effector CD8 T cells can eliminate infected target cells in a variety of ways. Perhaps the
most well characterized, cytotoxic T lymphocytes (CTLs) can secrete pre-formed cytotoxic
granules containing granzyme, perforin, and granulysin. Perforin created a pore-like channel in
target cells that enables proteases, namely granzyme B, to enter the cell and initiate caspase-3 and
caspase-8 mediated cell death!'?. Granzymes A and K have also been demonstrated to play
cytotoxic roles, albeit to a lesser extent than granzyme B2, CTLS can also kill target cells through
FAS ligand binding to the death receptor FAS (CD95) on the surface of an infected cell, leading

to caspase-8 activation and apoptosis''*. Effector CD8 T cells can also secrete cytokines including
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IFN-y, TNF-a, and IL-2, which help activate other innate cells at the site of infection, generate an
antiviral state in neighboring cells, and promote additional T cell proliferation'® 116, Secretion of
pro-inflammatory cytokines from T cells and other innate cells can cause significant damage to
the respiratory tract. To mitigate this, effector CD8 T cells exclusively produce large amounts of
IL-10 in the lungs during respiratory virus infections such as influenza''’. All of these effector

mechanisms ultimately lead to viral clearance.

T Cell Memory Formation and Subsets

Following viral clearance and removal of antigen, the effector T cell population retracts
and 90-95% of viral-specific T cells die by apoptosis'*®. The surviving cells constitute the virus
specific memory T cell pool and remain relatively stable over time. Cells that are fated to become
memory T cells, termed memory precursor effector cells (MPECs), can be identified by their
expression of CD127 (IL-7Ra) and lack of KLRG1. Contrastingly, SLECs (short lived effector
cells) do not express CD127 but gain KLRG1%%2L While it was well known that IL-7 was
required for lymphocyte maintenance, more recent studies have demonstrated that KLRGL1 is a
marker of terminal differentiation. Expression of this marker indicates that a cell no longer has the
capacity to alter its transcriptional programming into a memory T cell signature and phenotype.
Additionally, high levels of Tbet and Blimpl transcription factors indicate terminally
differentiated effector cells (SLECs)'?2. The MPECs ultimately transition into one of the three
memory T cell subsets: central memory (TCM), effector memory (TEM), or tissue resident
memory (TRM). TCM cells are retained in or near the bone marrow and secondary lymphoid
organs where they are poised to rapidly proliferate and produce IL-2, mounting an antigen-specific

T cell and B cell response upon re-encounter of their antigen. In contrast, TEM can be found in
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circulation and home to peripheral nonlymphoid tissues upon challenge, where they are prone to
cytokine secretion and cytolytic activity. Both of these subsets can be defined by their expression
patterns of CCR7 and CD62L; TCM express both of these markers for lymphoid organ retention,

while TEM express neither of these markers?124,

CD8 Tissue Resident Memory T Cells

Unlike central or effector memory T cell subsets, tissue resident memory T cells are unique
in that they remain within the previously infected tissue and do not re-circulate through the blood
or lymphoid organs. Because of this, TRM can primarily be found in tissues that are exposed to
the external microenvironment, such as the skin, gut, respiratory tract, and genital tract'?>?°, CD8
TRM generally establish residence within epithelial barriers, where they are positioned to rapidly
respond to and eliminate their cognate antigens. On the other hand, CD4 TRM are often found
deeper within the lamina propria of the tissue®*°. TRM can be identified based on their surface
expression of both CD69 and CD103, markers that enable retention within the tissue. As
previously mentioned, activated lymphocytes exit lymphoid and non-lymphoid organs into the
bloodstream following an S1P (sphingolipid-1 phosphate) gradient using SIPR1'®. During T cell
activation within the lymph node, CD69 is transiently expressed to enable clonal expansion and
stable cell-cell contacts with dendritic cells and B cells™t. CD69 prevents tissue egress by binding
to S1IPR1 post-translationally, causing its internalization and degradation. In the case of TRM,
permanent expression of CD69 allows long-term residence within nonlymphoid tissue. CD103
binds to E-cadherin on epithelial cells and allows anchoring onto epithelial surfaces. While both
CD103 and CD69 expression has canonically been used to define TRM, many studies have

identified TRM that lack CD103 expression. Some CD4 TRM lack CD103 expression, as they do
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not reside in the epithelium?32. This applies for CD4 TRM in the lung, where CD103 expression
cannot be found on any of these cells®*3. Specific tissue microenvironments can influence the
requirement for CD103 expression. For example, virtually all CD8 TRM in the skin express
CD103 and CD69, while those within the liver express only CD69'%°, CD8 TRM in airways have
lower levels of CD103 expression compared to lung TRM, although the reason and functional
implications behind this have not been delineated**. Other phenotypic markers that have been
associated with CD8 TRM in the respiratory tract include CD49a and CD11a. CD49a complexes
with CD29 to form VLA-1, an al1B1 integrin, which binds to collagen types I and IV'®, Expression
of this marker helps TRM in the lung attach to the extracellular matrix and establish residency.
The majority of influenza specific CD8 T cells express VLA-1 and deficiency in this marker
reduces the number of CD8 TRM in the airways and lung, which corresponds with a decrease in
protection against heterosubtypic influenza challenge'®*. Both CD4 and CD8 TRM express
CD11a, which binds with CD18 to form the integrin LFA-1, a critical adhesion molecule involved
in lymphocyte extravasation and tissue migration. Although CD8 memory T cells in the lung
express CD11a, airway TRM downregulate CD11a expression within 40 hours of their migration
to the airways'*®. Many studies use CD11a expression as a marker to identify TRM that have
recently been recruited into the airways. The chemokine receptors CXCR6 and CXCR3 are also
associated with CD8 TRM in the respiratory tract, as these molecules are involved in trafficking
to the lung and airways'%: 1%, A variety of adhesion molecules, chemokine receptors, and markers
involved in tissue retention can be used to characterize and define TRM in the respiratory tract.
While TRM can be identified based on phenotypic markers, they also exhibit distinct
transcriptional programming. The transcription factor KLF2 encodes genes involved in secondary

lymphoid organ circulation such as S1IPR1 and is downregulated in TRM?4, Blimp and Hobit are
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also expressed by TRM, and Hobit may have a role in promoting KLF2 downregulation?* 7,
High levels of expression of T-bet have been shown to prevent CD103 expression; thus, T-bet is
downregulated in TRM*3, However, intermediate levels of T-bet are needed to maintain IL-15Rp
(CD122) expression, as IL-15 signaling is required for memory T cell survival*®*®. The T-box
transcription factor Eomes is also downregulated in TRM to enable TGF-f signaling, which in turn
induces CD103 expression'®. Interestingly, it has recently been reported that SIPR5 may play an
underappreciated role in tissue retention. Although S1PR5 is not encoded by KLF2 and does not
bind to CD69, its downregulation is required for CD8 TRM differentiation*°. Downregulation of
transcription factors Zeb2 and Thx21 promoted S1PR5 downregulation and was induced by TGF-
B signaling'®®. One recent study demonstrated that CD8 TRM require Runx3 expression for
residence within epithelial surfaces and that Runx3 enhanced the chromatin accessibility of TGF-
B related genes needed for CD103 expression. Furthermore, this same study showed that while
CD8 TRM depend on Runx3 expression, it is dispensable for CD4 TRM development, and CD4

TRM instead rely on Runx1*°.

Techniques for Studying TRM

Historically, one powerful technique used for identifying tissue resident memory
lymphocytes is parabiotic surgery. In this procedure, two congenically distinct mice are surgically
conjoined at the flank region to allow for shared circulation between partners. Within around two
weeks after surgery, blood in each mouse contains an equal number of cells originating from
themselves and their partner. Resident cells can be identified by their absence of recirculation or
equilibration in the partner mouse. Although difficult to execute, this technique allows tracking of

circulating cellular populations over the course of many weeks and recapitulates natural migration
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patterns in vivo'?*, A simpler, yet equally effective technique that is widely used to identify resident
cells is intravascular staining. Before euthanasia, mice are injected intravenously (i.v.) with an
anti-CD3 or anti-CD45 antibody conjugated to a fluorescent fluorophore. With this method, cells
in the vasculature will be labeled with the antibody, while those within nonlymphoid tissue and
lymph nodes will not be exposed to the antibody. In the lung, a portion of cells that lacked the
intravascular label also expressed the surface markers CD103 and CD69. These cells were

141 "One caveat with this method is that effector

identified as tissue resident memory lymphocytes
memory T cells may migrate into the tissue transiently and will not be labelled with the intravital
antibody. However, the likelihood of these cells expressing both CD69 and CD103 is low.
Nonetheless, this should be taken into consideration when analyzing and interpreting data

involving i.v. labeling. To date, the combination of i.v. labelling and phenotypic expression of

CD69 and CD103 is used as the gold standard to identify tissue resident memory T cells.

Generation and Maintenance of TRM in the Respiratory Tract

Following respiratory virus infections, tissue resident memory T cells can be found in the
nasal tissue, airways, and lungs'?® 142144 Developmental requirements for TRM differ based on
the local tissue microenvironment, and variations can be seen even within the respiratory tract. In
tissues such as the skin and gut, effector T cells can be recruited to the tissue by pro-inflammatory
signals such as IL-12 and type | interferons and differentiate into CD69 and/or CD103 positive
tissue resident memory T cells, in the absence of cognate antigen4> 146, One study sought to test
whether this was the case in the lung, and developed a strategy where mice were infected with
influenza by the intramuscular route with CpG and influenza peptide intranasal dosing or by the

intranasal route alone!#”. Although intramuscular infection with inflammatory stimuli delivered to
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the respiratory tract was able to draw effector CD8 T cells into the lung, CD103+ CD69+ CD8
TRM were only found in the group given intranasal infections'#’. These results demonstrated that
CD8 TRM in the lung are unique in that they require local recognition of their cognate antigen for
development. Another study assessed the requirement for antigen in the development of nasal
cavity TRM by infecting mice with x31 influenza wildtype or x31 influenza conjugated to
ovalbumin (OVA)!?®. Transgenic CD8 OT-I T cells specific for the OVA protein were then
transferred to these cohorts and their nasal cavity responses were assessed. CD103+ CD69+ OT-I
T cells were found in the nasal cavities of mice who received wildtype influenza infections,
although significantly fewer were present compared to the x31-OVA infection group?®. These
results suggested that nasal cavity CD8 TRM can form in the absence of localized antigen, albeit
in lower numbers.

TGF-p signaling is required for the development of CD8 TRM in many tissues including
the gut, skin, and salivary glands??® 148, Studies have assessed the requirement for TGF-B signaling
in the generation of lung and nasal cavity CD8 TRM by seeding mice with OT-1 T cells that lack
expression of the TGF- receptor. When infected with an OVA expressing influenza virus, these
cells failed to develop into CD103+ TRM in the lung, but moderate numbers of CD103+ TRM
were seen in the nasal cavity'?® 149, It was further shown that the likely source of TGF-B in the
lung was cross-presenting CD103+ lung dendritic cells**®. In addition to TGF-B, IL-15 produced
by macrophages and dendritic cells in the lung contributes to the survival of CD8 lung TRM*3,
Although it has been shown that nasal cavity CD8 TRM can develop in the absence of cognate
antigen and TGF-p, which signals can substitute in driving TRM differentiation in this site has not

yet been thoroughly investigated.
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CD8 TRM populations are relatively stable over time in the skin and gut**® 1%°, However,
TRM within the lung and airways decline over time, corresponding with a loss in heterosubtypic
immunity to influenza'®*%, As virus is cleared and the antigen is removed, the loss in antigen
stimulation leads to the loss of key survival signals needed by lung TRM. This was demonstrated
using a model of recombinant adenoviral vector vaccination, where intranasal vaccination with an
adenoviral vector expressing the influenza virus nucleoprotein was able to induce lung and airway
CD8 TRM populations that persisted up to one year post vaccination'>*. Using Nur77 GFP reporter
mice and EdU incorporation, it was shown that influenza nucleoprotein antigen remaining in the
lung from the adenoviral vector vaccination stimulated TRM in an antigen specific manner,
leading to their continued proliferation and survival, as well as recruitment of circulating effector
cells into the TRM pool*®*. Ultimately, the source of this persistent antigen was shown to be long
lived alveolar macrophages in the lungs*>®. CD4 T cell help also likely contributes to the enhanced
longevity of lung CD8 TRM in this vaccination scenario®®. Other mechanisms may contribute to
the decline of CD8 lung TRM including environmental stress and metabolic factors. For example,
airway influenza specific CD8 TRM have been shown to decline at a more rapid rate than
interstitial lung TRM®!, RNA and ATAC sequencing of airway and lung TRM elucidated distinct
transcriptional profiles, where genes associated with cell stress and apoptosis were upregulated in
airway TRM with increased chromatin accessibility'®. Due to the unique microenvironment of the
trachea and airways where nutrients are scare during homeostasis to limit unnecessary immune
infiltration and immunopathology, airway TRM undergo amino acid starvation and an integrated
cellular stress response, leading to their apoptosis'®!. Despite the decline in lung and airway TRM
over time, nasal cavity TRM are stable for at least 120 days and maintain protection against

heterosubtypic strains of influenza®?®. The underlying mechanisms behind the stability of nasal
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cavity TRM has not yet been explored but may be related to their ability to form in the absence of

localized antigen stimulation.

CD8 TRM in Respiratory Virus Infections and Vaccinations

CD8 TRM elicit protective immunity against respiratory infections through effector
functions including cytotoxic killing of target cells and secretion of cytokines and chemokines that
result in recruitment of circulating immune cellg?? 124 127,142, 143,156 ' Eor example, CD8 TRM in
the airways primarily act through production of antiviral cytokines, namely IFN-y. Despite airway
CD8 TRM’s poorly cytolytic capacity, they are able to confer significant immune protection
against x31 influenza and Sendai virus by secretion of IFN-y*43 157, This was demonstrated through
intra-tracheal transfer of antigen specific CD8 airway TRM to influenza infected mice, where
TRM transferred from IFN-y knockout mice were unable to limit viral replication to the same
extent as TRM from wildtype mice*3. Although many studies of CD8 TRM in the respiratory tract
have utilized mouse models, similar results have been corroborated in tissues from human donors.
CD8 TRM from healthy human lungs retain the capacity to secrete IFN-y, TNF-a, and IL-2 in a
polyfunctional manner and express CD107a, granzyme B, and perforin, markers of cytotoxic
activity8 15,

Respiratory tract resident CD8 memory T cells have been shown to mediate cross-
protection against strains of influenza®®> 153 10 Unlike neutralizing antibodies which target viral
surface proteins subject to immune escape, CD8 T cells and CD8 TRM recognize internal viral
epitopes, that are conserved across viral strains®l. In the case of influenza, the nucleoprotein,
matrix protein, and polymerase subunits are often targeted by CD8 T cells'®>1¢4, Because of this,

T cell based vaccines have the potential to provide protection against a wide variety of virus strains
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in addition to potentially pandemic variants. Recent vaccine development efforts, particularly in
response to the SARS-CoV-2 pandemic, have evaluated the ability of different vaccine vectors
and platforms to elicit CD8 TRM. As previously mentioned, recombinant adenoviral vector based
vaccines have been shown to generate stable CD8 TRM populations against influenza virus'®* 1%,
One study immunized non-human primates with Ad26.COV2.S, the Johnson & Johnson
adenoviral vector SARS-CoV-2 vaccine, administered a CD8 depleting monoclonal antibody, and
then challenged animals with high titers of the SARS-CoV-2 B.1.617.2 (Delta) variant. Animals
who received the CD8 T cell depleting antibody had significantly higher viral loads in the nasal
mucosa and bronchoalveolar lavage than those who did not receive antibody depletion, further
suggesting a critical role for CD8 T cells, and potentially CD8 TRM, in adenoviral vector vaccine
mediated immune protection'®. Another recent study compared immune responses to the Astra-
Zeneca chimpanzee adenoviral vector based SARS-CoV-2 vaccine, ChAdOx1-S. Significantly
higher numbers of spike protein specific CD8 TRM were found in the lungs of mice following
intranasal vaccine administration when compared to intramuscular immunization®. In a model of
influenza virus transmission, vaccination with an adenoviral vector based influenza vaccine was
shown to limit viral transmission from vaccinated to unvaccinated contact mice, independently of
neutralizing antibodies! 167, However, the mechanisms behind this phenomena and potential role
for CD8 TRM has not been investigated. As the first mMRNA vaccines were developed in 2020 for
SARS-CoV-2, numerous groups investigated the CD8 T cell response to both Pfizer and Moderna
vaccine platforms. One group identified CD8 TRM in the nasal mucosa of humans following
immunization with the Pfizer-BioNTech COVID-10 vaccine and observed the expression of
cytokines and degranulation markers on these cells following antigen stimulation®. Another study

developed an mRNA-based vaccine encoding the influenza nucleoprotein and demonstrated that
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intramuscular prime and boost immunization was able to generate lung CD8 TRM, but intranasal
boosting or initial intranasal immunization was needed for elicit a maximal response!®®. These
results are in line with the requirement for localized antigen in lung CD8 TRM formation and
highlight the importance of future research and development into intranasally administered
vaccines. Live attenuated influenza vaccine (LAIV), which is FDA approved under the name
FluMist and administered intranasally, has also been shown to generate CD8 TRM in the
respiratory tract’%1’2, However, LAIV vaccination has proved most effective in children due to
pre-existing influenza immunity in adults that results in neutralization or clearance of the viral
vaccine strain'’317,

In the modern era of globalization and urbanization, the risk of zoonotic events and
pandemic outbreaks is continually increasing. Thus, there is a critical need for effective vaccine
platforms capable of providing immune protection across viral subtypes and potentially pandemic
variants. As CD8 TRM can control respiratory virus infections, provide heterologous protection
against influenza strains, and form at mucosal barriers that are often the first sites of pathogen
exposure, vaccines which focus on the induction of CD8 TRM pose a promising alternative to
traditional vaccine platforms. Prior to the work outlined in the remainder of this dissertation, no
studies had evaluated the ability of respiratory tract CD8 TRM to control viral transmission. The
research henceforth presented will cast light on the cellular immune pathways underlying
respiratory virus transmission and help inform more effective vaccine design that limits the spread

of respiratory viruses.
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Abstract

