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1. Abstract

Influenza infection results in strong immune responses in the lung usually leading to
clearance of infection and, in some cases, immune pathology with varying degrees of
prognosis. CD8 T cells are believed to be one of the key players to resolve primary
and secondary viral infections by directly eliminating infected cells. During this study |
aimed at elucidating how CD8 T cells infiltrate the infected lung and contribute to the
clearance of viral infection. With an initial focus on acute influenza infections, | devised
a novel flow cytometric method, which | termed IDEAL, to accurately analyze immune
cell positioning in the lung via flow cytometry, and used it to identify CTL differences at
a genomic, function and migration levels depending on their anatomical location.
Despite identifying minor transcriptomic differences between CTLs present in the
interstitial and bronchoalveolar compartments, they did not effectively translate into
functional differences regarding their cytotoxic capacity or ability to home to a specific
lung compartment. Furthermore, using CD8 T cell depletion protocols and adoptive
transfers of flu-specific effector CTLs into naive mice prior or during infection, | found
CD8 T cells to be dispensable during acute influenza infection but pivotal to a quick
and efficient recovery following a secondary challenge with a heterotypic flu strain. |
then continued to investigate how memory CD8 T cells conferred protection against a
secondary influenza challenge by studying the necessity of MHC-I/peptide-TCR
interactions between infected epithelial cells and CD8 T cells by means of bone marrow
chimeras. Influenza-specific CD8 T cells conferred significantly better protection when
TCR recognition of infected epithelium was prevented. Furthermore, | studied the
importance of dendritic cells in the re-activation of memory CD8 T cells and could show
how DCs are key for effector CD8 T cell function and viral clearance. In summary, the
results presented here show that (1) CD8 T cells located at different pulmonary
compartments have apparently similar phenotype and function within the infected lung,
(2) they are, however, dispensable to overcome acute influenza infections but (3) are
key during a secondary flu challenge. Finally, (4) during secondary infection | have
proven how killing of epithelial cells is rather detrimental for recovery from infection and

how memory CD8 T cells require DCs to confer protection.



2. Introduction

21. Lung anatomy

The human lung is composed of 5 lobes, inhaling an average of 10.000L of air per
day'. An extensive network of arteries, veins and capillaries (ca. 3000km)? as well as
bronchiole branches (ca. 2400km)? and alveoli (ca. 500milion)® provide optimal
conditions for gas exchange. To accommodate such structure and function, the lung is
divided into 3 anatomical compartments. Firstly, the bronchoalveolar space (BAS)
comprises the luminal side of the alveoli, bronchi and bronchiole and is delimited by a
thin layer of epithelial cells(EpC). The BAS is the contact site with inhaled air and, as
a result, is highly exposed to potentially harmful particles and pathogens. The lung
interstitium is found below the epithelial layer delimiting the BAS, comprising the space
between the alveolar basal membrane and the vascular basal membrane both
included. The interstitium is mainly formed by elastin, collagen*, stromal cells and
immune cells®. Finally, the vascular compartment is composed of venules, arterioles
and capillaries and its function is to distribute blood throughout the lung to facilitate

immune surveillance and gas exchange®.
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Figure 1. Main anatomical lung compartments. (A) The vasculature, interstitium and
airways are the three main compartments of the lung. The airway is formed by the continuous
network of bronchi, bronchioles and alveolar lumen through which air flows. The vasculature
is formed by larger blood vessels (arterioles and venules) and smaller capillaries running along
the alveoli to maximize gas exchange. The interstitium is formed by all structures providing
support to the vasculature and BAS, typically collagen, elastin and muscle cells.

2.2. Influenza virus

Annually, influenza infects an average of 5-15% of the world population, resulting in
around 500.000 deaths globally per year’. Influenza viruses belong to the family of
Orthomyxoviridae. These enveloped viruses have segmented negative-strand RNA
and are first classified according to the serotype of its nucleoprotein (NP) resulting in
influenza A, B or C. Further classification within those influenza strains is provided by
the serotype of surface proteins hemagglutinin (HA) and neuraminidase (NA)? of which
currently, 18 different HA and 11 different NA serological subtypes have been
identified. Influenza viruses differ on pathogenicity and host range®. While Influenza B
and C are found almost exclusively in humans, influenza A can infect a wide array of
animals such as humans, swine and birds, among others. The wider host possibility
renders influenza A the most dangerous of the 3 types as birds or swine can serve as

viral reservoirs'0.



2.2.1. Influenza virus infection

Once influenza enters the host, it attaches to epithelial cells by binding to sialic acid
on their surface with its HA protein 112, Sialic acid is linked with carbohydrates within
the glycoproteins, and two of those linkages, a(2,3) and a(2,6) provide a binding site
for HA'3.14, Different HA proteins have different specificities against those linkages, and
different species have different expression distribution of those linkages, which in turn
leads to different viral hosts. While humans show abundance of sialic acid a(2,6)
linkage in the lungs'®, birds have high expression of sialic acid a(2,3) in the intestine,
which explains why influenza infections in humans are pulmonary while they can be
enteric for birds. In addition, pigs have shown to express both linkages in the
respiratory tract, which makes them a perfect host for human or avian influenza to mix

and become more virulent while jumping species’°.

Once the HA protein is bound to the sialic acid, a process of receptor-mediated
endocytosis is initiated. The virus enters the host in an endosome with a low pH,
allowing the viral and endosomal membranes to fuse. The acidic environment leads to
an open M2 ion channel that results in an acidified viral core'”. This acidic environment
leads to a release of the viral ribonucleoproteins (VRNPSs) into the cytoplasm after
which they translocate into the nucleus via the cellular nuclear import machinery of the

cell'’,

Finally, once translocated into the nucleus, the virus genome undergoes transcription
and replication. VRNPs are then exported through a mechanism not yet well
understood. It has been hypothesized that negative sense vRNPs bind the M1 and
nuclear export protein (NEP) proteins of the virus which in turn binds CRM1 effectively
resulting in the export of the VRNPs from the nucleus'2°, New influenza virions are
then assembled in the cytosol and expelled from the host by budding the plasma

membrane’3.

2.2.2. Mutations and vaccines

Influenza viruses have high mutation rates suggested to be in the range of 1-8 x10-3
substitutions per site per year?' resulting from a lack of proofreading activity in their
RNA polymerase complex ?2. Influenza can escape the immune response generated

from previous influenza infections or vaccinations by means of antigen shift or antigen
4



drift?3. Antigen shift consists in the recombination of HA genes from different influenzas
A strains and results in a new influenza subtype. This type of recombination only occurs
in influenza A viruses due to the wider array of potential hosts, resulting in
reassortments of human influenza with influenza from other hosts such as avian flu as
in the 2009 influenza pandemic. Antigenic drift, on the other hand, are point mutations
in genes encoding for HA and NA proteins, as in the 1918 Spanish flu epidemic?*.
Since surface proteins HA and NA are the most affected by those mutations, previously
generated antibodies against a previous infection are quickly rendered obsolete.

As opposed to antibodies, CD8 T cells can also target NP derived antigen. The lower
rate of mutations in NP proteins renders CD8 T cells potential candidates for universal
vaccines?®. In addition, CD8 T cells cross-react to the main A, B and C influenza viruses
by targeting conserved peptides across different strains®®. However, lower rate
mutations in NP may indicate that CTL responses are not protective against influenza
and thus there is no selection pressure. The search for a universal vaccine for influenza
is a big challenge due to the high mutation rate in HA and NA, the main targets for
antibody responses. However, other influenza proteins do not show such high
polymorphisms, likely due to a loss of viral fithess. As most of those proteins are
internal (NP, PA, M1, M2, etc) Ab cannot target them. On the other hand, CD8 T cells
can target those more conserved viral peptides presented by the major
histocompatibility complex | (MHC-I), hence, putting CD8 T cells at the center of
research strategies to develop a universal vaccine based on CD8 T cell function rather
than antibodies. CD8 T cells targeting membrane matrix protein (M2e) 272 or more
conserved regions of HA and CD8 T cells?® are some of the current candidates under

preclinical or clinical trials3°.

2.3. Non-immune response to influenza

The large surface area needed for an optimal gas exchange in the lung, results in
constant exposure to pathogens and harmful substances. As a result, a battery of
physical, chemical and immunological mechanisms provide the first layers of defense.
Mucus secretion by goblet cells along bronchial surfaces can trap foreign bodies and
together with the ciliated epithelium provide the first line of defense by and, through
ciliary beating movement (muco-ciliary clearance), expel them out of the system?3'.
Furthermore, a layer of surfactant, composed mainly of lipids and proteins, provides
5



surface tension and protection over the luminal side of the alveolar epithelium32.
Surfactant proteins such as SP-A and SP-D, secreted by type Il alveolar epithelial cells,
bind viral HA thus preventing viral entry into cells®3-3, In addition, SP-A and SP-D have
been shown to promote neutrophil phagocytosis and viral particle binding®®. Finally,
club epithelial cells secrete antimicrobial peptides such as MUC5AC, which serve as a
decoy for HA proteins as they present the a(2,3) and thus provide a binding site for

influenzas3’ 38

2.3.1.1. Epithelial response

Once influenza virus circumvents the first defense mechanisms, epithelial cells start a
response against the virus. Sensing of influenza virus in epithelial cells is mediated by
pattern recognition receptors (PRR) which can recognize viral RNA. Some of the key
PRR are Toll like receptor 3 (TLR3), RIG-l and MDAS which expression increases upon
viral infection3%4%, RIG-l and MDA-5 interact with the adaptor mitochondrial anti-viral
signaling (MAVS) which in turn activates IFN responses as well as the
inflammasome*'-43. Furthermore, NOD like receptor 3 (NLRP3) binds apoptosis-
associated speck-like protein containing a CARD (ASC), which leads to the activation
of pro-caspase 1 into its cleaved form**. In its active form, Caspase-1 has been shown

to aid in the maturation of IL-1B and IL-18 into active cytokines as well as pyroptosis*®.

Upon viral sensing, IFN responses induce expression of an array of interferon
stimulated genes (ISG) which are key to activate the innate and adaptive immune
response“t. In addition, type Il IFN have been shown to be the dominant response in
the airway epithelium?#7:48.48-50 gg they generate antiviral responses with little damage
to the host®'. Type | IFN responses impair viral replication through myxovirus
resistance 1 (MX1), interferon induced transmembrane (IFITM) and IFN-induced
protein with tetratricopeptide repeats (IFIT) families®?. MX1 is localized in the nucleus
and blocks primary transcription of influenza vVRNA3%354, [FTIM leads to a blockade of
cytosolic entry%®56 and IFIT result in inhibited translation of viral RNA%"-%¢, On the other
hand, an overresponse of IFN-I have also been shown to generate severe

immunopathology®%:6°



Epithelial cells generate a quick response, and as a result of the IFN induced genes,
cytokines and chemokines such as CXCL10, TGF-B, TNF-a, IL-6, IL-8, CCL2, and IL-
1B are produced within the first 24h of influenza infection 6'-63. This cytokines and
chemokines are key for the early stages of the immune response. For instance, IL-1[3
promotes cytokine and chemokine expression on other cells as well as adhesion
molecule expression, hence, enhancing immune cell recruitment®*6%. On the other
hand, CCL2 and CXCL10 act as chemoattractant for monocytes and T cells
respectively. In addition, epithelial cells have also been shown to secrete cathelicidin
LL37, which has been shown to improve disease outcome ( lower mortality, morbidity

and viral titers) when administered to mice®6-67

2.4. Immune response to influenza
2.4.1. Innate response

Innate immune responses are characterized by being the first responders of the
immune system as they respond within hours of primary infection and develop quickly
during the first days of infection. Innate cells are then key in containing infections and

triggering the adaptive immune response for further protection?®.

2411. Alveolar macrophages

Alveolar macrophages (AlvM) are resident in the alveolar lumen and can be found in a
ratio of around 1 AlvM per 3 alveoli®®-7°. AlvMs are varied in function and are key to
lung homeostasis, clearance of surfactant and cell debris, pathogen recognition,
initiation and resolution of lung inflammation, and repair of damaged tissue®®. In steady
state, AlvMs have high phagocytic activity, low levels of inflammatory cytokines and

modulate inflammation and adaptive immunity®8.

AlvMs are generally not infected by influenza virus, however, they play an important
role in the secretion of chemokines and cytokines such as TNF-q, IL-1, IL-6 and IL-8
which in turn drive neutrophil, monocyte and NK cells infiltration into the airways’!72.
In further stages of the immune response, AlvM play an important role eliminating
antibody-opsonized infected cells and viruses’. Furthermore, they can present

antigen with low efficiency by phagocytosis of infected material®®



241.2. Neutrophils

During steady state conditions, most of the neutrophils are found in the circulation.
However, it has been shown that circulating neutrophils get retained in the lung
microvasculature while maintaining a dynamic equilibrium with the circulation pool”475.
The mechanisms of neutrophil retention in the lung microvasculature are still poorly
understood, some have shown that physical conditions such as capillary vessel size,
hemodynamics and time needed for neutrophils to adapt their shape do play a role.”®-
8 In addition, interactions between neutrophils and the endothelial layer has also been

shown to be play a major role in retention’®:79:80,

Neutrophils are amongst the first immune cell to infiltrate the lungs once influenza has
infected the host®'. The initial response in the lung by the non-immune cells as well as
AlvM triggers the migration of neutrophils into the infected lung via secretion of TNF-
a, IL-1b, IL-6, CXCL1 and CXCL282. In addition, it was recently shown that neutrophils
use the CXCR4/CXCL12 axis to migrate into the lung and potentially providing a path
for other immune cells to infiltrate the lung®3. Neutrophils responses have been shown
to be both, protective® and to contribute to disease severity®®, largely depending on
the virulence of the infection. Neutrophils protection is conferred by phagocytosis of
apoptotic or dying cells since they are, as AlvM, not usually infected by the virus. On
the other hand, neutrophils can contribute to tissue damage by means of neutrophil

extracellular traps and generation of free radicals such as ROS and NOS 887,

2.4.1.3. Monocytes

Monocytes are recruited into the lungs upon influenza infection following upon CCL2,
CCL3 and CCL5 produced by AlvM and epithelial cells. While transendothelial
migration is dependent on interactions the between ICAM-1/B2 integrin and VCAM-1/
B1 integrin, transepithelial migration mainly requires the CCL2/CCR2 axis. Due to the
inflammatory environment in the lung, monocytes are driven into differentiation into
macrophages and dendritic cells (DCs), resulting in a key role for phagocytosis of

infected/dead material and priming of the adaptive immune system.



241.4. DC activation and lymph node homing

DCs are myeloid cells distributed through all organs. Albeit being rare cells, their
strategic positioning in organs prone to pathogen encounters renders them pivotal to
the adaptive immune response. As specialized antigen presenting cells (APC), DCs
are crucial for naive T cell activation in the SLO®8 and reactivation of memory T cells®.
The uptake of material from dying cells triggers a variety of PRRs which lead to DC
activation®.Activated DCs upregulate CCR7, which is a key mediator for trafficking
through the lymphatic system into the lymph nodes. DC positioning into the T cell zone
is mediated by CCRY7 ligands CCL19 and 21 which are expressed by fibroblastic
reticular cells in the T cell zone®'~4. In the T cell zone, DCs cross-present antigens in
the context of MHC-I or MHC-II to activate CD8 or CD4 T cells, respectively.

2.4.2. Adaptive response

Homing of DCs into the lymph nodes triggers the activation cascade of the adaptive
immune response. The different members of the adaptive immune response work in
unison to control and clear influenza infection in the lung epithelium. CD8 T cells, also
known as cytotoxic T lymphocytes (CTLs), migrate into infected tissues 5 to 7 days
after infection and through cytolytic pathways kill influenza infected cells. In contrast,
CD4 T cells act as helper cells and provide further signals for other cells to perform
their effector function such as B cell class switch®. B cells contribute by producing

neutralizing antibodies against key epitopes for viral function.

The coordination between CD8 and CD4 T cells together with B cell responses is key
to an effective adaptive response. CD8 T cell contribution has been studied with mice
lacking functional MHC-I, showing delayed clearance of influenza®?°" and impaired
survival in highly virulent infections. Although this data indicates CTLs have a
significant impact on viral clearance, they are not the sole contributors to clearing the
virus as it has been shown CD4 T cells can clear the infection when CD8 T cells are
depleted or lacking®-9°. Furthermore, depletion of both cell types results in host death
as the virus cannot be cleared'%%-%" Previous studies suggest a combination of at least
2 of the adaptive immune cell types is necessary to overcome infection as depletion of

one of the cell population can be compensated by the other remaining cell types®.



