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Summary

Seasonal outbreaks of Influenza A virus (IAV) infections repeatedly challenge the immune system,
which is in charge of controlling viral replication and facilitating clearance and subsequently recovery.
T cells, which are part of the adaptive immune system, provide a highly specific response towards IAV
during the acute infection phase that supports viral clearance. For that, activated effector T cells
migrate from the lung-draining lymph nodes (drLN) to the side of infection, where they induce cell
death of infected cells. Besides effector function in the lung, the follicular T helper cell subset provides
help to B cells in drLN thereby supporting plasma cell differentiation and production of neutralizing
antibodies. Furthermore, memory T cells reside long term in the body and serve as protection against
re-infections. Although the T cell response is crucial for virus control, it has to be tightly regulated as T

cell induced immunopathology and collateral tissue damage is disadvantageous.

The protein T cell activation inhibitor, mitochondrial (TCAIM) was previously found to interfere with
effector T cell differentiation and function. Yet, TCAIM overexpressing T cells were able to respond to
activating stimuli by entering the proliferation cycle and reduced cytokine production. Thus, within the
scope of this work, the question was addressed, if the degree of T cell activation and differentiation in
TCAIM overexpressing mice is sufficient to facilitate viral clearance and to support establishment of a
protective memory T cell pool. Furthermore, no in vivo data are available for TCAIM deficient T cells,
but previous in vitro work showed an advantage in T cell activation under sub-optimal stimulation

conditions. This raises the question, whether viral control is improved in TCAIM deficient mice.

The here presented data show an impaired lung infiltration of TCAIM overexpressing T cells upon IAV
infection, which is linked to the failure to modulate CD44 and CD62L receptor expression and upregu-
lation of genes involved in migration and effector T cell differentiation. As a functional consequence
cytokine production was diminished and viral clearance delayed. Nevertheless, TCAIM overexpressing
mice did recover from IAV infection and were able to respond to infection induced activation stimuli
seen in undisturbed type | interferon (IFN) signalling and T cell expansion within drLN. Importantly,
reduced T cell response at the side of infection prevented T cell induced immunopathology since
TCAIM overexpressing mice only slightly lost weight. Surprisingly, although generation of lung homing
effector and tissue resident memory T cells was impaired, neutralizing antibodies were formed which
might serve as protection during re-infection. TCAIM deficient T cells were found to predominantly
accumulate at the side of infection. Early upregulation of Ifng and genes involved in T cell activation
however did not translate into increased IFN-y production at the peak of infection and improved viral

control.



In conclusion, the data within this work highlight the impact of TCAIM on T cell migration and the
prevention of T cell induced immunopathology thereby proposing a beneficial role during 1AV

infections.
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Kurzzusammenfassung

Saisonale Ausbriiche von Influenza-A-Virus-Infektionen (IAV) stellen das Immunsystem, das fiir die
Kontrolle der Infektion und anschlieBenden Genesung zustindig ist, immer wieder vor
Herausforderungen. T-Zellen, die Teil des adaptiven Immunsystems sind, weisen wahrend der akuten
Infektionsphase eine hochspezifische Antwort gegen IAV auf, die die Virusbeseitigung fordert. Zu
diesem Zweck wandern aktivierte Effektor-T-Zellen aus den lungen-drainierenden Lymphknoten (drLN)
zum Infektionsherd, wo sie den Zelltod infizierter Zellen auslosen. Neben der Effektor-Funktion in der
Lunge leisten follikuldre T-Helferzellen in den drLN den B-Zellen Hilfe und férdert so die Differenzierung
von Plasmazellen und die Produktion neutralisierender Antikorper. Darliber hinaus verbleiben
Gedachtnis-T-Zellen langfristig im Korper und dienen als Schutz vor Reinfektionen. Obwohl die T-Zell-
Antwort flr die Viruskontrolle von entscheidender Bedeutung ist, muss sie streng reguliert werden, da

T-Zell-induzierte Immunpathologie und kollaterale Gewebeschaden nachteilig sind.

In friheren Studien wurde bereits festgestellt, dass das Protein T cell activation inhibitor,
mitochondrial (TCAIM) die Differenzierung und Funktion von Effektor-T-Zellen beeintrachtigt. Es
konnte jedoch gezeigt werden, dass TCAIM-lberexprimierende T-Zellen auf aktivierende Signale
reagieren, da sie in den Proliferationszyklus eintraten und geringe Zytokinmengen produzierten. Im
Rahmen dieser Arbeit wurde daher die Frage untersucht, ob der Grad der T-Zell-Aktivierung und -
Differenzierung in TCAIM-liberexprimierenden Mausen ausreichend ist, um die Virusbeseitigung zu
ermoglichen und die Bildung eines schitzenden Gedachtnis-T-Zellpools zu unterstiitzen. Darliber
hinaus liegen keine In-vivo-Daten zu TCAIM-defizienten T-Zellen vor, jedoch zeigen friihere In-vitro-
Arbeiten einen Vorteil bei der T-Zell-Aktivierung unter suboptimalen Stimulationsbedingungen. Dies

wirft die Frage auf, ob die Viruskontrolle in TCAIM-defizienten Mausen verbessert ist.

Die im Rahmen dieser Arbeit prasentierten Daten zeigen eine beeintrachtigte Lungeninfiltration von
TCAIM-Uberexprimierenden T-Zellen wahrend einer I1AV-Infektion, die mit der fehlenden Modulation
der CD44- und CD62L-Rezeptorexpression und der Hochregulierung von Genen, die an der Migration
und Effektor-T-Zelldifferenzierung beteiligt sind, verknipft ist. Als funktionelle Folge wurde eine
verringerte Zytokinproduktion und verzégerte Virusbeseitigung beobachtet. TCAIM (iberexprimieren-
de Mause waren dennoch in der Lage sich von der IAV-Infektion zu erholen und konnten auf Infektions-
bedingte Aktivierungssignale reagieren. Dies konnte durch die Induktion des Typ-I-Interferon (IFN)
Signalweges und die T-Zell-Expansion innerhalb von drLN gezeigt werden. Bemerkenswert ist, dass die
die reduzierte T-Zell-Antwort in der Lunge eine durch T-Zellen induzierte Immunpathologie
verhinderte, da TCAIM-Uberexprimierende Mause nur geringfligig an Gewicht verloren. Obwohl die
Bildung von infiltrierenden Effektor-T-Zellen und in der Lunge verbleibenden Gedachtnis-T-Zellen

beeintrachtigt war, wurden (berraschenderweise neutralisierende Antikérper gebildet, die einen

Vil



potentiellen Schutz vor einer erneuten Infektion bewirken kénnten. Dariiber hinaus wurde festgestellt,
dass sich TCAIM-defiziente T-Zellen insbesondere am Infektionsherd anreichern. Eine frihe
Hochregulierung von Ifng und Genen, die an der Aktivierung von T-Zellen beteiligt sind, fiihrte jedoch
nicht zu einer erhéhten IFN-y-Produktion am Hohepunkt der Infektion und zu einer verbesserten

Viruskontrolle.

Zusammenfassend ldsst sich sagen, dass die Daten dieser Arbeit den Einfluss von TCAIM auf die T-
Zellmigration und die Pravention von durch T-Zellen induzierter Immunpathologie hervorheben und

eine positive Rolle bei IAV-Infektionen nahelegen.
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1. Introduction

1.1 Influenza virus infection

1.1.1 Introduction and relevance of Influenza virus infections

The World Health Organization (WHO) listed lower respiratory infections as one of the top 10 causes
of death in 2019. With an estimated number of 3 to 5 million severe cases and up to 650 000 annually
deaths worldwide, Influenza virus infections are a major disease burden for the global community and
the health system®2. Virus particles are transmitted between individuals by either direct contact or by
droplets produced trough sneezing or coughing and aerosol formation3. Most infections cause a mild
illness affecting the upper respiratory tract. Symptoms include cough, sore throat, fever, headache and
fatigue*®. However, children under the age of 5 years, older people over the age of 65 years, obese
individuals, immunocompromised patients or patients with comorbidities like heart and pulmonary
diseases have a higher risk of developing a severe illness®®. In those cases, the lower respiratory tract
is affected and co-infections with bacterial pathogens can occur that lead to pneumonia or the acute
respiratory distress syndrome, which needs medical care and hospitalization and ultimately can result

in death®.

Influenza viruses are part of the Orthomyxoviridae family and can be divided into four different types:
A, B, Cand D. Influenza A and B viruses cause severe infections in humans. In contrast, Influenza C virus
is endemic in the human population but leads to only mild symptoms and Influenza D virus is restricted
to primarily cattle!®3, Therefore, only Influenza A and B viruses contribute to the seasonal disease
outburst. Influenza A virus (IAV) can be further sub-classified by the combination of its two surface
glycoproteins haemagglutinin (HA) and neuraminidase (NA)*. In total, 16 different HA and 9 different
NA are known so far. In addition, two other HA and NA were found only in bats®™®, In the human

population IAV strains HIN1 and H3N2 are currently circulating®’.