An ideal vaccine both attenuates virus growth and disease in infected individuals and
reduces the spread of infections in the population, thereby generating herd immunity. Although
this strategy has proved successful by generating humoral immunity to measles, yellow fever and
polio, many respiratory viruses evolve to evade pre-existing antibodies!. One approach for
improving the breadth of antiviral immunity against escape variants is through the generation of
memory T cells in the respiratory tract, which are positioned to respond rapidly to respiratory virus
infections®®. However, it is unknown whether memory T cells alone can effectively surveil the
respiratory tract to the extent that they eliminate or greatly reduce viral transmission following
exposure of an individual to infection. Here we use a mouse model of natural parainfluenza virus
transmission to quantify the extent to which memory CD8* T cells resident in the respiratory tract
can provide herd immunity by reducing the susceptibility of acquiring infection, even in the
absence of virus-specific antibodies. We demonstrate that protection by resident memory CD8* T
cells requires the antiviral cytokine interferon-y (IFNy) and leads to altered transcriptional
programming of epithelial cells within the respiratory tract. These results suggest that tissue-
resident CD8" T cells in the respiratory tract can have important roles in protecting the host against

viral disease and limiting viral spread throughout the population.
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Introduction

Current vaccines against respiratory viruses such as influenza and SARS-CoV-2 typically
focus on the generation of antibody responses to viral proteins. However, it is well known from
these and other viruses that viral evolution can give rise to variants that escape pre-existing
antibodies, resulting in continued circulation in the population by infecting both naive and
previously immune hosts” 8. T cell-based vaccines have been proposed to counter the problem of
viral immune-escape® . In contrast to antibody epitopes, viral epitopes recognized by memory T
cells are often conserved across respiratory virus strains and show limited historical evidence of
acquiring escape mutations due to T cell-mediated immune pressure’?*4. Animal models and
human studies have suggested that memory T cells can protect against pathology following
infection with respiratory viruses™ ¢, In particular, CD8" tissue-resident memory T cells (Trm
cells) localized in the respiratory tract are critical for optimal T cell-mediated protection against
respiratory viruses owing to their positioning at the site of viral entry and replication’. Following
intranasal infection or vaccination, Trm cells are established throughout the respiratory tract,
including in the nasal cavity, trachea, airways and lung parenchyma®® °. In addition to limiting
viral replication and immunopathology, Trm cells can prevent the spread of an established
infection from the upper respiratory tract to the lung, averting severe disease that can result from
viral pneumonial®. However, although the phenotype, developmental programs and protective
capacities of respiratory tract Trm cells have been delineated over the past decade, their ability to
protect against natural virus infection—that is, a virus spread by transmission from an infected
host—remains unknown, largely owing to limitations in our current model systems, particularly
for respiratory infections. These limitations include: (1) laboratory infections are typically

performed by direct inoculation with high doses of virus, which does not mimic natural
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transmission, as natural transmission is initiated by a small number of virions through direct
contact, droplets or aerosols; (2) the lack of a model system that combines detailed immunological
measurements (for example, in mice) and robust transmission in a laboratory setting® (for
example, influenza in ferrets and guinea pigs); and (3) infection status and viral load measurements
typically require destructive sampling which, precludes longitudinal measurements of viral load
over time. We overcome these limitations using well-characterized Sendai virus infections of
laboratory mice. Sendai virus is a natural mouse parainfluenza virus that is transmitted through
both aerosols and direct contact in a laboratory setting®. Incorporation of a gene for luciferase in
the virus enables longitudinal measurements of infection status and viral load. We show that
intranasal immunization with vectors containing the immunodominant Sendai virus CD8" T cell
epitope results in the robust generation of a durable Sendai-specific respiratory tract Trwm
population that markedly reduces the susceptibility of mice to acquiring infection following
exposure. These findings suggest that CD8" Trm may not only attenuate virus replication and
disease but could also have an important role in generating herd immunity and reducing the spread

of respiratory viruses in populations.
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Materials and Methods

Mice and viruses

Six- to eight-week-old female C57BL/6 (wild-type), Ifngr~", Ifng™ or Prf~ mice were obtained
from Jackson Laboratory and housed under specific pathogen free conditions at Emory University.
All mice were rested for one week upon arrival. Mice were housed on a 12 h:12 h light:dark cycle
with lights turned on from 07:00 to 19:00. The room temperature set point was 22 °C and relative
humidity was maintained at 40-50%. All experiments were completed in accordance with the
Institutional Animal Care and Use Committee guidelines of Emory University,
PROTO0201700581. Sample sizes for animal experiments were determined based on previously
published work in the field with similar experimental models to provide sufficient statistical power
for evaluating the relevant biological effects. Age matched mice were randomly assigned to
experimental groups for all experiments. For intranasal priming, 30 plague-forming units (PFU)
Influenza A/Puerto Rico/8/34 (PR8-WT), 50 PFU Influenza A/Puerto Rico/8/34 expressing Sendai
nucleoprotein FAPGNYPAL epitope (PR8-SenNP), 30,000 50% egg infectious dose (EID50)
A/HKx31 (x31-WT), 30,000 PFU A/HKx31 expressing Sendai nucleoprotein FAPGNYPAL
peptide (x31-SenNP), 50,000 PFU live attenuated A/Puerto Rico/8/34 expressing Sendai
nucleoprotein FAPGNYPAL peptide (LAIV-SenNP), and 2 x 10’ PFU adenovirus serotype 5
expressing Sendai nucleoprotein (Ad-SenNP) were administered in a 30 ul volume under
isoflurane anaesthesia®> 23 (Patterson Veterinary). For intraperitoneal priming, mice were
administered 300,000 PFU in 300 pl. Sendai virus encoding luciferase (Sendai-Luc) was generated
and grown as previously described?. For direct Sendai-Luc infection, 1500 PFU in 30 pl was
administered intranasally under isoflurane anesthesia. FasL blockade was performed by an initial

loading dose of 500 pg intraperitoneally and 400 pg intranasally on the day prior to co-housing,
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followed by intraperitoneal injection of 250 ug of InVivoMab anti-mouse FasL (BioXCell) per

mouse every 3 days?.

In vivo imaging

Chest hair was removed from mice two days prior to the start of each experiment through shaving
and application of depilation cream. All in vivo images were obtained using an In Vivo Imaging
System (IVIS) Lumina LT Series Il (Perkin EImer) with an XFOV-24 lens. Ten minutes prior to
image acquisition, mice were injected with 3 mg of XenoLIght D-luciferase (Perkin Elmer)
intraperitoneally and anaesthetized with isoflurane. A series of images was captured for each cage
using a binning of 8, F/stop of 1, and exposure times of 5, 30 and 120 s within the Living Image
4.7.3 Software (Perkin Elmer). Background bioluminescence was determined by imaging two
uninfected mice daily throughout the course of each experiment. Image analysis was performed
using the Living Image 4.7.2 Software (Perkin Elmer). Bioluminescent signal was quantified by
manually drawing regions of interest (ROI) around the respiratory tract using known anatomical
markers. Data were exported to Microsoft Excel, and the logarithm of total flux (photons per
second) was graphed over time for each mouse and area under the curve (AUC) was calculated
using GraphPad Prism or R software. If total flux levels decreased by greater than tenfold or
reached background level only to return to previous or higher levels the subsequent day, luciferin

injection was considered ineffective, and this timepoint was excluded from analysis.

Single-cell isolation, staining, and flow cytometry
All animals were intravenously labelled via tail vein injection with a fluorescent antibody, either

2 mg CD45.2-PE clone 104 or 1.5 mg CD3e-PECF594 clone 145-2C11, in 200 pl phosphate-
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buffered saline (PBS). Five minutes following injection, mice were euthanized by intraperitoneal
injection of Avertin (2,2,2-tribromoethanol) and brachial exsanguination. Spleen, lungs, BAL and
nasal cavity were then collected. Nasal cavity was isolated by first removing skin, the lower jaw,
tongue, incisors, zygomatic bones, eyes, hard palette and remaining soft tissue from the skull. A
transverse cut was then made distal to the first molars to minimize capture of olfactory epithelium,
and the nasal cavity was placed in ice cold HBSS. To process the nasal cavity, it was cut into small
pieces and enzymatically digested in 5 ml of warm HBSS containing 1 x 10° U 1"t DNAse (Sigma),
5 g1 Collagenase D (Roche) and 15 U ml* Dispase (Thermo Fisher) at 37 °C for 30 min with
vortexing every 10 min. Spleens were processed by mechanical disruption through a 70-um filter.
Lungs were isolated into ice cold HBSS and processed in gentleMACS C tubes using Miltenyi
gentleMACS Octo dissociators with heaters (program m_LDK 1) in 2.5ml warm HBSS
containing 1 x 10°Uml™? DNase (Sigma) and 5 gml ™ Collagenase (Roche). After digestion,
lymphocytes were isolated using a 40%—-80% Percoll gradient. BAL was isolated using 5 ml of ice
cold R10 (RPMI, 10% fetal bovine serum and 1% penicillin-streptomycin). Single-cell
suspensions were strained through 70-um filters and RBC lysed with ACK lysis buffer prior to
staining. Cell counts were determined manually using a hemocytometer or LUNA-II automatic
cell counter (Logos Biosystems). For flow cytometry, samples were first incubated with Fc block
using murine anti-CD16/32 2.4G2 for 10 min on ice. Suspensions were then surface stained with
Sendai NP (KP324 332) tetramer conjugated to APC or PE at a 1:100 dilution for 1h at room
temperature in the dark, followed by 30 min of extracellular staining with fluorescently conjugated
antibodies at a 1:100 dilution: CD8a, CD44, CD45.2, CD49a, CD69, CD103, CD19, CDllc,
CD11b, Ly6G, SigLecF, Ly6C, CCR2, NK1.1, CD4, EpCAM, CD31 and CD62L. Cell viability

was determined using a 1:200 dilution of Zombie NIR (Biolegend) or 7-AAD. Samples were
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acquired on a Fortessa X20 or FACSymphony A3 (BD Biosciences) flow cytometer or sorted on
a FACSAriall (BD Biosciences). Flow cytometry data analysis was conducted using FlowJo v.10
software. All antibodies were purchased from Biolegend, and relevant tetramers were kindly

provided by the NIH tetramer core facility in Atlanta, USA or S. Buus.

Cytokine analysis

Supernatants from nasal cavity tissue were assayed using the LEGENDplex Mouse Cytokine
Release Syndrome Panel Multi-Analyte Flow Assay Kit (BioLegend) according to the
manufacturer’s protocol. Data were acquired on an Fortessa X20 (BD Biosciences) flow
cytometer. Analysis was performed using the Qognit LEGENDplex Data Analysis Software Suite

Version 2023-02-15 (BioLegend) and data were graphed in GraphPad Prism v9.

RNA sequencing

For each replicate, 2,000 virus-specific CD8* T cells or epithelial cells were sorted into RLT lysis
buffer (Qiagen) containing 1% 2-mercaptoethanol and total RNA purified using the Quick-RNA
Microprep Kit (Zymo Research). All resulting RNA was used as an input for complementary DNA
synthesis using the SMART-Seq v4 kit (Takara Bio) and 12 cycles of PCR amplification. Next,
200 pg cDNA was converted to a sequencing library using the NexteraXT DNA Library Prep Kit
and NexteraXT indexing primers (Illumina) with 12 additional cycles of PCR. Final libraries were
pooled at equimolar ratios and sequenced on a HiSeq2500 using 50-bp paired-end sequencing or
a NextSeq500 using 75-bp paired-end sequencing. Raw fastq files were mapped to the mm10 build
of the mouse genome using STAR?® with the GENCODE v17 reference transcriptome. The overlap

of reads with exons was computed and summarized using the GenomicRanges package?’ and data
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normalized to fragments per kilobase per million (FPKM). Genes that were expressed at a
minimum of three reads per million (RPM) in all samples were considered expressed. DEGs were
determined using the glm function in DESeq2?® using the mouse from which each cell type
originated as a covariate. Genes with a false discovery rate of less than 0.05 were considered
significant. For gene set enrichment analysis (GSEA)?°, all detected genes were ranked by
multiplying the sign of the fold change by the —logio of the P value between two comparisons. The
resulting list was used in a GSEA pre-ranked analysis. All data display was performed in in R

v3.6.3.

Data analysis and statistics

Analysis was performed using GraphPad Prism v9 or R. We calculated the AUC of the logio(flux)
using the trapz function in R and the background AUC was subtracted. The mean background
bioluminescence level (arithmetic mean of logio(flux)) was calculated by analyzing longitudinal
bioluminescence data from 2 uninfected mice (2 measurements/mouse, total 4 replicate data points
per day). The infection limit used in the main analysis was set as the mean+ 2.5 % s.d. of the
background logio(flux). Before calculating AUC, any logio(flux) value below the mean
background logio(flux) was replaced by the mean background logio(flux). AUC between groups
were compared by Mann—Whitney test using the wilcox_test function in R.

For probabilities of infection and transmission, infected mice were defined as mice with logio(flux)
greater than the infection limit. The probability of infection / transmission equals the fraction of
contact mice in each group that became infected. Confidence intervals were estimated assuming a
binomial probability distribution using the binconf R function. Probability of infection and

transmission were compared between groups by proportion test using the prop_test R function.
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For correlation of AUC and probability of infection with resident memory CD8" T cell numbers,
the mean logio(no. of Trm cells) at different locations were correlated with the probability of
infection using Spearman’s correlation. A line was fitted between AUC and mean logio(no. of Trm

cells) using the glm R function with the gaussian family function.
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Results
Trwm cells limit susceptibility to infection

To study the effect of cellular immunity on transmission, we used a genetically modified
influenza A virus encoding the immunodominant H-2K¢ CD8* T cell epitope (FAPGNYPAL)
from Sendai virus nucleoprotein (PR8-SenNP) (Extended Data Fig. 1a). By immunizing mice
intranasally, we induced both Sendai-specific effector memory T cells (Tem cells) in the circulation
and Trwm cells in the respiratory tract without inducing Sendai-specific memory CD4* T cells or
Sendai-specific antibodies. When mice were immunized intraperitoneally, similar numbers of
Sendai-specific Tem cells were generated in the spleen but significantly fewer Sendai-specific
CD8" Trm cells were generated in the bronchoalveolar lavage (BAL), lung and nasal cavity, as
defined by their expression of CD69 and CD103 and the absence of intravital staining (Extended
Data Fig. 1b—e). To control for potential activation of innate immune cells and any effects of
localized inflammation in the respiratory tract following intranasal infection, we primed an
additional cohort intranasally with wild-type PR8 virus lacking the SenNP epitope (PR8-WT). As
bioluminescence correlated strongly with viral titers, we use bioluminescent flux of Sendai-Luc as
a surrogate for viral titer (Extended Data Fig. 2a, b).

We asked whether pre-existing CD8* Trm cells could effectively surveil the respiratory
tract to affect both the susceptibility of mice to infection as well as attenuate the subsequent virus
burden. To address this question, we immunized contact mice with PR8-SenNP intranasally, PR8-
SenNP intraperitoneally, or PR8-WT intranasally (to generate mice with both Sendai-specific Trm
and Tewm cells, only circulating Sendai-specific Tem cells, or no Sendai-specific memory CD8" T
cells, respectively) and assessed Sendai-Luc transmission from infected index mice to contact mice

35 days after immunization (Fig. 1a). Mice immunized with PR8-SenNP intranasally showed
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significant reductions in total viral burden and in the probability of infection, with only 4 out of
15 (27%) of the contact mice being infected compared with 12 out of 13 (92%) of PR8-WT
intranasal or 14 out of 16 (88%) of PR8-SenNP intraperitoneal immunized mice (Fig. 1b—d). These
data demonstrate that Trm cells can reduce the susceptibility of mice to infection and the
subsequent virus burden in the mice that do become infected.

To assess which antiviral mechanisms were important for Trm cells to prevent viral
propagation following transmission, we immunized wild-type, Ifng™", Ifngr”"~ or Prf”’~ mice with
a live attenuated PR8-SenNP (LAIV-SenNP) to control for potential differences in immunization
due to the increased pathogenesis of PR8-WT virus in knockout mice (Fig. 1e). Similar numbers
of Sendai-specific Trm cells, natural killer cells and inflammatory monocytes were observed in the
respiratory tract of wild-type and knockout mice on day 35 post-immunization with LAIV-SenNP
(Extended Data Fig. 3). We also tested the importance of Fas—Fas ligand (FasL) interactions in
Trv-mediated protection by administering anti-FasL blocking antibody to wild-type mice
immunized intranasally with LAIV-SenNP. Wild-type, Prf’~ and anti-FasL-treated wild-type
mice showed similar levels of protection, with breakthrough infections detected in 8 out of 16
(50%) of wild-type, 6 out of 16 (38%) of Prf’~ and 8 out of 14 (57%) anti-FasL-treated wild-type
mice (Fig. 1g—i). By contrast, immunized Ifngr~'~ mice showed significantly higher viral burdens
(by AUC; Fig. 1h), and immunized Ifng”" (12 out of 13, 92%) and Ifngr”’~ (8 out of 8, 100%)
mice showed significantly increased probability of infection (Fig. 1i), demonstrating that IFNy
signalling is a key mechanism for Trm-mediated protection against propagation of infection

following viral transmission.
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IFNy alters epithelial cell programming

Previous studies have shown that Trm cells are capable of rapid sensing and alarm
functions, resulting in local inflammation and the recruitment of innate immune cells into the
tissue*®. We hypothesized that respiratory tract Trm cells could enable rapid control of viral
replication by increased recruitment of innate immune cells into the tissue. However, regardless
of the immunization route or the presence of Trwm cells, there was no difference in the number of
natural Killer cells or inflammatory monocytes recruited into the tissues of respiratory tract on day
2 post-transmission (Extended Data Fig. 4a—c). We also considered that Trm-mediated effector
functions, such as IFNy, could alter the programming of epithelial cells, the primary target of many
respiratory viruses. To discern between inflammatory cytokines and chemokines induced by Trwm
cells following antigen recognition versus those induced by innate recognition of an invading
pathogen, we used a reductionist approach and directly administered SenNP peptide intranasally
to wild-type and I1fng~~ mice that had been immunized intranasally with LAIV-SenNP one month
earlier (Fig. 2a). Epithelial cells were sorted from the nasal cavity prior to (D30) or 3 days after
(D30+3) peptide administration for RNA sequencing. Principal component analysis and
hierarchical clustering of selected differentially expressed genes showed that nasal cavity epithelial
cells from wild-type D30+ 3 mice had a distinct transcriptional signature compared with both
wild-type D30 and Ifng”~ D30+ 3 mice and showed significant upregulation of genes associated
with antiviral responses and antigen presentation (Fig. 2b, ¢). Pathway analysis showed that
processes associated with limiting viral replication, interferon-stimulated genes, and antigen
processing and presentation were enriched in wild-type D30 + 3 mice compared with both wild-
type D30 and Ifng™ D30 + 3 mice (Fig. 2d). Changes in gene expression associated with antigen

presentation were confirmed by flow cytometry, as nasal cavity epithelial cells from wild-type
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D30 + 3 mice showed a significant increase in MHC-1 and MHC-I1 protein expression (Fig. 2e).
As expected, cytokine analysis of nasal cavity tissue showed significant increases in IFNy and
IFNy-associated chemokines in wild-type D30 + 3 mice (Fig. 2f). However, levels of IL-6, CCL3
and CCL4 were similar between wild-type and Ifng™~ D30 + 3 mice, demonstrating that Trm cells
in Ifng” mice could drive localized inflammation following antigen encounter but did not
upregulate genes associated with antiviral immunity in epithelial cells. Together, these data
demonstrate that respiratory tract Trwm cells can act on local epithelial cells via IFNy to rapidly

induce an antiviral program.