24.21. T cell priming

T cells need a variety of signals to become optimally activated to subsequently
proliferate and differentiate into effector T cells. DCs presenting influenza antigens on
MHC molecules in the T cell zone of the lung-draining mediastinal LN are central in
this process. To recognize a widespread range of pathogens it is estimated humans
harbor around 108 unique TCRs'%2. Due to the high diversity of TCRs, there is a low
frequency of antigen-specific T cells (1 in 10° naive CD8 T cells specific for a given
epitope)’02193 Naive T cells express CD62L which allows them to be in constant
circulation between the blood and secondary lymphoid organs (SLO). Upon entering
the lymph nodes, T cells are continuously scanning DCs via the TCR-MHC axis. The
constant scanning of DCs by naive T cells in secondary lymphoid organs (SLO)
increases the probability of otherwise rare encounters between those flu-specific T
cells and those few DCs presenting flu antigens at the early stages of the infection
104105 Antigen presentation on MHC-I may happen either by classical or cross-
presentation of influenza antigens. During classical MHC-| presentation, DCs
themselves become infected and present viral peptide antigens on their surface in
complex with MHC-I molecules following the classical cytosolic route 196197, On the
other hand, cross-presentation happens when DCs phagocytose infected cells and
present the viral antigens contained in the infected material in complex with MHC-I
molecules %, Precise details of MHC-I cross-presentation are still unclear. Both a
endosomal-autonomous pathway'%® and endosomal-cytosolic pathway''® have been
described'. In any case, cross-presentation is believed to be of outmost importance
during influenza infections''? because the virus primarily infects epithelial cells'"s.
Therefore, DCs are believed to obtain viral antigens through phagocytosis of infected
epithelium in order to activate a protective CD8 T cell response''?2. MHC-II
presentation, as MHC-| cross-presentation, occurs when infected material is
phagocytosed by DCs. However, in the case of MHC-II presentation, influenza-derived
peptide fragments are loaded onto MHC-II molecules in the endolysosomal

compartment'4,

Engagement of TCR with cognate peptide on the DCs MHC triggers TCR signaling,
leading to proliferation. T cell frequencies for influenza epitopes range from 1:600 to
1:1400 during steady state, however, during influenza infection T cell expansion brings

the frequencies in the mediastinal lymph node (mLN) up to a 1,5% for a given epitope

10



during primary responses and 17% during secondary responses'’. As the first step

on the T cell response, this mechanism of T cell activation constitutes signal 1'16.

DCs express an array of costimulatory molecules such as CD40,CD80 and CD86,
which provide pro-survival signals by engaging with CD40L and CD28 on the
proliferating T cells''”. In addition, DCs further modulate T cell responses to avoid
excessive activation by producing co-inhibitory signals which interact with CTLA-4 on
activated T cells''8119, These co-stimulatory signals lead to survival via a cascade of
intracellular signaling. Activated tyrosine kinase LCK results in CD3 phosphorylation
which then binds activated ¢ chain-associated protein kinase 70 (ZAP-70). ZAP-70
initiates a series of events leading to activation of diverse transcription factors such as
activator protein (AP-1), nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-kB) and nuclear factor of activated T cells (NF-AT). As a result, T cell gene
expression is modified in pro of T cell survival'®. This signaling cascade constitutes

signal 2.

Finally, T cell differentiation occurs when signal 3 is provided. Depending on the
cytokine profile resulting from the initial response to the pathogen we can differentiate
between type 1, 2 and 3 responses. Type 1 responses are driven by production of
IFNy(primarily by lymphoid cells)'?"122 and IL-12 (primarily by macrophages and DCs)
which result in activation of the transcription factor T-bet and the generation of CD4
th1 cells and CTLS. Type 2 responses are characterized by IL-4 and IL-2 cytokine
signature and resulting in the activation of the transcription factor GATA3 which lead
to a CD4 th2 response. Finally, a IL-21, IL-6, IL-23 and TGF-f cytokine profile leads to
RORyT activation and a CD4 TH17 type 3 response'?. As type 1 responses are
usually triggered in bacterial and viral infections, during influenza infection we find a

type 1 response profile’?4,

24.2.2. T cell migration and effector response

Proliferating T cells in the SLO downregulate CD62L and S1P1, thus, allowing CTLS
to exit the lymph nodes and enter systemic circulation’®. To perform their effector
protective function in the influenza infected lung, activated T cells need to transmigrate

from the blood to the site of infection in the lung. For this, endothelial cells become
11



activated by pro-inflammatory cytokines such as TNFa and IFNy that are released at
the site of infection and result in upregulation of adhesion molecules such as ICAM-
1126-128 This leads to the tethering of activated LFA-1* influenza-specific T cells into
the endothelium and initiates their transmigration following chemokines cues released
at the site of infection such as CXCL9, CXCL10'%°, CCL17 and CCL22"%,

CD8 T cell responses peak between 6-9 days after infection. CTLs, provide protection
by eliminating infected cells?. This cytolytic activity by CTLs is highly specific as killing
of infected cells will only occur upon specific TCR recognition of specific MHC-I peptide
complex on the infected cell’®!. Effector CTLs kill infected cells using a variety of
mechanisms. There are 3 main mechanisms CTLs use to induce apoptosis in infected
cells, perforin/granzyme32, TRAIL'3® and FAS ligand'34. Granzymes released upon
TCR engagement penetrate target cells through pores on their membrane formed by
perforin32135_ Once granzymes enter the cytosol it induces apoptosis via procaspase
3 and Bid'38.137, TRAIL, expressed on CD8 T cells, binds TRAIL-R1 or TRAIL-R2 on
infected cells which triggers a signaling cascade resulting in caspase 8 activation and
leading to apoptosis through downstream caspases?’33138, FAS ligand on CTLs binds
FAS expressed on infected cells and leads to apoptosis using the same caspase 8
signaling as TRAIL134.139.140,

Independently of the mechanism utilized, killing of infected cells results in (1) inhibition
of viral replication resulting in lower viral counts and (2) accessibility of protective

antibodies to the released influenza viruses for neutralization.

2.4.2.3. Generation of memory T cells

Following the peak of T cell response and pathogen clearance, the antigen-specific T
cell compartment undergoes significant contraction following death of about 90-95%
of the Ag-specific T cells by apoptosis''142. The remaining Ag-specific T cell
compartment is comprised of memory T cells, constituting a heterogeneous pool of T
cells from a transcriptional'#3144  epigenetic'4* and functional 45146 perspectives.
Memory T cells can be divided into central memory T cells (Tcwm), effector memory T
cells (Tem) and tissue resident memory T cells (Trm). A defining characteristic of Tcwm is
their expression of CCR7 and CD62L,which allows them to transmigrate through the

HEVs and recirculate between bloodstream, secondary lymphoid organs and the

12



lymphatic system following CCL19/21 cues similarly to naive cells''6147. Upon
activation Tcwm proliferate and differentiate into Tewm, serving as precursors of Tem. On
the other hand, Tem do not express CCR7 but express 1 and 2 integrins and are
primarily in bloodstream or reside in nonlymphoid tissues. Tem are specialized to
quickly migrate to inflamed tissues, mature into effector T cells and, depending on their
previous th signature they will secrete IFN-y, IL-4 or IL-5 early upon
restimulation#7-148_ Finally, Trm, as the name indicates, are a subset of memory T cells
that do not recirculate but reside in nonlymphoid organs'”-'49. Tru have been
described in most organs studies albeit in different frequencies, including skin'%0:151,
lung'52-1%4 vaginal mucosa'®®1%6, brain'%” and intestine'%81%°, Trm are characterized by
having low expression of CCR7 and high CD103 which binds E-cadhering'®, a highly
expressed molecule on the surface of epithelial cells. It is believed that CD103 retains
Trm close to epithelial cells in NLO6.149.155 |n addition, Trm have reduced S1PR
expression to further promote retention in tissue'®'.Furthermore, it has recently been
shown that upon restimulation Trm show plasticity towards Tem and Tcm and undergo
retrograde migration into the circulation while keeping biased homing potential to their

original site62,

Different models have been described for the generation of memory T cells. In alinear
model effector T cells differentiate into memory T cells at the contraction phase'!-163,
CTLs then acquire a resting state while retaining the ability to quickly produce IFNy
and TNFa. Memory CTLs in the linear model can then reacquire cytotoxic activity upon
antigen exposure'®+185_ More recently, a model of asymmetric has been described. In
the asymmetric model, activated effector T cells give raise to an heterogeneous
population and generate memory T cells early in the response'63.166.167 |t js however
not clear if both models of memory T cell differentiation are mutually exclusive or occur

simultaneously'3.

Once generated, in a process dependent on IL-15 and IL-7 ' T cell memory is
maintained homeostatically in absence of antigen during long periods of time'®® of up
to 15 years '°by slow rate division, thus, keeping the memory pool relatively stable.
Upon infection, Trwm at the site of pathogen entry become the first responders amongst
the memory T cell pool, quickly acquiring effector functions'46:149.171.172 to confer
protection'”3174_In parallel, antigen travels into the draining LN either directly or via

migrating DCs which leads to Tcwm activation and further differentiation into Tem. Tem
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are then able to migrate into infected lung providing a second wave of memory T cell

effectors'4°.

24.2.4. B cell response

B cells are the producers of antibodies against viral epitopes. B cells recognize antigen
via the B cell receptor(BCR) which can engage free antigen or antigen presented by
DCs'75. Activated B cells relocate to the edge of the lymphoid follicle where they
interact with previously activated antigen-specific CD4 helper T cells through CD40-
CDA40L. Activated CD4 T cells provide help to B cells by recognizing antigen on B cells
by means of MHC-II and help trigger B cells to proliferate further. Initially plasmablasts
produce a first wave of IgM antibodies around day 5 after infection which provide
certain protection but do not have high specificity. In parallel, activated B cells together
with CD4 follicular T helper cells (Tfh) migrate into the follicle and form germinal
centers'’6.177  Germinal centers are conformed mainly by B cells but house a Tfh
population of up to 10% which provide help to B cells. B cells in the germinal center
undergo strong proliferation and somatic hypermutation. During somatic
hypermutation, B cells introduce mutations that change the amino acids in the
immunoglobulin, thus, creating different clones with different antigen affinity. In next
step, during affinity maturation B cells with high antigen affinity are selected for survival
for a more specific antibody response. Cytokines produced by Tfh upon MHC-II
engagement in the germinal centers induce B cells to antibody class switch. Tfh
secrete IL-4, IFN-y and TGF-B which induce IgG1/IgE, 1gG3/IgG2a and IgG2b/IgA
antibody responses respectively'78179,

During influenza infection, due to the easier access to HA most of the antibody
response is directed against this antigen. However, antibodies can also be found in
lower quantities for NA and internal proteins. Early in the response IgM antibodies offer
early protection albeit at a lower affinity. Upon B cell activation and maturation, B cells
produce IgG1 and to a lower extent IgG2 antibodies against influenza'®'8, In addition,
IgA antibodies against influenza have been detected on mucosal surfaces. Despite the
strong B cell response against influenza, the fact that most of the antibodies are
targeting HA, a protein very susceptible to antigen drift, renders these responses

potentially ineffective against secondary infections by other influenza strains'.
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2.4.3. Immune pathology

Influenza infections can be damaging by either killing epithelial cells and thus favoring
super infections or by promoting an overt immune response that results in damage not
only to infected cells but also healthy cells. An overreaction of the immune system can
result in excessive infiltration of neutrophils, macrophages and T cells ultimately
resulting in impaired survival due to bystander killing of essential pulmonary cells %181,
Neutrophils further contribute to immune pathology by the generation of extracellular
traps8195.182  Furthermore, excessive recognition of epithelial cells expressing
influenza HA by CD8 T cells results in the direct or indirect killing of large numbers of

epithelial cells which results in severe immunopathology'@3.

It is therefore of high interest to determine the mechanisms by which immune cells
migrate and protect the host against influenza. It would then be conceivable develop
mechanisms that regulate the immune response and optimize viral clearance while

preserving tissue integrity.

2.4.4. Animal models

Research on human samples has become more valuable with the advent of
transcriptomics and specially single-cell mRNAseq. The development of a wide array
of new techniques has opened the scope of the BAL and sputum samples from infected
patients to decipher valuable immune pathways during acute and fatal disease
outcomes. However, the use of animals from early to advanced stages of research has
been key to develop the necessary knowledge to develop novel therapies and vaccines

for a wide variety of pathogens and diseases'®4.

A diversity of animal models have been used for research within the last decades'®.
The choice of one animal model over another is not a trivial decision. For influenza
research, it is important that the animal is susceptible to influenza infections and viral
replication as well as provide with measurable signs of disease. Some of the most used

models are mice and ferrets'85-187,

Mice are, for a variety of reasons, the most used animals within the research world.
The mouse model provides an excellent system for early stages of research as they
are easily genetically modified, providing key tools to study host responses to
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infection'. In addition, their small size, husbandry requirements and low cost,
together with a wide range of specific reagents offer a robust system. However, mice
susceptibility to influenza infection is strain dependent, that is, it varies depending on
mouse and viral strain. Mice strains such as BALB/c and C57BL/6J have been the
most used for type-1 immunity research'®. The wide array of modified systems on the
C57BL/6J background has made this one of the most popular strains for immunology
research. Due to influenza infection being dependent on strain, some influenza viruses
have been adapted to the mouse model for research purposes. Influenza A
A/PR/8/1934(H1N1) was adapted from the 1934 human virus while A/X-31 (H3N2) was
genetically engineered to carry HA and NA from A/Hong Kong/1/1968 in
A/PR/8/1934(H1N1) background. Disease in mice typically results in weight loss,
ruffled fur, huddling and lethargy'®. On severe infections, mice show signs of lung
lesions and edema and might result in death. Unlike humans, mice do not develop
fever and the focus of infections is on lower airways instead of the upper airways found

in humans'85,

Ferrets are an alternative to mice for influenza infections. Ferrets provide an excellent
model as they closely mimic infection in humans because ferrets are naturally
susceptible to human influenza without adaptation and show a mainly upper respiratory
tract infection. Another advantage over the mouse model is the route of infection.
Whereas mice need to be experimentally infected via the intranasal or intratracheal
routes, ferrets can be infected by cohabitation, which closely resembles the situation
in humans'®. In addition, ferrets show similar symptoms to humans, fever, lethargy
and nasal congestion. Due to the similar symptomatology to humans, ferrets are
commonly used for testing antiviral drugs ameliorating the disease outcome. However,
and unlike mouse models, their size, husbandry, costs and lack of immunological

reagents are seen as a drawback of this mode!'85186,

Other animals have been used for influenza research, such as, guinea pigs and cotton
rat among others. However, the characteristics of mice and ferrets make them the

primary choice for influenza research@d.
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3. Aim of the study

Albeit the extensive research on influenza infections in the lung, many questions
remain unanswered such as the role of CD8 T cell in general during infection and the
specific contributions of CD8 T cells located at different pulmonary compartments.
Upon infection, immune cells migrate into the lung environment and distribute
throughout the different compartments (interstitium, bronchoalveolar space and
vasculature). However, understanding the importance of immune cell localization for
immunity against invading pathogens has been hampered because of lack of a method

to precisely determine cell positioning in the lung.

Using a mouse model for pulmonary influenza infection, the present study aims at (1)
characterizing compartment-specific phenotype and function of influenza-specific CD8
T cells, (2) determining the extent to which CD8 T cell positioning in the lung affects
disease outcome during primary and secondary infections, (3) identifying the role of
MHC-I interactions between influenza-specific memory CTLs and EpCs and (4)
determining the role of dendritic cells on memory CD8 T cell re-activation during a

secondary flu challenge.