IAV is constantly mutating and thereby generating seasonal different IAV strains that can have the
ability to escape the memory functions of the human immune system. Hence, one can be repeatedly
infected with different strains that have undergone small changes like point mutations in the HA or NA
sequence, known as antigenic drift’®1°, In rare cases, major changes occur through a process called
antigenic shift®. Here, large segments of two subtypes or segments from natural animal reservoirs like
aquatic birds and other avian species are exchanged and generate a novel human IAV strain?'. Those
strains have the ability to reach an epidemic or even pandemic outbreak as the human population is
mostly naive towards the new strain. In the last century, four pandemic AV strains caused a pandemic
outbreak: HIN1 in the years 1918 and 2009, H2N2 in 1957 and H3N2 in 1968%22%, The change in

seasonal circulating IAV strains arises the need for a constant adaptation of the vaccination strategies.
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Thus, current vaccines are a composition of three to four different strains of 1AV and IBV that are
updated every year due to the prognosis of upcoming viral strains?*%>. Vaccination efficiency ranges
between 30% and 70% showing there is still a need for improved vaccines that are able to reliably

protect especially risk groups from a severe AV infection!426:%7,

1.1.2 Structure of IAV

The IAV is a single-stranded, negative-sense RNA virus that reaches around 100 nm in its sphere form.
In addition, it can be found as filaments where it is up to 20 pm long?2°. The viral genome consists of
eight viral ribonucleic acids (vVRNA) that encode ten proteins and further accessory proteins (see Fig.
1-1). The virus envelope is composed of a host-derived lipid membrane and the viral proteins HA, NA
and matrix proteins 2 (M2). HA and NA are surface proteins that are located on the outer virus
envelope whereas M2 is an ion channel within the membrane3®3!, The matrix protein 1 (M1) is
supporting the viral envelope from underneath32. Inside the virion, the viral genome is stored in eight
individual viral ribonucleoprotein (VRNP) complexes. The vRNA is wrapped around several
nucleoproteins (NP) and is bound as a helical hairpin by the heterotrimeric polymerase composed of
the polymerase basic protein 1 and 2 (PB1, PB2) and polymerase acidic protein (PA)**34 The non-
structural proteins 1 and 2 (NS1, NS2) take action upon cell entry as they are able to interfere with

interferon signalling in host cells®.

HA Haemagluttinin

NA Neuraminidase

M2 Matrix protein 2
PA Polymerase acidic protein

@ M1 Matrix protein 1
@

@ PB1 Polymerase basic protein 1
L]

PB2 Polymerase basic protein 2

o NP Nucleoprotein

® NS1/2 Non-structural proteins 1/2

Figure 1-1 Influenza A virus (IAV) structure. The IAV is an enveloped virus containing eight single-stranded, negative-sense
RNA segments. The virus envelope is composed of the surface proteins haemagglutinin (HA), neuraminiase (NA) and the ion
channel matrix protein 2 (M2). Matrix protein 1 (M1) is located at the inside of the membrane for stabilization. The eight viral
genome segments are wrapped around multiple nucleoproteins (NP) and bound by the three polymerase proteins polymerase
acidic protein (PA), polymerase basic protein 1 and 2 (PB1 and PB2). Also the non-structural proteins 1 and 2 (NS1 and 2) are
encapsulated within the virion.



1.1.3 IAV life cycle

Once IAV enters the respiratory tract, the viral surface protein HA binds to sialic acid residues bound
to galactose on mucins of the mucosal barriers®. In order to avoid being captured at the mucosal sides,
the sialidase function of NA cleaves off the terminal sialic acid residues and releases the virus until it
reaches a host cell®”. IAV can infect a broad range of different cells but its main target cells are the

epithelial cells of the respiratory tract®.

When the virus reaches a target cell, it scans the surface for a so far unknown sialyted receptor. The
binding of HA to the receptor initiates the viral entry via endocytosis®>?3. The low pH inside of the
endosome causes the opening of the ion channel M2, which acidifies the inside of the virus and leads
to the HA-mediated fusion of the viral and endosomal membranes®®3°, The vVRNP are released into the
cytoplasm and utilize host cell transport pathways to reach the nucleus for replication. The vRNA is
transcribed by the viral RNA polymerase in a two-step process. Fist, the negative-sense VRNA serves
as a template to create the positive-sense copy RNA (cRNA). Second, the transcription of new vVRNA
copies is carried out using the cRNA as a template. Not only the eight genome segments have to be
multiplied but also new viral proteins have to be generated for viral replication. Protein translation
relies on host cell machinery. Therefore, mRNA is transcribed from vRNA templates and extended with
a 5’ cap derived from host cell transcripts through a process called cap snatching that primes the mRNA
to be translated at the host cell ribosomes?®. IAV uses several mechanisms to promote the translation
of its own viral proteins e.g. NS1 interacts with proteins needed for pre-mRNA processing and hence
reduces host cell mRNA production®.

Newly generated VRNA and proteins translocate to the host cell membrane and are packaged into the
budding virus3®. Once virus assembly is finished, virus particles attach to the host cell due to HA surface
protein binding to sialic acid residues on the cell membrane. The virus is finally released by NA cleavage

function and can now spread and infect another host cell.

1.2 Immune response against IAV infections

The respiratory tract is exposed to the outside through air influx at all times. Hence, invading
pathogens like 1AV challenge the host repeatedly and need to be strictly controlled by the immune
system. Beside mechanical barriers like the mucus layer of the respiratory tract, the immune response
is mediated by humoral components and cells of the innate and adaptive immune system. The first
line of defence is the innate immune system, which offers a rapid but non-specific response within
hours upon infection and aims to limit viral replication and spread. Furthermore, innate immune cells

activate the adaptive immune system. The adaptive immune system is slower but highly specific, as



involved cells possess antigen-specific receptors. Exerted effector function of adaptive immune cells
and humoral components facilitate final viral clearance. Importantly, the adaptive immune system
enables the formation of a long-lasting immunological memory that allows a faster response during a

re-infection®..

1.2.1 Innate immunity as a first line of defence

Once the IAV passes the mucus layer and infects the respiratory epithelial cells, cell intrinsic pattern
recognition receptors (PRRs) detect pathogen-associated molecular patterns (PAMPs). The main PRRs
for the recognition of IAV are Toll-like receptors 3 and 7 (TLR3, TLR7) which detect double-stranded
and single-stranded RNA respectively in the endosomes of host cells, retinoic acid-inducible gene |
(RIG-1) which recognizes 5’-triphosphate RNA in the cytosol and NLR family pyrin domain containing 3
(NLRP3) which senses cellular damage. Upon recognition of target structures, TLR3, TLR7 and RIG-|
initiate signalling cascades that lead to the activation of transcription factors IFN-regulatory factor 3
(IRF3) or IFN-regulatory factor 7 (IRF7) and nuclear factor-kB (NF-kB). Those migrate into the nucleus
and mediate transcription of type | interferons (IFNs)*. IFNs in turn bind to their respective receptors
and induce transcription of IFN-stimulated genes (ISGs) or pro-inflammatory cytokines and
chemokines via signal transducer and activator of transcription protein (STAT) signalling and thereby
inducing an antiviral state®>*3,

ISGs are important for an early limitation of IAV progression and spread since they have antiviral
activity themselves. IFN-induced transmembrane (IFITM) proteins e.g. block fusion of viral and host
endosome membranes after virus entry and protein kinase R interferes with viral translation by binding
to viral nucleic acids**°. Studies using IFITM3-deficient mice were able to show the importance of
functioning IFITM proteins as those mice had a greater morbidity since they fail to restrict IAV infection
leading to severe lung pathologies*®*’,

Besides limiting viral processes, IFN also have immunoregulatory functions as they directly influences
the function of immune cells. For instance, they support upregulation of chemokines like chemokine
C-C motif ligand 2 (CCL2), CCL7 and interferon gamma-induced protein 10 (IP-10) that drive immune
cells infiltration at the side of infection*®4°.

The IFN signalling is an important part in the establishment of a proper immune response during IAV
infection. Thus, IFN signalling is an attractive target for the invading virus to dampen the host’s immune

response. Indeed, the viral protein NS1 is known for its anti-interferon activity®®>2,

Secretion of pro-inflammatory cytokines and for example tumor necrosis factor (TNF), Interleukin-1

(IL-1B), CCL2 or C-X-C motif chemokine 2 (CXCL2) chemokines by respiratory epithelial cells and



resident pulmonary macrophages drive the recruitment of innate immune cells like neutrophils,

4143 Recruited monocytes will

monocytes and natural killer (NK) cells to the site of infection
differentiate into inflammatory macrophages that as well as neutrophils phagocytose virus-infected
cells, thereby limit spreading of virus particles in the host organism®>3. In addition to their phagocytosis
function, neutrophils are also known for producing neutrophil extracellular traps which can neutralize
bacteria and are also beneficial in viral infections®*° NK cells are mediating viral control by the lysis of
infected cells. Studies showed that NK cell directly bind to viral HA proteins on the IAV envelope via
their surface receptors NKp44 and NKp46 and furthermore produce pro-inflammatory cytokines like
interferon gamma (IFN-y)>"~®°. Conventional dendritic cells (cDCs) are antigen presenting cells (APCs)
that are connecting the innate immune system with adaptive immune cells since they activate virus-
specific T cells®. Viral material is taken up by cDCs, processed and presented via major
histocompatibility complex (MHC) molecules on the cell surface. Antigen-loaded cDCs express C-C
chemokine receptor 7 (CCR7), which drives the migration to the lymph nodes, where the antigen is

presented to T cells*+®1,

1.2.2 Adaptive immunity against IAV infections

The adaptive immune system is composed of the humoral immunity mediated by antibodies produced
by plasma cells that originate from B lymphocytes (B cells) and the cellular immunity carried out by T
lymphocytes (T cells). B and T cells originate from hematopoietic stem cells in the bone marrow. To
ensure that their specificity is not autoreactive, they undergo a selection process in which only

maturation of cells that recognize nonself-antigens is promoted®%3,

Progenitor T cells migrate from the bone marrow to the thymus for their maturation®?. There, they
undergo the processes of T cell receptor (TCR) beta chain rearrangement (B-selection), positive
selection and negative selection, which ensure a functional TCR that is able to recognize foreign
antigens but does not respond to self-antigens. In addition, during positive selection T cells
differentiate into either the CD4* T helper cell or CD8* cytotoxic T cell subset based on their CD8*
specific interaction with either MHC class | molecules or CD4* specific interaction with MHC class |l
molecules presented on APCs in the thymus. Only a small proportion (1-3%) will successfully complete
the maturation process and become a mature, naive T cell that migrate to the secondary lymphoid
organs (SLO) now ready to encounter their specific antigen®. T cells (in IAV infections) will be further

discussed in detail in chapter 1.3.