CD8* Trm cells can provide durable protection

As it has been previously shown that respiratory tract Trm cells can decline over time>, we
investigated the durability of Trm-mediated protection against infection under several priming
scenarios that differ in their ability to maintain Trm cells?? (Fig. 3a). Six months post-
immunization, contact mice immunized with influenza x31-SenNP intranasally showed no
protection against infection compared with control mice immunized with x31-WT, although total
viral burdens following infection were significantly reduced (Fig. 3b, ¢). Mice immunized with
PR8-SenNP intranasally still showed significantly lower total viral burden when infected
compared with intranasal immunization with x31-WT or x31-SenNP, but there was no longer any
difference in the protection from acquiring infection, in contrast to PR8-SenNP intranasally
immunized mice one month post-immunization (Fig. 1b—d). By contrast, intranasal immunization
with a replication-deficient adenovirus vector encoding the Sendai virus nucleoprotein (Ad-
SenNP) showed significant protection from infection and less total viral burden compared with all

other groups at six months (Fig. 3b—d). The increased protection against infection in Ad-SenNP-


https://www.nature.com/articles/s41586-023-06937-1#ref-CR5
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immunized mice corresponded to increased numbers of CD69*CD103" Sendai-specific Trm cells
in the lung, BAL and nasal cavity, despite lower numbers of Sendai-specific Tem cells in the spleen
(Fig. 3e).

To better quantify the effect of Trm cells on infection, we compiled data from different
immunization regimens and different times post-immunization to determine the correlation
between the number of Trwm cells in different areas of respiratory tract, total viral burden (by AUC),
and the probability of infection (Extended Data Fig. 5a—d). There was a significant negative
correlation between total viral burden and the number of Trm cells in the BAL, lung and nasal
cavity, with the strongest correlation in the nasal cavity (Fig. 3f). Similarly, there was a significant
negative correlation between the number of Trwm cells in the BAL, lung and nasal cavity and the
probability of infection, with the strongest correlation in this case in the lung (Fig. 3g). However,
there was no correlation between the total viral burden of the directly infected index mice with the
total viral burden of the contact mice regardless of immunization status (Extended Data Fig. 6).

For many pathogens, multiple vaccine doses are utilized in a ‘prime—boost” immunization
strategy to achieve maximal immune responses. However, pre-existing immunity may limit the
ability of vaccines to generate robust T cell responses by rapidly clearing vaccine antigens. To
investigate whether pre-existing immunity limited Trm-mediated protection against infection,
mice were first immunized with influenza A/Cal/09 (H1N1) or mock-immunized prior to
intranasal LAIV-SenNP (also HIN1) or Ad-SenNP immunization (Extended Data Fig. 7a). Mice
with pre-existing HLIN1 immunity were not protected against Sendai virus infection after LAIV-
SenNP immunization but did show decreased viral burden following infection compared with mice
immunized with LAIV-WT. By contrast, Ad-SenNP immunization of A/Cal/09 immune mice

resulted in significant protection from infection (Extended Data Fig. 7b—d). To evaluate whether
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a heterologous prime-boost regimen could enhance the longevity of CD8" Trm cells in the
respiratory tract and improve the durability of protection against infection, mice were primed with
x31-SenNP followed by boosting with PR8-SenNP or Ad-SenNP (Fig. 3h). Three months after
the second immunization, contact mice boosted with PR8-SenNP did not show increased
protection against infection compared with mice that received priming only (Fig. 3i—k). However,
secondary immunization with Ad-SenNP showed significantly decreased probability of infection
(Fig. 3i-k). These results aligned with the increased number of CD69*CD103* Sendai-specific
CD8" Trm cells in the respiratory tract of Ad-SenNP-boosted mice compared with PR8-SenNP-
boosted mice (Extended Data Fig. 8). Together, these data show that the number of virus-specific
Trwm cells in the respiratory tract dictate the ability of cell-mediated immunity to protect against

respiratory virus infection.
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Discussion

In this study, we demonstrate that pre-existing CD8" Trwm cells in the respiratory tract can
substantially limit viral transmission. It has been well documented that CD8* Trwm cells can reduce
viral loads and limit immunopathology in models of direct infection'® 313 and we show that CD8"*
Trm cells are sufficient to significantly reduce both the susceptibility of immunized hosts to
becoming infected and their ability to transmit virus if they do become infected. It is important to
note that protective immunity provided by respiratory tract CD8* Trm cells is probably not
sterilizing, as these cells must first encounter their specific antigen presented by a virus-infected
cell to perform their effector functions. Many studies have made the case for development of T
cell vaccines against respiratory pathogens, with an emphasis on the potential for mucosal resident
memory T cells to provide rapid and robust immunity owing to their localization at the site of viral
entry®® 3435 Our data demonstrate that several different immunization regimens, including live
attenuated and replication-deficient vectors, can generate mucosal Trwm cells in sufficient numbers
to effectively surveil the respiratory tract to limit the susceptibility of becoming infected as well
as transmission. Notably, these findings were observed in a stringent transmission model of direct,
continuous contact, whereas most opportunities for transmission are brief interactions. Moreover,
Sendai virus infection does not visibly alter the activity of infected mice, and thus does not affect
their interaction with cage mates. Although antibody-mediated neutralization capable of
preventing infection is an ideal outcome of vaccination against respiratory viruses, engaging the
cellular arm of the immune response to also generate virus-specific Trm cells can provide a
secondary method of protection for the host by severely limiting viral replication, and for the
population by preventing virus transmission. This is especially important for highly mutable

viruses, whereby variants that partially or fully escape pre-existing antibody responses can persist
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in circulation. However, T cell-based vaccine platforms that encode a single immunodominant
antigen are not practical for humans, owing to human leukocyte antigen (HLA) diversity in the
population. Instead, an optimal approach would be to encode entire viral proteins—rather than
individual epitopes—as vaccine antigens. This strategy would enable the delivery of multiple
epitopes with the potential to induce virus-specific T cell responses without the need to tailor
vaccines to specific HLA types. In addition, including more than one viral protein in the vaccine
could increase the likelihood of generating virus-specific T cell responses directed against an
immunodominant epitope. For example, immunodominant epitopes for different HLA types have
been identified across several influenza proteins such as nucleoprotein, matrix and polymerase
basic protein®-2, and a vaccine approach combining these antigens could provide broad coverage
of T cell epitopes despite HLA diversity in the population.

The respiratory epithelium, particularly in the upper respiratory tract, is the primary target
for initial seeding of respiratory infections such as influenza or SARS-CoV-2. In addition, studies
in ferrets have shown that transmitted influenza viruses come primarily from the upper respiratory
tract, specifically the nasal turbinates®. This raises interesting questions regarding the relative
importance of Trm cells in different locations throughout the respiratory tract for limiting viral
transmission. Although this study does not address the contributions of upper respiratory tract
versus lower respiratory tract Trm cells, it is likely that upper respiratory tract Trm cells have an
outsized role in this process, as initial transmission events are more likely to occur at this site. In
this scenario, it is possible that lower respiratory tract Trm cells serve primarily to protect against
severe disease by responding to virus that might spread to the lung after propagating in the upper
respiratory tract. Statistical analysis of these transmission data also shows that the number of Trwm

cells in the respiratory tract negatively correlate with susceptibility to infection and viral load in
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the infected mice. The extent to which Trwm cells attenuate transmission is likely to vary among
different viruses, based on properties such as transmission efficiency, replication rates and viral
mechanisms for evading the immune response®°, and these factors must be considered in the
development of cell-mediated vaccines against respiratory viruses.

Although CD8" Trm cells have a broad array of effector functions, our findings show a
critical role for IFNy in limiting virus transmission. IFNy can act directly on epithelial and immune
cells to induce an antiviral state, and previous studies have shown that IFNy produced by
respiratory tract Trwm cells can limit viral replication'” 1, In both transmission models, deletion of
IFNy or the IFNy receptor abrogated the protection from virus-specific Trm cells. Notably, deletion
of perforin and blockade of FasL, primary mediators of cytolytic activity, had minimal effects on
Trv-mediated protection. Although other mediators may partially compensate for the loss of any
single cytolytic pathway, these data suggest that promoting a local antiviral state via cytokine
production, rather than direct lysis of infected epithelial cells, is the primary mechanism by which
CD8* Trm cells limit transmission. This also suggests that Trm cells may not require direct contact
with an infected epithelial cell, and could potentially mediate their protective effects through
release of IFNy into the local environment after encountering antigen presented by tissue
macrophages or dendritic cells.

Overall, this study demonstrates that Trm cells can not only reduce pathology in infected
individuals but also significantly reduce viral transmission. We show that this reduction in
transmission by Trm cells accrues in two ways. First, Trm cells can reduce susceptibility to
infection, particularly when their numbers are high. Second, by reducing the virus burden in
individuals that do get infected, Trm cells reduce the magnitude and duration of infectivity. These

effects are mediated by Trwm cells even in the absence of virus-specific antibody. Immunization
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strategies that maintained high Trm cells numbers in the respiratory tract provided durable
protection for at least six months, and optimal protection was IFNy-dependent. These data support
a critical and underappreciated role for Trm cells in limiting respiratory virus transmission.
Therefore, they support the continued development of cell-mediated vaccines that can complement

current antibody-directed strategies to provide broad protection against evolving viral variants.
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Figure 1. Respiratory tract CD8" Trwm cells protect against viral propagation following
transmission through IFNy. a, Schematic of experimental setup in which immunized contact
mice were co-housed with a Sendai-Luc infected index mouse. b, Bioluminescence curves of
contact mice immunized with PR8-WT intranasally (n=13), PR8-SenNP intraperitoneally
(n=16) or PR8-SenNP intranasally (n=15). Colours as in c¢. ¢, AUC of bioluminescence in
immunized contact mice that become infected following co-housing with an infected index mouse.
d, Probability of infection for immunized contact mice, calculated as the proportion of contact
mice that became infected. e, Schematic of experiment to investigate protection from transmission
in immunized WT, Prf~”", Ifng™" and Ifngr~~ contact mice, and WT mice treated with anti-FasL
antibody. f, Bioluminescence curves of immunized WT (n=16 for LAIV-WT and LAIV-SenNP
immunization), Pri”~ (n=16), Ifng™"" (n=13), Ifngr”~ (n=8) and anti-FasL-treated WT (n = 14)
contact mice after co-housing with an infected index mouse. g, AUC of bioluminescence in contact
mice that become infected following co-housing with an infected index mouse. h, Probability of
infection for immunized contact mice. Error bars represent 95% binomial confidence intervals
(d,h). All data are combined from two independent replicates. For bioluminescence curves (b,f),
solid dark lines represent means, solid pale lines represent individual mice, the dashed grey line
represents background bioluminescence, and the dashed red line represents the limit of infection.
Solid lines (c,d,g,h) and error bars (b,c,f,g) represent mean with 95% confidence interval.

Statistical significance was determined using two-sided Mann—Whitney test.
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Figure 2. IFNy signalling induces antiviral gene expression and increases antigen
presentation in nasal cavity epithelial cells. a, Schematic of experiment to evaluate the effect
of Trm cell-derived IFNy on nasal cavity epithelial cells. IFNyYKO, IFNy knockout. b, PCA plot of
sorted nasal cavity epithelial cells from LAIV-SenNP immunized WT and Ifng™~ mice at resting
memory (D30; WT n=10 and Ifng”" n=9) and 3 days after peptide administration (D30 +3; WT
n=10 and Ifng”~ n=8). c, Hierarchical clustering of RNA transcript expression for the listed
differentially expressed genes. Colors as in b. d, Gene set enrichment analysis plots of listed

immune pathways. e, Representative histograms of MHC-1 and MHC-I1 expression on nasal cavity
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epithelial cells. f, Frequency of MHC-I" and MHC-1I* nasal cavity epithelial cells (n=10 per
group). Bars represent mean and s.d. g, Cytokine and chemokine concentrations in the nasal cavity
of immunized WT (n = 10 per timepoint) and Ifng~~ (n = 10 per timepoint) mice at resting memory
and 3 days following peptide administration. Bars represent median. The data shown are combined
from two independent experiments. Statistical significance was determined using two-sided

Mann-Whitney test.



Figure 3
a C
x31-WT i.n. " .
PR8-SenNP i.n. sgq‘;g"wc - ~
x31-SenNP i.n. % 20
Ad-SenNP i.n. N =3
ST =
o
g l Index mice —l S 10
S SR D180 VIS 2

Contact mice

Infected index mouse 0
co-housed with primed
contact mice

Qo

1.0

Probability of infection

ekokk
*k
ok ok ok A x31-WT i.n.
NS__NS
- - x31-SenNP i.n.
4 PR8-SenNP i.n.
Ad-SenNP i.n.

:L O Uninfected

b —e— x31-WTin. —&— PR8-SenNP i.n. —o— x31-SenNP i.n. —8— Ad-SenNP i.n.
8
=
2 7
o
2 6
5 T 1T 1.1 7T T Irrrrrrrrrrrrr LI L I T 1. 17T
9 11 18 01 383 5 7 9 11 18 01 3 11 18
Days post-exposure
e BAL Lung Nasal cavity Spleen
*hk kKK kel
10% K kkokk 10° NS ik 1057 XEx* ﬁ
+ — — +
8% o 10t o3 10° X o 10¢ @ PR8-SenNP i.n.
- 2 P 38
8 i 10° 10° ¥ e 10°9, . X31-SenNP i.n.
&Lk 102 102 adH 10° ,
@ ZQ ZQ -* @ Ad-SenNP i.n.
08° 10' 10° g° 1o
100 . 100
f 9 r=-0.69 r=-0.77 r=-0.66
Slope =-2.75 Slope = -2.84 Slope =-4.16 c P=0.019 P =0.005 P =0.028
e P =0.007 e P =0.002 e P =0.001 S 400 qee oe . .
= $ ’ . . .
210 10 E 0759 .4 . .- s
2 5 g . .
§: 5 _'i. S s 2 0.50 . . .
[¢] 3 025
=] T
=4 ] .8 0 [} L .
Ot4——T17+—7+ 0 & —TTT T T T — T
1 2 3 1 2 3 1 2 3 1 2 3
log,, (BAL T_) log,, (lung T ) log,, (nasal T, ) log,, (BAL T_ ) log,, (lung T_,) log,, (nasal T, )
h j NS
Sendai-Luc i.n. NS
PR8-WT i.n. D119 NS
PHS—SenNP‘i.n. o l Z 15 A x31-SenNP, PR8-WT
x31-SenNP i.n Ad-SenPin. ™ =) A x31-SenNP, PR8-SenNP
l o l Index mice ;‘3 10 x31-SenNP, Ad-SenNP
~ 2 © Uninfected
I . ~
L™ D30 - D:ZO. ” > VIS Q 5
. nfected index mouse z
Contact mice co-housed with primed 0 - )
contact mice
i x31-SenNP, PR8-WT x31-SenNP, PR8-SenNP x31-SenNP, Ad-SenNP k *
c Kk
2 NS
8 3 100
37 £ o075
=) 3]
o 2 0.50
S 6 =
WM 5 oos
Qo
5 7777777777777 E O
o
2 4 6 8 10 12 14 2 4 6 8 10 12 14 2 4 6 8 10 12 14

Days post-exposure

85



86

Figure 3. The number of respiratory tract CD8* Trwm cells is strongly linked to protection
from transmission. a, Schematic of experiment to investigate the durability of Trm-mediated
protection and ability to limit viral transmission. b, Bioluminescence curves of contact mice
immunized with x31-WT (n=16), PR8-SenNP (n=16), x31-SenNP (n=15) and Ad-SenNP
(n=16) after co-housing with an infected index mouse. ¢, AUC of bioluminescence in contact
mice that become infected following co-housing with an infected index mouse. d, Probability of
infection for immunized contact mice, calculated as proportion of contact mice that become
infected. e, Number of CD69*CD103" Sendai NP324 332 KP* CD8* Trwm cells in the BAL (n=9 for
PR8-SenNP, n=10 for x31-SenNP and Ad-SenNP), lung (n=9 for Ad-SenNP, n= 10 for PRS-
SenNP and x31-SenNP) and nasal cavity (n= 10 per group); and Sendai NP3z4 332 KP* CD8" Tem
cells in the spleen (n= 10 per group) on D180 post-immunization. f, Correlation between AUC of
bioluminescence and the number of CD69*CD103* Sendai NPs24-332 K** Trm cells in the BAL,
lung and nasal cavity. g, Correlation between the probability of infection and number of
CD69*CD103* Sendai NP324 33 as a proportion of K2* Trwm cells in the BAL, lung and nasal cavity.
h, Schematic of experiment to investigate the effect of multiple immunizations on the durability
of Trm-mediated protection against Sendai virus transmission. i, Bioluminescence curves of
immunized contact mice after co-housing with an infected index mouse (n=15 for PR8-WT
boosted contacts, n=19 for PR8-SenNP boosted contacts and n=16 for Ad-SenNP boosted
contacts). j, AUC of bioluminescence in primed and boosted contact mice that become infected
following co-housing with an infected index mouse. k, Probability of infection for immunized
contact mice. Error bars represent 95% binomial proportion confidence intervals (d,k). All data
are combined from two independent experiments. For bioluminescence curves (b,i), solid dark

lines represent means, solid pale lines represent individual mice, the dashed grey line represents
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background bioluminescence, and the dashed red line represents the limit of infection. Solid lines
(c—e,),k) and error bars (b,c,i,j) represent mean with 95% confidence interval. Statistical

significance was determined using two-sided Mann-Whitney test.
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Supplementary Information

Extended Data Figure 1
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Extended Data Figure 1. Distribution and characterization of tissue-resident Sendai-specific

CD8+ T cells limit intranasal and intraperitoneal infection with recombinant influenza virus.