Answering these questions is fundamental for elucidating how anti-flu CTL responses
are orchestrated and for the development of novel vaccination strategies aimed at

generating a universal flu vaccine by targeting the memory T cell pool.
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4. Materials and methods

4.1. Materials

4.1.1. Equipment

Instruments

Company

710 confocal microscope

Carl Zeiss Microscopy, Jena, Germany

Biobeam2000

MCP-STS, Braunschweig, Germany

Centrifuge 5810 R

Eppendorf, Hamburg, Germany

FACS Aria lll

Becton, Dickinson and Company, Franklin
Lakes, NJ, USA

FACS Canto Il

Becton, Dickinson and Company, Franklin
Lakes, NJ, USA

Fluovac system

Harvard Apparatus, Cambridge, MA, USA

Heracell 240 incubator

Thermo Fisher Scientific, Waltham, MA,
USA

Julabo TW8 waterbath

Julabo, Seelbach, Germany

LSR Fortessa

Becton, Dickinson and Company, Franklin
Lakes, NJ, USA

Minivent mechanical ventilator

Harvard Apparatus, Cambridge, MA, USA

nCounter sprint instrument

Nanostring Technologies, Seattle, WA,

USA

Perfect spin 24 table-top centrifuge

Peqglab, Erlangen, Germany

Rodent laryngoscope Model LS-2-M

Penn Century, Wyndmoor, PA, USA

SW41 Rotor

Beckman Coulter, Brea, CA, USA

VT1000S vibrating-blade microtome

Leica Biosystems, Nuloch, Germany
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4.1.2. Reagents

Reagent

Manufacturer

100xMEM vitamins solution

Sigma-Aldrich, St. Louis, MO, USA

2-mercaptoethanol

Sigma-Aldrich, St. Louis, MO, USA

50xMEM amino acids solution

Sigma-Aldrich, St. Louis, MO, USA

Agarose, Low Melting Point, Analytical
Grade

Promega, Madison, WI, USA

NP366-374 (ASNENMETM) peptide

Xaia Custom Peptides, Géteborg,
Sweden

Bovine serum albumin fraction V (BSA)

Roth, Karlsruhe, Germany

Carboxyfluorescein succinimidyl ester
(CFSE)

Molecular Probes, Leiden, The
Netherlands

CD8a (Ly-2) MicroBeads, mouse

Miltenyi Biotech, Bergisch Gladbach,
Germany

Cell Proliferation Dye eFluor® 670

eBioscience, San Diego, CA, USA

Collagenase type IV

Sigma-Aldrich, St. Louis, MO, USA

Crystal violet

Sigma-Aldrich, St. Louis, MO, USA

Dextramer H2-D®/ASNENMETM (NP366-
374) APC/PE

Immudex, Copenhagen, Denmark

Diphtheria toxin

Sigma-Aldrich, St. Louis, MO, USA

DNase |

Sigma-Aldrich, St. Louis, MO, USA

Dulbecco’s Modified Eagle’s Medium
(DMEM)

Sigma-Aldrich, St. Louis, MO, USA

Ethylene diamine tetraacetic acid (EDTA)

Merck, Darmstadt, Germany

Fetal calf serum (FCS)

Life Technologies, Carlsbad, CA,
USA

Fixable Viability Dye eFluor™ 780

eBioscience, San Diego, CA, USA

Fixation/Permeabilization solution

Becton, Dickinson and Company,
Franklin Lakes, NJ, USA

Fluoromount G

Southern Biotech, Birmingham, AL,
USA

Golgi plug

Becton, Dickinson and
Company,Franklin Lakes, NJ, USA
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Golgi stop

Becton, Dickinson and
Company,Franklin Lakes, NJ, USA

Hoechst 33528

Sigma-Aldrich, St. Louis, MO, USA

Human poly-immunoglobulin

CSL Behring, King of Prussia, PA,
USA

Isoflurane

AbbVie, North Chicago, IL, USA

L-Glutamine

PAA, Célbe, Germany

Minimum Essential Medium (MEM)

Sigma-Aldrich, St. Louis, MO, USA

NaNs3

Sigma-Aldrich, St. Louis, MO, USA

nCounter Mouse Inflammation Gene
Expression CodeSet

Nanostring Technologies, Seattle,
WA, USA

Penicillin/Streptomycin

Merck, Darmstadt, Germany

Phorbol 12-myristate 13-acetate (PMA)

Sigma-Aldrich, St. Louis, MO, USA

Phosphate buffered saline (PBS)

Life Technologies, Carlsbad, CA,
USA

Propidium iodide

Sigma-Aldrich, St. Louis, MO, USA

RPMI 1640 medium

Invitrogen, Darmstadt, Germany

Sodium bicarbonate solution

Sigma-Aldrich, St. Louis, MO, USA

TPCK trypsin

Sigma-Aldrich, St. Louis, MO, USA
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4.1.3. Buffers

Buffer

Ingredients

Buffer RLT

RNAeasy lysis buffer, Qiagen, Hilden,

Germany

Culture buffer

DMEM, 10% (v/v) FCS, 5% (v/v) L-
Glutamine, 5% (v/v)

penicillin/streptavidin

Digestion buffer

PBS, 3% (viv) FCS, 1mg/ml
Collagenase IV, 50U/m| DNase |

FACS blocking buffer

PBS, 3% (v/v) FCS, 0.1% (v/v) NaNs,
15 mg/ml human poly-Ig

FACS buffer

PBS, 3% (v/v) FCS, 0.1% (v/v) NaNs

Full medium

RPMI 1640 medium, 10% (v/v) FCS,
1% (v/v) L-Glutamine, 1% (v/v)
penicillin/streptavidin, 0.05mM  2-
mercaptoethanol

MACS buffer

PBS, 3% (v/v) FCS, 2mM EDTA

PCR mix

For 1x sample: H20(calculated
depending on number of primers),
PCR buffer 8.5 pl, MgCl2 7 ul, dNTPs
7 ul, primers 0.05 ul each and Taq
polymerase 0.6 uyl (Total volume must
add up to 70 pl)

RBC lysis buffer

500l H20, 150mM NH4CL, 10mM
KHCOs and 0.1mM EDTA

Stopping buffer

PBS, 10% (v/v) FCS

Viral infection buffer

MEM, 0.3% (v/v) BSA fraction V,1ul/ml
TPCK trypsin
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4.1.4. Consumables

Consumable

Manufacturer

LS Cell separation columns

Miltenyi Biotech, Bergisch Gladbach,
Germany

Micro-haematocrit capillary

Sigma-Aldrich, St. Louis, MO, USA

15-50ml Conical centrifuge tubes

Corning Incorporated, Corning, NY,
USA

Polyethylene tubing, diameter 0.58 mm

Intramedic, Neu-Isenburg, Germany

0.5, 1.5 safe-lock microcentrifuge tubes

Eppendorf, Hamburg, Germany

5ml Polystyrene tubes

Sarstedt, Numbrecht, Germany

6 well plate TPP, Trasadingen, Switzerland
12 well plate TPP, Trasadingen, Switzerland
. BBraun  Melsungen, Melsungen,
Hypodermic needle 22G x 1”
Germany
BBraun  Melsungen, Melsungen,
Indwelling cannula 22G x 1”
Germany

96 well U-bottom plate

TPP, Trasadingen, Switzerland

96 well V-bottom plate

TPP, Trasadingen, Switzerland

Cell strainer 100 pm

Corning Incorporated, Corning, NY,
USA

Tissue culture flask 25, 75, 150 cm?

TPP, Trasadingen, Switzerland
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4.1.5. Antibodies

4.1.5.1.

Antibodies for flow cytometry and confocal microscopy

All antibodies were specific against mouse antigens.

Antigen Clone Manufacturer

CD103 2E7 BioLegend, San Diego, CA, USA
CD11b M1/70 BioLegend, San Diego, CA, USA
CD11c N418 BioLegend, San Diego, CA, USA
CD8a 53-6.7 BioLegend, San Diego, CA, USA
CD4 GK1.5 BioLegend, San Diego, CA, USA
CD44 IM7 BioLegend, San Diego, CA, USA
CD45.1 A20 BioLegend, San Diego, CA, USA
CD45.2 104 BioLegend, San Diego, CA, USA
CDo64 X54-5/7 .1 BioLegend, San Diego, CA, USA
CD69 H1.2F3 BioLegend, San Diego, CA, USA
F4/80 BM8 BioLegend, San Diego, CA, USA
I-A/I-E M5/114.15.2 | BioLegend, San Diego, CA, USA
Ly6c HK1.4 BioLegend, San Diego, CA, USA
Ly6G RB6-8C5 BioLegend, San Diego, CA, USA
Siglec-F E50-2440 eBioscience, San Diego, CA, USA
CD8p 53-5.8 BioLegend, San Diego, CA, USA
CD90.2 30-H12 BioLegend, San Diego, CA, USA
CD90.1 OX-7 BioLegend, San Diego, CA, USA
CD19 4G7 BioLegend, San Diego, CA, USA
IFNy DB-1 BioLegend, San Diego, CA, USA
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4.1.5.2.

Depleting antibodies

a-CD4 GK1.5 Bioxcell, West Lebanon, NH, USA
a-CD8 YTS169.4 Bioxcell, West Lebanon, NH, USA
a-NK PK136 Bioxcell, West Lebanon, NH, USA
rat IgG2b

isotype LTF-2 Bioxcell, West Lebanon, NH, USA
control

mouse

lgG2a C1.18.4 Bioxcell, West Lebanon, NH, USA
isotype

control

4.1.6. Infectious agents

Virus strain Name Modifications
IFV . e . 189
A/PR/8/1934(HIN1) PR8 Adapted to mice by serial in vivo infections
IEV Genetically engineered influenza virus
A/WSN/330VA| WSN-OVAI contaln'lng tr;geé CD8 T cell epitope OVA 257-
264 epitope
Carries surface proteins from A/Hong
IFV A/X-31 X-31 Kong/1/1968 influenza and the six internal
genes from PR81°1
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4.1.7. Mouse lines

All animals were on a C57BL/6J background and were housed in a specific pathogen-

free (SFB) environment, as defined by FELASA guidelines, in the House for

Experimental Therapy (HET) of the Medical Faculty of the University of Bonn according

to German and institutional regulations. Mice were weaned 21 days after birth and

experiments started when mice were between 8 and 12 weeks of age.

Below is a list of mice used for this work.

Mouse line Official name Description
B6 C57BL/6J Wild type (WT) mice of H2-KP background
CD45.1192 C57BL/6- _ Expression of pan-leukocyte CD45.1 congenic
) Tg(TcraTcrb)1100Mjb/J marker
. B6.SJL-Ptprc Expres_sl_on of transgenic T cell receptor
OT-I Pench/Bov. recognizing
P y OVA 257264 in the context of H2-KP
B6.129P2- -
-/-194
Cxcr3 Cxcratm1Dgen. Deficient for Cxcr3 gene
Thy1.1195 B6.PL-Thy1a/CyJ Expresglon of the T cell specific Thy1.1
congenic marker
Deficient for B2-microglobulin; Residual
Bom-1% B6.129-B2mt™m1Jae N12 expression of MHC-I at the surface and 99%

reduction of CD8 conventional T cells

CD11c.DOG™""

B6.Cg-Tg(ltgax-

BAC transgenic mice expressing human DTR
and ovalbumin 140-386 under the CD11c

DTR/OVA/EGFP)1GIh/Crl promoter. No expression of functional eGFP.
TdTomato'® | tdTomato Ubiquitous expression of TdTomato.
Mouse line Description
Cxcr3”-x OT-l OT-I transgenic TCR mice deficient for Cxcr3 gene
CD45.1 x B6 Expression of pan-leukocyte markers CD45.1 and CD45.2
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4.2. Methods

4.2.1. Intratracheal infection

Mice were intratracheally infected as previously described'®. In brief, mice were
anesthetized with 2% isofluorane/O2(v/v) using a Fluovac system and subsequently
intubated with a 22G x 1” cannula through the oral cavity using a small animal
laryngoscope. 50yl of the infectious solution was administered through the cannula
using a mechanically-assisted mouse ventilator (Minivent) set at 250 strokes/min and
250ul tidal volume. Following administration, mice were actively ventilated for further

60s for pulmonary distribution of the viral particles before returning them into their cage.

4.2.2. Cell depletion

4221. Depletion by antibody

Depletion of CD4 T cells, CD8 T cells and NK cells in vivo was performed by i.p.
administration of 150ul PBS containing 300ug of aCD4 antibody (GK1.5), aCD8a
antibody (YTS169.4) or aNK1.1 antibody (PK136)?%. To deplete cells for longer than
3 days, mice received further injections every 4 days. Control mice received the same
dose of isotype control (Rat IgG2b (CD4 and CD8) and mouse IgG2a (NK1.1)

respectively).

422.2. Depletion by Diphtheria toxin

CD11¢c.DOG mice received 8ng/g body weight diphtheria toxin (DT) i.p. in 200ul of

PBS on 2 consecutive days as previously described'®’.

4.2.3. Generation of bone marrow chimeras

To generate bone marrow chimeras (BMx), recipient mice were first depleted of NK

cells via i.p. administration of 300ug of anti-NK1.1 antibody (clone: PK136) in 200pl

PBS in order to avoid rejection of donor Sm™ cells by recipient NK cells?°'. 1 day later,
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recipient mice underwent full-body irradiation with 1 Gy in a Biobeam2000. Next day
1x108 RBC-lysed donor bone marrow cells collected from femur and tibia were i.v.
transferred in 100 pl PBS into each recipient mice. Chimerism in the T cell, B cell, and
neutrophil compartments was assessed in blood at 8 and 12 weeks after irradiation

using flow cytometry. BMx were used for experiments at 90 days after reconstitution.

4.2.4. In vivo differential labelling (IDEAL)

| developed a fluorescence-based method to precisely discriminate cells that are in the
different lung compartments (vasculature lumen, parenchyma and BAS) called
differential in vivo labelling (IDEAL). This method is based on the i.v. administration of
a CD45.2 FITC antibody to mark cells in the blood vascular lumen, and of CD45.2
AF647 antibody i.t. to mark cells in the BAS. For this, mice were anesthetized i.p. with
Rompun (10mg/kg) and Ketamine (80mg/kg) and injected i.v. with 200ul PBS
containing 5ug of fluorochrome-labeled antibody as previously described?%? . After
exactly 5 min, heparinized blood was taken from the lower aorta/vena cava to serve as
a positive control for i.v. labelling. To eliminate excess of i.v. administered antibody
from the lung circulation, mice were perfused (0,73ml/min) through the right ventricle
with PBS for 5 minutes with perfusate eliminated through the lower aorta/vena cava.
Cells located in the BAS were then stained by administering 1ml PBS containing 5ug
of fluorochrome-labeled antibody intratracheally as indicated in section 4.2.3.3 and
incubated for 5 minutes. The antibody solution was then aspirated off and the BAS
washed 3 times with 1ml PBS/2mM EDTA to remove excess of antibody. All BALF
washes were pooled in 50ml i.c. PBS to stop further staining. BAL and PBL samples
were used as an internal control to confirm staining of cells located in the respective

compartments.

Cells were stained ex vivo with an anti-CD45 antibody labelled with a different
fluorochrome. Leukocytes in the lumen of blood vessels were identified as CD45"
CD45.2 FITC* CD45.2 AF647-; interstitial leukocytes as CD45* CD45.2 FITC- CD45.2
AF647-, and leukocytes in the BAS as CD45* CD45.2 FITC- CD45.2 AF647".

Differential in vivo labelling was used in sections 4.2.9, 4.2.10 and 4.2.11.
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4.2.5. Isolation of primary cells

4251. Bronchoalveolar lavage

BALF was taken as previously described '%°. Briefly, mice were killed by i.p.
administration of 200ul PBS containing 200mg/kg body weight of Ketamin and the
tracheas were exposed by removing skin, and muscles around the neck area.
Tracheas were cannulated with a polyethylene tubing (0.58mm in diameter, ca. 2cm
length) fitted into a 1 ml syringe equipped with a 22G needle taking care of not reaching
the carina. Bronchoalveolar lavage (BAL) was performed by washing 3 times with 1ml
PBS containing 2mM EDTA at room temperature (RT). Collected BALF was then
centrifuged at 1200rpm for 10 minutes at 4°C, resuspended in the desired medium and
shortly kept at 4 °C until further use. Most of the cellularity was recovered in the first
two washes. Less than approximately 1 % of the total cellularity was recovered in

subsequent washes (data not shown).