Progenitor B cells undergo their maturation in the bone marrow®*, The maturation process is

composed of immunoglobulin (Ig) rearrangement, which is part of the B cell receptor (BCR), positive



selection and negative selection. Those processes ensure that the BCR is capable of identifying nonself-
antigens and is not autoreactive. After maturation, B cells migrate to the SLO. Here, they differentiate
into short-lived plasmablasts via the extra-follicular pathway or they can enter the follicular pathway
in the germinal centres (GC) which drives the differentiation into memory B cells and long-lived plasma
cells secreting high affinity antibodies®*%4,

During the follicular pathway, B cells receive T cell help at the T-B cell border in SLO that is required
for formation and entering of GC, which are transient structures, where the B cell maturation is taking
place®®®, For this affinity maturation, follicular B cells undergo several rounds of proliferation and
somatic hypermutation of the Ig variable region in the dark zone of the GCs. B cells with improved
antigen specificity will be selected and favoured in light zone by interaction with follicular DCs and
specialized follicular T helper cells (Tfh). Tfhs are providing co-stimulatory signals including CD40L and
inducible T-cell co-stimulator (ICOS), which bind to their respective receptors on B cells, and expression
of the cytokines IL-4 and IL-21. Importantly, un-helped B cells undergo apoptosis®®’. In addition,
during class switch recombination the constant region of the Ig changes leading to the different Ig
classes IgG, IgA and IgE®+6>8,

In the extra-follicular pathway, a small population of IgM* B cells reside as marginal zone B cells. Those
B cells are located at the marginal zone of the spleen and lymph nodes and can provide a rapid
production of low affinity antibodies in a T cell-independent manner®8, However, the extra-follicular
response can also lead to IgG producing short-lived plasmablasts which requires Tth help at the T-B

cell border®.

The main targets of generated antibodies are the viral surface proteins HA and NA, but there were also
antibodies found directed against e.g NP?>7%, Thus antibodies are interfering with the function of
respective viral protein. For instance, neutralizing antibodies binding HA are blocking the receptor

binding which prevents cell entry’®’?,

1.3 T cells in IAV infections

1.3.1 Kinetics of the T cell response during the course of infection

As mentioned earlier, antigen loaded DCs migrate to the SLO, where they arrive 2-3 days post infection,
to present their virus specific antigen to T cells”2. Upon antigen recognition, naive IAV-specific (IAV-
spec.) T cells get activated and start to proliferate and differentiate into effector T cells that leave the
SLO and migrate to the side of infection’®. The T cell accumulation in the lung peaks around days 7 -10
post infection’*”>. After virus clearance, the effector T cell population enters the contraction phase in

which most T cells undergo apoptosis. Only a small fraction of IAV-spec. T cells will remain and persist



as a long-lived memory T cell pool that offers a rapid recall response upon a secondary infection with
the same IAV strain*"7¢. In murine models, a memory response up to 2 years has been observed”’.
Importantly, memory T cell were shown to also provide protection in an infection with heterologous
IAV strains as viral proteins share conserved peptide sequences that can be recognized by antigen
specific T cells**. The memory T cell population is composed of different subset: Central memory T cells
mainly found in SLO (Tcm), effector memory T cells circulating to peripheral tissues (Tem) and tissue

resident memory T cell that reside at the side of infection and do not enter circulation (Trm)’®.

Figure 1-2 T cell kinetics
during  viral infections.
Schematic and  simplified
kinetics of the T cell response
during viral infections. Upon
infection, antigen specific T
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o ) : leads to a large effector T cell
K ) population. After viral
/ ] clearance, the majority of
| \ these cells undergo apoptosis
; ‘ in the contraction phase.
,'/ \ T cells Only a small population of
/ \ long-lived  virus  specific
/ \ memory T cell remain that
provide protection during a

secondary infection.
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1.3.2 Activation of T cells in secondary lymphoid organs

Naive T cells are quiescent cells that localize within and circulate between the SLO until the encounter
with their cognate antigen. They express the surface molecules CCR7 and L-selectin (CD62L) which
drive their homing to SLO’®. The lung draining lymph nodes (drLN) are the main side of T cell activation

but studies showed that IAV-spec. T cell can also arise from the spleen although to a lesser extent’®.

The activation of naive T cells is not dependent on only one activating stimulus but rather is a
combination of signals that together overcome the activation threshold needed for full T cell activation
(Fig.1-3, left panel). First, the viral antigen presented by APCs via their MHC molecules is recognized
and bound by the TCR”2. This binding is stabilized by CD4 or CD8 molecules respectively’®. TCR
engagement alone is not sufficient for T cell activation and drives the T cells into a functional inactive
state called anergy’®. Therefore, the second indispensable signal is the interaction of co-stimulatory
molecules that strengthen and amplify the TCR signalling. The most prominent examples is CD28,

which is constitutively expressed on T cells and binds to B7.1 (CD80) and B7.2 (CD86) proteins
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expressed on APCs’. Furthermore, there are also other co-stimulatory molecules like OX40 (CD134)
and ICOS which support T cell activation. In contrast, inhibitory molecules like cytotoxic T-lymphocyte-
associated protein 4 (CTLA4), which competes with CD28 for binding to CD80 and CD86, are negatively
regulating T cell get activation’. The third signal received during activation are cytokines secreted by
APC that shape the T cell fate and are necessary for full effector function®. Once the activation
threshold is reached, multiple signalling cascades lead to the expression of transcription factors like
nuclear factor of activated T-cells (NFAT), NFkB or Aktl that in turn allow proliferation and the

differentiation into effector T cells®..

1.3.3 T cell migration into the infected lung

To be able to contribute to the viral clearance at the side of infection, activated T cells have to leave
the SLO, migrate to the lung, exist the vasculature and enter the infected tissue (Fig. 1-3). To prevent
recirculation to the SLO, the lymph node homing receptors CD62L and CCR7 are downregulated, which
is regulated by the mechanistic Target of Rapamycin (mTOR) mediated inhibition of Kriippel-like Factor
2 (KLF2)®. In addition to its transcriptional regulation, CD62L is shed from the cell surface via

proteolytic cleavage®.

Tissue migration is a multi-step process that includes T cell rolling, firm adhesion and transendothelial
migration (Fig. 1-3, right panel). First, circulating T cell must recognize and stop at the correct tissue
sides. Therefore, T cells interact with the vascular surface in a process called rolling. Reversible binding
events to tissue specific adhesion receptors like selectins or components of the extracellular matrix
facilitate slow rolling®. Upon infection, endothelial cells express E- and P-selectins that bind to selectin
ligands like P-selectin glycoprotein ligand-1 (PSGL-1) on bypassing T cells®®. In addition, chemotactic
signals received via CXC motif chemokine receptor 3 (CXCR3) and CCR5 support tissue specific rolling

of T cells®”88,

One important adhesion molecule binding to E-selectins and hyaluronic acid on the
endothelium is CD44, which is upregulated in activated T cells®*°%, Cell arrest and firm adhesion is
mediated by integrins. Activated T cells express lymphocyte function-associated antigen-1 (LFA-1;
alLB1) and very late activation antigen-4 (VLA-4; a41) that allow binding to their respective ligands
intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) on
endothelial cells®>. CD44 was also found to bind VLA-4, hence supporting firm adhesion®. For
extravasation, cytoskeletal changes allow T cells to crawl and migrate through endothelial junctions®.