() Schematic of experiment for investigating immunization route on protection from direct

infection. (b) Representative plots of tetramer staining at day 35 in immunized mice. (c) Absolute

numbers of Sendai NP324-332/K”* CD8 T cells in spleen, BAL, lung, and nasal cavity of immunized

mice (n=9 for PR8 SenNP i.p. and PR8 SenNP i.n.). (d) Representative plots of staining for Trm

markers CD69 and CD103 on antigen-specific cells. (¢) Absolute numbers of CD69*CD103*
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Sendai NP324-33/KP* CD8" T cells in BAL (n=9 for PR8-SenNP i.n. and n=8 for PR8-SenNP
i.p.), lung and nasal cavity (n=10 for PR8-SenNP i.n. and n=9 for PR8-SenNP i.p.). Data are
representative of two individual experiments. Lines represent mean values (c, e, g). Statistical
significance was determined using two-sided Mann Whitney test. * p<0.05, ** p<0.01, ***

p<0.001, **** p<(.0001, ns: non-significant.
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Extended Data Figure 2
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Extended Data Figure 2. Sendai-luciferase bioluminescence strongly correlates with viral
titer. (a) Bioluminescence in Sendai-Luc infected mice combined with viral titer from the total
respiratory tract (nasal cavity, trachea, and lungs) on days 2, 4 and 6 post-infection. Black dots
represent viral titer, grey curves represent bioluminescence of individual mice, and dotted black
line represents background bioluminescence. (b) Correlation of bioluminescence with viral titers.

Data shown are from two independent pooled experiments with 10 mice per timepoint.
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Extended Data Figure 3. Number of SenNP-specific CD8+ TRM in knockout mouse strains

following immunization. (a) Experimental schematic for immunizing WT and knockout mouse

strains. (b) Number of CD69* CD103* Sendai NP324.332/K"* CD8 Trm in the BAL, lung, and nasal

cavity 35 days after immunization with LAIV-SenNP for WT (n=15), Prf”’~ (n=12 for BAL,
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n =13 for lungs and nasal cavity), Ifng™" (n=18), and Ifngr’~ (n= 16 for lungs and nasal cavity,

n=15 for BAL). Data shown are from 3 independent pooled experiments. (c) EXperimental
schematic for immunizing WT and knockout mouse strains. (d) Number of natural
killer (NK) cells (left graph) and inflammatory monocytes (right graph) in the nasal

cavity 35 days after immunization with LAIV WT (n=10) or LAIV-SenNP (n= 10 for
WT, n=9 for Prf”~, n=7 for Ifngr/"). Data shown are from 2 pooled independent experiments.
Lines represent means (b, d). Statistical significance was determined using two-sided Mann

Whitney test. * p<0.05, ** p<0.01, *** p<0.001, **** p <0.0001, ns: non-significant.
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Extended Data Figure 4
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Extended Data Figure 4. Immunization does not alter influx of NK cells and monocytes
following Sendai virus transmission. (a) Experimental schematic where immunized contact mice
were cohoused with a Sendai-Luc infected index mouse and tissues analyzed for innate immune
populations at the time of cohousing (D30) and two days after cohousing (D30 +2). (b) Number
of NK cells in nasal cavity (D30: n=11 for PR8 WT i.n., n=15 for PR8-SenNP i.n., n= 14 for
PR8-SenNP i.p.) (D30+2: n=11 for PR8 WT i.n.,, n=12 for PR8-SenNP i.n.,, n=12 for PR8-
SenNP i.p.) and BAL (D30: n=10 for PR8 WT i.n., n= 14 for PR8-SenNP i.n., n=14 for PR8-
SenNP i.p.) (D30+2: n=11 for PR8 WT i.n,, n=11 for PR8-SenNP i.n., n=12 for PR8-SenNP
i.p.). (¢) Number of inflammatory monocytes in nasal cavity and BAL (same n as (b), exceptn=12
for D30 +2 PR8-SenNP i.n. in BAL). Data shown are from 3 independent experiments. Lines
represent means and error bars represent 95% confidence interval (b, c). Statistical significance
was determined using two-sided Mann Whitney test. * p<0.05, ** p<0.01, *** p<0.001, ****

p <0.0001, ns: non-significant.
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Extended Data Figure 5. Sendai-specific TRM numbers and assessment of transmission
under different immunization strategies at 1- and 6-months post immunization. (a)
Experimental schematic where contact mice, immunized as indicated, were cohoused with a
Sendai-Luc infected index mouse at 35- or 180-days post-immunization. (b) Number of
CD69*CD103* Sendai NP324-33/KP* CD8 Trwm in the BAL, lung, and nasal cavity at 1 month or

six months post-immunization with x31-SenNP i.n. (n = 10 per timepoint except n =9 for 1 month
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BAL), PR8-SenNP i.p. (n= 10 per timepoint except n=9 for 1 month BAL), PR8-SenNP i.n. (1
month n=9 for lung and nasal cavity and n= 6 for BAL, 6 month n= 10 for lung and nasal cavity
and n=9 for BAL), LAIV-SenNP i.n. (1 month n=8, 6 month n=10), and Ad-SenNP i.n. (1
month n =9 for lung and nasal cavity and n =8 for BAL, 6 month n = 10 for nasal cavity and BAL,
n=9 for lung). (c and d) Bioluminescence curves of immunized contact mice following exposure
to an infected index mouse at 1 month (c) or 6 months (d) post-immunization with x31 WT (1
month n= 14, 6 month n=16), x31-SenNP (1 month n=16, 6 month n=15), PR8-SenNP i.p. (1
month n=16, 6 month n=16), PR8-SenNP i.n. (I month n=16, 6 month n=16), LAIV-SenNP
i.n. (1 month n= 15, 6 month n=16), and Ad-SenNP i.n. (1 month n= 15, 6 month n=16). Solid
dark lines represent means, solid pale lines represent individual mice, dashed grey line represents
background bioluminescence, and dashed red line represents the limit of infection (c, d). Solid
lines (b) and error bars 3 represent mean with 95% confidence interval. Statistical significance
was determined using two-sided Mann Whitney test. Data are combined from two independent

experiments. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, ns: non-significant.
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Extended Data Figure 6
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Extended Data Figure 6. High viral burden in index mice does not correlate with increased
viral burden in contact mice. Contact mice were infected intranasally with WT x31 (n=14),
x31-SenNP (n=16), PR8-SenNP (n=16), or Ad-SenNP (n= 15) and cohoused with a Sendai-Luc
infected index mouse at day 35 post-immunization. n =4 index mice per immunization group are
plotted. Total viral burden (AUC) of the co-housed index and contact mice were plotted for each
cage. Data were fitted to a generalized linear model with gaussian family for each immunization
group to investigate the relationship between AUCs of the index mice and contact mice. Data are

combined from two independent experiments.
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Extended Data Figure 7
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Extended Data Figure 7. Pre-existing immunity to related influenza strains limits the efficacy
of protective T cell immunity induced by LAIV-SenNP immunization but can be overcome
by Ad-SenNP immunization. (a) Experimental schematic for testing the impact of pre-existing
influenza immunity on the ability of LAIV-SenNP to protect against transmission. (b)
Bioluminescence curves of A/Cal/09 i.p. & PR8 LAIV WT (n=16), PBS i.p. & PR8 LAIV-SenNP
(n=16), A/Cal/09 i.p. & PR8 LAIV-SenNP (n=20), and A/Cal/09 i.p. & Ad-SenNP (n=16)
immunized contact mice following exposure to an infected index mouse 30 days after the second
immunization. Solid dark lines represent means, solid pale lines represent individual mice, dashed

grey line represents background bioluminescence, and dashed red line represents the limit of
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infection. (c) AUC of bioluminescence in immunized contact mice that become infected following
co-housing with an infected index mouse. (d) Probability of infection for immunized contact mice
calculated as the proportion of contact mice that became infected. Bars represent 95% binomial

3 and error bars represent 95% confidence

confidence intervals (d). Lines represent means
intervals (b, ¢). Data are combined from two independent experiments. Statistical significance was
determined using two-sided Mann Whitney test. * p<0.05, ** p<0.01, *** p<0.001, ****

p <0.0001, ns: non-significant.
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Extended Data Figure 8. Heterologous influenza prime-boost does not improve the durability

of respiratory tract TRM. (a) Experimental schematic to assess the durability of respiratory tract

Trwm following heterologous PR8-SenNP or Ad-SenNP boosting. (b) Number of CD69"CD103*

Sendai NP324-332K"" CD8 Trwm in the BAL, lung, and nasal cavity at day 120. Data are combined

from two independent experiments with n= 10 mice for PR8 WT i.n., PR8-SenNP i.n., and Ad-

SenNP i.n. secondary immunization groups. Lines represent means. Statistical significance was

determined using two-sided Mann Whitney test. * p<0.05, ** p<0.01, *** p<0.001, ****

p <0.0001, ns: non-significant.
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Abstract

Intranasal vaccination elicits CD8 tissue resident memory T cells (TRM) throughout the
respiratory tract that are capable of providing cross protection against heterosubtypic viral strains
and reducing immunopathology. Recently, we demonstrated that CD8 TRM can prevent
respiratory virus transmission using Sendai virus, a murine parainfluenza virus. Here, we show
that CD8 TRM-mediated protection occurs independently of circulating leukocytes, B cells, or
CD4 T cells. Additionally, we investigate the contributions of CD8 TRM in different anatomical
compartments of the respiratory tract for protection against transmission and illustrate that CD8
TRM in the upper respiratory tract (URT), but not the lower respiratory tract (LRT), become
activated and proliferate in response to transmitted virus. Furthermore, we demonstrate that CD8
TRM in the URT alone provide sufficient immune surveillance to prevent propagation of infection
after viral transmission. These findings offer insights into the development of T cell-based
respiratory virus vaccines and shed light on the critical role for URT CD8 TRM in the prevention

of viral transmission.
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Introduction

While the ideal endpoint of vaccination is the induction of neutralizing antibodies and
sterilizing immunity, respiratory virus infections such as SARS-CoV-2 and influenza have
demonstrated the inadequacy of antibody-mediated immunity to provide broad protection against
emerging and drifted viral variants'*. In contrast, vaccine-induced T cell responses target
conserved internal viral epitopes enabling cross protection among viral strains® ©. As such, T-cell
based vaccines represent a promising complement to conventional respiratory virus vaccines and
circumvent the need for frequently updated strain-specific vaccines.

Tissue resident memory T cells (TRM) are an essential cellular population of a mucosal
vaccine-induced T cell response. Following a vaccination or viral infection, antigen-specific TRM
remain localized in nonlymphoid tissues where they persist, poised to rapidly initiate effector
mechanisms and proliferate upon recognition of their cognate antigen. Unique transcriptional
programs alter TRM’s trafficking capabilities and promote expression of canonical identification
markers CD103 and/or CD69, enabling TRM to establish tissue residency and delineating them
from their central memory and effector memory T cell counterparts” 8. CD8 TRM have been shown
to mediate protection against heterosubtypic influenza virus and SARS-CoV-2 infections by
significantly decreasing viral loads, limiting immunopathology, and preventing viral spread to the
lungs®*2. While informative, these prior studies utilized high viral titer infection models that
delivered antigen throughout the entire respiratory tract and did not recapitulate natural viral
transmission dynamics where one infected individual transmit virus to another. To address this
gap in knowledge, we previously developed a natural transmission model using Sendai virus, a

murine parainfluenza virus that transmits by both contact and airborne routes of transmission*2,
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The respiratory tract is divided into the upper respiratory tract (URT) consisting of the
nasal cavity, pharynx, and larynx, and the lower respiratory tract (LRT), comprised by the trachea,
airways, and lung®. The properties of TRM in the lung have been well defined and studied in the
context of respiratory virus infections. However, an unappreciated role for cellular immunity in
the nasal cavity of the URT is emerging, as the SARS-CoV-2 pandemic highlighted the lack of
knowledge regarding vaccine-induced immune responses at this site. The question remains as to
whether immune surveillance is required throughout the entire respiratory tract to prevent viral
transmission, or if one anatomical compartment plays an outsized role in this process.

Here, we used our Sendai virus model of respiratory virus transmission to evaluate the
contributions of TRM in the URT and LRT in preventing infection from transmission. We show
that TRM in the URT become activated through their TCRs, proliferate, and exert antiviral
transcriptional programs in response to transmitted virus. Additionally, we demonstrate that TRM
in the URT alone are sufficient to protect against respiratory virus transmission. These findings
provide new evidence for the importance of vaccine-induced memory T cell responses in the URT
and will inform future vaccine design aimed at preventing respiratory virus spread in the

population.
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Materials and Methods

Mice

Female = C57/BL/6J, B6.129S2-Ighm™¢9"/)  (mMT”), and  C57BL/6-Tg(Nrdal-
EGFP/cre)820Khog/J (Nur77¢) mice were purchased from Jackson Laboratory and bred in-
house. Mice were housed at Emory University under specific pathogen-free conditions and used
in experiments between 8 and 12 weeks of age. All experiments were conducted in accordance
with the Institutional Animal Care and Use Committee guidelines of Emory University

(PROTO201700581).

Viruses

All intranasal (i.n.) infections were administered under anesthesia with isoflurane (Patterson
Veterinary). Mice received 50,000 plaque forming units (PFU) of live attenuated Influenza
A/Puerto Rico/8/34 (LAIV WT), 20,000 PFU of live attenuated Influenza A/Puerto Rico/8/34
expressing Sendai virus nucleoprotein FAPGNYPAL epitope (LAIV-SenNP), 50 PFU of
Influenza A/Puerto Rico/8/34 expressing Sendai virus nucleoprotein FAPGNYPAL epitope (PR8-
SenNP), 2 x 107 PFU of replication-deficient adenovirus serotype 5 expressing the Influenza
nucleoprotein ASNENMETM epitope (Ad-FIUNP), or 2 x 107" PFU of replication-deficient
adenovirus serotype 5 expressing the Sendai virus nucleoprotein FAPGNYPAL epitope (Ad-
SenNP) i.n. in a 30puL volume, as previously described®®. Upper respiratory tract only infections
were performed using a 5uL i.n. immunization of 2 x10” PFU of Ad-SenNP under isoflurane
anesthesia. Index mice used in transmission experiments were infected i.n. with 1,500 PFU of
Sendai virus encoding a luciferase reporter (Sendai-Luc) in a 30uL inoculum under isoflurane

anesthesia’®.
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Chemical Treatments and CD4 Depletion

For FTY720 treatments, mice were injected daily intraperitoneally (i.p.) with 150mg (Cayman
Chemical) suspended in PBS, starting 3 days before initiation of co-housing'’. For CD4+ T cell
depletion, mice were given an initial loading dose of anti-CD4 mAb clone GK1.5 (BioXCell) 200
mg i.n. and 200 mg i.p., followed by 200 mg i.p. every 3 days. A control group was administered
an isotype control (BioXCell) in the same dose and schedule. 1 mg of 5-ethynyl-2’-deoxyuridine

(EdU; Cayman Chemical) was administered 1 day prior to sacrifice i.p. in 200uL PBS®8,

In Vivo Imaging

In vivo imaging was performed using an In Vivo Imaging System (IVIS) Lumina LT Series IlI
(Perkin Elmer) as previously described'®. Mice were injected i.p. with 3 mg of IVISbrite D-
Luciferin (Rewvvity) reconstituted in D-PBS, 10 minutes prior to image acquisition. Images were
captured using an XFOV-24 lens and acquisition settings were a binning of 8, F/stop of 1, with
exposure times of 5, 30, and 120 seconds. Background bioluminescence was calculated by imaging
two uninfected mice each day of the experiment. At least one day prior to co-housing for
transmission experiments, chest hair was removed from mice by shaving and applying a depilation
cream. Images were analyzed in the Living Image 4.7.2 software (Perkin Elmer), where region of
interest gates were manually drawn around the respiratory tract region and used to quantitate
bioluminescent flux. Data were exported to Microsoft Excel. Bioluminescent curves and statistics

were performed using GraphPad Prism or R software.
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Plaque Assays

Samples for nasal shedding analyses were collected by dipping the nose of isoflurane anesthetized
mice into a 12-well plate with 1% BSA in PBS. Samples were then frozen at -80°C until performing
the assay. 12-well plates were seeded with 4 x 10° Vero cells and grown to near 100% confluency.
Cells were incubated with samples for 1 hour at 34°C and 5% CO2, and then treated with a 1x
MEM, Hepes buffer, 0.5% gelatin, 0.5% agarose, 0.4% BSA, 1x GlutaMAX, 0.02 mg/mL
penicillin-streptomycin, 0.3% sodium bicarbonate and 5 U/mL TPCK trypsin overlay. After 4
days, the overlay was removed, cells were fixed with 10% formaldehyde and stained with 1%
crystal violet. All samples were titrated in duplicate. Plaques were counted manually, and PFU
was calculated by multiplying the average number of plaques by the dilution factor. The limit of

detection (LOD) was established as 5 plaques for the lowest dilution, equating to 25 PFU.