4.2.5.2. Lung

Lung single-cell suspensions were performed as previously described’®®. Briefly, mice
were Killed by i.p. administration of 200ul PBS containing 200mg/kg body weight of
Ketamin followed by exsanguination by cutting the lower aorta/vena cava. Lungs were
dissected out taking care of not collecting the mediastinal LNs. Dissected lungs were
injected with 1ml of digestion buffer and subsequently disrupted using forceps as
previously described. Disrupted tissue was incubated for 30 minutes in a water bath at
37°C and pipetted every 10 minutes to ensure proper tissue digestion. Upon digestion,
cell suspensions were filtered through a 100um cell strainer and centrifuged at
1200rpm for 10 minutes at 4°C and washed with ice-cold PBS twice before
resuspending in the desired medium. Cell suspensions were shortly kept on ice until

further use.
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425.3. Spleen and Lymph nodes

Dissected spleen and mediastinal lymph nodes were collected in 2 ml ice-cold PBS
and passed through a 100um cell strainer. Cell suspensions were centrifuged at
1200rpm for 10 minutes at 4°C and resuspended in the desired medium. If required,
spleen cell suspensions were filtered again through a cell strainer. Samples were

shortly kept at 4°C until further use.

4254. Peripheral blood

Peripheral blood was collected from the lower aorta/vena cava using heparinized
capillaries and placed in 1.5ml microcentrifuge tubes. Heparinized blood was lysed
with 1ml RBC lysis buffer for 7 minutes at RT, centrifuged in a 24 table-top centrifuge
at 4500rpm for 4 minutes at 4°C. Cells were washed twice with 1ml ice-cold PBS,

resuspended in the desired medium, and kept on ice until further use.

4255. Cell counting

Ten microliters of a cell suspension in 0.2% Trypan Blue was counted in a Neubauer

chamber as indicated by manufacturer.

4.2.6. Adoptive CD8 T cell transfer

CD8 T cells were positively isolated by MACS using Miltenyi’'s CD8 microbeads
following manufacturer’s protocol. Briefly, spleen cell suspensions were incubated with
MACS Buffer containing CD8 microbeads for 15 minutes on ice. Samples were washed
with MACS Buffer, resuspended in 2ml MACS Buffer and passed through a pre-
washed LS column on a MidiMACS magnet. Columns were then washed 3 times with
MACS Buffer and the CD8 T cell-enriched fraction recovered by plunging MACS buffer
into the column away from the magnet. Cells were washed twice with i.c. MACS Buffer
and resuspended in ice-cold PBS. 5x10* to 5x10% CD8 T cells were injected into the
mouse tail vein in 200ul of PBS. A purity of 85% live CD8 T cells was generally

achieved (not shown).
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4.2.7. Flow cytometry

427A1. Staining of surface antigen

Up to 2x108 cells per well were surfaced stained in 96-U-bottom plates in 50ul of FACS
blocking buffer containing saturating amounts of fluorochrome-labelled antibodies.
After 20min on ice, cells were washed twice with FACS Buffer before being
resuspended in 200ul FACS Buffer containing either 250ng/ml propidium iodide (PI) or
100ng/ml Hoechst 33258 as viability dyes. In some experiments, cells were incubated
with 2.5 pl of K®/ SIINFEKL-dextramer in 50 ul PBS containing 5% FCS during 20min

at 4°C before staining with surface antigens.

427.2. Staining of intracellular antigen

Following surface antigen staining, cells were stained with PBS containing
Fixable Viability Dye eFluor 780. Cells were then fixed by BD Biosciences
Fixation/permeabilization buffer for 30 minutes on ice. Cells were subsequently
washed twice in PBS and stained in 50l of Fix/perm including saturated amounts of
fluorochrome-labelled antibodies targeting intracellular antigen during 45 minutes on
ice. Finally, cells were washed 3 times in Fix/Perm buffer and resuspended in 100ul of
FACS Buffer.

Cells were acquired on a FACS Canto Il or LSR Fortessa using FACSDiva version 8.0

and analyzed using FlowJo v10.

4.2.8. Assessment of TCR affinity

4281. Dextramer binding decay

Cells isolated from spleen and mLN were pooled per group at a concentration of 2x10°
cells per ml and 5x10° cells plated in each well of 96-U well plates. Following surface
staining, decreasing amounts of dextramer were used, starting at 2,5 pl of dextramer
and performing % dilutions until 2,4x10-3. Column 12 was a blank control. After 20

minutes incubation on ice, cells were washed in ice-cold FACS buffer and resuspended
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in 150ul ice-cold FACS buffer containing Hoechst viability dye. Cells were acquired

immediately by flow cytometry to minimize detachment of the bound dextramers.

4.2.8.2. IFNy production after peptide restimulation

Cells isolated from spleen and mLN were pooled in full medium and adjusted at 2x10°
cells/ml. 5x105 cells were then plated into each well of 96-U well plates. 200pl of full
medium containing Golgi Plug (Brefeldin A) and Golgi stop (Monesin) were added to
each well at a final dilution of 1/500 and 1/750 respectively. Finally, 40pl of serially-
diluted influenza virus-derived CTL epitopes?®* in full medium were added to the
cultures to reach a total volume of 200pul per well. Cells were then spun at 1000rpm for
2 minutes and incubated for 5h at 37°C in a humidified 5% CO2 incubator. Cells were
then washed twice in PBS and stained for viability, surface antigens and intracellular
IFNy as indicated in 4.2.5.

4.2.9. Confocal Microscopy

Vibratome lung slices were analyzed by confocal microscopy as previously described
199_ Briefly, mice were killed by i.p. administration of 200ul PBS containing 200mg/kg
body weight of Ketamin and the tracheas intubated as indicated in section 4.2.3.3.
Following exposure of the lungs by opening the thoracic cavity, lungs were immediately
filled with 1 ml 2% low melting point agarose at 37°C. Lungs were kept in the inspiration
phase, removed and placed in ice-cold PBS on ice for a maximum of 1h. Selected lung
lobes were embedded in 4% low-melting agarose and cut in 150um slices using a
vibratome set at 5.5mm/s and a vibrating frequency of 100Hz. Unfixed slices were
mounted on glass slides with PBS containing 0.5ug/ml DAPI, covered with a coverslip
and sealed with nail polish. Mounted slides were kept in the fridge until analysis by
confocal microscopy within 5h. Images were acquired with Zeiss Zen Black edition and

analyzed with Imaris v.7 software.
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4.2.10. Cytotoxicity assays

4.210.1. In vitro quantification of antigen-specific CD8 T cell cytotoxicity

The influenza-specific cytolytic capacity of CTLs located in each of the different lung
compartments was quantified using an ex vivo cytotoxicity assay in which effector
CTLs (E) recovered from different compartments were mixed with peptide-pulsed

target splenocytes (T).

To obtain effector CTLs, naive B6 received 5x10% CD45.1 OT-l i.v. one day
before i.t. infection with 2.75x10° p.f.u. AAWSN/33 (WSN)-OVAI influenza virus. In vivo
differential labelling using anti-CD45.2 antibodies was performed as described in
section 4.2.4. Lungs were then harvested and single-cell suspensions obtained as
described in section 4.2.5.2. Cell suspension was stained with CD45 and CD8
antibodies and viable OT-I CTLs from each lung compartment were recovered by flow
cytometric sorting using a FACS Atria lll. Sorted CTLs(purity ca. 98% not shown) were
resuspended at 2x10° cells/ml in full medium.

Target cells comprised of naive splenocytes that were pulsed for 15 minutes at
37°C with 1uM of SIINFEKL peptide. Pulsed target cells were then labeled with 1.5uM
CFSE or eFluor647 cell dye for 15 minutes at RT (Fluorochrome"). Control splenocytes
that were not peptide-pulsed were labeled with 0.075uM CFSE or eFluor647
(Fluorochrome'?), respectively. Staining of targets was stopped by adding ice-cold PBS
containing 10% FCS and washed twice in ice cold PBS. Control and target cells were
then mixed at a 1:1 ratio. Effector cells were titrated in a 96-well V-plate along a
constant number of 2x10* target cells per well to achieve the required E:T ratio (from
0.03125 to 2 effectors per target). After Sh incubation at 37°C in a humidified 5% CO:
incubator, cells were resuspended in FACS buffer containing Pl for viability. The
KP/SIINFEKL-specific cytotoxic capacity was calculated as follows by gating on live PI-
target cells:

100% (G rTisroctivoine Tow

(%F luorochrome high
%Fluorochrome low

)With T

100 —

) without T
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4.2.10.2. In vivo of antigen-specific CD8 T cell cytotoxicity

In vivo antigen-specific CTL assay was performed to assess the cytolytic capacity of
antigen-specific CD8 T cells following as previously described?%. Effector mice were
naive B6 that received 5x10° CD45.1 OT-l i.v. one day before i.t. infection with
2.75x10% p.f.u. A/WSN/33 (WSN)-OVAI influenza virus. Target cells comprised of
naive splenocytes pulsed for 15 minutes at 37°C with 1uM of the peptide of interest,
either SIINFEKL or NP366-374 peptide. Target splenocytes were then labeled with
1uM CFSE or eFluor647 cell dye for 15 minutes at RT (Fluorochrome™). Control
splenocytes not pulsed with peptide were labeled with 0.1uM CFSE or eFluor647 cell
dye (Fluorochrome'). Staining was stopped by adding PBS containing 10% FCS and
washed twice in ice cold DPBS. Control and target cells were then mixed 1:1. To
quantify the kill in the mLN and spleen effector mice received a total of 2x107 cells i.v..
On the other hand, to quantify the kill in the BAS, effector mice received 1.2x10° cells
i.t.. 4h later mLN, spleen, skin-draining Lymph nodes and BAL were sampled, and
targets analyzed by flow cytometry. Antigen-specific CTL cytolytic activity was

calculated as following:

%Fluorochrome high) .
100x ( %Fluorochrome low ) infected
100 — -
(%Fluorochrome hlgh) ri ted
%Fluorochrome low ) "*° infecte
4.2.11. Quantification of influenza viral titers

Influenza viral titers were measured by a standard plaque assay as previously
described 2%, MDCK cells from ATCC (Manassas, VA, USA) were grown in DMEM
containing 10%FCS, 5% L-Glutamine and 5% penicillin/streptavidin to 90%
confluency. Cells were then trypsinized and different cell concentrations plated in
triplicate in 6- or 12- well plates. Plates that reached a confluency of about 90% 24h

later were chosen for infection with lung homogenates from infected mice.

Upon collection, lungs were snap frozen and placed in 2ml tubes containing
ceramic bead and then homogenized using a tissue homogenizer. 1ml lung
homogenates were first diluted 1:5000 and then 4 successive 1/10 dilutions in MEM
containing 0.3% BSA fraction V and 1pl/ml TPCK trypsin. MDCK cells were washed in

PBS and then infected by incubating with 250ul or 500l of the lung homogenate in
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12- or 6-well plates, respectively, for 1h at 37°C and 5% CO:2. Plates carefully rocked
every 20 minutes. After incubation, plates were carefully washed twice with PBS. Wells
were then carefully covered with 0.3% agarose in MEM-BSA-TPCK pre-warmed at
37dC. Plates were left at room temperature for 10 minutes to allow for the agarose to
solidify and then carefully moved into a humidified incubator at 37°C and 5% CO..
When plaques became evident by microscopy (2-3 days post infection), cells were
fixed by adding 1 or 2 ml 4% PFA on top of the agarose overlay for 1h at room
temperature. Plates were then gently washed under running tap water to remove the
agarose overlay and stained in 0.5% crystal violet solution for 15-20 minutes. After
intensive washing in running tap water, plates were left to dry over 24h and plaques
counted by naked eye or with the help of a dissecting microscope. To calculate PFU
per milliliter (PFU/ml), the following equation was used:

Average # of plaques

PFU/ml = Dilution Factor * volume of diluted virus added to the well

4.2.12. Gene expression analysis

4.212.1. Single-cell RT-PCR

5x10% CD8 OT-l T cells were transferred i.v. into naive B6 mice and 1 day later
2.75x10° PFU WSN-S8L were administered i.t.. Mice were then sampled at day 6 post
infection and lung cell suspensions were prepared as indicated in 4.2.2 and from this
point onwards, kept on ice at all times and processed as quickly as possible. Single
CD8 T cells from each lung compartment were sorted as indicated in 4.2.10.1 into
0,5ml PCR strips containing 5 pl of PBS and kept in dry ice until stored at -80°C. Cells
were then lysed in the PCR thermocycler by exposing them to 65°C for 2 minutes
moving them to ice as soon as possible. Immediately after lysis, 10 pl of RT mix was
added to each tube. RT was performed by a cycle of 37°C for 60 min, followed by 3
min at 90°C and maintenance at 10°C. Samples were then stored at -80°C until further
use. A 18t multiplex PCR was then performed by adding the desired primers in PCR
mix. The amount of water was adjusted depending on the number of primers, having

a final volume of 85ul. The PCR cycle was as follows:
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1st PCR program

95°C 10 min Hold
94°C 45 sec
60°C 1 min. 15x
72°C 1 min 30 sec

72°C 10 min. Hold

For the final qualitative PCR, a PCR with the respective primers was performed per
each gene of interest. Each qualitative PCR followed the following cycle:

2nd PCR program

95°C 10 min Hold

94°C 30 sec

70°C 45 sec 2x

72 °C 1 min

94°C 30 sec

66°C 45 sec 2x

72°C 1 min

94°C 30 sec

62°C 45 sec 2x

72°C 1 min

94°C 30 sec

60°C 45 sec 48x

72°C 1 min

72°C 10 min. Hold
4.2.12.2. Gene expression analysis

5x103 CD8 OT-I T cells were transferred i.v. into naive B6 mice and 1 day later
2.75x10° PFU WSN-S8L were administered i.t.. Mice were then sampled at day 6 post
infection. 5x10* CD8 OT-I T cells from each lung compartment were sorted as indicated
in 4.2.10.1 and lysed by vortexing in 150 pl RLT buffer for 1 min followed by
centrifugation at 5000rpm in a perfect spin 24 table-top centrifuge for 1 min to recover
all material to bottom of tube. Cell lysates were then analyzed as per manufacturer’s
protocol using an nCounter Mouse Inflammation Gene Expression CodeSet. Analysis
was done using nSolver Analysis Software (Nanostring). A cutoff of 100 counts was
used as per manufacturer’s suggestion and the following housekeeping genes were
used as controls: Alas1, Eef1g, G6pdx, Gapdh, Gusb, Hprt, Oaz1, Polr1b, Polr2a,
Ppia, Rpl19, Sdha, Tbp, Tubb5.
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4.2.13. Statistical analysis

Raw data was processed using Office Excel v14.0 (Microsoft) and statistical
significance was investigated in Prism v7 (GraphPad). Two-tailed unpaired Student’s
t-test was used to compare two groups. To compare three or more groups, one-way
ANOVA with a Bonferroni post-test was used. Statistical significance was set at P <
0.05.
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5. Results

The role of the exact CD8 T cell positioning in the lung for protection against infection
with influenza or other viruses is unresolved. In addition, there is still a lack of
knowledge on the mechanisms driving CD8 T cells into the lung environment upon
infection as well as the exact way CTLs confer protection. Knowing the mechanisms
driving CTL positioning into the lung environment and the mechanisms that are used
would open the possibilities of modulating them to further protect the host or reduce

immunopathology.

5.1. CDB8 T cell migration and killing capacity in the lung environment

5.1.1. Development of a flow cytometric method to accurately quantify immune

cell infiltration in specific lung compartments

Upon inflammation, Immune cells migrate from the blood into different anatomical
compartments of the lung -interstitium and BAS. It is currently unknown whether
immune cells at different locations have different phenotype and function, and whether
they have differential roles in viral clearance. In the lung, immune cells transmigrate
from the vasculature into the interstitium and some of them will further translocate
through the epithelial cell layer into the BAS. Most influenza strains only infect
bronchiolar and alveolar epithelial cells, hence, for immune cells to directly interact with
infected epithelial cells they need to either reach the BAS or, at least, cross the basal
membrane separating endothelial from epithelial cells (Figure 1).

To investigate the role of immune cell positioning within the different lung
compartments, it is necessary to unambiguously identify the precise location of
immune cells within the inflamed lung. The standard method (here referred to as
“classic method”) for sampling immune cells in different lung compartments does not
allow the study of immune cell positioning and is based on 3 steps (Figure 2A): , (1)
mice undergo intracardial perfusion to eliminate immune cells in the circulation; (2)
bronchoalveolar lavage is performed to collect immune cells present in the BAS; (3)
finally, the post-perfusion, post-BAL lung is taken as a source of interstitial immune

cells (i.e. extravascular cells not present in the BAS). The accuracy of this protocol is
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based on two assumptions: first, i.v. perfusion removes all intravascular immune cells
and, second, that BAL recovers all immune cells located in the BAS. However, a
significant fraction of intravascular immune cells remain even after prolonged perfusion
of the steady-state lung'3. It is likely that this is even more pronounced during
inflammation, when perfusion is less efficient. In addition, a significant fraction of
alveolar macrophages (a type of macrophages only present in the alveolar lumen) is
commonly found within the post-perfused, post-BAL lung sample, demonstrating that
BAL is inefficient in the recovery of immune cells form the lung airways. As a result,
immune cells recovered from the post-perfused, post-BAL lung contain a mixture of

cells contained in the intravascular, interstitial and bronchoalveolar compartments.