In the tissue, chemokine gradients e.g. CXCL10, the ligand of CXCR3, provide local signal that drive T

cell migration towards infected cells®>°®,



Besides lung migration, a subset of CD4* T cells that is called Tfh provides B cell help upon infection
and therefore needs to localize in SLO. CCR7 causes the localization in the T cell zone and therefore is
downregulated in activated Tfh. Instead, the expression of CXCR5 upregulated®. The respective ligand
CXCL13 is produced by stromal cell and follicular DCs which drives the migration of Tfh to the B cell

zone and the GCs®®.
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Figure 1-3 T cell activation and migration to the lung. T cell activation (left) takes place in the secondary lymphoid organs
including the spleen and draining lymph nodes. It requires | the presentation of cognate antigen via major histocompatibility
complex (MHC) molecules on antigen presenting cells (APCs) that are bound by the T cell receptor (TCR) and stabilized by either
CD4 or CD8, Il co-stimulatory molecules e.g. CD28 binding and Il cytokines. Upon activation, T cells are released into the blood
circulation for transport to peripheral tissues. In the lung (right), T cell need to extravasate and migrate into the tissue to reach
the bronchioles, the side of infection. Binding of (P-selectin glycoprotein ligand-1) PSGL-1 and CD44 to E-/P-selectin and
hyaluronic acid (HA) respectively mediate rolling at the vascular surface. Integrins lymphocyte function-associated antigen-1
(LFA-1) and very late activation antigen-4 (VLA4) supported by CD44 mediate firm adhesion at the endothelium by binding to
intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1). Chemokines gradient mediate
migration throughout the lung tissue to the epithelium.

1.3.4 Contribution of CD4* T helper T cells to the antiviral immune response

The most prominent role for CD4* T cells in IAV infections is to help other cells by providing activating
and stimulating signals, but they also contribute to the host immune response by facilitating regulatory
as well as cytotoxic functions. Distinct CD4* T cell subsets carry out those diverse roles®. CD4* T cell

subsets are heterologous and play roles in many aspects of the immune response. Amongst those,



typel T helper cells (Thl), Tfh, regulatory T cells (Treg) and cytotoxic CD4* T cells are the main

populations partaking in viral infections and will be introduced in more detail hereafter.

The CD4* T cell response to viral infections is mainly comprised by the differentiation of Th1 cells, which
is driven by the cytokines IFN-y and IL-121%, Th1 cells are characterized by the expression of their key
transcription factor T-bet and the production of the pro-inflammatory cytokines IFN-y, IL-2 and
TNF%192 Dyring IAV infection IFN-y and CD40 ligand (CD40L) expression by Th1 cells provide activation
signals for APCs%, In addition, secretion of IL-2 and IFN-y by Th1 cells supports cytotoxic CD8* T cell
differentiation*!. Although the contribution of CD4* T cell help for CD8"* T cell function during the acute
phase is controversially described, it was shown that CD4* T cells help is important for CD8* memory T
cells0+1%6 Another key role for CD4* T cells is providing help for B cell maturation and the generation
of an optimal antibody response by plasma cells and thereby shaping the humoral response to IAV®%1%7,
Specialized Tfh cells secrete IL-21 and IL-4 and directly interact with B cell via CD40L mediated binding
of CD40 on B cells®’. Apart from providing help, recent studies found a CD4* T cell subset that carries
out cytotoxic functions including perforin mediated cytolytic activity and cytokine production®%,
Transfer of cytotoxic CD4* T cells mediates protection against lethal IAV doses!!?. As those cytotoxic
mechanisms are the key function of CD8" T cells, they will be discussed in more detail in the next

chapter.

CD4* T cell not only have pro-inflammatory functions, but a specialized subset of Tregs also contribute
to the regulation of immune responses. For instance, it was shown that Tregs are beneficial in limiting
tissue damage and overall pathology during IAV infections 1. Tregs can either be generated in the
thymus or develop in the periphery from conventional CD4* T cells and are characterized by the
expression of the transcription factor FoxP3!2, They suppress and regulate immune responses by e.g.
production of anti-inflammatory cytokines like IL-10 or the expression of inhibitory molecules like
CTLA-4'13, Interestingly, memory Tregs were shown to control CD8* memory T cell response as

depletion increased the CD8* T cell response and cytokine expression!4,

After the acute infection, an IAV-specific CD4* memory T cell pool remains that provide protection in
the event of a re-encounter. In comparison to naive T cells, memory T cells respond faster and stronger
upon a secondary infection!?>1®, Interestingly, the adoptive transfer of exclusively lung resident CD4*
memory T cell is sufficient to mediate protection to a lethal viral dose in naive hosts!*”!8, |n addition,
the B cell help provided by memory T cells is facilitating an earlier class-switch and proliferation of B

cells®,
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1.3.5 CD8" cytotoxic T cells mediate viral clearance

The main contribution of CD8" T cells to the adaptive immune response against IAV is to induce
apoptosis of virus-infected cells, which restricts viral replication and spread. There are different
mechanisms in which CD8* T cells mediate their cytotoxic function!?. On the one hand, CD8* effector
T cells secrete cytotoxic granules that contain perforin and a variety of granzymes!?. Perforin is a pore-
forming protein that mediates the entry of granzymes e.g. granzyme A and granzyme B (GranA, GranB)
into the target cell. Granzymes are serine proteases that induce apoptosis by caspase activation that
in turn initiates programmed cell death pathways within the target cell*?>'*, Furthermore, CD8*
effector T cell express the transmembrane protein Fas ligand (CD95L) on the cell surface. When FAS
ligand binds to its receptor Fas, apoptosis is induced in virus-infected cells 1. A similar induction of
cell death is mediated by TNF-related apoptosis-inducing ligand (TRAIL) interaction??. In addition to
directly kill target cells, CD8* T cells produce pro-inflammatory cytokines e.g. IFN-y and TNF, but also a

variety of chemokines, thereby shaping the immune response against IAV infections’3.

Together with CD4* T cells, memory CD8* T cells persist in the body after the acute infection. They can
be rapidly activated and expand upon a repeated encounter?®, Hence, pro-inflammatory cytokines
IFN-y and TNF are provided early on supporting an improved viral control 120126127 |ndeed, transfer of
CD8* memory T cells led to reduced viral titers'?’. Importantly, they not only provide protection to the
same but also cross-protection to heterologous virus strains which makes the T cell memory response

an interesting target for influenza vaccine development!28-13°,

1.4 T cell activation inhibitor, mitochondrial (TCAIM)

TCAIM, formerly known as tolerance-associated gene 1 (TOAG-1), was first described during a
screening for gene markers predicting allogenic graft rejection. Here, high TCAIM expression was
associated with graft acceptance®’. TCAIM is expressed in naive T cells and downregulated upon T cell
activation. Intrigued by that, TCAIM knock-in (KI) Cd4-Cre and TCAIM knock-out (KO) Cd4-Cre mice
were generated that allow to study the conditional and T-cell-specific overexpression and deficiency
of TCAIM. During their maturation, all T cell express CD4 as well as CD8 before they commit to either
subtype. Hence, at this point CD8" T cell are affected by the Cd4-Cre mediated recombinase function
that leads to TCAIM overexpression or deficiency respectively. Utilizing those mouse strains, it was
shown, that TCAIM overexpression interferes with effector T cell differentiation and proliferation in
vitro®2133 Importantly, TCAIM KI T cells were not able to reject allogenic skin grafts in an in vivo mouse
model'*2, However, TCAIM overexpression did not completely inhibit T cell activation as T cells were

able to enter the proliferation cycle, although majority remained in the first division, and low cytokine
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expression was detected in vitro'®. In contrast, TCAIM KO CD8* T cell were found to have an advantage
in T cell activation under suboptimal stimulation conditions in vitro (unpublished data from Christina

Iwert, Translational Immunology group at the Berlin Institute of Health at Charité).

TCAIM is a mitochondrial protein, that is encoded in the genome, but contains a mitochondrial target
sequence that drives its localization in the mitochondria'®*. The overexpression of TCAIM in T cells but
also dendritic cells impacts mitochondrial functions as mitochondrial reactive oxygen species (mROS)
production is abolished®%*13>, Mechanistic in vitro studies in TCAIM KI CD8* T cells revealed TCAIM
interaction with proteins e.g. Voltage-dependent anion channel (VDAC2), that are associated with
mitochondrial-endoplasmic reticulum contact sides (MERC) and cristae organization (unpublished data
from C. Iwert). VDAC opening and conductance was shown to link TCR signalling and metabolic
reprogramming e.g. upregulation of anabolic pathways, as it impacts mechanistic target of rapamycin

136138 The change of the cellular metabolism towards the upregulation

complex 1 (mTORC1) signalling
anabolic pathway is a prerequisite for proper T cell activation as it provides building blocks needed for
the higher metabolic demands that come with cell division and effector function. Here, mTOR is an
important regulator of cell growth, sensing nutrient availability and integrating environmental cues to
regulate the metabolism?®°. Amongst others mTOR regulates the transcription of hypoxia inducible
factor 1 alpha (HIF1a) and MYC which mediate the shift in glucose metabolism®. In line, TCAIM
interacting with VDAC2 interferes with its conductance, which leads to reduced mTORC1 and
subsequent HIF1a signalling in TCAIM KI CD8* T cells in vitro. Consequently, upregulation of anabolic

pathways especially cholesterol biosynthesis, needed for proper T cell activation, were abrogated

(unpublished data from C. lwert).

1.5 Scope of this work

TCAIM is a mitochondrial protein that has been shown to interfere with effector T cell differentiation
in vitro and to prevent T-cell induced graft rejection in an in vivo mouse model. Here, a reduced T cell
differentiation and graft infiltration is beneficial as it allows graft acceptance without the application
of immunosuppressive agents. Importantly, TCAIM KI T cells were able to respond to activating signals
enabling them to enter the first proliferation cycle. So far, the impact of TCAIM on T cells in an infection
context, at which a T cell response is needed for sufficient disease control and recovery has not been
addressed. In addition, in vivo generation of memory T cells under TCAIM overexpression or deficiency

and thereby protective capacity remains elusive.