Tissue Collection, Cellular Isolation, and Flow Cytometry

5 minutes prior to euthanasia, mice were injected i.v. with 1.5mg of anti-CD3e-PECF594 clone
145-2C11 (Biolegend) or 2 mg CD45.2-BV650 clone 104 in 200uL of PBS to distinguish
circulating cells from tissue-resident cells. Mice were euthanized with a lethal i.p. injection of
2,2,2-tribromoethanol (Avertin) followed by brachial exsanguination. Lungs, bronchoalveolar
lavage (BAL), nasal cavity, and spleen were harvested from each animal. Lungs and nasal cavities
were enzymatically digested with Collagenase D (5 g/I; Roche) and DNase (1 x 10° U/I; Sigma)
for 30 minutes at 37°C. Lymphocytes were further isolated from lungs using 40%/80% Percoll
density centrifugation. Cells were filtered through a 70-mm membrane and RBCs were lysed using
ACK buffer prior to staining. For flow cytometry and FACS, cells were F¢ blocked using murine

anti-CD16/32 2.4.G2 for 10 minutes. Samples were then stained with 1:100 Sendai-NP (K®324-332)
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tetramer- PE or APC (provided by NIH Tetramer Core Facility) for 1 hour. Extracellular staining
with 1:100 dilutions of fluorescently conjugated antibodies including anti-CD8a-BV711 clone 53-
6.7, CD4-UV496 clone GK1.5, CD4-A700 clone RM4-4, CD103-BV421 clone 2E7, CD69-
A488/PE-Cy7 clone H1.2F3, CD62L-BV605 clone MEL-14, CD44-BV510 clone IM7, CD19-
APC eFluor780 clone 1D3, CD3-APC clone 17A2, CD45-A700/PerCPCy5.5 clone 30-F11 was
performed for 30 minutes. Zombie NIR or 7-aminoactinomycin D (7-AAD) was used to determine
cellular viability. For EAU experiments, samples were further stained using the Click-iT Plus EdU
Flow Cytometry Kit — Alexa Fluor 647 (Invitrogen) according to the kit’s standard protocol. Cell
counts were calculated manually using a hemocytometer for nasal cavity and BAL samples or a
LUNA-II automatic cell counter (Logos Biosystems) for spleen and lung tissues. All samples were
acquired on a Fortessa X20 flow cytometer or sorted on a FACSAriall (BD Biosciences). SenNP+
TRM were gated on singlets, lymphocytes, i.v. label- live cells, CD4-CD8a+, CD44" Tetramer+,

CD69+ CD103+. Flow cytometry data were analyzed using FlowJo v.10 software.

Single Cell RNA Sequencing

Single cell RNA sequencing gene expression libraries were generated following the Chromium
Single Cell 5' Reagent Kits User Guide, v2 Chemistry Dual Index (10x Genomics). lllumina
fastq files were processed and mapped to the GRCh38-2024-A reference transcriptome using 10x
Genomics Cell Ranger 8.0.0'° and each biological replicate aggregated on a per-batch basis for
downstream analysis using the “aggr” command in Cell Ranger with the default parameters.
Aggregated data were analyzed using Seurat v5.0.0%°. Subsequent command references are from
this software and default parameters were used for all commands unless otherwise specified.

Low quality cells with the following criteria were filtered out: percent of mitochondrial reads in
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each cell greater than 5 percent and less than 500 (Replicate 1) and 300 (Replicate 2) uniquely
expressed genes per cell. The remaining counts from each batch were separately normalized and
scaled, and the batch-corrected, integrated UMAP was created using Harmony?! and clustered
using the top four principal components of the dimensional reduction with a resolution of 0.24
that resulted in six clusters. RNA velocity analysis was performed by first estimating the quantity
of unspliced and spliced reads on a per-sample basis with velocyto v0.17.15%2. Then, using
scvelo v0.2.5%, RNA velocity was computed with a steady-state model. The vector field of the
RNA velocity was averaged into streamlines and overlaid on the 2D UMAP for visualization of

broader flows and additional metadata information about the cells was underlaid.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism v9 or R software. For in vivo imaging
analyses, the threshold of infection was calculated as the mean background bioluminescence flux
+2.5 x standard deviation of the background flux. Any flux values below the mean background
flux were replaced by the mean background flux. Area under the curve (AUC) for each animal was
calculated using the trapz function in R and the background AUC was subtracted. AUC values
were compared using a Mann-Whitney test with the wilcox_test function in R. The probability of
infection was calculated as the proportion of mice in each group that became infected and had
bioluminescent flux values greater than the threshold of infection. Confidence intervals were
generated using a binomial probability distribution with the binconf function in R. Probability of
infection values were compared using a proportion test with the prop_test function in R. Unless
otherwise indicated, data points represent individual mice for at least 2 independent replicates.

Statistical significance for cell number analyses were determined using a two-sided Mann-Whitney
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test in GraphPad Prism. P values for all statistics are indicated as *P<0.05, **P<0.01, ***P<0.001,

****P<(.0001, N.S. not significant.
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Results
CD8 TRM are sufficient to inhibit productive infection following transmission

Following intranasal immunization with engineered adenoviral vectors and live-attenuated
influenza A viruses that express the immunodominant H-2K¢ CD8 T cell epitope (FAPGNYPAL)
for the Sendai virus nucleoprotein (SenNP), mice generate Sendai virus-specific central, effector,
and respiratory tract resident memory T cells (TRM)'®. By combining these immunization
strategies with a firefly luciferase encoding Sendai virus (Sendai-Luc), we previously
demonstrated that Sendai-specific CD8 TRM were capable of surveying the respiratory tract to
prevent the establishment of infection following transmission using in vivo bioluminescent
imaging®.

First, we tested whether these in vivo bioluminescent imaging results were recapitulated
by nasal shedding of infectious virus. Contact mice were immunized intranasally with a live
attenuated PR8 influenza A virus encoding the FAPGNYPAL epitope for SenNP (LAIV-SenNP)
or a replication-deficient adenoviral serotype 5 vector expressing the Sendai virus nucleoprotein
(Ad-SenNP). After 35 days, mice were co-housed with a Sendai-Luc infected index mouse.
Transmission from the infected index mouse to the immunized contact mice was tracked
longitudinally by both in vivo imaging and nose dips for viral shedding analysis (Fig. 1a). A
control group was inoculated with a live attenuated influenza A virus control lacking the SenNP
antigen (LAIV-WT) to account for the role of inflammation or trained innate immunity during
immunization, while not generating any Sendai virus-specific immune responses. Infection was
evident in LAIV-WT and LAIV-SenNP immunized mice by 6 days post co-housing (D35+6), and
the LAIV-SenNP group exhibited significantly reduced nasal shedding at D35+6 and D35+9.

Notably, mice immunized with Ad-SenNP did not exhibit nasal shedding at any time point (Fig.
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1b). Viral titer differences between LAIV-SenNP and Ad-SenNP immunized mice can be
attributed to the number of Sendai-specific TRM elicited during vaccination, as we previously
showed that LAIV-SenNP elicits fewer CD8 TRM in the respiratory tract™®, resulting a higher
probability of infection compared to Ad-SenNP. While these findings demonstrate that CD8 TRM
can significantly limit both viral infection and nasal shedding from transmission, they do not
exclude potential contributions from other immune cell populations.

To further define the ability of CD8 TRM to prevent respiratory transmission we evaluated
whether the influx of circulating immune cells, mucosal B cell responses, or CD4 T cells play a
role in this response. We utilized FTY720 dosing to inhibit S1P-dependent cellular trafficking and
evaluate whether circulating memory CD8 T cell subsets and other S1P-dependent leukocytes aid
in protection against transmission. Contact mice were immunized intranasally with Ad-SenNP or
an adenoviral vector control (Ad-FIUNP) and exposed to transmission of Sendai-Luc. In vivo
imaging was performed to monitor transmission from the index mouse to immunized contact mice,
and bioluminescent curves were graphed (Fig. 1c, 1d). As expected, all contact mice (8 out of 8)
who received the Ad-FIUNP control and lacked any Sendai-specific immunity became infected.
Interestingly, regardless of whether S1P-dependent cellular trafficking was inhibited, all animals
with SenNP-specific CD8 TRM were protected from infection (Fig. 1d, 1e). These results were
reiterated when using LAIV-SenNP priming (Extended Data Fig. 1a-c). These data demonstrate
that CD8 TRM present in the respiratory tract are sufficient to protect against viral transmission
and that the recruitment of circulating effector lymphocyte populations is dispensable.

To determine whether potential B cell responses elicited during immunization aid in
protection against transmission, we used mMT- mice which lack functional mature B cells. Unlike

LAIV-SenNP which only encodes the 9 amino acid FAPGNYPAL sequence from SenNP and is
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thus extremely unlikely to induce any Sendai-specific B cells, Ad-SenNP expresses the entire
Sendai virus nucleoprotein and could potentially lead to SenNP-specific B cell responses after
immunization. We immunized mMT” contact mice with Ad-SenNP and Ad-FIuNP as a control
and challenged them using the Sendai-Luc transmission model (Fig. 1f). 90% (9 out of 10) of Ad-
FIUNP immunized mMT contact mice became infected, while all (12 out of 12) of the Ad-SenNP
immunized mMT~ contact mice were protected from infection, mimicking the results observed in
WT mice (Fig. 1g, 1h). Priming mMT” mice with LAIV-SenNP resulted in a similar trend
(Extended Data Fig. 1d-f). CD4 T cells have been shown to provide “help” and amplify memory CD8
T cell responses through cytokine secretion and co-stimulation?* %, To evaluate whether bystander CD4
T cells were necessary for CD8 TRM mediated protection, we vaccinated contact mice with LAIV-
SenNP and administered either a polyclonal 1gG isotype control or CD4 depleting antibody during
Sendai-Luc transmission challenge (Fig. 1i). While 100% (16 out of 16) of mice immunized with
LAIV-WT became infected, 37% (6 out of 16) and 50% (8 out of 16) of LAIV-SenNP vaccinated
mice treated with the isotype control or CD4 depleting antibody became infected, respectively
(Fig. 1j, 1k). The area under the bioluminescent curves for each animal that became infected,
representative of the total viral burden during a breakthrough infection, did not differ between the
isotype control and anti-CD4 group (Fig. 1k). Taken together, these findings definitively show
that CD8 TRM in isolation can protect against respiratory virus transmission, independent of

circulating immune cells, B cell responses, or CD4 T cell help.

Antigen-specific CD8 T cells in the upper respiratory tract respond to transmitted virus
Although intranasal vaccination to induce mucosal immune responses is highly appealing,

there are concerns over the feasibility and safety of generating virus-specific memory T cells in
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the lungs of human vaccine recipients. Previous work has shown that antigen must be delivered
locally to the lung to elicit TRM, which may necessitate inhalation of large doses and cause
significant discomfort, as well as adverse side effects, in vaccine recipients?®®. Due to these
concerns, we sought to investigate which respiratory tract compartments, either the URT and/or
LRT, required T cell surveillance to prohibit infection following transmission.

To address this question, we first examined the localization of virus-specific T cell
activation during transmission. We used Nur77°" reporter mice as a readout for T cell activation,
where TCR stimulation results in GFP expression?’. Nur77° contact mice were immunized with
LAIV-SenNP, co-housed with Sendai-Luc infected index mice, and sacrificed at 3 days (D35+3)
and 6 days (D35+6) post co-housing to assess GFP expression in SenNP-specific CD8 T cells in
different areas of the respiratory tract (Fig. 2a, Extended Data Fig. 2). Substantial populations of
GFP+ Sendai virus-specific T cells were observed in the nasal cavity at D35+6. No T cell
activation was seen in the airways (bronchoalveolar lavage, BAL) or lung at either time point (Fig.
2b, 2c). Due to the large number of mice at D35+6 (12 out of 19) that were not infected by in vivo
imaging (represented by open circles), and concordantly did not acquire GFP expression, the
frequency of GFP+ SenNP+ CD8 T cells at D35+6 in the nasal cavity was trending but did not
reach statistical significance. When stratified according to infection status, we observe that
infected animals have a significant enrichment of activated antigen-specific CD8 T cells in the
URT, but not LRT (Fig. 2d). We next assessed whether Sendai virus-specific CD8 T cells were
proliferating in the URT or LRT in response to transmitted virus by 5-Ethynyl-2’-deoxyuridine
(EdU) labelling. WT mice were vaccinated with a non-attenuated influenza A virus encoding
FAPGNYPAL (PR8-SenNP), co-housed for Sendai-Luc transmission after 35 days, and dosed

with EdU 24 hours prior to sacrifice at D35+0, D35+3, or D35+6 (Fig. 2e). Consistent with our
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previous results, EAU was detected in SenNP-specific CD8 T cells within the nasal cavity at
D35+6, but not within the BAL or lungs at either time point (Fig. 2f, 2g). These findings establish
the nasal cavity, or URT, as the predominant site of the T cell response to transmitted respiratory
viruses and highlight the need to characterize the role of URT tissue resident memory T cells in

preventing respiratory virus transmission.

Activated nasal cavity resident memory CD8 T cells undergo antiviral effector
transcriptional changes

To further understand the activation kinetics and effector programs of upper respiratory
tract resident memory CD8 T cells during viral transmission, we FACS sorted intravital antibody
negative, SenNP+ CD8+ T cells from the nasal tissue of PR8-SenNP i.n. immunized contact
mice after co-housing with a Sendai-Luc infected index mouse and performed single cell RNA
sequencing (Fig. 3a). Cells stratified into 6 clusters; clusters 4 and 5 predominantly consisted of
cells from the D35+6 timepoint, while clusters 0 through 3 were a heterogeneous mix from all
timepoints (Fig. 3b, 3c). Cluster 4 exhibited increased expression of many canonical CD8 T cell
effector function genes including Ifng, Gzmb, and Tnf (Fig. 3d). Nrd4al (Nur77) expression was
upregulated in cluster 4, aligning with our previous results that Nur77¢F" expression denotes
activated nasal cavity SenNP-specific CD8 T cells at D35+6 post co-housing. Nearly all of the
cells in cluster 5 expressed Mki67, indicating that this cluster represents proliferating SenNP+
CD8 T cells. Notably, cells in clusters 0 through 3 had low to non-detectable levels of expression
for these activation genes, indicating that these cells likely represent SenNP-specific CD8 T cells
that are present at steady state after priming, but have not encountered their cognate antigen

following transmission. It is important to note that we sorted all SenNP+ V- CD8+ T cells from
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the nasal cavities of these mice, a population which includes tissue resident memory T cells,
effector memory T cells, and activated effector T cells. Cells that expressed canonical TRM
marker genes Cd69 and Itgae, which encodes CD103, were dispersed throughout clusters 0
through 3, while very few Itgae+ Cd69+ cells were identified in the activated and proliferating
cells of clusters 4 and 5 (Fig. 3e). We hypothesized that these activated cells in clusters 4 and 5
likely originated from TRM and performed RNA velocity analysis to visualize the cellular
transitions occurring between clusters. Streamlines from TRM-rich regions directed towards the
activated clusters, in accordance with the time points of sample collection and corroborating the
notion that these activated effector cells arise from TRM (Fig. 3f, 3g). These results support the
nasal cavity as the critical site for TRM activation during transmission, as cells in this location

rapidly transition to and adopt antiviral effector transcriptional states.

Upper respiratory tract CD8 TRM prevent infection from transmission

Taken together, the observations that CD8 TRM protect against respiratory virus
transmission and that antigen-specific CD8 T cell activation is restricted to the URT led us to ask
whether URT TRM alone were capable of preventing infection from transmission. 30uL intranasal
inoculums used throughout the rest of this study delivered antigen to the entire respiratory tract
and elicited CD8 TRM in both the URT and LRT (total respiratory tract, TRT). To induce a similar
number of Sendai virus-specific CD8 TRM in the URT without inducing an antigen-specific
response in the LRT, we utilized a low volume 5uL intranasal immunization with Ad-SenNP (Fig.
4a-4c¢). Immunized mice were then co-housed with Sendai-Luc infected index mice for
transmission, and infection outcomes were measured by in vivo imaging. As expected, 100% of

animals (24 out of 24) that received the Ad-FIuUNP control became infected and 0% of animals (16
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out of 16) that received the 30uL TRT immunization became infected. Animals with only URT
TRM were largely protected against transmission with only 20% (5 out of 24) becoming infected,
and this was not statistically significant compared to TRT immunization (Fig. 2d, 2e). When
viewing the in vivo bioluminescent images of the 5 mice in the 5uL. URT TRM group that became
infected, it can be seen that infection remained isolated in the trachea region and bypassed the
nasal region in most mice (4 out of 5, 80%) (Extended Data Fig. 3a). Comparatively few
infections in the AdFIUNP control group initiated in the trachea (3 out of 24, 12%) while the
majority initiated in the nasal region (13 out of 24, 54%) or nasal and trachea region concurrently
(8 out of 24, 33%) (Sup. Fig 3b). Overall, these findings demonstrate that URT resident memory

CD8 T cells are sufficient to protect against respiratory virus transmission.



128

Discussion

Previous studies have shown that intranasal T cell-mediated vaccines can abrogate
pathology and viral burdens of respiratory virus infections® 2® 2°, However, these studies often
utilize high dose, intranasal challenge models that do not accurately mimic the dynamics of viral
transmission and propagation in humans. Here, we use a natural respiratory virus transmission
challenge model to demonstrate that CD8 TRM act as sentinels of the respiratory tract to prevent
the establishment of infection, independent of B cell responses, CD4 T cell help, or circulating
immune cells. Understanding which respiratory tract tissues require immune surveillance to
prevent infection is crucial to develop intranasal vaccines that generate herd immunity and stop
the chain of transmission among populations. To this end, we show that URT CD8 TRM are
preferentially activated during respiratory virus transmission and can prevent infection. In
accordance with an emerging body of literature on nasal-mediated immunity, our data support the
development of nasal-localized T cell-based vaccines for respiratory viruses.

While the sole presence of URT CD8 TRM was largely effective in providing protection
against transmission, a handful of breakthrough infections, located in the trachea region, occurred
in these mice. It is important to note that we did not investigate the role of trachea TRM in this
study, due to the technical difficulty of isolating sufficient numbers of antigen-specific TRM in
this site. We propose that these trachea-localized infections can likely be attributed to the mode of
transmission, as smaller sized aerosolized virions can travel deeper within the respiratory tract and
bypass nasal mucosal membranes, while larger sized droplets typically deposit in the nasal
epithelium® 3L, Our transmission model does not differentiate between contact-dependent or
aerosolized modes of transmission, as index and contact mice freely interact with each other for

the duration of the experiment. We hypothesize that these breakthrough infections in the trachea
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of URT immunized mice are a result of fine aerosol transmission. SARS-CoV-2 and Influenza
virus infections in humans initiate primarily from contact-dependent and large droplet
transmission, although aerosol transmission has been recorded in some instances®?-%, Thus, we
theorize that URT CD8 TRM-mediated protection would be sufficient to generate herd immunity
and impair viral spread for circulating respiratory viruses.