To overcome the limitations of the classic method, | developed a method called in vivo
differential labelling (IDEAL) consisting of intravascular staining of leukocytes as
previously described® and, in addition, intra-tracheal staining of leukocytes to
effectively mark all leukocytes within the BAS (Figure 2B). By using IDEAL, all AlvM
remaining in the post-perfused, post-BAL lung were indeed identified as cells in the
BAS (Figure 2C and D). However, using the classical method, about 90% of total AMs
were present in the post-perfused, post-BAL lung as interstitial cells (Figure 2 C and
D). These results demonstrate that the classic method is not suitable to differentiate
cells between the lung interstitium and the BAS and that the IDEAL method here

describe is able to do so.
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Figure 2. Differential labeling (IDEAL) allows for accurate analysis of immune cell
localization within the lung environment. (A) lllustration depicting the classic method of lung
analysis. In brief, (1) mice undergo intracardial perfusion to eliminate cells present within the
vasculature. (2) Bronchoalveolar lavage is performed through a tracheotomy to collect cells
within the BAS. (3) Lungs are collected and digested to isolate interstitial cells. (B) Illustration
depicting the differential labeling protocol of lung analysis. In brief, (1) a-CD45.2-FITC is
administered through the tail vein to mark all cells in the vasculature. Mice vasculature is then
perfused to eliminate excess of intravascular antibody. (2) a-CD45.2-AF647 is then
administered intratracheally. BAL is then conducted to wash excess antibody in the airways.
(3) Finally, lungs are sampled. (C) Representative dot-plots of AlvM in the post-perfused, post-
BAL lung sample in the steady state after classic method sampling (Left panel) and differential
labelling (right panel). (D) Alveolar macrophage distribution as analyzed by classic method
(Left column) or differential labeling (right column). To quantify airway AMs, counts obtained
from lung and from BAL were added. Note that the classic method does not use anti-CD45
antibodies i.v. or i.t.. AF, autofluorescence. Shown are results from a representative of at least
5 independent experiments with 3 mice per group.
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| employed the IDEAL method to quantify immune cell subpopulations at the different
lung compartments during the acute phase of influenza infection. CD8 T cells are
important players during immune responses against viral pathogens. Mice were
infected i.t. with 5x103 PFU of influenza PR8 and sampled at the peak of CTL response
(day 7 post infection) (Figure 3A). CD8 T cells in the three different lung compartments
could be clearly detected during influenza infection. (Figure 3B). About half of the CD8
T cells localized within the lung interstitium (Figure 3C). The remaining half distributed
similarly between the vasculature lumen and the airways (Figure 3C). Only activated
or memory CTLs can transmigrate into inflamed organs. Using IDEAL, | could clearly
demonstrate that basically all CD8 T cells within the interstitium and airways were
CD44M while CTLs in the vascular compartment were either CD44~°¥ (likely naive) or
CD44" (Figure 3D). Of note, CD44~° CD8 T cells would be wrongly identified using
the classic method as being interstitial cells.

Neutrophils mediate rapid defence against invading microorganisms but they may also
induce significant immunopathology in the lung during influenza infection??7.
Surprisingly, most of the neutrophils located intravascularly, while only around 30% of

them transmigrated into the lung tissue (Figure 3D and F).

These results demonstrate that the IDEAL protocol is a robust method for precisely
identifying and quantifying immune cells at different lung compartments in the steady
state and during infection, opening the opportunity to investigate the relevance of T cell

localization in the lung to clear influenza infection.
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Figure 3. IDEAL protocol shows that only activated CD8 T cells egress into the lung
while neutrophils are mostly present within the vasculature during influenza infection.
(A) lllustration depicting experimental setup (B)Representative flow cytometry dot-plot of CD8
T cell distribution in lung sample as analyzed by IDEAL. (C) Quantification of CD8 T cell
distribution in the infected lung. (D) CD44 expression in CD8 T cells at different lung locations.
(E) Representative flow cytometry dot-plot of neutrophil distribution in influenza-infected lungs.
(F) Quantification of Neutrophil distribution in the infected lung. Shown are results from a
representative of at least 5 independent experiments with 3 mice per group.
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5.1.2. Activated CTLs are not imprinted to specifically migrate into a unique lung

compartment

It is stablished the CTLs migrate into the different lung compartments (Figure 3A)2%,
However, the mechanisms driving retention of CTLs into the interstitium or further
migration into the BAS remain unclear. Cxcr3 expression on CD8 T cells promotes
egression from the vasculature into the influenza-infected lung?®®. However, Cxcr3 was

not required for further migration into the BAS.

Two working models may explain migration of CD8 T cells within the infected lung. In
one model, upon egression from the vasculature, the same CD8 T cell may
indistinctively migrate between the thin alveolar interstitium and the alveolar space
following chemokine cues. Alternatively, different cues may preferentially position
some CTLs in the interstitial space while others further migrate into the BAS depending
on the receptors they express. To investigate whether different CD8 T cells
preferentially migrate to specific lung compartments, | performed serial transfers of
influenza-specific CD8 T cells combined with IDEAL to precisely identify their location.
Naive tdTomato* OT-l CD8 T cells were initially transferred into mice that were
subsequently infected with WSN-S8L (Figure 4A). Seven days later, effector OT-I
CTLs isolated from each lung compartment (intravascular, interstitial and in the airway
lumen as identified by IDEAL) (Figure 4B) were re-transferred at equal ratios into WSN-
S8L-infected mice (Figure 4C). The precise location 5h after re-transfer was then
identified by a second round of IDEAL using a different set of fluorochromes (Figure
4C). By comparing the origin of the transferred cells (first IDEAL staining) and the
destination of the re-transferred cells (second IDEAL staining), | could quantify whether
cells originated from a specific compartment were more likely to migrate to that

compartment, indicating preferential migration, or not.

The re-transferred CTLs showed a similar pattern of migration into the three different
lung compartments independently of the compartment from which they originated
before re-transfer (Figure 4E and F). Independently of whether CTLs originated from
the vascular lumen, interstitium or airways, they migrated to those three compartments
upon retransfer with similar frequencies. The results indicate that different CTLs do

not have a preferential migration into the compartments studied here, and suggest that
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they follow adhesion and chemotactic cues to indistinctively locate into the lung
interstitium or BAS. Further experiments are required to investigate whether the BAS

is inherently the final destination of CTLs in the influenza-infected lung, or whether
specific niches retain CTLs in either compartment.
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Figure 4. Activated antigen specific CD8 T cells freely distribute through lung
compartments. (A) lllustration depicting experimental setup of in vivo activation of naive OT-
I T cells. (B) Flow cytometry dot plot with gates set up for FACS sorting of TdTomato* OT-I
CD8 T cells present in the vascular lumen (red gate), interstitium (grey gate) and airway lumen
(blue gate). (C) lllustration depicting experimental setup of recipient mice co-transferred with
cells from (B). 5 hours post transfer, mice were sampled by IDEAL with a-CD90.2 PB i.v. and
a-CD90.2 PE/Cy7. (D) Representative flow cytometry dot-plot showing origin (Vasculature
(red), interstitium (grey) and airway (blue)) of recovered TdTomato® OT-I cells in the lung of
recipient mice 5 h after cotransfer. Note that most of the re-transferred cells egressed from the
vasculature. (E) Representative flow cytometry dot-plots indicating the location of the re-
transferred OT-l1 CD8 T cells that were originally sorted from the intra-vascular lumen (left
panel), interstitium (Middle panel) or airway lumen (Right panel). (F) Final distribution of cells
from Vasculature (red), interstitium (grey) and airway (blue) of recovered TdTomato+ OT-I cells
in the lung of recipient mice 5 h after cotransfer. Shown are results from a representative of at
least 2 independent experiments with 4 mice per group.
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5.1.3. Interstitial and BAS CTLs show similar transcriptomic profiles

As demonstrated in Section 1.3, activated CTLs do not show preferential migration into
a specific pulmonary compartment in the influenza-infected lung. Nevertheless,
compartment-specific cues may induce defined transcriptional and functional CTL
signatures. To investigate effects of potential compartment-specific cues on CTL cell
function, | analyzed mRNA expression of candidate genes in bulk and single OT-1 CD8
T cells sorted from each compartment (Figure 5A). Naive OT-I T cells from spleen were
isolated from TdTomato* mice and subsequently transferred 5x102 cells into naive BL6
mice i.v. 1 day later mice were infected with 2.75x10° PFU WSN-S8L i.t.. 6 days after
infection, lungs from infected mice were sampled by IDEAL and OT-I T cells were
sorted from each lung compartment for either bulk or single cell analysis. Bulk analysis
was performed with the Nanostring system (Immunology panel for mice) by analyzing
a total of 576 genes included in the nCounter Mouse Inflammation Gene Expression
CodeSet (Appendix 1). Of those, 258 were expressed above the detection threshold
and 33 of those showed significantly differences between BAS and interstitium when
comparing expression ratios (Figure 5B). As expected, most differences were found
between the vascular compartment and either interstitium or BAS (Figure 5B). Our
results confirm previous findings that circulating CD8 T cell undergo transcriptional

reprograming once infiltrating the inflammed lung?'°.

Regarding transcriptional differences between CTLs that infiltrated the lung, 33 genes
showed statistically significant differences between OT-I CD8 T cells located in the
interstitium and BAS (Figure 5B). Higher expression of genes such as Ifng, Prf1 and
Gzmb suggest a higher antiviral activity by CTLs present in the BAS compared to that
of the interstitial CD8 T cells. Although significant, the differences found on the 33
genes are minimal and may not reflect differential protein expression. Consistent with
my previous results showing no differential migration between interstitial and BAS
CTLs, there were no differences in the mRNA expression for chemokine receptors
cxcr3, ccrb and cxcr6 between BAS and interstitium. These results show that bulk
analysis of antigen specific CTLs in the BAS and interstitium results in minimal
differences between BAS and interstitium.

Despite the fact that bulk gene expression analysis did not show differences between

CTLs in different lung locations, we hypothesized that single-cell analysis may identify

specific CTL populations in those locations. To investigate this, | performed multiplex
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single-cell RT-PCR. This technique offers the possibility to analyze whether or not a
specific single cell expresses or not the genes of interest, however, it cannot quantify
the level of expression. | used multiplex single-cell RT-PCR to quantify the percentage
of cells expressing selected genes that are highly relevant for effector CD8 T cell
differentiation, migration and function (Ccr4, Ccr5, Ccl3, Ccl4, Ifny, Perf, Gzmb, T-bet,
Eomes, IL-7R, Kirg1, Blimp-1 and CD3e). Most of the cells investigated (higher than
95%) were positive for Cd3e, confirming high purity of the sorted populations (Figure
5C). Most genes analyzed with multiplex single-cell RT-PCR were also above
background on Nanostring analysis (Ccr4, Ccr5, Ccl3, Ccl4, Ifny, Perf, Gzmb, Eomes,
IL-7R and CD3e), showing similar results between the two assays. There were no
statistically significant differences in the percentage of cells expressing the selected
genes that were located in the interstitium or BAS (Fig. 5C). Some genes, like Gzmb,
were expressed by all CTLs independently of their location, while others, such as Thet
and Kirg1 were expressed by less than 8% of the cells located in the lung interstitium
or BAS. There were, however, statistically significant differences between influenza-
specific CTLs that had or had not egressed from circulation. Cc/3 was upregulated in
a significant fraction of CTLs that had transmigrated, whereas Eomes followed the
opposite pattern (Figure 5C). Some genes showed very homogenous expression,
GzmB was expressed on most cells of each compartment while Blimp1, Kirg1 or T-bet
were not expressed on most of the cells. On the other hand, heterogeneous expression
was found on /IL-7R, Eomes or Ccl4. This could be explained by the fact that all sorted
cells were antigen-specific, it is possible those cells were on their way into the lung
tissue. Therefore, single-cell RT-PCR showed no apparent differences in gene
expression between BAS and interstitial CTLs.

Taken together, these results indicate that the location of CTLs in the interstitium or
BAS of influenza-infected mice does not result in general differences in gene

expression.
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Figure 5. Genomic analysis shows significant differences between vasculature and
interstitium or BAS. 5x10° CD8 OT-I T cells were transferred i.v. into naive B6 mice and 1
day later 2.75x10° PFU WSN-S8L were administered i.t.. Mice were sampled per differential
labeling at day 6 post infection and OT-I cells were sorted from each lung compartment
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(Vasculature, Interstitium and Airways). (A) Flow cytometry dot-plot with selected gates for OT-
| CD8 T cell sorting (left panel) and quality control of sorted cells from vasculature (Red gate,
middle-left panel), interstitium (Grey gate, middle right panel) and airways (Blue gate, right
panel) (B) Heatmap and table illustrating fold change in gene expression between BAS and
interstitium (Left column), BAS and vasculature (Middle column) and interstitium and
vasculature (Right column) of influenza-specific OT-I CD8 T cells. Only genes with statistically
significant differences are shown. (C) Expression of chemokines, cytokines and transcription
factors as measured by multiplexed single-cell RT-PCR array. Shown are results from one
experiment with 3 mice. For B, Two-tailed unpaired Student’s t-test was used to compare
groups. For C a contingency Fisher’s exact test was performed. *,P< 0.05; **, P< 0.01; ***, P<
0.001.

5.1.4. Influenza-specific CTLs show similar killing capacity regardless of their

location

After finding only small differences in gene expression between influenza-specific
CTLs in the interstitium and BAS of infected mice, | next investigated whether there
are functional differences based on location. A main function of CTLs is the antigen-
specific killing of infected cells following TCR engagement of MHC-I/peptide
complexes. Thus, | investigated whether the ability to lyse target cells differed between

CTLs located in different compartments of the influenza-infected lung.

First, | performed an in vivo kill assay directed against 2 MHC-I ligands from WSN-S8L
to assess whether CTLs in the lung are indeed able to lyse target cells. For this, | used
naive splenocytes as target cells that were loaded with either SIINFEKL (H-2KP ligand)
or NP366-374 (H-2DP ligand), or with an irrelevant peptide (KAVYNFATM). Target cells
were either labelled with different concentration of CFSE or cell tracker eFluor670 to
distinguish them and mixed at an equal ratio (Figure 6A). A total of 1x107 cells were
transferred i.v. and a total of 6x10° cells were transferred i.t. into mice that had been
infected with WSN-S8L 7 days earlier (Figure 6A). After 4h, the remaining target cells
in mLN, spleen and BAL were quantified by flow cytometry (Figure 6C and D). Transfer
of target cells i.v. allows for quantification of antigen-specific kill in those organs,
whereas i.t. transfer, allows for quantification of lysis by cells in the BAS. Of note, this
assay does not permit quantification of killing activity by interstitial cells because target
cells do not infiltrate the lung. Killing in mediastinal Lymph node and spleen was highly
efficient, with over 50% of the target cells being lysed within 4h (Figure 6C and D). As
expected, control non-infected mice showed no detectable kill activity (Figure 6D).