Therefore, the following questions are addressed within the scope of this work:
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Is the reduced extend of T cell activation and differentiation sufficient to support a protective
anti-viral immune responses in TCAIM Kl mice?

Does the overexpression of TCAIM not only interfere with effector T cell differentiation but
also impact the formation of IAV-specific memory T cells?

Does TCAIM deficiency facilitate an improved T cell activation and effector differentiation in

vivo, that promotes viral control and long-term memory T cell generation?
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2. Materials and Methods

2.1 Materials

2.1.1 Antibodies

Table 2-1: Panel | — Marker expression

Antigen Fluorochrome Clone Company Dilution
CD4 PerCP RM4-5 Biolegend 1:100
CD8 Pacific Blue KT15 Bio-Rad 1:100
CDh44 AF700 IM7 Biolegend 1:100
CDh62L BV605 MEL-14 Biolegend 1:100
Ccb103 BV785 2E7 Biolegend 1:50
TCRb FITC H57-597 Biolegend 1:200
Table 2-2: Panel 2 — Cytokine expression
Antigen Fluorochrome Clone Company Dilution
Cbh4 PerCP RM4-5 Biolegend 1:100
CDb8 Pacific Blue KT15 Bio-Rad 1:100
CDh44 APCCy7 IM7 Biolegend 1:100
CDhe62L BV605 MEL-14 Biolegend 1:100
GranB AF700 QA16A02 Biolegend 1:50
IFN-g BV785 XMG1.2 Biolegend 1:100
IL-2 BV711 JES6-5H4 Biolegend 1:100
TCRb FITC H57-597 Biolegend 1:200
Table 2-3: Other antibodies

Antigen Fluorochrome Clone Company Dilution
FCR Block - 93 Biolegend, San Diego, USA 1:1000
CD45 PE 30-F11 Biolegend, San Diego, USA 1:500
H-2 MHCclass| PE M1/42 Biolegend, San Diego, USA 1:500
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Table 2-4: Hash-tag antibodies

Name Barcode sequence Clone Company Dilution
TotalSeq™-B0301 anti- ACCCACCAGTAAGAC M1/42 Biolegend, San Diego, 1:500
mouse Hashtag 1 Antibody 30-F11 USA
TotalSeq™-B0302 anti- GGTCGAGAGCATTCA M1/42 Biolegend, San Diego, 1:500
mouse Hashtag 2 Antibody 30-F11 USA
TotalSeq™-B0303 anti- CTTGCCGCATGTCAT M1/42 Biolegend, San Diego, 1:500
mouse Hashtag 3 Antibody 30-F11 USA
TotalSeq™-B0304 anti- AAAGCATTCTTCACG M1/42 Biolegend, San Diego, 1:500
mouse Hashtag 4 Antibody 30-F11 USA

2.1.2 Influenza-specific tetramers

Table 2-5: Influenza-specific MHC- tetramers
Tetramer Peptide sequence Fluorochrome Company Dilution
H-2Db NP ASNENMETM PE MBL 1:100
H-2kb PB1 SSYRRPVGI APC MBL 1:100

2.1.3 Buffer and media

Table 2-6: Buffer and media

Name Ingredients

Avicel-overlay medium MEM + 2 % BSA + 0.05 % NaHCO3 + 0.01 % dextran + 1 ug/ ml TPCK-trypsin

+1.25 % Avicel

FACS buffer PBS + 10 % FCS (heat inactivated) + 0.1 % sodium azide

MDCK medium

Multiplex buffer

PBS / FCS PBS + 2 % FCS (heat inactivated)
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2.1.4 Chemicals and reagents

Table 2-7: Chemicals and reagents

Name Company

10% Tween 20 Bio-Rad, Hercules, USA

Actinomycin D Sigma-Aldrich, St. Louis, USA
Agua ad injectabilia B. Braun Melsungen AG, Melsungen, Germany
Avicel FMC BioPolymer, Philadelphia, USA

Brefeldin A Sigma-Aldrich, St. Louis, USA
Bovine serum albumin (BSA) Sigma-Aldrich, St. Louis, USA
Collagenase CLS Il (single cell RNA seq) Sigma-Aldrich, St. Louis, USA
Collagenase Type | (flow cytometry) Sigma-Aldrich, St. Louis, USA
Complete Mini, Protease inihibitor cocktail Roche Diagnostics GmbH, Mannheim, Germany
Crystal violet Carl Roth GmbH + Co KG, Karlsruhe, Germany
Dextran Sigma-Aldrich, St. Louis, USA
Dimethyl sulfoxide (DMSO) Sigma-Aldrich, St. Louis, USA
Dispase Corning, New York, USA
DNAse | (single cell RNA sequencing) Panreac AppliChem, Darmstadt, Germany

Dynabeads MyOne Silan Thermo Fisher Scientific, Waltham, USA

EM buffer Qiagen, Venlo, Netherlands

EDTA Carl Roth GmbH + Co KG, Karlsruhe, Germany
Ethanol J. T. Baker, Schwerte, Germany

FCS Capricorn Scientific, Ebsdorfergrund, Germany

Fixation and Permeabilization Solution
Formaldehyd 4%

Glycerol

Intracellular Staining Permeabilization Wash

Buffer

lonomycin
L-Glutamine 200mM
MEM

Microvette EDTA 200
NaHCO3
Nuclease-free water

Penicillin Streptomycin

BD Biosciences, New Jersey, USA
Neolab, Heidelberg, Germany
Sigma-Aldrich, St. Louis, USA

Biolegend, San Diego, USA

Biotrend Chemikalien, K6In, Germany
Gibco by life technologies, Carlsbad, USA
Gibco by life technologies, Carlsbad, USA
Sarstedt, Nimbrecht, Germany
Sigma-Aldrich, St. Louis, USA

Thermo Fisher Scientific, Waltham, USA
Gibco by life technologies, Carlsbad, USA
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PBS

PBS** (with magnesium and calcium)
PMA

RBC Lysis Buffer 10x (single cell RNA sequencing)
RBC Lysis Solution 10x (flow cytometry)
RPMI 1640

Sodium azide

SPRIselect Reagent

TE Buffer

TPCK-trypsin

Trypan Blue solution (0.4%)
Trypsin-EDTA (0,05%)

Zombie UV Fixable Viability (LD)

2.1.5 Instruments

Table 2-8: Instruments

Gibco by life technologies, Carlsbad, USA
Gibco by life technologies, Carlsbad, USA
Sigma-Aldrich, St. Louis, USA

Santa Cruz Biotechnology, Dallas, USA
Miltenyi, Bergisch Gladbach, Germany
PAN-Biotech, Aidenbach, Germany
SERVA, Heidelberg, Germany

Beckman Coulter, Brea, USA

Thermo Fisher Scientific, Waltham, USA
Sigma-Aldrich, St. Louis, USA
Sigma-Aldrich, St. Louis, USA
PAN-Biotech, Aidenbach, Germany

Biolegend, San Diego, USA

Name

Company

4200 TapeStation

AccuSpin Micro 17R

Axioskope Microscope
Aspiration system: Vacusafe
Biofuge pico

Bio-Plex Pro™ wash station
Bio-Plex® 200 system with HTF (high throughput
fluidics)

Chromium Controller

Heraeus Incubator

HeraSafe - Biosafety cabinet
HeraSafe KS 9 - Biosafety cabinet
Isoflurane Vaporizer Model 100
LSRFortessa flow cytometer
Mega Star 4.0R

Midi 40 CO2 Incubator

Pipetboy
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Agilent Technologies, Santa Clara, USA
Fisher Scientific, Waltham, USA

Zeiss, Oberkochen, Germany

Integra, Biebertal, Germany

Heraeus, Hanau, Germany

Bio-Rad, Hercules, USA

Bio-Rad, Hercules, USA

10x Genomics, Pleasanton, USA

Heraeus, Hanau, Germany

Thermo Scientific, Waltham, USA

Thermo Scientific, Waltham, USA
SurgiVet, ICU medical, San Clemente, USA
Becton Dicinson (BD), New Jersey, USA
VWR, Radnor, USA

Thermo Scientific, Waltham, USA

Integra, Biebertal, Germany



Qubit 4.0 Flourometer
Red light lamp
ED2201-0CE Scale
Ultra Turrax

Vortex genie 2

WBT6, waterbath

BAT-12 microprobe thermometer

2.1.6 General consumables

Table 2-9: General consumables

Invitrogen, Waltham, USA

Beurer, Ulm, Germany

Sartorius, Gottingen, Germany

IKA-Werke GmbH & CO. KG, Staufen, Germany
Scientific Industries, New York, USA

Carl Roth GmbH + Co KG, Karlsruhe, Germany

Physitemp Instruments

Name

Company

Cell strainers (40 um, 70 W, 100 pm), nylon
Centrifuge tubes (15 ml, 50 ml)

C-CHIP Disposable Hemocytometer - Neubauer
DNA LoBind Tubes (1.5 ml, 2 ml)
Embedding cassette