The mouse nasal cavity is stratified by posterior olfactory epithelium and anterior
respiratory epithelium, with the latter containing the nasal associated lymphoid tissue, nasal
turbinates, septum, and maxillary sinus'* *’. After influenza virus infection, CD103+ URT CD8
TRM reside in each of the aforementioned regions of the nasal tissue where they are poised to
rapidly respond to challenge with their cognate antigen®2. It is possible that URT CD8 TRM
localized around the conducting air passages of the nose play a more fundamental role in limiting
respiratory virus transmission than those located deeper within the tissue, aligning with the earliest
events during pathogen entry. A spatial understanding of URT CD8 TRM activation upon initial
recognition of transmitted virus would serve to inform vaccine design and correlates of protection
for human vaccination. Human influenza challenge and transmission studies, where human
participants are directly infected with influenza in controlled environments and the modes of
transmission to exposed participants are analyzed, will prove highly useful in deciphering how
different routes of viral transmission impact the localization of immune responses in the context
of human infection®*4°. One recent study in ferrets showed that transmissible influenza virus
particles originate from the nasal turbinates as opposed to the lung*. Based on these findings, we
believe it is reasonable to assume that URT CD8 TRM would also limit transmission from infected

individuals in addition to preventing infection upon exposure, as we have illustrated here.
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To develop an intranasal URT-targeted vaccine, understanding the mechanisms of TRM
differentiation and maintenance in the URT would inform vaccine formulation and adjuvant
selection. In the lungs following intranasal adenoviral vector vaccination, alveolar macrophages
are the predominant cellular population transduced to enable generation and maintenance of LRT
CD8 TRM*2, Previous studies have shown that URT TRM are primed in the cervical lymph
nodes*®, but which antigen presenting cells are involved, particularly for adenoviral vector
vaccines, is unknown. The FluMist, a commercially available LAIV vaccine delivered as a nasal
spray, replicates more effectively at colder temperatures found in the URT due to attenuating
mutations** 4. Although LAIV vaccination has been shown to induce nasal IgA responses in
human vaccine recipients*®-8, whether LAIV successfully induces URT CD8 TRM in humans is
unknown. Additionally, an optimal intranasal vaccine should result in durable protection and long-
lasting T cell responses. Although LRT CD8 TRM decline over time, our previous work
demonstrates that URT CD8 TRM are more long-lived and can provide enduring protection against
transmission in a mouse model*®. One recent study was the first to provide evidence of URT CD8
TRM from nasal swabs of human SARS-CoV-2 vaccine recipients®. Using such nasal swab
sampling strategies, future studies should focus on understanding the longevity of URT CD8 TRM
in humans to assess whether URT T cell-mediated vaccines would necessitate boosting regimens
or provide long-lived protection.

In summary, we have uncovered a novel role for nasal, URT CD8 TRM in preventing
infection in a natural transmission model. We show that URT CD8 TRM are the predominant
virus-specific T cell population responding to respiratory virus transmission and that when

present in sufficient quantities, can inhibit the establishment of infection. These findings have



131

significant implications for the development of intranasal vaccines to prevent the spread of

respiratory viruses.
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Figure 1. CD8 tissue resident memory T cells prevent infection from transmission in the
absence of circulating immune cells, B cells, or CD4 T cells. a) Experimental schematic where
contact mice immunized intranasally (i.n.) with LAIV-WT, LAIV-SenNP, or Ad-SenNP were co-
housed with a Sendai-Luc infected index mouse and transmission was assessed by nasal shedding

titers. b) Nasal shedding titers of immunized contact mice (n=14-16 per group) at 3, 6, 9, and 12
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days post co-housing. ¢) Experimental schematic where AdFIUNP i.n. or AdSenNP i.n. immunized
contact mice were co-housed with Sendai-Luc infected index mouse and treated with FTY720 or
PBS control intraperitoneally (i.p.). d) Bioluminescence curves of AdFIUNP i.n. (n=8), AdSenNP
i.n. with PBS (n=16), and AdSenNP i.n. with FTY720 (n=20) contact mice following co-housing
with index mice. €) Probability of infection for immunized contact mice, calculated as proportion
of contact mice that became infected. f) Experimental schematic where mMT~” mice were
immunized i.n. with AdFIUNP or AdSenNP prior to co-housing with Sendai-Luc infected index
mouse. g) Bioluminescence curves of mMT” mice immunized with AdFIUNP (n=10) and
AdSenNP (n=12). h) Probability of infection for mMMT~ contact mice immunized with AdFIUNP
and AdSenNP. i) Experimental schematic to assess role of CD4 T cells where LAIV-SenNP i.n.
immunized contact mice were administered anti-CD4 depleting monoclonal antibody every 3 days,
starting on day prior to co-housing with Sendai-Luc infected index mouse. j) Bioluminescence
curves of contact mice (n=16/group) immunized with LAIV WT, LAIV-SenNP with isotype
control antibody, and LAIV-SenNP with anti-CD4 antibody. k) Probability of infection of
immunized contact mice and area under the curve (AUC) of bioluminescence in immunized
contact mice that become infected following co-housing. Grey circles represent uninfected mice,
and triangles represent infected mice. For (d, g, j), solid dark lines represent means, solid pale lines
represent individual mice, dashed grey lines represent limit of detection, and dashed red lines
represent the threshold of infection. Error bars (e,h,k) represent 95% binomial confidence intervals
or standard deviation (b). All data are combined from at least two independent replicates.
Statistical significance was determined using two-sided Mann-Whitney test with *P<0.05,

**P<0.01, ***P<0.001, ****P<0.0001, NS for not significant.
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Figure 2. Antigen-specific CD8 T cells in the upper, but not lower, respiratory tract become

activated and proliferate in response to transmitted virus. a) Experimental schematic in which

Nur77C"P contact mice immunized i.n. with LAIV-SenNP were co-housed with a Sendai-Luc

infected index mouse and sacrificed at D35+0 (n=10), D35+3 (n=7), or D35+6 (n=19). b)

Representative flow cytometry plots of Nur77 expression gated on IV- CD8+ SenNP+ T cells in

immunized contact mice. ¢) Frequency Nur77+ of IV- CD8+ SenNP+ T cells in nasal cavity, BAL,

and lung of immunized mice at D35+0, D35+3, and D35+6. Circles represent uninfected mice,
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and triangles represent infected mice by IVIS. d) Frequency Nur77+ of IV- CD8+ SenNP+ T cells
separated by infection status. e) Experiment schematic to assess T cell proliferation, where

PR8-SenNP i.n. immunized contact mice were injected with 1 mg EdU intraperitoneally 1 day
prior to sacrifice at D35+0 (n=7), D35+3 (n=12), or D35+6 (N=12) post co-housing with index
mouse. f) Representation flow cytometry plots of EJU expression gated on IV- CD8+ SenNP+ T
cells in immunized contact mice. g) Frequency EdU+ of V- CD8+ SenNP+ T cells in nasal cavity,
BAL, and lung of immunized contact mice D35+0, D35+3, and D35+6. Data are combined from
three (b-d) or two (f, g) independent replicates. Statistical significance was determined using two-

sided Mann-Whitney test.
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Figure 3. Upper respiratory tract resident memory CD8 T cells initiate antiviral effector
transcriptional programs during respiratory virus transmission. a) Experimental schematic
where PR8-SenNP i.n. immunized contact mice were co-housed with a Sendai-Luc infected index
mouse and SenNP+ CD8+ T cells from the nasal cavity were sorted for single cell RNA sequencing
at D35+0, D35+3, and D35+6. b) UMAP projection of nasal cavity SenNP+ IV- CD8+ T cells
from contact mice during Sendai-Luc transmission. ¢) Composition of UMAP Seurat clusters by
day post co-housing. d) Bubble plot with expression of effector function genes for each cluster. e)
Itgae+ Cd69+ cells overlaid on UMAP. f) RNA velocity analysis with streamlines in direction of
cellular trajectory and Itgae and Cd69 expression status overlaid. g) RNA velocity with timepoint

post co-housing overlaid. Data are combined fr
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Figure 4. CD8 tissue resident memory T cells in the upper respiratory alone are sufficient to
prevent respiratory virus transmission. a) Experimental schematic in which immunized contact
mice were co-housed with a Sendai-Luc infected index mouse. b) Representative flow cytometry
plots of CD103 and CD69 expression gated on IV- CD8+ SenNP+ T cells in AdSenNP 30uL and
5uL immunized mice. ¢) Number of CD103+ CD69+ TRM in the nasal cavity, BAL, and lung of
AdSenNP 30uL (n=10) and 5uL (n=10) immunized mice. d) Bioluminescence curves of AdFIUNP
30uL (n=24), AdSenNP 30uL (n=16), and AdSenNP 5uL (n=24) immunized contact mice when
co-housed with Sendai-Luc infected index mouse. e) Probability of infection in whole respiratory
tract region for immunized contact mice, calculated as proportion of contact mice that become
infected. For (d), solid dark lines represent means, solid pale lines represent individual mice,
dashed grey lines represent limit of detection, and dashed red lines represent the threshold of

infection. Error bars (e) represent 95% binomial confidence intervals. Data are combined from two
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(b-c) or three (d-e) independent replicates. Statistical significance was determined using two-sided

Mann-Whitney test.
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Extended Data Figure 1
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Extended Data Figure 1. Circulating effector cells and B cells are dispensable for protection
against transmission even when a lower quantity of respiratory tract TRM are present. a)
Experimental schematic where LAIV-WT i.n. or LAIV-SenNP i.n. immunized contact mice were
co-housed with Sendai-Luc infected index mouse and treated with FTY720 or PBS control
intraperitoneally (i.p). b) Bioluminescence curves of LAIV-WT i.n. (n=11), LAIV-SenNP i.n. with
PBS (n=15), and LAIV-SenNP i.n. with FTY720 (n=15) contact mice following co-housing with
index mice. c) Probability of infection for immunized contact mice, calculated as proportion of
contact mice that became infected. d) Experimental schematic where mMT-mice were immunized
i.n. with LAIV-WT or LAIV-SenNP prior to co-housing with Sendai-Luc infected index mouse.
e) Bioluminescence curves of mMT”" mice immunized with LAIV-WT (n=9) and LAIV-SenNP
(n=16). f) Probability of infection for mMT~- contact mice immunized with LAIV-WT and LAIV-

SenNP. For (b, e), solid dark lines represent means, solid pale lines represent individual mice,
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dashed grey lines represent limit of detection, and dashed red lines represent the threshold of
infection. Error bars (c, f) represent 95% binomial confidence intervals. Data are combined from
two independent replicates. Statistical significance was determined using two-sided Mann-

Whitney test.
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Extended Data Figure 2
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Extended Data Figure 2. Flow cytometry gating strategy used to identify CD8+ SenNP-

specific T cells and TRM relating to Figure 2, 3 and 4.
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Extended Data Figure 3
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Extended Data Figure 3. Breakthrough infections in Ad-SenNP 5uL i.n. immunized mice
localized in the trachea region. a) Bioluminescent images of the 5 out of 24 Ad-SenNP 5uL
immunized mice that became infected during Sendai-Luc transmission challenge. A representative
infection in an Ad-FIUNP 30uL immunized mouse is shown. b) Proportion of infections that
initiated in the nasal region, trachea region, or nasal & trachea regions concurrently for Ad-FIUNP

30uL i.n. and Ad-SenNP 5uL i.n. immunized contact mice.
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CHAPTER IV: Discussion

The work presented in this thesis studies CD8 tissue resident memory T cells (TRM) in the
context of respiratory virus transmission. TRM, a subset of memory T cells that establish residency
in the tissue and do not recirculate, have been thoroughly investigated using direct intranasal
respiratory virus challenge models, where TRM have been shown to reduce viral burdens and
immunopathology3. However, these models do not recapitulate the true physiological events that
occur during respiratory virus infection, where one infected individual transmits virus to another.
During natural respiratory virus transmission, a low number of virions, spread from respiratory
secretions or contact with a contaminated surface, will posit along the respiratory tract, replicate,
and initiate an infection replete with physiological symptoms and pathology?. Investigating
immunological mechanisms and cellular populations that impact respiratory virus transmission has
been historically difficult due to the lack of appropriate animal models and experimental tools. The
majority of publications on respiratory viruses that use mice as an experimental model use
influenza or more recently SARS-CoV-2 which do not transmit in healthy immune system, adult
mice®®. While guinea pigs and ferrets do support transmission of many human respiratory viruses
including influenza and SARS-CoV-2, experimental immunological tools, such as MHC tetramers
and a wide specificity of fluorescently conjugated antibodies, are not readily available.
Additionally, obtaining samples for viral titer analysis of respiratory tract tissues necessitates
destructive sampling and euthanasia. To address this gap in knowledge and investigate the impact
of CD8 T cells during transmission, we chose to focus on mouse models and utilized Sendai virus,

a parainfluenza virus that transmits naturally by airborne and contact modes.

In Chapter I, we introduce the model used to investigate the role of vaccine-induced CD8

TRM in respiratory virus transmission. Influenza A vectors, an HIN1 PR8 virus and a live
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attenuated version, were engineered to encode the H2-K® immunodominant CD8+ T cell epitope,
FAPGNYPAL, for the Sendai virus nucleoprotein (SenNP). Following intranasal (i.n.) inoculation
with these constructs, a SenNP-specific CD8 T cell response was elicited in the respiratory tract,
resulting in central memory, effector memory, and tissue resident memory T cells. Systemic
immunization by intraperitoneal (i.p.) injection resulted in similar quantities of central and effector
memory CD8 T cells subsets, but no tissue resident memory T cells in the lung or airways.
Interestingly, i.p. infection did generate tissue resident memory T cells in the nasal cavity, but
significantly fewer than those within i.n. infected mice. It is important to note that immunization
with these vectors did not result in any Sendai-specific B cells responses or CD4 T cells. After
these immunized contact mice were rested to memory, they were then co-housed with an index
mouse infected with the transmissible Sendai virus. A firefly luciferase encoded in the Sendai virus
would emit a bioluminescent flux from infected cells when treated with a luciferin substrate. This
enabled tracking the course of viral transmission from the index mouse and potential infection of

the contact mice through in vivo imaging.

Our findings show that TRM can prevent infection from transmission by significantly reducing
the probability of infection. Additionally, the handful of animals that did become infected had
significantly lower viral burdens than controls. While T cell mediated immunity is not sterilizing
and requires cells to become infected to present antigen on MHC-I (excluding possible cross
presentation), TRM extinguished any initial infection events to prevent the establishment of a full-
scale infection, as detectable by our analytical methods. Interestingly, i.p. primed mice were not
protected against transmission and had no difference in viral burden or probability of infection
compared to the vector control, indicating that central and effector memory CD8 T cells did not

contribute to the reduction in transmission in our model.



158

After demonstrating that CD8 TRM protect against respiratory virus transmission, we asked
which CD8 TRM effector mechanisms were responsible. We evaluated the contributions of
Perforin/Granzyme mediated cellular cytotoxicity, Fas-FasL cell death, and IFN-y signaling.
While cytolytic capacity from Perforin/Granzyme and Fas-FasL was dispensable, IFN-y signaling
was required. These findings align with a recent publication demonstrating that T cell secreted
IFN-y mediated protection against heterologous SARS-CoV-2 aerosolized infection®. To
investigate how TRM-secreted IFN-y was impacting the local cellular microenvironment during
transmission, we turned to a peptide dosing model where WT and Ifng” mice were dosed
intranasally with SenNP peptide to activate resident T cells. RNA sequencing results revealed that
IFN-y signaling induced antiviral transcriptional programs associated with the induction of
interferon stimulated genes and increased antigen presentation in nasal cavity epithelial cells.
These findings were confirmed at the protein level by flow cytometry, illustrating a stark increase
of MHC-I and MHC-I11 expression that was dependent on IFN-y. Taken together, these data
demonstrate that respiratory tract TRM rapidly produce IFN-y which initiates antiviral
programming in the nasal microenvironment to prevent respiratory virus transmission. As such,

IFN-y could serve as a potential biomarker of vaccine efficacy for transmission prevention.

When assessing the potential of a T cell mediated vaccine, an important question to consider
is the durability of the response. Previous studies have shown that TRM in the lung and BAL
decline over time, resulting in a loss of heterosubtypic immunity® 1, Interestingly, TRM numbers
in the nasal cavity remain relatively stable over time, a finding corroborated by this study*?. To
assess the durability of TRM-mediated protection against transmission, cohorts of mice were
primed with various -SenNP expressing vectors, rested for 6 months, and challenged with Sendai-

Luciferase transmission. After influenza vector based -SenNP immunization, protection against
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transmission declined between 1 month and 6 months but did not reach control levels of
transmission. In contrast, adenoviral vector -SenNP vaccinated mice were completely protected
against transmission at both 1 month and 6 month timepoints. This was attributed to the ability of
adenoviral vector immunization to maintain TRM populations throughout the respiratory tract over
time. Previous studies from the lab have demonstrated that intranasal delivery of adenoviral
vectors results in long-lived antigen depot formation in alveolar macrophages which provides
necessary TCR stimulation to maintain TRM in the BAL and lung** **. To develop a T cell-based
vaccines for humans, selecting the appropriate immunization that enables maintenance of TRM
populations over time is critical. These findings demonstrate that protection against transmission
is dependent on the number of TRM present in the respiratory tract, and that intranasal vaccine
induced TRM have the potential to provide long-lasting protection against viral transmission. Not
only did the data presented in this chapter illustrate that CD8 TRM can prevent the establishment
of infection during respiratory virus transmission, but this data also showed that this protection
was dependent on IFN-y and durable for at least 6 months. Overall, the data in this chapter highlight
the importance of mucosal T cell responses against respiratory viruses and support the continued
development of T cell-mediated vaccines to prevent respiratory virus transmission among

populations.