Cytotoxicity in the BAS under the conditions tested was less efficient since only 10 to
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20% of target cells were killed within 4h. | observed no differences between the killing
of SIINFEKL or NP366-374 -loaded targets (Figure 6D). These results demonstrate
that CTLs in the airways were able to kill target cells in an antigen-specific manner,
although with lower efficiency as those in secondary lymphoid organs. Reduced killing
capacity in the airways may reflect a biological difference or may be due to the fact that

target cells are artificially administered i.t. not efficiently becoming into contact with
CTLs across the airways.
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Figure 6. CTLs show good killing capacity in BAS and high capacity in mLN and spleen.
(A) 7 days after infection mice were injected i.v. or i.t. with splenocyte targets loaded with either
S8L or NP366-374 peptides. As a negative control, unloaded splenocytes were used in the
same numbers. To differentiate between targets, S8L loaded splenocytes were stained with
high dilution of CFSE while their respective controls were stained with a low dilution of CFSE.
On the other hand, NP366-374 loaded splenocytes were stained with high dilution of eFluor670
while their respective controls were stained with a low dilution of eFluor 670. (B)
Representative flow cytometry dot-plot of splenocyte targets loaded with either, NP366-374 on
the y axis and S8L on the x axis. (C) Representative flow cytometry histograms of killing in
mLN, spleen and BAS for both peptides. (D) percentage of specific kill for each peptide in mLN
(left graph), spleen (middle graph) and BAS (right graph). Shown are results from a
representative of at least 2 independent experiments with 3 mice per group.
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Having established that pulmonary CTLs can Kill targets, | next quantified differences
in the Killing ability between CTLs located in different lung compartments in an in vitro
killing assay. For this, | transferred naive CD45.1 OT-I CD8 T cells into CD45.2
recipients and infected them 1 day later with 2.75x10° PFU WSN-S8L (Figure 7A). 7
days post infection, | performed an in vitro antigen-specific cytotoxicity assay using
sorted OT-I cells from the three different pulmonary compartments identified by IDEAL
as effector CTLs. Different numbers of CTLs were co-incubated with a constant
number of target cells consisting of an equal mixture of splenocytes loaded with S8L
and 1uM CFSE, and splenocytes loaded with an irrelevant peptide (KAVYNFATM) and
0.1uM CFSE Specific kill of S8L-loded targets was measured by flow cytometry 5h
later (Figure 7C). No differences in kKilling capacity were found between interstitial and
airway CTLs. On the other hand, CTLs collected from the vasculature showed higher
killing capacity at 0,5 and 2 E:T when compared to airway CTLs. In addition, CTLs
present on the lung (vascular lumen, interstitium or airway lumen) had higher killing
capacity compared to that of the mLN on the higher E:T. Taken together, these data
shows that CTLs acquire higher activation and killing capacity when reaching the lung
microenvironment compared to CTLs in the draining LNs. However, there were no

differences in the cytotoxic capacity between CTLs in the interstitium and in the BAS.
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Figure 7. Cytotoxic activity of CD8 T cells is similar across lung compartments. (A)
Cartoon depicting experimental of in vitro kill setup. 5x10® CD45.1 OT-I T cells were transferred
into B6 mice 1-day prior i.t. 2.75x10°% PFU WSN-S8L. Mice were sampled at day 7 post infection
by differential labelling and CD45.1 OT-l cells sorted with FACS ARIA 1ll. (B) Splenocyte
targets were loaded with S8L peptide. As a negative control, unloaded splenocytes were used
in a 1:1 ratio to peptide targets. To differentiate between targets, S8L loaded splenocytes were
stained with high dilution of CFSE while their respective controls were stained with a low
dilution of CFSE. Sorted cells were cultured with decreasing of effector to target ratios for 5h
prior measurement of in vitro kill. (C) Representative flow cytometry histograms of target kill by
vascular (Left panel), interstitial (middle panel) or airway (right panel) OT-I CTLs at a E:T ratio
of 0.25 (D) KY/S8L specific kill by OT-I T cells shown as %. Shown are results from a
representative of at least 2 independent experiments with 3 mice per group. *,P< 0.05; **, P<
0.01 (One-way ANOVA)
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The development of a new method to analyze the lungs provided me with the
opportunity to accurately study T cell positioning and its implications during influenza
infection. Despite finding slight differences on their transcriptomics profiles, BAS and
interstitial CTLs showed very similar behavior in vivo as they seem to be able to migrate
to any lung compartment and their killing capacity is similar regardless of which
compartment they were isolated from. Taken together these results suggest activated

CD8 T cells are ready to protect as early as they reach the lung environment.

5.2. CDS8T cell protection during primary and secondary viral infection

Upon influenza infection, a strong innate response will be the prelude of the adaptive
response which leads to viral clearance. Within the adaptive immune response against
influenza, we can distinguish between antibody producing B cells and T cell responses
with CD8 and CD4 T cells?98:211.212_ Although CD8 T cells are thought to be an important
player in viral clearance, it has been shown that in some cases CTLs might not be
necessary because CD4 T cells and B cells synergize to provide protection®%. |t is
thus important to determine the extent to which CD8 T cells confer protection and when

they are relevant during a primary or secondary infection.
5.2.1. CTLs do not alter the course of disease in primary influenza infection

During primary influenza infection, CD8 T cells differentiate into effector CTLs that then
migrate into the infected lung via the blood using CXCR32%%°, | then aimed to assess
the degree of protection provided by CD8 T cells in vivo as the microenvironment and

easier access to infected cells could play a role in their protective capacity.

To investigate that, naive mice were infected i.t with 5x10% PFU influenza virus PR8 on
day 0. In addition, CD8 T cells were depleted at day -1, 4, 9 and 14 after infection by
i.p. administration of 300 ug of a-CD8a antibody (Figure 8A). Mice in control group (or
control mice) were treated equally but with an isotype-matched irrelevant antibody
against TNP. Efficient CD8 T cell depletion was confirmed by a virtual lack of those
cells in the blood as monitored during the first 14 days after infection(Figure 8B). CD8
T cell-depleted mice were not more susceptible to infection than their isotype control
counterparts as demonstrated by similar weight loss kinetics (Figure 8C), indicating
that CD8 T cells were not essential in providing protection against a primary influenza

infection.
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Figure 8. Endogenous CD8 T cells are dispensable during acute influenza infection. (A)
Cartoon depicting experimental protocol. CD8 T cells were depleted by administration of 300ug
of depleting a-CD8a i.p. every 5 days, starting at day -1 and finishing at day 14 post infection
(bold arrows). Control mice received isotype matching antibodies. Mice were infected at day 0
with 5x103 PFUs of PR8 influenza virus i.t. (line arrow). (B) Control of CD8 T cell depletion was
performed before administration of the next depletion dose at day 4, 9 and 14. Quantification
of CD8B* cells within the CD45* compartment in control and depleted mice. (C) Weight loss
was quantified as an indicator of disease severity, represented as % of weight respective to
day 0. Shown are results from a representative of at least 2 independent experiments with 5
mice per group. *,P< 0.05; **, P< 0.01 (unpaired Student’s t-test)
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Since depletion of CD8 T cells resulted in no change on disease outcome, |
hypothesized that perhaps the delay of the CD8 T cell response in respect to viral
clearance could be the reason why depleting CD8 T cells had no effect. To investigate
if the timing of generation and migration of antigen-specific CD8 T cells into the lung
was indeed the responsible for that result, | activated OT-I T cells in donor mice and
transferred them into recipient mice either 1 day before or 1 day after infection with
2.75x10° PFU WSN-S8L i.t..

Depletion of CD8 T cells during primary influenza infection showed they are not
required to efficiently eliminate influenza virus, confirming previous results?'3214,
However, this does not mean that they cannot help eliminate and control influenza
infection if present in sufficient numbers early during infection since IFV is typically
cleared within the first 5 days, when virus-specific CTL numbers are intrinsically low.
To investigate wether CTLs are protective in earlier stages of infection, | in vivo
activated OT-I CTLs (Figure 9A left cartoon) and isolated them from infected lungs at
day 6 post infection. | then adoptively transferred 1x108 activated OT-l T cells into
recipient mice that were subsequently infected with WSN-S8L influenza 1 day later
(Figure 9) Infected mice without OT-l cell transfer served as a control group.
Transferred OT-I CTLs engrafted into influenza-infected mice as demonstrated by their
presence in peripheral blood 16 days after infection (17 days after transfer) (Figure 9B
and C), even though the CTL compartment has typically undergone strong contraction
at this time point. To our surprise, transfer of relatively large numbers of activated
influenza-specific CTLs did not affect disease outcome because mice lost weight with
similar kinetics to control mice that had received no T cell transfer (Figure 9D).
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Figure 9. Transfer of activated influenza-specific effector CTLs prior to infection does
not confer protection against primary influenza infection. (A) Cartoon depicting
experimental setup. OT-I T cells were transferred into B6 mice 1-day prior i.t. WSN-S8L
infection. Mice were sampled at day 6 post infection by differential labelling and CD45.1 OT-I
cells sorted with FACS ARIA lll. Sorted in vivo activated CD45.1 OT-I T cells were then
transferred into naive B6 mice and 1 day later infected by i.t administration of 2.75x10° PFU
WSN-S8L. (B) Representative dot plots of OT-I presence in blood of non-transferred control
mice (left) and OT-I transferred mice (right) (C) Percentage of CD45.1" OT-I within the CD8 T
cell compartment in PBL 16 days after infection. (D) Weight loss was monitored as an indicator
of disease severity, represented as % of weight respective to day 0. Shown are results from a
representative of at least 2 independent experiments with 5 mice per group. *,P< 0.05
(unpaired Student’s t-test)
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In order to exclude a putative impairment on T cell function following adoptive transfer
into non-infected mice for 24h prior to flu infection (Figure 9A) as a putative causative
factor for the lack of protection, | next performed a similar experiment as that depicted
in Figure 9A with the exception that the influenza-specific OT-I effector CTLs were
adoptively transferred 1 day after infection of recipient mice with influenza WSN-S8L
(Figure 10A). Recipient mice received OT-lI CTLs derived from either the lung or its
draining mediastinal lymph nodes (mLNs). Control mice were also infected but
received no adoptive cell transfer. Regardless of whether mice received OT-lI CTLs or
not, they showed identical weight loss until day 7 after infection (Figure 10B), when
experiment was stopped to confirm presence of OT-I CTLs in the lung. At this time
point, influenza has already been cleared from the lungs?'®, indicating that transfer of
activated influenza-specific CD8 T cells conferred no protection. Lack of protection by
transferred OT-I T cells cannot be merely explained by reduced numbers of transferred
cells reaching the infected lung because an average of 53% and 38% of pulmonary
CD8 T cells were the transferred OT-I CD8 T cells originally derived from the mLN or
lung, respectively (Figure 10C and D). These results demonstrate that despite
engrafting into infected recipient mice at high frequency, transfer of activated influenza-

specific CTLs is not protective against primary influenza infection.

Taken together, these results suggest that CD8 T cells do not play a key role in
overcoming primary acute influenza infections. This may be explained by the fact that
during primary infection, influenza virus expansion has faster kinetics than that of the
CD8 T cell response. Virus expansion reaches peak viral load around day 3 post
infection while peak CTL response occurs around day 7 post infection. However,
during secondary infections, memory CD8 T cells react faster and provide quick
responses against viral antigens, thus, providing early protection against secondary

infections.
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Figure 10. Activated antigen-specific CTLs do not confer protection even when
transferred early after primary infection. (A) Cartoon depicting experimental setup.
Pulmonary interstitial and mLN OT-I cells were identified by IDEAL and FACS sorted. OT-I
CTLs were transferred i.v. into recipient mice that were infected 1 day earlier with 2.75x10°
PFU WSN-S8L i.t.. Lungs were then sampled 6 days later for analysis. (B) weight loss kinetics
in WSN-S8L-infected mice transferred with the indicated KYS8L-specific CTLs. (C)
Endogenous CD8 T cells (left panel) and OT-I T cells (right panel) present in the lungs of mice
treated as indicated. (D) Representative flow cytometry dot-plots of total CD8 T cells in the
lungs from infected recipient mice treated as indicated. Gates indicate transferred OT-I CTLs.
Shown are results from one experiment with 5 mice per group.
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5.2.2. Memory CD8 T cells are protective during secondary influenza infection

The results so far indicate that effector CTLs are not essential to protect mice against
influenza infection. This may be because IFV infection is typically cleared within the
first 4-5 days after infection, when the number of influenza-specific CTLs in the lung is
still residual?'®. During a secondary infection, however, tissue-resident and circulating
memory CTLs may provide a rapid protection during the initial stages of IFV infection.
Indeed, the generation of memory CD8 T cells during a primary influenza infection are
believed to partially protect against secondary heterologous IFV infections'6216,
However, the distribution of memory CTLs across the lung as well as the cellular

interactions required for protection remain unresolved.

| firstly aimed at determining the extent to which memory influenza-specific CD8 T cells
protect against a secondary infection. Influenza-specific memory CD8 T cells were
generated by infecting mice with influenza X31 (H3N2) on day -48 (Figure 11A). on
day 0 mice were re-infected with IFV using the heterologous strain PR8 (H1N1) to
minimize antibody cross-reactivity (Figure 11A). To determine the role of memory CD8
T cells during the secondary infection, a group of mice received depleting a-CD8a
antibody on day -1 and every 5 days thereafter until the end of the experiment (Figure
11A). Control group received isotype-matched irrelevant antibody against TNP.
Efficient CD8 T cell depletion in blood was confirmed by flow cytometry (Figure 11B)
as well as in the lung at day 16 (Figure 11C). Mice with an untouched CD8 T cell
compartment lost up to 13.4% (9.2% on average) of the initial weight and quickly
recovered by day 6 after 2ry infection (Figure 11D). However, mice depleted of CD8 T
cells showed significantly higher weight loss from day 3 after 2ry infection (up to 19.5%,
average 13.5%) (Figure 11D) and only recovered the pre-infection weight between
day 9 and 14 (Figure 11D) . Therefore, these results indicate that, in contrast to primary
PR8 influenza infection, memory CD8 T cell responses are protective during a

secondary PR8 infection.
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Figure 11. CD8 T cell depletion during secondary influenza challenge results in delayed
recovery. (A) Cartoon depicting experimental protocol. B6 mice were infected i.t. with 8x10?
PFUs of influenza X31 (H3N2) at day -48. CD8 T cells were depleted by administration of
300ug of depleting a-CD8a i.p. every 5 days starting at day -1 before secondary infection.
Control mice received isotype-matched irrelevant antibodies. Mice received a secondary
infection at day 0 by i.t. administration of 1x10* PFUs of PR8 (H1N1)influenza virus. (B) Control
of CD8 T cell depletion was performed before administration of the next depletion dose at day
4, 9 and 14. Representative graph of CD83* cells within the CD45* compartment in the blood
of control and depleted mice. (C) Percentage of CD8B* cells within the CD45* compartment
in the lung of control and depleted mice on day 16 post-secondary infection. (D) Weight loss
was monitored as an indicator of disease severity. Shown are results from a representative of
at least 2 independent experiments with 4 mice per group. *, P< 0.05; **, P< 0.01; ***, P< 0.001
(unpaired Student’s t-test)
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5.2.3. Memory CTLs quickly upregulate CD69 and migrate into the BAS upon

secondary challenge

Tissue resident memory T cells (Trm) reside in the lung after primary infection and
respond quickly to a secondary challenge. It is then of interest to know the early
memory T cell response. It remains unclear whether Trm primarily reside in one specific
lung compartment and how does memory CTL location affect early T cell activation.
To investigate this, | determined the level of activation and distribution of CD8 memory
T cells within the different lung compartments before and shortly after secondary
challenge. Mice received a primary challenge i.t. of WSN-S8L. To elicit a secondary
antigen specific T cell response, mice were challenged with S8L peptide i.t. 48 days
after primary WSN-S8L infection and sampled 1 day later(Figure 12A). To determine
the location and activation levels of memory CTLs without secondary challenge mice
were sampled at day 47. Mice were sampled using IDEAL and stained with a-CD44
and a-CDG69 to assess early activation of memory CTLs. | divided memory CTLs in 6
groups based on their CD69 expression, from low expression on gate 1 to high
expression on gate 6 (Figure 12B and C left panel). | then investigated compartment
distribution of memory CTLs within each CD69 expression group (Figure 12B, C, D
and E). Steady state memory CD8 T cells express low levels of CD69 (Figure 12B)
and distribute mainly through the lung interstitium with a smaller population in the
airway and vasculature (Figure 12D). Upon secondary challenge, memory CTLs
quickly upregulate CD69 expression and migrate into the BAS (Figure 12C and E). At
the same time, circulating memory CTLs increase in the vasculature showing low
expression of CD69 (Figure 12B and D). These results indicate memory CD8 T mainly
reside in the lung interstitium and upon secondary challenge quickly upregulate CD69

and migrate into the BAS.