Flowmi Cell Strainer, 40 um

High Sensitivity D5000 ScreenTape

High Sensitivity D5000 Reagents

High Sensitivity D5000 Ladder
Microcentrifuge tubes (0.5 ml, 1.5 ml, 2ml)
Needles (19G, 26G)

Optical Tube 8x Strip

Optical Cap 8x Strip caps

PCR Tubes 0.2 ml 8-tube strips

Petri dishes (3,5 cm, 6 cm)

Pipette tips

Qubit Flex Assay Tube Strips

SafeSeal SurPhob Spitzen, sterile (10 pl, 100 pl,
300 pl, 1000 pl)

Serological pipet (5 ml, 10 ml, 25 ml)
Syringe 1ml

Syringe (2 ml, 5 ml, 10 ml)

T75 cell culture flask

Greiner Bio-one GmbH, Kremsmudinster, Austria
Corning, New York, USA

NanoEntek, Seoul, Korea

Eppendorf, Hamburg, Germany

Carl Roth GmbH + Co KG, Karlsruhe, Germany
Sigma-Aldrich, St. Louis, USA

Agilent Technologies, Santa Clara, USA
Agilent Technologies, Santa Clara, USA
Agilent Technologies, Santa Clara, USA
Eppendorf, Hamburg, Germany

B.Braun, Melsungen, Germany

Agilent Technologies, Santa Clara, USA
Agilent Technologies, Santa Clara, USA
Eppendorf, Hamburg, Germany

Sarstedt, Nimbrecht, Germany

Sarstedt, Nimbrecht, Germany

Invitrogen, Waltham, USA

Biozym Scientific GmbH, Hessisch Oldendorf,
Germany

Corning, New York, USA

B.Braun, Melsungen, Germany

Becton Dicinson (BD), New Jersey, USA

Sarstedt, Nimbrecht, Germany
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Tissue culture plate, 6 well, flat bottom
Tissue culture plate, 96 well, flat bottom

Tissue culture plate, 96 well, round bottom

2.1.7 Kits

Table 2-10: Kits

Corning, New York, USA
Corning, New York, USA

Sarstedt, Nimbrecht, Germany

Name

Company

3’ Feature Barcode Kit

Chromium Next GEM Chip G Single Cell Kit
Chromium Next GEM Single Cell 3’ Kit v3.1
Dual Index Kit NT Set A

Dual Index Kit TT Set A

FoxP3 Staining Buffer Set

Library Construction Kit

MILLIPLEX Map Mouse Cytokine/Chemokine
Magnetic Bead Panel 25-plex Immunology
Multiplex Assay

Qubit 1X dsDNA Assay Kits, high sensitivity (HS)

2.1.8 Mouse strains

Table 2-11: Mouse strains

10x Genomics, Pleasanton, USA
10x Genomics, Pleasanton, USA
10x Genomics, Pleasanton, USA
10x Genomics, Pleasanton, USA
10x Genomics, Pleasanton, USA
Miltenyi, Bergisch Gladbach, Germany
10x Genomics, Pleasanton, USA

Merck, Kenilworth, USA

Invitrogen, Waltham, USA

Name Origin

Tcaim Kl Cd4Cre In-house facilities of the Charité Universitaetsmedizin Berlin

(AG Sawitzki)

Tcaim KO Cd4Cre In-house facilities of the Charité Universitaetsmedizin Berlin

(AG Sawitzki)

2.1.9 Pharmaceuticals

Table 2-12: Pharmaceuticals for mouse anesthesia

Name Company

Isoflurane Cp Pharma, Burgdorf, Germany
Ketamine Cp Pharma, Burgdorf, Germany
Xylazine Cp Pharma, Burgdorf, Germany
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2.1.10 Software

Table 2-13: Software

Name

Company

BD FACSDiva software v8.0.2

Bio-Plex Manager software version 6.2

BioRender

Citavi 6

FlowJo v10
GraphPad Prism v8
Microsoft 365

R Studio, R v4.0.2

TapeStation Software

2.1.11 R packages

Table 2-14: R packages

BD Biosciences, New Jersey, USA

Bio-Rad, Hercules, USA

BioRender, Toronto, Canada

Swiss Academic Software GmbH, Wadenswill,
Swiss

FlowlJo LLC, Ashland, USA

GraphPad Software, Inc., La Jolla, USA
Microsoft, Washington, USA

R foundation for statistical computing

(https://cran.r-project.org)

Agilent Technologies, Santa Clara, USA

Name Version Source

Complex heatmap 2.18.0 Gu, 2022

Cowplot 1.1.3 Wilke, 2024

DESeq2 1.42.0 Love et al, 201442

EnrichR 3.2 Kuleshov et al, 201643

Fgsea 1.28.0 Korotkevich et al, 20194
Ggplot2 3.4.4 Wickham and Sievert, 20164
Openxlsx 4.2.5.2 Schauberger et al, 2022

Seurat 5.0.1 Satija et al, 2015%%; Hao et al,
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2.2 Methods
2.2.1 Sublethal Influenza A virus (IAV) mouse model

2.2.1.1 Experimental design

Homozygous and wildtype littermates of the TCAIM Kl Cd4Cre and TCAIM KO Cd4Cre mouse strains
were used. For infection experiments, male mice between 12 and 16 weeks old were infected intra-
nasally with an IAV (= 2.2.1.2). Throughout the experiment, mice were housed at 20 - 22 °C and
40 - 55 % humidity under a 12 h light/ 12 h dark cycle and specific pathogen-free conditions.

To study the performance during the acute infection phase, the following time points were chosen:
d3, d5 and d8 post infection (p.i.). For long term outcome and memory T cell formation, analyses were

carried out at d45 p.i.. In addition, uninfected animals were used as controls.

2.2.1.2 Intra-nasal infection

The IAV virus strain HIN1/Puerto Rico/8/1934 (PR8) was used for infection experiments. The PR8 virus
stock was kindly provided by the lab of Prof. Dr. Martin Witzenrath from the Department of Infectious
Diseases and Respiratory Medicine at Charité Universitatsmedizin Berlin and viral titer of the IAV stock
was determined using Plaque Assay analysis (= 2.2.2.2) and aliquots were stored at —80 °C. Aliquots
were thawed only once. Infection dose was prepared by multiple dilution steps of stock solution in
sterile PBS™ on ice. The final virus solution was stored on ice until infection.

For the IAV infection, mice were anaesthetized with isoflurane. Infection dose was applied intra-nasally
via the left nostril only, which guaranteed sufficient breathing through the right nostril during infection.
The application of 50 pl of the virus solution was performed slowly in a drop-wise manner to ensure

proper inhalation by the mice.

2.2.1.3 Infection dose testing

To establish a sublethal IAV in vivo mouse model, an appropriate infection dose had to be found that
is strong enough to elicit disease symptoms and generate a T cell response but also allows the animals
to recover from the infection. Therefore, different infection doses (7 PFU (plaque forming units), 15
PFU and 40 PFU) were tested on wildtype animals of TCAIM KI Cd4Cre and TCAIM KO Cd4Cre strains.

The 7 PFU dosis allowed most animals to recover and thus was used for all following experiments.
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2.2.1.4 Monitoring of infected mice

The initial body weight of the mice was measured on the infection day. During the acute infection
phase, mice were monitored daily based on clinical parameters. The following parameters were used
to determine the infection severeness and condition of the animals: body weight, body condition
score'®, body temperature, social behavior, grooming and breathing rate and quality. Once a symptom
was observed, the monitoring interval was increased to twice a day with a minimum of 10 h in between
for all animals of the respective infection group. Red light was applied for 30 min twice a day if the
body temperature was under 35 °C for more than 24 h. Mice were euthanized when an end point
criterion was reached e.g. the weight loss reached or exceeded 20 % of the initial bodyweight. Once
the animals showed no symptoms, the monitoring interval was reduced to weekly measurement of

body weight and temperature and daily visual control of all other parameters.

2.2.1.5 Tissue collection and sample processing
a) for Plaque Assay

Mice were anesthetized with ketamine (160 mg/ kg) and xylazine (16 mg/ kg). Once pedal withdrawal
reflex was absent, abdomen was opened. For exsanguination, blood was drawn from vena cava
caudalis and stored in an ethylenediaminetetraacetic acid (EDTA) coated tube. Then, thorax was
opened. To obtain broncho alveolar lavage (BAL), lungs were flushed twice using 800 ul PBS*™
(phosphate buffered saline with CaCl, and MgCl,) via the trachea and stored on ice. To remove blood
from lung vasculature, perfusion was carried out using 10 ml PBS via the heart. Lungs were collected
and stored in 2 ml PBS* on ice.

Blood was centrifuged for 10 min at 855 g at room temperature. Serum was transferred to a 0.5 ml
tube, snap frozen in liquid nitrogen and stored at -80 °C. Collected BAL was aliquoted, snap frozen and
stored at -80 °C. Whole lungs were homogenized using an Ultra-Turrax and centrifuged for 10 min at
3300 g at 4 °C. Supernatant was collected, aliquoted, snap frozen and stored at -80 °C until viral plaque

assay was performed (= 2.2.2).

b) for flow cytometry and protein multiplex analysis

Mice were anesthetized with ketamine (160 mg/ kg) and xylazine (16 mg/ kg). Once pedal withdrawal
reflex was absent, abdomen was opened. For exsanguination, blood was drawn from vena cava
caudalis and stored in an EDTA coated tube. Then, thorax was opened. To obtain broncho alveolar

lavage (BAL), lungs were flushed twice using 800 ul PBS containing 1 mM protease inhibitor via the
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trachea and stored on ice. To remove blood from lung vasculature, perfusion was carried out using 10
ml PBS via the heart. Lungs, drLN and femur were collected and stored in PBS on ice.