In Chapter 111, we investigate the localization of the T cell response during respiratory virus
transmission and identify which anatomical TRM populations are required to prevent transmission.
When designing an intranasal vaccine for human use, it is necessary to understand which immune
cell populations should be generated to induce maximal protection against transmission. While
many intranasal vaccine studies have focused on the lung as a site of protection, many raise

concerns over the feasibility of generating lung resident T cells in humans. Unlike other tissue
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sites, lung TRM formation requires local antigen delivery, which may necessitate administration
of large liquid volumes to human vaccine recipients and subsequent discomfort. The role of upper
respiratory tract (URT) or nasal cavity TRM has been understudied, but recent evidence has
highlighted their importance in SARS-CoV-2 immunity. Here, we seek to investigate which TRM
populations are necessary to prevent respiratory virus transmission by first identifying the location
of T cell activation during transmission. Using Nur77¢ reporter mice and EdU labelling, we
demonstrate that antigen-specific TRM in the nasal cavity, but not the lung or the BAL, become
activated and proliferate in response to transmitted Sendai-Luc. Supporting these findings, we
show that nasal cavity TRM transition to activated effector states and adopt antiviral transcriptional
programs using single cell RNA sequencing and RNA velocity approaches. These findings
suggested that the nasal cavity was an important site involved in the immune response to
transmission. To test whether nasal cavity TRM alone were sufficient to protect against
transmission, we used a low volume infection approach with our adenoviral vector to generate
solely nasal cavity TRM, without eliciting SenNP-specific lung or BAL responses, and challenged
the mice with Sendai-Luciferase transmission. Nasal cavity TRM alone were largely sufficient to
protect against transmission, with a small number of breakthrough infections localizing in the
trachea region. Overall, these findings establish the nasal cavity, or URT, as an essential site for
immune surveillance to prevent the establishment of infection in a transmission model. Future
intranasal vaccine strategies should focus on generating URT resident memory CD8 T cells to

prevent infection, with lung TRM as a secondary consideration for severe disease prevention.
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Outstanding Questions
Loss of Nasal Cavity TRM Functionality

One interesting observation from the 6-month timepoint transmission experiment was that
while nasal cavity TRM numbers did not decline over time, the protection against transmission
was reduced (with the exception of adenoviral vector immunization). There are several potential
explanations for this discrepancy that should be addressed in future studies to better understand
the requirements for TRM-mediated protection against transmission. It is well known that T cells
can become “exhausted” under chronic antigenic stimulation and lose functional capacity,
characterized by the expression of Tox, Tcfl, PD-1, TIM-3, and LAG-3">Y", Interestingly, TRM
share some of these features with exhausted cells, particularly PD-1 expression®8 1°, Whether nasal
cavity TRM can become exhausted and lose functionality over time has not been explored. If nasal
cavity TRM resist apoptosis and do not re-circulate, they may be subject to undergoing exhaustion
from chronic signals in the tissue. In the single cell RNA sequencing data presented in Chapter Iil,
a cluster of SenNP+ CD8 T cells expressing Tox and Tcfl was identified, suggesting that a subset
of nasal cavity T cells may be adopting an exhaustion-like transcriptional program. A decrease in
nasal cavity TRM functionality could explain why protection against transmission declined over

time, while TRM numbers remained relatively stable.
Nasal Cavity TRM Maintenance

Potential exhaustion of nasal cavity TRM over time raises questions regarding the
maintenance of TRM at this site. TRM can be maintained either by prolonged survival without
apoptosis, self-proliferation, or by an influx and subsequent differentiation of circulating CD8 T

cells into TRM, depending on the local microenvironment and factors required for TRM
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establishment?® 2L, Previous studies from the lab demonstrated that adenoviral vector
immunization facilitated TRM maintenance by providing sufficient persistent antigen to draw
circulating T cells into the lung and promote their proliferation and differentiation into TRM,
balancing out the rate of apoptosis at that site!® . Without sources of antigen for this continual
recruitment, lung and airway TRM underwent metabolic starvation and apoptosis, resulting in an
overall decline in cell numbers®. In contrast, skin TRM, which do not require local antigen
recognition for formation and do not decline in number over time, seem to largely resist apoptosis
and persist through continual fatty acid oxidation and 1L-23 and IL-15 cytokine stimulation?>24,
The mechanisms and signals that enable nasal cavity TRM cell maintenance are largely unknown,
although one study shows that nasal cavity TRM persist with minimal replenishment from
circulating cells'?. It would also be interesting to determine how nasal cavity TRM maintenance
differs under various vaccine scenarios, for example whether adenoviral vector vaccination
maintains nasal cavity TRM by the same mechanisms as influenza vectored vaccination. Whether
antigen sources or depots exist and persist in the nasal cavity, potentially providing chronic
antigenic stimulation for exhaustion, is also unknown. One preliminary experiment using a Cre
recombinase expressing adenovirus vaccination in Ail4 reporter mice did not illuminate a source
of antigen persistence in the nasal cavity (data not shown). However, further experimentation is
needed. Understanding how nasal cavity TRM are maintained would inform effective vaccine

design for long-lived nasal cavity TRM-mediated protection against transmission.
Localization of T Cells within Nasal Cavity

Another unexplored hypothesis relevant to this dissertation is that TRM in different
compartments of the nasal cavity may behave differently. The nasal cavity is highly heterogenous,

consisting of the nasal turbinates, septum, maxillary sinuses, and nasal associated lymphoid tissue,
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as well as separate regions of respiratory and olfactory epithelium?>2’. Where specifically TRM
form within the nasal cavity is largely unknown, although one study identified adoptively
transferred OT-I cells throughout the nasal tissue of influenza infected mice'?. It is possible that
TRM responding to transmission are localized closer to the conducting airways where they are
more likely to encounter inhaled virus particles. Due to the unique microenvironment and lower
temperature caused by exposure to air, TRM at these sites may have different qualities than those
lodged deeper within the tissue in terms of their longevity, maintenance, and function. Future
studies should utilize microscopy and spatial transcriptomics approaches to identify the specific
locations of nasal cavity TRM activation during respiratory virus transmission and investigate any

differences in their functions.
Nasal Cavity TRM from Systemic vs. Intranasal Vaccination

Data presented in Chapter Il assessed the protection against transmission induced by
systemic intraperitoneal (i.p.) vaccination and mucosal intranasal (i.n.) vaccination. I.p.
vaccination did not provide any significant level of protection as seen by total viral burden or
probability of infection compared to the control group. On the other hand, the i.n. infection group
had few breakthrough infections with lower viral burden. This finding was surprising given the
antigen-specific T cell responses induced by each route of vaccination. While i.p. vaccination did
not generate any lung or BAL TRM as expected, both routes generated TRM in the nasal cavity,
albeit the cell number was significantly less in the i.p. group than the i.n. group. The data in Chapter
I11 illustrates that the nasal cavity is the principal site of the T cell response to transmission. Based
on these findings, we would expect an intermediate level of protection against transmission
afforded by the number of nasal cavity TRM generated by i.p. vaccination. This raises several

interesting questions regarding nasal cavity TRM generated by i.p. immunization. Do TRM
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elicited by i.n. and i.p. vaccination differ in their functional profiles, their ability to secrete
cytokines, especially IFN-y, proliferation capacity, or ability to eliminate infected cells by
cytotoxic activity? Do they have a similar antigenic threshold for activation? Could nasal cavity
TRM from i.p. immunization be located in different regions of the nasal cavity tissue, perhaps
those located further away from the conducting airways, as opposed to those from i.n.
immunization? Are nasal cavity TRM from i.p. and i.n. infection primed similarly in terms of
which secondary lymphoid organs and antigen presenting cells are involved, and the signals they

impart during CD8 T cell activation? These are all important questions to address for future studies.
CD8 TRM Effector Mechanisms Under Different Vaccination Scenarios

In Chapter Il, we demonstrated that IFN-y signaling was required to prevent transmission,
as IFN-y induced antiviral transcriptional programming and increased antigen presentation in nasal
cavity epithelial cells. These findings were based off of LAIV-SenNP vaccination which induced
a significantly lower number of -SenNP specific TRM throughout the respiratory tract compared
to Ad-SenNP or PR8-SenNP immunization. When Ifng”- mice were vaccinated with Ad-SenNP
and challenged with Sendai-Luc transmission, they were completely protected from transmission
and no breakthrough infections were observed (data not shown). This suggests that when a
sufficiently large number of TRM are present, other effector mechanisms, likely cytotoxic cell
death pathways, are able to compensate for the loss of IFN-y. We hypothesize that when a large
number of TRM are present and lining the respiratory mucosa, TRM are able to immediately
eliminate any infected cells, negating the need for IFN-y mediated activation of neighboring
epithelial cells in preparation of an amplifying infection. However, when TRM are sparser
throughout the respiratory mucosa, IFN-y is needed to “bide time” for the existing TRM to

proliferate and migrate to infected cells, or for an influx of circulating effector CD8 T cells to
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eliminate the breakthrough infection. It will be interesting for future studies to confirm
experimentally which CD8 TRM effector mechanisms are required to prevent transmission and
which effectors mechanisms can compensate for others when varying levels of TRM are present

in the respiratory tract.

Implications for Vaccines to Prevent Respiratory Virus Transmission

Adenoviral vector vaccination emerged as a highly attractive vaccine platform for the
prevention of respiratory virus transmission from the work presented in this thesis. We showed
that intranasal adenoviral vector immunization elicits a high number of antigen-specific tissue
resident memory CD8 T cells and maintains these cellular populations throughout the respiratory
tract for an extended period of time, providing prolonged protection. Several intramuscularly
administered Ad-vectored vaccines were produced and approved by international regulatory
bodies during the SARS-CoV-2 pandemic. Although these Ad-vectored vaccines were effective at
presenting severe disease from SARS-CoV-2, they were ultimately removed from the market due
to extremely rare incidents of vaccine-induced thrombotic thrombocytopenia?® 2. While the
adenoviral vector SARS-CoV-2 vaccines did induce spike-spike specific IgG and T cell responses
in the blood, one study showed that this only marginally decreased lung pathology and respiratory
tract viral titers in SARS-CoV-2 challenged nonhuman primates®® 3L, In contrast, intranasal
delivery of Ad-vectored vaccines elicited robust antigen-specific IgA and 1gG responses as well
as tissue resident memory B and T cells in both the upper and lower respiratory tract of nonhuman
primates®? %3, Immune responses and protection from infection was superior when a SARS-CoV-
2 Ad-vectored vaccine was administered intranasally as opposed to intramuscularly343¢. Of

course, to bring intranasal Ad-vector vaccines to the clinic, more research is needed on possible
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adverse events and strategies to prevent their occurrence. In combination with the data presented
in this thesis, these studies highlight the potential for intranasally administered adenoviral vectored
vaccines to provide durable immunity and prevent respiratory virus transmission, supporting their

continued investigation and development.

Respiratory virus transmission in humans can occur by direct contact, fomite, droplet or
aerosol routes*. The study in this thesis used a mouse model of direct, continuous contact, where
transmission could occur by any of the aforementioned routes®’. However, our experiments
suggest that the localization of the immune response may differ depending on the mode of
transmission. It will be important for future studies to discern not only which tissue locations
require immune surveillance given a particular route of viral transmission, but also which immune
correlates of protection or memory responses are associated with each route of transmission.
Several groups have been performing controlled human influenza challenge and transmission
studies to address these questions® *°. One recent study identified tissue resident memory CD8 T
cells and class switched germinal center B cells in nasal swabs of human SARS-CoV-2 vaccine
recipients?’. Such nasal swab sampling strategies in humans challenge and transmission studies
will be particularly illuminating into the immune responses induced by vaccination and infection

at this critical and understudied site of immune surveillance.

The ideal outcome of vaccination is neutralizing antigen-specific IgG or IgA antibodies
that prevent viral particles from entering and infecting cells, while CD8 T cell mediated immunity
generally requires that a handful of cells become infected and present antigen on MHC-I to activate
those CD8 T cells. As this thesis focuses on tissue resident memory CD8 T cells, further research
is needed to decipher the contributions of tissue resident memory CD4 T cells and resident memory

B cells (BRM), particularly in the nasal mucosa, to protection against viral transmission. Although
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less is known about respiratory tract CD4 TRM, key studies have demonstrated their capacity to
regulate lung barrier immunity and secrete cytokines to aid B cell class switching*®2. A recent
preprint identifies influenza specific CD4 TRM in the nasal mucosa of mice and humans, and
illustrates their ability to provide heterosubtypic influenza protection through cytokine secretion®.
Similarly, resident memory B cells capable of producing IgA have been identified in human and
mouse respiratory tract tissues and are protective in influenza virus and bacterial challenge
models?” 446, More studies are needed to assess the roles of CD4 TRM and BRM in preventing
respiratory virus transmission and to evaluate the interplay between these cellular populations with

CD8 TRM.

The work presented in this thesis demonstrates that intranasal vaccine induced tissue
resident memory CD8 T cells can provide sufficient immune surveillance to prevent infection from
natural respiratory virus transmission. This has been a long-standing and elusive question in the
respiratory virus field due to the lack of an appropriate model system. Not only does this work
introduce a novel experimental mouse model and demonstrate the ability of intranasal T cell
mediated vaccines to protect against transmission, but it also characterizes this protection in terms
of its durability, localization, and requisite effector mechanisms. Engaging the T cell arm of the
immune response is essential to complement B cell mediated neutralizing antibody responses.
These findings hold significant translational impact for the development of vaccines that provide
cross protection against mutating and emerging viral strains and prevent the spread of respiratory

viruses on the population level.



168

References
1. Slutter B, Pewe LL, Kaech SM, Harty JT. Lung airway-surveilling CXCR3(hi) memory
CD8(+) T cells are critical for protection against influenza A virus. Immunity. 2013;39(5):939-

48. doi: 10.1016/j.immuni.2013.09.013. PubMed PMID: 24238342; PMCID: PMC3872058.

2. Zheng MZM, Wakim LM. Tissue resident memory T cells in the respiratory tract.
Mucosal Immunol. 2022;15(3):379-88. Epub 20211020. doi: 10.1038/s41385-021-00461-z.

PubMed PMID: 34671115; PMCID: PMC8526531.

3. Wu T, Hu Y, Lee YT, Bouchard KR, Benechet A, Khanna K, Cauley LS. Lung-resident
memory CD8 T cells (TRM) are indispensable for optimal cross-protection against pulmonary
virus infection. J Leukoc Biol. 2014;95(2):215-24. Epub 20130904. doi: 10.1189/jIb.0313180.

PubMed PMID: 24006506; PMCID: PMC3896663.

4. Leung NHL. Transmissibility and transmission of respiratory viruses. Nat Rev Microbiol.
2021;19(8):528-45. Epub 20210322. doi: 10.1038/s41579-021-00535-6. PubMed PMID:

33753932; PMCID: PMC7982882.

5. Bouvier NM, Lowen AC. Animal Models for Influenza Virus Pathogenesis and
Transmission. Viruses. 2010;2(8):1530-63. doi: 10.3390/v20801530. PubMed PMID: 21442033;

PMCID: PMC3063653.



169

6. Pan T, Chen R, He X, Yuan Y, Deng X, Li R, Yan H, Yan S, Liu J, Zhang Y, Zhang X,
Yu F, Zhou M, Ke C, Ma X, Zhang H. Infection of wild-type mice by SARS-CoV-2 B.1.351
variant indicates a possible novel cross-species transmission route. Signal Transduct Target Ther.
2021;6(1):420. Epub 20211214. doi: 10.1038/s41392-021-00848-1. PubMed PMID: 34907154;

PMCID: PMC8669038.

7. Bao L, Gao H, Deng W, LvQ, YuH, LiuM, YuP, LiuJ,Qu Y, Gong S, LinK, Qi F, Xu
Y, Li F, Xiao C, Xue J, Song Z, Xiang Z, Wang G, Wang S, Liu X, Zhao W, Han Y, Wei Q, Qin
C. Transmission of Severe Acute Respiratory Syndrome Coronavirus 2 via Close Contact and
Respiratory Droplets Among Human Angiotensin-Converting Enzyme 2 Mice. J Infect Dis.
2020;222(4):551-5. doi: 10.1093/infdis/jiaa281. PubMed PMID: 32444876; PMCID:

PMC7313959.

8. Zhang C, CuiH, LiE, Guo Z, Wang T, Yan F, Liu L, Li Y, Chen D, Meng K, Li N, Qin
C, LiuJ, Gao Y, Zhang C. The SARS-CoV-2 B.1.351 Variant Can Transmit in Rats But Not in
Mice. Front Immunol. 2022;13:869809. Epub 20220428. doi: 10.3389/fimmu.2022.869809.

PubMed PMID: 35572504; PMCID: PMC9095975.

9. Fumagalli V, Rava M, Marotta D, Di Lucia P, Bono EB, Giustini L, De Leo F,
Casalgrandi M, Monteleone E, Mouro V, Malpighi C, Perucchini C, Grillo M, De Palma S,
Donnici L, Marchese S, Conti M, Muramatsu H, Perlman S, Pardi N, Kuka M, De Francesco R,
Bianchi ME, Guidotti LG, lannacone M. Antibody-independent protection against heterologous

SARS-CoV-2 challenge conferred by prior infection or vaccination. Nat Immunol.



170

2024;25(4):633-43. Epub 20240314. doi: 10.1038/s41590-024-01787-z. PubMed PMID:

38486021; PMCID: PMC11003867.

10. Hayward SL, Scharer CD, Cartwright EK, Takamura S, Li ZT, Boss JM, Kohlmeier JE.
Environmental cues regulate epigenetic reprogramming of airway-resident memory CD8(+) T
cells. Nat Immunol. 2020;21(3):309-20. Epub 20200117. doi: 10.1038/s41590-019-0584-X.

PubMed PMID: 31953534; PMCID: PMC7044042.

11.  Slutter B, Van Braeckel-Budimir N, Abboud G, Varga SM, Salek-Ardakani S, Harty JT.
Dynamics of influenza-induced lung-resident memory T cells underlie waning heterosubtypic
immunity. Sci Immunol. 2017;2(7). Epub 20170106. doi: 10.1126/sciimmunol.aag2031. PubMed

PMID: 28783666; PMCID: PMC5590757.

12.  Pizzolla A, Nguyen THO, Smith JM, Brooks AG, Kedzieska K, Heath WR, Reading PC,
Wakim LM. Resident memory CD8(+) T cells in the upper respiratory tract prevent pulmonary
influenza virus infection. Sci Immunol. 2017;2(12). doi: 10.1126/sciimmunol.aam6970. PubMed

PMID: 28783656.

13. Lobby JL, Uddback I, Scharer CD, Mi T, Boss JM, Thomsen AR, Christensen JP,
Kohlmeier JE. Persistent Antigen Harbored by Alveolar Macrophages Enhances the
Maintenance of Lung-Resident Memory CD8(+) T Cells. J Immunol. 2022;209(9):1778-87.
Epub 20220926. doi: 10.4049/jimmunol.2200082. PubMed PMID: 36162870; PMCID:

PMC9588742.