Despite mostly residing in the interstitium during steady state, highly activated memory
cells quickly migrate into the lung airways. It is then possible that memory T cell
protection is mainly conferred by memory CTLs in the BAS. On the other hand, the
mechanisms by which memory CD8 T cells confer protection remain unresolved, thus,
| investigated whether or not direct killing of infected epithelial cells by virus-specific

memory CTLs was required for early protection during a secondary influenza infection.
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Figure 12. Influenza-specific memory CD8 T cells become activated upon TCR
engagement and rapidly migrate into the BAS. (A) lllustration depicting experimental setup.
(B) Representative flow cytometry dot-plots of OT-I CD8 T cells measuring CD44 and CD69
expression in non-challenged mice (left). OT-1 CD8 T cell distribution within the different lung
compartments according to their CD69 expression from low (Panel 1) to high (Panel 6) (C)
Representative flow cytometry dot-plots of OT-I CD8 T cells measuring CD44 and CD69
expression in secondary peptide challenge mice (left). OT-1 CD8 T cell distribution within the
different lung compartments according to their CD69 expression from low (Panel 1) to high
(Panel 6) (D) Quantification of OT-I CD8 T cell distribution in the infected lung according to
CD69 expression, from low (columns 1) to high (columns 6) expression in non-challenged
mice. (E) Quantification of OT-I CD8 T cell distribution in the infected lung according to CD69
expression, from low (columns 1) to high (columns 6) expression in secondary peptide
challenged mice. Shown are results from one experiment with 3 mice per group.
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5.2.4. Lack of MHC-l in non-immune cells promotes CD8 T cell-mediated

protection during secondary influenza infection

Consistent with previous reports'?®2'7 | found that memory CD8 T cells play an
important role on protection against secondary influenza infection (Figure 11C).
However, the mechanisms that lead to CTL-mediated protection are uncharacterized.
CD8 T cells can confer protection either via killing of infected epithelium or production
of extracellular molecules upon activation. MHC-I is a key player during CD8 T cell
responses as viral antigen presentation by MHC-I from immune cells such as DCs
provides an activation signal to CD8 T cells''®. Furthermore, CD8 T cells recognize
infected cells via MHC-I, rendering MHC-I expression in epithelial cells crucial for CD8
T cells to detect influenza infected epithelium*. In addition, antigen-specific activation
of virus-specific T cells by cells that are not directly infected may result in cytokine
production, such as IFNy that promotes also protection against infections?'®. In order
to investigate whether direct recognition of infected epithelial cells by memory virus-
specific CTLs is key for protection during secondary flu infection, | generated bone
marrow (BM) chimeric mice in which MHC-I expression was restricted to the immune
compartment (WT->B2m”") and thus absent from non-immune cells such as pulmonary
epithelial cells (Figure 13A). Complete lack of MHC-I expression results in impaired
positive CD8 T cell selection in the thymus basically leading to absence of peripheral
CD8 T cells?'®. However, MHC-I expression by BM-derived cells is sufficient to warrant
thymic positive selection and priming of naive T cells in the periphery?2.

To determine the level of chimerism, H-2KP (KP) expression was analyzed on peripheral
blood CD19-CD8" T cells, CD19*CD8" B cells and other CD19:CD8" immune cells 90
days after reconstitution (Figure 13A and B). As expected, B2m “--> 32m “~BM chimeric
mice showed residual K° expression (Figure 13C, D and E). Similarly, all B cells and
CD19-CD8" immune cells in WT->WT and WT->B2m” BM chimeric mice showed
normal K° expression, similar to that of WT mice (Figure 13E), demonstrating efficient
chimerism. As expected, CD8 T cell chimerism in WT-> B2m - BM chimeric mice was
between 78 and 95% (Figure 14 C and E), in line with previous reports indicating a
lower degree of chimerism in the T cell compartment compared to that in B cells and
myeloid cells??!. Since CD8 T cells may show different activation levels in the different
chimeras, | quantified the expression levels of the activation marker CD44. In contrast
to their WT counterparts, most CD8 T cells in WT->WT and WT-> B2m”- chimeras
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showed high CD44 expression (Figure 14E), indicating similar lymphopenia-induced
proliferation during chimerism and activation status independently of f2m chimerism.
Both CD19*" and CD19CD8- cells showed similar levels of expression of CD44 across
groups (Figure 14F and G). Taken together, these results demonstrate a high
chimerism and CD8 T cell engraftment in the WT->WT and WT-> B2m”- chimeras.
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Figure 13. Successful chimerism as measured by K® expression level in immune cells.
(A) lllustration depicting experimental setup. (B) Representative flow cytometry dot-plots of the
gating strategy for the analysis of CD8*, CD19"and CD8/CD19" cells in all different BMx, WT-
>WT, WT->B.m™ and B.m™ ->B.m™. (C-E) Percentage of CD8* T cells (C), CD19* B cells (D),
and other immune cells (E). (F) Representative flow cytometry histograms of K° expression on
CD8 T cells in naive WT mice (Left panel), WT->WT (Middle panel) and WT->B.m" (Right
panel) BM chimeric mice. Shown are results from one experiment with 11 mice per group.
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Figure 14. CD8 T cell engraftment and CD44 expression in BMx. (A) Percentage of CD8"*
T cells within the CD45" compartment in peripheral blood. (B) Percentage of CD19* cells within
the CD45" compartment in peripheral blood. (C) Percentage of CD8/CD19 cells within the
CD45* compartment in peripheral blood. (D) Percentage of CD8* T cells expressing CD44 in
peripheral blood. (E) Percentage of CD19* cells expressing CD44 in peripheral blood. (F)
Percentage of CD8/CD19 cells expressing CD44 in peripheral blood. Each dot represents
results from an independent mouse. Shown are results from 1 experiment with at least 11 mice
per group. *,P<0.05; **, P<0.01; ***, P< 0.001 (One-way ANOVA)

| then investigated if memory CD8 T cells require interaction with MHC-I on epithelial
cells to confer protection. To induce the formation of influenza-specific memory CD8 T
cell pool | performed a heterologous flu infection by infecting chimeric mice with IFV
X31 (H2N3) (Figure 15A) and, 4 months later when mice had fully recovered, by
infecting with an otherwise lethal dose of IFV PR8 (H1N1) (Figure 15A). To focus on
CD8 T cell memory, CD4 T cells were depleted using depleting a-CD4 mAb
administered i.p. during 2° infection (Figure 15A). | first analyzed whether the absence
of B2m in non-immune cells had a significant impact on the influenza-specific CTL cell
repertoire by performing a TCR affinity assay. For this, splenic and mLN T cells from

3-8 mice were pooled 4 days after 2ry infection. Cells were then incubated in
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decreasing concentrations of either influenza dextramer (NP366-374) to determine
their TCR binding affinity. Both, WT->WT and WT->B2m" showed influenza-specific
CTLs that bound NP366-374 dextramer in a dose-dependent manner (Figure 15B).
Independently of the NP366-374 dextramer concentration used, there were about
twice as much specific CTLs from WT->WT BM chimeras than their WT->B2m™
counterparts  (Figure 15C). However, the polyclonal TCR affinity was apparently
similar since as revealed once data was normalized because both groups showed near
identical dextramer binding intensity with decreasing dextramer concentrations (Figure
15D). These results indicate that although a lower percentage of activated CD8 T cells
are specific for NP366-374 in WT->B2m” mice, those who are have similar binding

affinity to the dextramer as their WT->WT counterparts.

| next investigate the functional affinity of those memory CTLs by analyzing the IFNy
response to a decreasing concentration of the immunodominant NP366-374 peptide
in vitro (Figure 16A). Consistently with dextramer staining (Figure 15B), WT->B2m"
contained about half of the IFNy-responding NP366-374-specific CTLs. However, IFNy
production in a per-cell basis was similar between CTLs from WT->WT and WT-> 32m
- mice as measured by IFNy MFI in the highest peptide concentration (Figure 16B). In
addition, both groups showed similar decrease of on-rate in IFNy producing memory T
cells (Figure 16C) as well as IFNy production in a per cell basis (Figure 16D). Similar
assays with other influenza-derived peptides (PA224-233, NPPB1-F2 62-70 and MP
M1 128-135) yielded no reliable IFNy response. Taken together, these results show
that, although the NP366-374-specific CD8 T cell repertoire during a secondary
influenza infection is somewhat reduced, its reactivity to antigen is similar in terms of
TCR binding and IFNy production.
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infected i.t. with 8x10% PFUs influenza X31 (H3N2) at day -120 and left to fully recover. Prior
secondary challenge, mice were depleted of CD4 T cells by i.p. administration of depleting a-
CD4 at day -2 and once more after secondary challenge at day 2. Mice were then infected with
a lethal dose for 1ry of 2.2x10* PFUs influenza PR8 (H1N1) at day 0 and sampled 4 days later.
(B) Representative flow cytometry dot-plots of NP366-374 dextramer binding intensity in WT-
>WT (Upper panels) and WT->B.m™ (Lower panels) BMx. (C) Percentage of NP366-374
dextramer * CD8/CD44" T cells in pooled spleen and mLN. (D) TCR affinity assay shown as
normalized percentage of dextramer® CD8*/CD44" T cells in pooled spleen and mLN across
different dextramer concentrations. Shown are results from 1 experiment with cells pooled from
at least 3 mice per group.
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IFNy. Shown are results from 1 experiment with at least 3 mice per group.

Once | stablished that T cell responses were comparable between groups, | continued
to investigate the role of MHC-I expression on epithelial cells for protection against
influenza virus by following disease activity with weight loss as viral load as read outs.
Mice were initially infected with X31 i.t. (Figure 17A) and weight loss was measured
until day 35 post primary infection. Consistent with my previous results (Figure 11),
although B2m expression was required for optimal recovery of flu-induced weigh loss
during the 1ry infection, it was not essential (Figure 17B), showing that CD8 T cells are

dispensable during acute infection. However, CD8 T cells were indispensable for
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protection during a 2ry flu infection because all B2m -deficient mice lacking CD8 T cells
died while none of the mice expressing 32m did (Figure 17C, D). Interestingly, during
secondary challenge with an otherwise lethal dose, lack of B2m expression on non-
immune cells, such as infected epithelial cells, resulted in protection from early and
absolute weigh loss as well as in faster recovery (Figure 17C). WT->B2m”" mice
showed a significantly lower weight loss compared to their chimera counterparts during
the peak of the infection between days 0 and 7 (Figure 17C). In addition, WT-> B2m 7
mice recovered quicker and had a significantly higher weight gain during the recovery
phase starting on day 7 (Figure 17C). WT->WT mice lost weight as soon as day 1
after 2ry infection, and started to recover at a similar date as B2m “->B2m”-. However,
a significantly higher weight loss by WT->WT compared to their WT->B2m -
counterparts, resulted in a slower recovery. Despite both groups reaching 100%

survival WT->WT did not recover to the same extent as WT-> Bam .

Increased susceptibility to weigh loss was likely a reflection of higher viral load as mice
lacking B2m expression had the highest influenza load in the lung (Figure 17E).
However, despite a clear difference in weight loss, we did not observe differences in
viral load (Figure 17E) or neutrophils (Figure 17F) in mice with normal f2m expression
or those lacking it on non-immune cells such as infected epithelial cells. This result
may be explained by the inability of CD8 T cells to directly kill infected epithelial cells
as they lack MHC-I, and would be in line with a reduced pathology as measured by

weight loss.

In conclusion, these results show memory CD8 T cells confer protection beyond killing
of infected epithelial cells via direct TCR-MHC-I/peptide interaction. Furthermore,
these data indicate that killing of infected epithelial cells might result in more severe
disease development. However, it remains unclear how memory CD8 T cells get
quickly activated and can react in such a prompt fashion.
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Figure 17. Lack of MHC-l on the epithelium confers protection during secondary
challenge. (A) lllustration depicting experimental setup. Host WT and B.m™ mice were
irradiated at 9Gy at day -210 and received bone marrow transfer i.v. at day 1 post irradiation.
Mice were then infected i.t. with 8x10? PFUs influenza X31 at day -120 and weight loss was
followed until full recovery. Prior secondary challenge, mice were depleted of CD4 T cells by
i.p. administration of depleting a-CD4 at day -2 and continued to receive ab every 4 days until
day 14. Mice were then infected with a lethal dose of 2,2x10* PFUs influenza PR8 at day 0
and weight loss was followed to assess disease severity. (B) Weight loss was followed as an
indicator of disease severity, represented as % of weight respective to day 0. (C) Weight loss
was followed as an indicator of disease severity. (D) % of surviving mice during secondary
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challenge. (E) Viral titers as measured by plaque assay. (F) Number of neutrophils in BAL of
WT->WT and WT->B.m™ at day 4 post-secondary infection. Shown are results from a
representative of 2 (B, C, D, F) or 1 (E) independent experiments with 8 (WT->WT, WT->B.m"
M and 3 (Bam"->B.m™) mice per group. *,P< 0.05; **, P< 0.01; ***, P< 0.001 (One-way
ANOVA).

5.2.5. Dendritic cells are key for memory CD8 T cell-mediated protection against

influenza.

After showing that memory CTLs are required for protection against influenza infection
and that MHC-I expression on non-immune cells is detrimental for the infection
outcome, | next sought to investigate whether and which accessory cells promotes

CD8 T cell-mediated protection.

To investigate this, | used the B2m” bone marrow chimera model to ensure the non-
immune cells do not express MHC-I. To reconstitute the immune repertoire, | made
use of bone marrow from DOG mice, which allow for DC depletion through diphtheria
toxin (DT) administration. Using this system, | can study the role of DC-T cell
interactions in an environment without MHC-I on the non-immune cells. Lack of MHC-
| on non-immune cells provides a suitable environment to specifically study the
interaction between DCs and T cells in the context of MHC-I. To generate BMx, mice
were irradiated at 9Gy and DOG bone marrow transferred 1 day later (Figure 18A).
WT->WT BM chimeras served as control as both, immune and non-immune cells

express MHC-I and show a normal response against infection.

Chimerism was analyzed in PBL at day 90 post irradiation on CD8* and CD19" cells
(Figure 18B) and measured by percentage of H-2Kb (KP) expression where all mice
showed near 100% KP expression in both CD8 (Figure 18C left panel) and CD19 cells
(Figure 18C right panel), demonstrating efficient chimerism. Moreover, CD8 T cells
made up to 13% of CD45 cells but with high variability between mice (Figure 18D left
panel). Most of the mice showed high CD44 expression (Figure 18D right panel), as
expected in these chimeras and as we observed in our previous WT-> B2m”- (Figure
14E). Finally, CD19 cells comprised ca. 80% of CD45 cells in PBL (Figure 18E left
panel). Furthermore, consistent with our previous BMx, less than 20% of CD19 cells
expressed high levels of CD44 (Figure 18E right panel). Taken together, DOG-> Bam-
l-chimerized well and presented a good opportunity to study the relevance of DC-T cell

interactions during secondary viral challenge.
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Figure 18. Chimerism in DOG/WT->B.m"- as measured by K’ expression (A) lllustration
depicting experimental setup. (B) Representative flow cytometry dot-plots of gating strategy
for the analysis of CD8*, CD19"and CD8/CD19" cells. (C) Percentage of CD8 (Left) and CD19
(Right) cells expressing K® in peripheral blood. (D) Percentage of CD8 (Left) cells within the
CD45" compartment (Left) and percentage of CD8" T cells expressing CD44 (Right) in
peripheral blood. (E) Percentage of CD19* cells within the CD45* compartment (Left) and
percentage of CD19* cells expressing CD44 (Right) in peripheral blood. Shown are results
from 1 experiment with 29 mice.

Chimeric mice were initially infected with 8x102 PFU IFV X31 (H3N2) i.t. and then
infected with a heterologous 2.2x10* PFU IFV PR8 (H1N1) 120 days later. To focus
on CD8 T cell memory, CD4 T cells were depleted using depleting a-CD4 mAb

administered i.p. on days -2 and 2 post 2ry infection. On days -2 and -1 after 2ry
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infection, half of the mice received DT at to deplete DC (DC- group), while the other
half was untreated with DT and, thus, contained normal DC numbers (DC+ group)
(Figure 19A and B). All mice were infected with a lethal influenza PR8 dose for 1ry of
2.2x10* PFU on day 0 and sampled 4 days later to assess the CTL response quality
and viral titers (Figure 19A). To measure the quality of the T cell response, the TCR
on-rate was investigated by peptide restimulation and IFNy production. | then pooled
mLN and spleen CTLs and restimulated these cells in decreasing concentration of
NP366-37 peptide (Figure 19B). At high peptide concentrations of 40-1.6 nM, TCR on-
rate as measured by IFNy producing CTLs was comparable across groups (Figure
19C). However, DOG-> B2m~-, DC- mice showed a reduction in IFNy-producing CTLs
at concentrations lower than 0.32 nM peptide when compared to the other chimeras. |
then normalized the results to the highest peptide concentration to compare the loss
of IFNy response with decreasing peptide concentrations across all groups. IFNy
production in a per cell basis was similar across all groups and peptide concentrations
(Figure 19D). These results show CD8 T cells have lower affinity when they are
restricted of MHC-I interactions with epithelium and dendritic cells as shown in IFNy

producing CTLs and viral titers (Figure 19C, D and G).