Lungs were cut into small pieces and digested with 1 mg/ ml Collagenase Il and 0.3 mg/ ml DNase | in
VLE RPMI 1640 with glutamine supplemented with 10 % (vol/ vol) fetal calf serum (FCS), 100 U/ mL
penicillin and 100 mg/ mL streptomycin for 30 min at 37 °C. Afterwards, digestion was stopped by
adding 10 ml cold PBS. Blood was centrifuged for 10 min at 855 g at room temperature. Plasma was
transferred to a 0.5 ml tube, snap frozen in liquid nitrogen and stored at -80 °C. The pellet was treated
with red blood cell (RBC) lysis (Miltenyi Biotec) according to manufacturer’s protocol. Femur was cut
at both ends and flushed with PBS. Obtained bone marrow cells were stored on ice until further
processing. Collected BAL was centrifuged at 4 C and 300 g for 5 min. Supernatant was aliquoted, snap
frozen and stored at -80 °C for protein multiplex analysis (= 2.2.4).

Digested lung, RBC lysed blood, bone marrow cells and drLN were forced through 100 um cell strainers
with cold PBS and centrifuged at 4 °C and 300 g for 8 min. Then, erythrocytes of lung, bone marrow
and blood cell suspensions were lysed using hypotonic PBS diluted in a 1:3 ratio with sterile deionized
water for 12 seconds. Lysis was stopped by adding of PBS / FCS (see Table 2-6). Afterwards, single cell
suspensions of lung, bone marrow, drLN and blood were forced through a 40 um cell strainers with

cold PBS / FCS and stored on ice until staining for flow cytometry analysis (= 2.2.3).

c) for Histology

Mice were anesthetized with ketamine (160 mg/ kg) and xylazine (16 mg/ kg). Once pedal withdrawal
reflex was absent, abdomen was opened. For exsanguination, blood was drawn from vena cava
caudalis and stored in an EDTA coated tube. Then, only the region above the trachea was opened to
get access. A suture was placed around the trachea and tied loosely. After a last inhale, suture was tied
to obtain air-filled lung. Lung was excised and placed into an embedding cassette. Cassettes were
stored in 4% formalin at room temperature for 1-3 hours and afterwards transferred to 4 °C over night.
The next day, lungs rinsed with water for 1 h at room temperature. Water was exchanged every 10
min. For long-term storage, lungs were transferred into 70 % ethanol and stored at 4 °C until paraffin

embedding (= 2.2.5).

d) for single cell RNA sequencing

Mice were anesthetized with ketamine (160 mg/ kg) and xylazine (16 mg/ kg). Once pedal withdrawal
reflex was absent, abdomen was opened. For exsanguination, blood was drawn from vena cava
caudalis and stored in an EDTA coated tube. Then, thorax was opened. To obtain BAL, lungs were
flushed twice using 800 pl PBS containing via the trachea and stored on ice. To remove blood from

lung vasculature, perfusion was carried out using 5 ml Dispase containing 2mg/ml Actinomycin D via
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the heart. Lungs were collected and stored in PBS on ice. Then, lungs were placed into 2 ml digest
media composed of Dispase containing 2mg/ml Actinomycin D, 1 mg/ml DNAse and 1500 U
Collagenase CLS Il in 6 well plate and dissociated with scissors and tweezers. Digestion was performed
at 37 °C for 30 min with regular shaking every 10 min. Cold PBS containing 1 % bovine serum albumin
(BSA) and 2 mg/ml Actinomycin D was added to stop the reaction. For further tissue disruption and
homogenization, digested lungs and medium were pipetted up and down five times Rand transferred
into a 50 ml tube by forcing through a 70 um cell strainer. Cells were centrifuged at 300 g for 8 min at
4 °C, supernatant was discarded and RBC lysis was performed using for 2 min. Lysis was stopped by
adding cold PBS containing 4 % BSA. Cells were centrifuged at 300 g for 8 min at 4 °C, supernatant
discarded and pellet resuspended in PBS containing 4 % BSA. Then, cells were filtered using 40 u
Flowmi cell strainers. Viability and cell concentration was checked by counting with trypan blue in a
Neubauer counting chamber. Cells were stored on ice until further processing for single cell RNA

sequencing (= 2.2.6).

2.2.2 Quantification of viral concentration

The virus plaque assay is used for quantifying the titer of an IAV virus stock or the viral concentration
inthe lung or BAL. Therefore, Madin-Darby canine kidney (MDCK) cells are infected with serial dilutions
of the virus stock or either lung or BAL samples from infected mice. The infection of a single cell spreads
to its neighboring cells, generating a plague which can subsequently be quantified. Hence, the virus

plague assay is a measure of infectious virus particles.

2.2.2.1 MDCK cell culture

MDCK cells were grown in T75 cell culture flasks in MDCK medium (see Table 2-6) at 37 °Cand 5 %
CO.. Every two to three days, cells were splitted into a new flask. First, old medium was discarded and
cells washed once with PBS. Then, PBS was removed and 2 ml 0,05% Trypsin-EDTA was added for 15
minutes at 37 °C and 5 % CO.. Finally, cells were resuspended using fresh MDCK medium, transferred

to a new flask in a 1:10 split and supplemented with fresh MDCK medium.

2.2.2.2 Plaque Assay

MDCK cells were grown in 12-well flat-bottom cell culture plates until approximately 95 % confluent.
Then, plaque assay was performed. Lung and BAL samples were thawed on ice. Serial dilutions were

prepared in PBS™ supplemented with 0.2 % BSA in 96-well round bottom plates on ice. For each
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sample, two dilution series were carried out to perform duplicate determinations of the viral load.
MDCK cells were washed with PBS twice. Afterwards, 150 ul of sample dilutions were added and
incubated for 45 min with regular shaking every 10 min. Sample dilutions were discarded and 1 ml
Avicel-overlay medium (see Table 2-6) was added to each well. After 48 h incubation at 37 °Cand 5 %
CO,, cells were washed with PBS twice and 0.1 % crystal violet staining solution was used to visualize

and count plaques.

2.2.2.3 Calculation of viral titer

To determine the viral load of lung and BAL samples, the number of PFU per millilitre was calculated

using the following formula:

number of plaques

PFU/ml =
0.15 x dilution factor (10%))

2.2.3 Flow cytometry

Single cell suspensions obtained from different organs (2.2.1.5 b)) were split into two fractions of 1x108
cells each. If the suspension was less than 2x10° it was distributed equally. One fraction was used for
staining Panel |, the second fraction for Panel Il (listed in 2.1.1). For detection of cytokines within Panel
Il, cells were incubated in vitro with 1 pug/ ml lonomycin and 10 ng/ ml PMA in VLE RPMI 1640 with
glutamine supplemented with 10 % (vol/ vol) fetal calf serum (FCS), 100 U/ mL penicillin and 100 mg/
mL streptomycin for 4 h at 37 °C. To block cytokine secretion, 2 ug/ ml Brefeldin A was added after 2

h to the medium.

2.2.3.1 Live-Dead and tetramer staining

Cells were washed once with 700 pl cold PBS and centrifuged at 300 g for 4 min at 4 °C. Then, FCR block
(1:1000) and live dead staining (1:100) was carried out in 100 pl PBS for 15 min at 4 °C. Afterwards,
cells were washed in 700 pl FACS buffer and centrifuged at 300 g for 4 min at 4 °C. The supernatant
was discarded. For staining IAV-specific CD8* T cells, cells were incubated with MHC | Tetramers (listed
in Table 2-5) in 100 pl FACS buffer for 30 min at room temperature in the dark. Cells were washed once

as described above.
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2.2.3.2 Surface and intracellular staining

Surface staining was prepared in 100 pl FACS buffer and added to the cells for 10 min at 4 °C in the
dark. Cells were washed once in 700 ul to remove unbound antibodies and centrifuged at 300 g for 4
min at 4 °C. The supernatant was discarded. For intracellular staining of Panel | (CD4) and Panel Il (CD4
and cytokines), cells had to be fixated.

Cells of Panel | were fixed and stained using the FoxP3 Staining Buffer Set (Miltenyi) according to
manufacturer’s protocol. In brief, cells were fixed with 500 ul Fix/perm solution for 30 min at 4 °C in
the dark. Then, cells were washed once with 700 pl FACS buffer and afterwards once with 500 ul 1x
Perm solution. Cells were centrifuged at 500g for 4 min at 4 °C and supernatant was discarded.
Intracellular staining mix was prepared in 100 pl 1x Perm solution and added to the cells for 30 min at
4 °C in the dark. Incubation was stopped with 500 ul 1x Perm solution. Cells were centrifuged and
stored in FACS buffer at 4 °C until measurement.