171

14. Uddback I, Cartwright EK, Scholler AS, Wein AN, Hayward SL, Lobby J, Takamura S,
Thomsen AR, Kohlmeier JE, Christensen JP. Long-term maintenance of lung resident memory T
cells is mediated by persistent antigen. Mucosal Immunol. 2021;14(1):92-9. Epub 20200609.

doi: 10.1038/s41385-020-0309-3. PubMed PMID: 32518368; PMCID: PMC7726002.

15.  Cardenas MA, Prokhnevska N, Sobierajska E, Gregorova P, Medina CB, Valanparambil
RM, Greenwald R, DelBalzo L, Bilen MA, Joshi SS, Narayan VM, Master VA, Sanda MG,
Kissick HT. Differentiation fate of a stem-like CD4 T cell controls immunity to cancer. Nature.

2024. Epub 20241023. doi: 10.1038/s41586-024-08076-7. PubMed PMID: 39443797.

16. Blank CU, Haining WN, Held W, Hogan PG, Kallies A, Lugli E, Lynn RC, Philip M,
Rao A, Restifo NP, Schietinger A, Schumacher TN, Schwartzberg PL, Sharpe AH, Speiser DE,
Wherry EJ, Youngblood BA, Zehn D. Defining ‘T cell exhaustion'. Nat Rev Immunol.
2019;19(11):665-74. Epub 20190930. doi: 10.1038/s41577-019-0221-9. PubMed PMID:

31570879; PMCID: PMC7286441.

17. Khan O, Giles JR, McDonald S, Manne S, Ngiow SF, Patel KP, Werner MT, Huang AC,
Alexander KA, Wu JE, Attanasio J, Yan P, George SM, Bengsch B, Staupe RP, Donahue G, Xu
W, Amaravadi RK, Xu X, Karakousis GC, Mitchell TC, Schuchter LM, Kaye J, Berger SL,
Wherry EJ. TOX transcriptionally and epigenetically programs CD8(+) T cell exhaustion.
Nature. 2019;571(7764):211-8. Epub 20190617. doi: 10.1038/s41586-019-1325-x. PubMed

PMID: 31207603; PMCID: PMC6713202.



172

18.  Wang Z, Wang S, Goplen NP, Li C, Cheon IS, Dai Q, Huang S, Shan J, Ma C, Ye Z,
Xiang M, Limper AH, Porquera EC, Kohimeier JE, Kaplan MH, Zhang N, Johnson AJ, Vassallo
R, Sun J. PD-1(hi) CD8(+) resident memory T cells balance immunity and fibrotic sequelae. Sci
Immunol. 2019;4(36). doi: 10.1126/sciimmunol.aaw1217. PubMed PMID: 31201259; PMCID:

PMC7458867.

19. Hombrink P, Helbig C, Backer RA, Piet B, Oja AE, Stark R, Brasser G, Jongejan A,
Jonkers RE, Nota B, Basak O, Clevers HC, Moerland PD, Amsen D, van Lier RA. Erratum:
Programs for the persistence, vigilance and control of human CD8(+) lung-resident memory T

cells. Nat Immunol. 2017;18(2):246. doi: 10.1038/ni0217-246d. PubMed PMID: 28102212.

20.  Yenyuwadee S, Sanchez-Trincado Lopez JL, Shah R, Rosato PC, Boussiotis VA. The
evolving role of tissue-resident memory T cells in infections and cancer. Sci Adv.
2022;8(33):eabo5871. Epub 20220817. doi: 10.1126/sciadv.abo5871. PubMed PMID: 35977028;

PMCID: PMC9385156.

21.  Schenkel JM, Masopust D. Tissue-resident memory T cells. Immunity. 2014;41(6):886-
97. Epub 20141206. doi: 10.1016/j.immuni.2014.12.007. PubMed PMID: 25526304; PMCID:

PMC4276131.

22. Zaid A, Mackay LK, Rahimpour A, Braun A, Veldhoen M, Carbone FR, Manton JH,

Heath WR, Mueller SN. Persistence of skin-resident memory T cells within an epidermal niche.



173

Proc Natl Acad Sci U S A. 2014;111(14):5307-12. Epub 20140324. doi:

10.1073/pnas.1322292111. PubMed PMID: 24706879; PMCID: PMC3986170.

23.  Whitley SK, Li M, Kashem SW, Hirai T, Igyarto BZ, Knizner K, Ho J, Ferris LK,
Weaver CT, Cua DJ, McGeachy MJ, Kaplan DH. Local IL-23 is required for proliferation and
retention of skin-resident memory T(H)17 cells. Sci Immunol. 2022;7(77):eabq3254. Epub
20221111. doi: 10.1126/sciimmunol.abq3254. PubMed PMID: 36367947; PMCID:

PMC9847353.

24.  PanY, Tian T, Park CO, Lofftus SY, Mei S, Liu X, Luo C, O'Malley JT, Gehad A,
Teague JE, Divito SJ, Fuhlbrigge R, Puigserver P, Krueger JG, Hotamisligil GS, Clark RA,
Kupper TS. Survival of tissue-resident memory T cells requires exogenous lipid uptake and
metabolism. Nature. 2017;543(7644):252-6. Epub 20170220. doi: 10.1038/nature21379.

PubMed PMID: 28219080; PMCID: PMC5509051.

25.  Pizzolla A, Wang Z, Groom JR, Kedzierska K, Brooks AG, Reading PC, Wakim LM.
Nasal-associated lymphoid tissues (NALTSs) support the recall but not priming of influenza virus-
specific cytotoxic T cells. Proc Natl Acad Sci U S A. 2017;114(20):5225-30. Epub 20170501.
doi: 10.1073/pnas.1620194114. PubMed PMID: 28461487; PMCID: PMC5441821.

26. Sobiesk JL, Munakomi S. Anatomy, Head and Neck, Nasal Cavity. StatPearls. Treasure

Island (FL)2024.



174

27. Ramirez S, Faraji F, Hills LB, Lopez PG, Goodwin B, Stacey HD, Sutton HJ, Hastie
KM, Saphire EO, Kim HJ, Mashoof S, Yan CH, DeConde AS, Levi G, Crotty S. Immunological
memory diversity in the human upper airway. Nature. 2024;632(8025):630-6. Epub 20240731.

doi: 10.1038/s41586-024-07748-8. PubMed PMID: 39085605.

28. Mendonca SA, Lorincz R, Boucher P, Curiel DT. Adenoviral vector vaccine platforms in
the SARS-CoV-2 pandemic. NPJ Vaccines. 2021;6(1):97. Epub 20210805. doi: 10.1038/s41541-

021-00356-x. PubMed PMID: 34354082; PMCID: PMC8342436.

29.  Greinacher A, Thiele T, Warkentin TE, Weisser K, Kyrle PA, Eichinger S. Thrombotic
Thrombocytopenia after ChAdOx1 nCov-19 Vaccination. N Engl J Med. 2021;384(22):2092-
101. Epub 20210409. doi: 10.1056/NEJM0a2104840. PubMed PMID: 33835769; PMCID:

PMC8095372.

30. Ryan FJ, Norton TS, McCafferty C, Blake SJ, Stevens NE, James J, Eden GL, Tee YC,
Benson SC, Masavuli MG, Yeow AEL, Abayasingam A, Agapiou D, Stevens H, Zecha J,
Messina NL, Curtis N, Ignjatovic V, Monagle P, Tran H, McFadyen JD, Bull RA, Grubor-Bauk
B, Lynn MA, Botten R, Barry SE, Lynn DJ. A systems immunology study comparing innate and
adaptive immune responses in adults to COVID-19 mRNA and adenovirus vectored vaccines.
Cell Rep Med. 2023;4(3):100971. Epub 20230217. doi: 10.1016/j.xcrm.2023.100971. PubMed

PMID: 36871558; PMCID: PMC9935276.



175

31. Lambe T, Spencer AJ, Thomas KM, Gooch KE, Thomas S, White AD, Humphries HE,
Wright D, Belij-Rammerstorfer S, Thakur N, Conceicao C, Watson R, Alden L, Allen L, Aram
M, Bewley KR, Brunt E, Brown P, Cavell BE, Cobb R, Fotheringham SA, Gilbride C, Harris DJ,
Ho CMK, Hunter L, Kennard CL, Leung S, Lucas V, Ngabo D, Ryan KA, Sharpe H, Sarfas C,
Sibley L, Slack GS, Ulaszewska M, Wand N, Wiblin NR, Gleeson FV, Bailey D, Sharpe S,
Charlton S, Salguero FJ, Carroll MW, Gilbert SC. ChAdOx1 nCoV-19 protection against SARS-
CoV-2 in rhesus macaque and ferret challenge models. Commun Biol. 2021;4(1):915. Epub
20210726. doi: 10.1038/s42003-021-02443-0. PubMed PMID: 34312487; PMCID:

PMC8313674.

32.  Gagne M, Flynn BJ, Andrew SF, Marquez J, Flebbe DR, Mychalowych A, Lamb E,
Davis-Gardner ME, Burnett MR, Serebryannyy LA, Lin BC, Ziff ZE, Maule E, Carroll R,
Naisan M, Jethmalani Y, Pessaint L, Todd JM, Doria-Rose NA, Case JB, Dmitriev IP,
Kashentseva EA, Ying B, Dodson A, Kouneski K, O'Dell S, Wali B, Ellis M, Godbole S,
Laboune F, Henry AR, Teng IT, Wang D, Wang L, Zhou Q, Zouantchangadou S, Van Ry A,
Lewis MG, Andersen H, Kwong PD, Curiel DT, Roederer M, Nason MC, Foulds KE, Suthar
MS, Diamond MS, Douek DC, Seder RA. Mucosal adenovirus vaccine boosting elicits IgA and
durably prevents XBB.1.16 infection in nonhuman primates. Nat Immunol. 2024;25(10):1913-
27. Epub 20240903. doi: 10.1038/s41590-024-01951-5. PubMed PMID: 39227514; PMCID:

PMC11436372.

33. Moliva JI, Andrew SF, Flynn BJ, Wagner DA, Foulds KE, Gagne M, Flebbe DR, Lamb

E, Provost S, Marquez J, Mychalowych A, Lorag CG, Honeycutt CC, Burnett MR, McCormick



176

L, Henry AR, Godbole S, Davis-Gardner ME, Minai M, Bock KW, Nagata BM, Todd JM,
McCarthy E, Dodson A, Kouneski K, Cook A, Pessaint L, Ry AV, Valentin D, Young S,
Littman Y, Boon ACM, Suthar MS, Lewis MG, Andersen H, Alves DA, Woodward R, Leuzzi
A, Vitelli A, Colloca S, Folgori A, Raggiolli A, Capone S, Nason MC, Douek DC, Roederer M,
Seder RA, Sullivan NJ. Durable immunity to SARS-CoV-2 in both lower and upper airways
achieved with a gorilla adenovirus (GRAd) S-2P vaccine in non-human primates. bioRxiv. 2023.
Epub 20231122. doi: 10.1101/2023.11.22.567930. PubMed PMID: 38076895; PMCID:

PMC10705562.

34.  Afkhami S, D'Agostino MR, Zhang A, Stacey HD, Marzok A, Kang A, Singh R,
Bavananthasivam J, Ye G, Luo X, Wang F, Ang JC, Zganiacz A, Sankar U, Kazhdan N, Koenig
JFE, Phelps A, Gameiro SF, Tang S, Jordana M, Wan Y, Mossman KL, Jeyanathan M, Gillgrass
A, Medina MFC, Smaill F, Lichty BD, Miller MS, Xing Z. Respiratory mucosal delivery of
next-generation COVID-19 vaccine provides robust protection against both ancestral and variant
strains of SARS-CoV-2. Cell. 2022;185(5):896-915 e19. Epub 20220209. doi:

10.1016/j.cell.2022.02.005. PubMed PMID: 35180381; PMCID: PMC8825346.

35. Hassan AO, Kafai NM, Dmitriev IP, Fox JM, Smith BK, Harvey 1B, Chen RE, Winkler
ES, Wessel AW, Case JB, Kashentseva E, McCune BT, Bailey AL, Zhao H, VVanBlargan LA,
Dai YN, Ma M, Adams LJ, Shrihari S, Danis JE, Gralinski LE, Hou YJ, Schafer A, Kim AS,
Keeler SP, Weiskopf D, Baric RS, Holtzman MJ, Fremont DH, Curiel DT, Diamond MS. A

Single-Dose Intranasal ChAd Vaccine Protects Upper and Lower Respiratory Tracts against



177

SARS-CoV-2. Cell. 2020;183(1):169-84 e13. Epub 20200819. doi: 10.1016/j.cell.2020.08.026.

PubMed PMID: 32931734; PMCID: PMC7437481.

36.  van Doremalen N, Purushotham JN, Schulz JE, Holbrook MG, Bushmaker T, Carmody
A, Port JR, Yinda CK, Okumura A, Saturday G, Amanat F, Krammer F, Hanley PW, Smith BJ,
Lovaglio J, Anzick SL, Barbian K, Martens C, Gilbert SC, Lambe T, Munster VJ. Intranasal
ChAdOx1 nCoV-19/AZD1222 vaccination reduces viral shedding after SARS-CoV-2 D614G
challenge in preclinical models. Sci Transl Med. 2021;13(607). Epub 20210727. doi:

10.1126/scitranslmed.abh0755. PubMed PMID: 34315826; PMCID: PMC9267380.

37. Burke CW, Bridges O, Brown S, Rahija R, Russell CJ. Mode of parainfluenza virus
transmission determines the dynamics of primary infection and protection from reinfection.
PLoS Pathog. 2013;9(11):e1003786. Epub 20131121. doi: 10.1371/journal.ppat.1003786.

PubMed PMID: 24278024; PMCID: PMC3836739.

38. Killingley B, Enstone JE, Greatorex J, Gilbert AS, Lambkin-Williams R, Cauchemez S,
Katz JM, Booy R, Hayward A, Oxford J, Bridges CB, Ferguson NM, Nguyen Van-Tam JS. Use
of a human influenza challenge model to assess person-to-person transmission: proof-of-concept
study. J Infect Dis. 2012;205(1):35-43. Epub 20111130. doi: 10.1093/infdis/jir701. PubMed

PMID: 22131338.

39. Nguyen-Van-Tam JS, Killingley B, Enstone J, Hewitt M, Pantelic J, Grantham ML,

Bueno de Mesquita PJ, Lambkin-Williams R, Gilbert A, Mann A, Forni J, Noakes CJ, Levine



178

MZ, Berman L, Lindstrom S, Cauchemez S, Bischoff W, Tellier R, Milton DK, Consortium E.
Minimal transmission in an influenza A (H3N2) human challenge-transmission model within a
controlled exposure environment. PLoS Pathog. 2020;16(7):e1008704. Epub 20200713. doi:
10.1371/journal.ppat.1008704. PubMed PMID: 32658939; PMCID: PMC7390452.

40.  Shenoy AT, Lyon De Ana C, Arafa El, Salwig I, Barker KA, Korkmaz FT, Ramanujan
A, Etesami NS, Soucy AM, Martin IMC, Tilton BR, Hinds A, Goltry WN, Kathuria H, Braun T,
Jones MR, Quinton LJ, Belkina AC, Mizgerd JP. Antigen presentation by lung epithelial cells
directs CD4(+) T(RM) cell function and regulates barrier immunity. Nat Commun.
2021;12(1):5834. Epub 20211005. doi: 10.1038/s41467-021-26045-w. PubMed PMID:

34611166; PMCID: PMC8492657.

41.  Son YM, Cheon IS, Wu Y, Li C, Wang Z, Gao X, Chen Y, Takahashi Y, Fu YX, Dent
AL, Kaplan MH, Taylor JJ, Cui W, Sun J. Tissue-resident CD4(+) T helper cells assist the
development of protective respiratory B and CD8(+) T cell memory responses. Sci Immunol.
2021;6(55). doi: 10.1126/sciimmunol.abb6852. PubMed PMID: 33419791; PMCID:

PMC8056937.

42.  Oja AE, Piet B, Helbig C, Stark R, van der Zwan D, Blaauwgeers H, Remmerswaal
EBM, Amsen D, Jonkers RE, Moerland PD, Nolte MA, van Lier RAW, Hombrink P. Trigger-
happy resident memory CD4(+) T cells inhabit the human lungs. Mucosal Immunol.

2018;11(3):654-67. Epub 20171115. doi: 10.1038/mi.2017.94. PubMed PMID: 29139478.



179

43. Mathew N, Gailleton, R., Scharf, L., Schon, K., Stromberg, A., Lycke, N., Bemark, M.,
Tang, K., Angeletti, D. . Nasal tissue-resident memory CD4+ T cells persist after influenza A
virus infection and provide heterosubtypic protection. bioRxiv. 2024. doi:
https://doi.org/10.1101/2024.07.06.602325.

44, Barker KA, Etesami NS, Shenoy AT, Arafa El, Lyon de Ana C, Smith NM, Martin IM,
Goltry WN, Barron AM, Browning JL, Kathuria H, Belkina AC, Guillon A, Zhong X, Crossland
NA, Jones MR, Quinton LJ, Mizgerd JP. Lung-resident memory B cells protect against bacterial
pneumonia. J Clin Invest. 2021;131(11). doi: 10.1172/JC1141810. PubMed PMID: 34060477,

PMCID: PMC8159694.

45.  Oh JE, Song E, Moriyama M, Wong P, Zhang S, Jiang R, Strohmeier S, Kleinstein SH,
Krammer F, lwasaki A. Intranasal priming induces local lung-resident B cell populations that
secrete protective mucosal antiviral IgA. Sci Immunol. 2021;6(66):eabj5129. Epub 20211210.

doi: 10.1126/sciimmunol.abj5129. PubMed PMID: 34890255; PMCID: PMC87626009.

46.  Tan HX, Juno JA, Esterbauer R, Kelly HG, Wragg KM, Konstandopoulos P, Alcantara S,
Alvarado C, Jones R, Starkey G, Wang BZ, Yoshino O, Tiang T, Grayson ML, Opdam H,
D'Costa R, Vago A, Austin Liver Transplant Perfusionist G, Mackay LK, Gordon CL, Masopust
D, Groom JR, Kent SJ, Wheatley AK. Lung-resident memory B cells established after
pulmonary influenza infection display distinct transcriptional and phenotypic profiles. Sci
Immunol. 2022;7(67):eabf5314. Epub 20220128. doi: 10.1126/sciimmunol.abf5314. PubMed

PMID: 35089815.