DCs have been proposed to promote T cell recall responses by inducing memory T
cell proliferation??2. To rule out the possibility that DC depletion resulted in reduced
CTL numbers in the lung, | collected the BAL and quantified total and influenza-specific
CD8 T cell numbers. Both, the number of total (Figure 19E) and NP366-374-specific
(Figure 19F) CTLs were comparable between groups. Finally, to determine the extent
to which lack of DCs has an effect on protective CD8 T cell responses against a
secondary challenge, | analyzed viral titers in the lung 4 days after 2ry influenza
infection. There were higher viral titers in DOG->B2m"-, DC- mice compared to DOG-
> B2m”, DC+ and WT->WT (Figure 19G), indicating that CD8 T cells likely require DC
interaction to provide protection against a 2ry challenge.

In conclusion, these results show that DCs are not required to increase the number of
influenza-specific memory CTLs, but they are required in the absence of MHC-I on
epithelium to increase the affinity of memory CTLs towards a given influenzas antigen.

As a result, memory CTL response is impaired and results in increased viral burden.
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Figure 19. Lack of DC-CTL interaction results in impaired memory CTL protection (A)
lllustration depicting experimental setup. Host WT and B.m” mice were irradiated at 9Gy at
day -210 and received bone marrow transfer i.v. at day 1 post irradiation. Mice were then
infected i.t. with 8x102 PFUs influenza X31 at day -120 and left to fully recover. Prior secondary
challenge, mice were depleted of CD4 T cells by i.p. administration of depleting a-CD4 at day
-2 and once more after secondary challenge at day 2. In addition, DC- group received
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administration of DT i.p. at days -2 and -1 to deplete DCs. Mice were then infected with a lethal
dose of 2.2x10* PFUs influenza PR8 at day 0 and finally sampled 4 days after secondary
challenge. (B) Representative flow cytometry dot-plots of IFNy expression decay from high
peptide (NP366-374) restimulation (Left panels) to low peptide restimulation (Right panels) in
DOG->B.m™, DC- (upper panels), DOG->B.m™, DC+ (Middle line panels) and WT->WT (Lower
panels). (C) TCR affinity assay as normalized percentage of CD8%/CD44" cells expressing
IFNy. (D) TCR affinity assay as normalized percentage of IFNy MFI in CD8*/CD44" cells
expressing IFNy. (E) Total number of CD8* T cells in BAL at day 4 post-secondary challenge.
(F) Total number of dextramer® CD8* T cells in BAL at day 4 post-secondary challenge. (G)
Viral titers as measured by plaque assay. Results shown as PFU per right lung. Shown are
results from 1 experiment with 5 to 6 mice per group. *,P< 0.05; **, P< 0.01; ***, P< 0.001
(One-way ANOVA).
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6. Discussion

During influenza infection in the lung, there is controversy whether CD8 T cell
responses are important for efficient recovery'®.11%.223  Furthermore, the exact
mechanisms of CD8 T cell migration into the lung as well as the putative mechanisms
of protection are still unresolved. In this study, | aimed to elucidate whether and how
CD8 T cells confer protection in both acute and memory infections as well as delineate

the mechanisms that regulate CD8 T cell entry into the lung environment after infection.

By implementing IDEAL, a novel in vivo differential labelling that allows for identification
of the precise cellular location in the lung, | circumvented the limitations of classical
protocols for analyzing T cells at different anatomical compartments of the lung -i.e.,
intravascular, interstitial and within the airway lumen. Using this method, | could
accurately identify the positioning of CTLs during primary and secondary flu infections,
and perform compartment-specific analysis of influenza-specific CTLs. While
genomics analysis shed interesting differences in gene expression of Gzmb
(Granzyme B) and Prf1 (Perforin), those were not carried out to a biological effect when
measuring their killing capacity??*. In fact, | found once CTLs locate in the lung
environment, they can migrate into any of the mentioned lung compartments without

apparent imprinting in their transcriptomic profile of functional cytotoxicity.

Importantly, influenza-specific CD8 T cells showed to be dispensable in our model of
acute influenza infection as neither depletion nor transfer of effector influenza-specific
CD8 T cells had any impact on disease outcome. However, depletion of CD8 T cells
prior secondary challenge with a heterotypic influenza strain proved CD8 T cells to be
key to a prompt recovery. To further understand how memory CD8 T cells confer
protection during secondary challenges | used a model of BMx where only immune
cells express MHC-I (WT->B2m~), hence, rendering CD8 T cells uncapable of killing
infected epithelium. My results indicate that killing of infected lung epithelium via MHC-
| interactions with memory CTLs is detrimental to the host. In fact, lack of EpC-CTL
MHC-I/TCR interactions did not have any detrimental effect on viral load but resulted
in a significantly improved disease outcome. Since there are no EpC-CTL MHC-I/TCR
interactions in WT->B2m~- BMx, | then investigated DC-CTL interactions on that
mouse model to assess the role of DCs in memory T cell activation. Finally, lack of

MHC-I/TCR interactions with EpCs and DCs resulted in significantly higher viral load
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and worsened disease outcome, highlighting the role of DCs in driving CD8 T cell-
mediated protection during a 2ry flu challenge. Taken together, my results prove CD8
T cells need MHC-I interactions with DCs and are key to a prompt recovery upon
secondary infection. In addition, | showed how killing of infected epithelium is
detrimental for the host, possibly due to immunopathology form an excessive killing of

a vital cellular component of the lung structure and gas exchange.

Despite extensive research on T cell migration4%225226 during inflammation into a
variety of organs, the exact mechanisms employed by CTLs to infiltrate the infected
lung remain unresolved??’. Activated T cells enter the lung'®32%8 through adhesion and
chemokine dependent mechanisms. CTLs bind ICAM-1 and 2 on endothelial cells
lining alveolar capilaries, resulting in increased T cell retention inside capillaries.
Increased retention times are thought to be of high importance to chemotactic T cell
extravasation??8. In addition, CXCL12 trails left by neutrophils have been shown to
pave the path for activated CTL migration into the infected lung®. CXCR6 and CCR5
have also been postulated as key players for CTL extravasation??. | have shown how
CXCRa3 is also a key mediator for CTL translocation from the lung vasculature into the
interstitial compartment during acute influenza infection?%® while Slitter et al. '2° have
shown it during secondary challenge. By identifying the cues that lead activated CTLs
into the infected lung, T cell traffiking into the lung may be modulated to either reduce

immune pahtology or increase T cell infiltration to combat an active infection.

Although the mechanisms of T cell eggresion from the vasculature have already been
partially identified??5, the precise location of T cells within the lung has been
unresolved. Anderson et al. '3 have shown how perfusion protocols are often not
efficient enough to eliminate all cells present in the vasculature. It | possible that CD44"
CTLs are closely associated to the luminal side of the endothelium whereas CD44'"°
CTLs comprise the pool of circulating naive T cells that were not efficently perfused.
Currently, it is not clear whether the CD44" CTLs found in the circulation after perfusion
are in circulation or whether a fraction of them are attached to the endothelial luminal
side. In the latter, it would be interesting to unveil whether they are in transit to the
infected lung, or whether they are positioned at that location for immune surveillance,
or both.

It has been postulated that CTLs in the lung interstitium can reenter circulation,
however, once in the BAS they lose the capacity to do s0?2%2%, In addition, it is believed
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that only terminaly activated T cells migrate into the BAS and Fliigel et al.?! have
observed CD4 T cell recirculation between the interstitial and the bronchoalveolar
compartments. In accordance with these results, | could show how CTLs can also
migrate between lung compartments during acute infection regardless of the
compartment they were isolated from. Finally, CTLs isolated from the BAS showed
similar migration to that of their interstitial and vascular counterparts. Taken together,
these results suggest CTLs do not have preferential migration into a specific lung
compartment and their impairment to rejoin circulatuon is likely due to lack of direct

contact with endothelium.

Although CTLs show no preference in migration to either interstitium or BAS, it remains
unclear if location plays a role in their transcriptomic profile and function. Since
influenza infects pulmonary epithelial cells''3, influenza-specific CTLs are left with only
2 options to directly interact with and directly eliminate infected cells: squeeze
throughout the interstitium between the basal membrane and epithelium, or migrate to
the broncho-alveolar space and scan epithelial cells from the luminal side. |
hypothesized that the later may be advantageous since CTLs may be able to scan a
higher number of epithelial cells from the luminal side. Here, | have demonstrated using
a novel in vivo cytotoxicity assay that CTLs present in the airway lumen are able to Kill
target cells in an antigen-specific manner. This suggests that CTLs present in the BAS
could possess more efficient cytotoxic properties. To test this, | followed two different
approaches. First, | analyzed gene expression by influenza specific CTLs located at
the interstitium or BAS 7 days after influenza infection. Secondly, | studied
compartment-specific cytotoxic activity using an in vitro cytotoxicity assay that allows
to use the same number of effector cells. Interestingly, while some cytotoxicity
associated genes such as Gzmb and Prf1 were upregulated in the BAS compared to
the interstitium those differences did not have an impact on their actual antigen-specific
killing activity as the killing capacity of CTLs from different compartments showed
comparable killing rates. Besides Gzmb and Prf1 gene analysis of CTLs in the airways
showed some other genes expressed significantly higher than in the interstitium. These
genes were involved in immune regulation (Nt5e -coding for CD73 -, Ctla4 and Tigit -
T Cell Immunoreceptor With Ig And ITIM Domains -), cellular adhesion (/tgb2), signals
for persistence of memory precursor effector cells (Hvem - TNFRSF14 -) and cell
migration (Ccl3 and Ccl4). Upregulation of cell migration chemokines such as Ccl3

could indicate a positive feedback loop by CTLs in aims to retain CTLs in the lung
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environment and promote further CTL migration into the infected area. In addition,
CTLs on the vasculature had a significantly different gene expression profile, likely
showing how CD8 T cells become terminally differentiated once in the infected
tissue'16225, Considering those results, it is feasible that despite significant differences
between airway and interstitium in the expression of some genes, those do not result
in a biological effect. Lack of direct correlation between gene and protein expression
is common and can be as low as a 40% due to protein stability, degradation of mRNA
or a low rate of MRNA transcription compared to protein translation?32.

It has been reported that CD8 T cells confer protection during acute influenza infection.
However, contradictory reports show mice can recover less effectively from influenza
infection when lacking CD8 T cells %233 while others reported CD8 T cell-deficient mice
suffered from delayed clearance and high mortality®’.Consequently, the whether and
how CD8 T cell responses are beneficial or detrimental during influenza remain
controversial. In addition, the interplay between B cell, CD4 and CD8 T cells is key to
an efficient immune response against influenza virus. CD8 T cells alone cannot
effectively clear an influenza infection??3234 and neither can CD4%:23% and B cells%52%,
In the experiments presented here, depletion of CD8 T cells during acute influenza
PR8 infection in B6 mice proved CD8 to be dispensable in this infectious model. In
addition, preventive transfers of activated influenza-specific CD8 T cells before or
shortly after infection did not result in any enhanced protection to infected mice,
although cells reached the lungs in significant numbers. Taken together, my results
are consistent with previous reports showing CD8 T cells to be dispensable during
influenza primary infection. Discrepancies between different studies and my own
results may be due to a diversity of factors: a) environmental factors such as housing,
food, microbiota, handling, b) use of different strains of mice (BALBc vs B6), c) use of
different strains of virus and/or concentrations and d) the approach to study T cell
deficiency, either depletion or the use of knockout mice.

Although CD8 T cells might be dispensable during acute infection, some studies have
identified a protective role during secondary challenge’#6.154216 | confirmed those
studies by depleting CD8 T cells during secondary challenge and observed a delayed
recovery when compared to their control counterparts. Several studies have shown the
importance of Trm in recovery of secondary challenges '2°171.172_ However, despite the

extensive research on Trm in the past years, there is little known on how tissue resident
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memory CTLs confer protection against secondary infections. | have observed how,
upon infection, quick activation of memory CTLs leads to transmigration into the BAS.
However, the limited number of memory cells and the fact that Tru do not
migrate*6.171.216 rendered the possibility of sorting and transferring memory cells from
different compartments not feasible, hence, | could not study compartment specific Trm

responses.

Activation of Trm following infection is thought to be antigen dependent?'6, however,
the possibility of innate-like activation of Trm has yet to be explored. On the other hand,
it has been postulated that circulating memory T cells can be activated in an innate-
like fashion by recognizing activating cytokines such as IL-12, IL-18, IL-15 and type |
IFN2%7. Using a model of BMx lacking MHC-I on epithelium and expressing DTR on
CD11c cells | could determine the extent to which DCs are key to the memory CD8 T
cell response, showing how antigen specific activation through DCs is key to a prompt
memory response. However, in this study | could not differentiate between Trwm, Tcm
and Tewm cells. Nevertheless, under that environment, memory T cell response showed
diminished affinity and significantly higher viral titers, suggesting DC-T cell interaction
is pivotal. Despite the prompt response of memory CD8 T cells, my results show that

DC-T cell interaction is still a key step into the T cell memory response.

Memory T cell protection can occur by either direct interactions?*® with infected
epithelium or indirectly by secreting cytokines and chemokines such as IFNy?',
However, it is still unclear if one or both methods provide protection or lead to
immunopathology. Although the goal is to eliminate the virus from the system, direct
targeting and killing of all infected epithelial cells often leads to immunopathology®%183,
Indeed, | found how mice lacking MHC-I in their epithelium (hence, rendering killing of
epithelial cells impossible) showed marginally higher viral titers and a better disease
outcome as measured by weight loss, as WT mice showed significantly higher weight
loss and slower recovery compared to their knock-out counterparts. To note, both
memory groups WT and KO were significantly more protected to a secondary lethal
influenza infection compared to a naive mouse. These results show that memory T
cells provide significant protection to secondary influenza infections, however, a full-
fledged T cell response and quick elimination of the virus results in an
immunopathology that could be avoided by switching their protective mechanisms to

secretion of cytokines and chemokines or modulating their cytotoxicity. These results
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provide further clarity in the importance of chemokine and cytokine production as a key
signal during recall responses, not only containing the infection but orchestrating the
whole response by attracting other cell types to the site of infection. Finally, it has been
recently shown how cytotoxic T cells can only kill at a rate of 2-16 virus-infected cells
per day?3® and given the limited number of memory T cells in the system, these results

further strengthen the necessity of a strong secretory function by memory T cells.

The model | used to study memory T cell response against influenza has some
caveats. Mice deficient in 2m lack surface MHC-I expression and thus the CD8 T cell
compartment fails to undergo positive selection in the thymus'®6. Thymic epithelial cells
are key in inducing negative selection and participate also in positive selection?4°.
However, MHC-expression by bone marrow-derived cells has been shown to be
sufficient to mediate positive selection 24'. Although | have seen lower peripheral CD8
T cell numbers in WT->B2m” BMx mice, their antigen-specific response to an influenza
challenge was comparable to their WT->WT BMx counterparts in terms of T cell
expansion, TCR affinity and function, indicating that positive selection of flu-specific T
cells took place in WT->B2m”-BMx mice. Taken together, these results show how WT-
>B2m chimeras can mount a robust influenza-specific T cell repertoire with similar
TCR affinities compared to that of their WT->WT BMx counterparts.

Understanding the dynamics of memory T cell responses and the interplay between
their protective functions can be key to not only have a better control of secondary
infections in patients but pivotal to the generation of novel vaccines based on memory
T cell generation within the lung environment to protect against further influenza
infections. Although memory T cells will already be protective, modulating their cytolytic
capacity could add significant value to those vaccines that are targeted specially to the

most vulnerable, where that extra protection could be key to survival.

My research has provided with a brand new and unparalleled method of lung analysis,
allowing for enough precision to successfully determine how activated CD8 T cells can
freely migrate to any lung compartment during acute influenza infections, as well as
perform similarly on the cytotoxic tests. Finally, | could prove how DC-T cell interactions
are key to an efficient control of viral titers in secondary lethal infections and how
memory T cell protection is enhanced when T cells cannot directly kill infected targets,

thus, potentially reducing immunopathology.
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