Cells of Panel Il were fixed and permeabilized using Fixation and Permeabilization Solution (BD
Biosciences) and Intracellular Staining Permeabilization Wash Buffer (Biolegend) according to
manufacturer’s protocol. In brief, cells were incubated in 250 ul Fixation and Permeabilization Solution
for 30 min at 4 °C in the dark. Afterwards, cells were washed twice with 700 ul Intracellular Staining
Permeabilization Wash Buffer and centrifuged at 500 g for 4 min at 4 °C. Supernatant was discarded.
Staining mix was prepared in 100 pl Intracellular Staining Permeabilization Wash Buffer. Cells were
stained for 30 min at 4 °C in the dark, washed as described before and stored in FACS Buffer at 4°C

until measurement.

2.2.3.3 Analysis and gating strategy

Flow cytometry data were acquired using an LSRFortessa and BD FACSDiva software v8.0.2. The
configuration of the machine can be found in the appendix (Table 6-1). Subsequent analysis was carried
out using FlowJo v10 software. The gating strategy can be found in Fig. 2-1. Doublets and cell debris
were excluded from the analysis based on size and granularity by applying gates of different forward
and sideward scatter combinations. To obtain living T cells, in Panel | live-dead staining negative and
TCRb positive gates were applied in a two-step process (Fig. 2-1 A) whereas in Panel Il gating was
carried out in one step (Fig. 2-1 B). Within living T cells, CD4* T cells and CD8" T cells were obtained by
their marker respective marker expression. In addition, CD8* T cells were further divided into IAV-spec.
T cells which were stained with NP and PB1 MHC Class | tetramers. Then, analysis of markers of interest
(Panel I: CD44, CD62L, CD103; Panel II: IFN-y, GranB, IL-2) was carried out on CD4* T cells, CD8* T cells

and IAV-spec. CD8"* T cell respectively.
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Figure 2-1 Gating strategy for flow cytometry analysis. A First, doublets and cell debris were removed by excluding events
based on their size and granularity based on gates set in forward and sideward scatters. Then living T cells were obtained by
gating first on Live-dead staining (LD) negative cells and subsequently on T cell receptor beta (TCRb) positive cells. T cells
were further divided into CD4* T cells, CD8* T cells and Influenza A virus (IAV)-specific CD8* T cells which are positive for
nucleoprotein (NP) or polymerase basic protein 1 (PB1) tetramer staining. Based on those parental populations, subsequent
analysis of marker of interest as carried out including CD44 CD62L and CD103 in Panel | and cytokines interferon y (IFN-y),
granzyme B (GranB) and interleukin 2 (IL-2) in Panel Il. B Gating on living T cells was performed in one gating step in Panel Il.

2.2.4 Multiplex protein analysis

Chemokine and cytokine content of BAL, obtained during preparation (2.2.1.5 b), was quantified using
MILLIPLEX Map Mouse Cytokine/Chemokine Magnetic Bead Panel 25-plex Immunology Multiplex
Assay according to the manufacturer’s protocol. BAL samples were diluted 1:2. Washing was carried
out using the magnetic bead-based assay wash program of the Bio-Plex Pro wash station according to
the manufacturer’s protocol. Samples were measured on the Bio-Plex 200 system with HTF (high

throughput fluidics) and analysed with Bio-Plex Manager software version 6.2.
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2.2.5 Imaging mass cytometry (IMC)

IMC is technique that allows spatial detection and analysis of up to 40 markers with metal-labelled
antibodies on tissue sections. It therefore combines mass cytometry with histology and allows to study

local cell accumulation and interaction in the tissue microenvironment.

IMC procedure and analysis was carried out and kindly provided by Juliette Johnson from the
Translational Immunology group at the Berlin Institute of Health at Charité. The here presented IMC
data are also included in her master thesis APPLYING SPATIAL ANALYSIS TO UNRAVEL THE ROLE OF
TCAIM AS A MODULATOR OF THE LOCAL IMMUNE RESPONSE DURING INFLUENZA A VIRUS INFECTION,

submitted to Freie Universitat Berlin in July 2024.

a) Staining and measuring of samples

In brief, tissue micro arrays (TMAs), each containing samples from all experimental groups and time
points, were generated from formalin fixed and paraffin embedded lungs (2.2.1.5 ¢). In addition, each
TMA contained a control tissue from the same lung sample to correct for batch effects. As the IAV
infects only single lobes and not the whole lung, haematoxylin & eosin (H&E) staining was applied to
ensure that only infected regions were selected for TMA generation. H&E staining was performed at
the iPATH Core Facility at Charité Benjamin Franklin. Regions were examined for morphological criteria
including leukocyte infiltration, alveolar edema and haemorrhages by Dr. Sandra Kunder from the
Veterinary Pathology department of the Freie Universitat Berlin. Per Mouse two regions were punched
to obtain 2 mm cores for TMA generation and subsequent IMC analysis.

TMAs were cut into 4 um thick slices, mounted on slides, baked 1h at 60 °C and covered with paraffin
for storage until staining by the iPATH Core Facility at Charité Benjamin Franklin. On the day of IMC
staining, slides were de-paraffinized twice with xylene and rehydrated with an ethanol series: 100%,
100%, 95%, 80% and 70%. After two washes with distilled water, slides were incubated in Antigen
Retrieval Buffer (10 mM Sodium citrate, 0.05% Tween 20, pH 6.0) for 30 min at 95 °C. The slides were
cooled down in ice water and subsequently rinsed once with distilled water and once with PBS-T (0.1%
Tween). Next, blocking was carried out for 1 h using PBS supplemented with 5% BSA. Metal-labelled
antibody mix was prepared in 1% BSA/PBS-T buffer and slides were incubated over night at 4 °C. A list
of used antibodies can be found in the appendix (Table 6-2). All antibodies were tested in
immunohistochemistry beforehand. To obtain metal-conjugated antibodies, Maxpar Antibody
Labeling Kits (Fluidigm) were used. Metal-labelled antibodies were titrated on murine lung and spleen
tissue before staining of primary samples. The next day, slides were washed twice with PBS-T and twice

with PBS. To stain DNA, slides were incubated with Intercalator-Iridium in PBS for 30 min at room
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temperature. Then, slides were washed in PBS, dipped into distilled water and air-dried for storage
until ablation.

Ablation of regions of interest (ROI) was performed at the BIH Cytometry Core Facility using a Hyperion
Imgaing System (Standard BioTools) with a resolution of approximately 1 um per pixel. Generated raw

MCD files were exported for downstream processing and analysis.

b) Data processing and analysis

In brief, visual analysis of marker expression was carried out using the MCD Viewer. Brightness and
contrast were subsequently changed in Microsoft Power Point. In all images brightness and contrast
were increased by 40% each.

For quantitative analysis, the pre-processing and cell segmentation was done using the Steinbock
pipeline and the Mesmer algorithm?*®, Data was imported into R for further analysis. Here, clustering,
dimensionality reduction and visualisation were performed using the SPECTRE package. The data
presented within this study were gated on T cells characterized as CD45* and CD3* cells. Then, marker
signals was arcsinh-transformed with a co-factor of 2. Before clustering and dimensionality reduction,
data were z-score normalized. Clustering was performed using Phenopgraph. Subsequently, clusters
were presented in a uniform manifold approximation and projection (UMAPs) and marker expression
of clusters were visualized in a heatmap (Appendix, Fig. 6-1) for cluster annotations.

To study different sites of the lung tissue separately, masks were generated that allow to define the
areas around the vessel and bronchioles. Therefore, pixel-based training was applied on previously
CellProfiler cropped images in llastik based on CD31 and EpCAM markers. Calculated probabilities
based on the training were exported for the whole ROIs. Postprocessing and calculation of Euclidean
distances was carried out in Imagel. Due to high background in CD31 staining, artefacts were identified

by checking raw signal images and removed manually.

2.2.6 Single cell RNA sequencing (scRNAseq)

2.2.6.1 Sample multiplexing

For sample multiplexing, cells were hash-tagged with unique barcode-antibodies that bind to the
ubiquitously expressed surface markers CD45 and H-2 MHC Class | on cells. To determine the optimal
labeling dilutions on lung derived single cell suspensions, CD45 and MHC Class | hashtag antibody
clones were previously tested in flow cytometry following the surface staining protocol described
earlier (2.2.3.2).

1x10° lung derived single cell suspension obtained in 2.2.1.5 d) were transferred to DNA LoBind tubes

and centrifuged at 400 g for 5 min at 4 °C. The supernatant was discarded and cells respuspended in

29



49.5 ul multiplex buffer (see Table 2-6). Then, 0.5 ul FcR block was added, gently mixed and incubated
for 10 min at 4 °C. TotalSeq Hashtag antibodies (listed in Table 2-4) were diluted 1:250 in multiplex
buffer and centrifuged at 14000 g for 10 min at 4 °C. 50 ul of the supernatant were added to the
blocked cells which led to a final antibody dilution of 1:500. After a 30 min incubation at 4 °C, cells
were washed once in 3.5 ml PBS supplemented with 0.04 % BSA and three times in 3.5 ml PBS
supplemented with 1 % BSA. Centrifugation steps were carried out at 400 g for 5 min and 4 °C. Cells
were counted using Neubauer chambers and equal amounts of cells from two samples were mixed.
Multiplexed cell suspension was counted again, cell concentration was adjusted to 1x103 cells / pl with
PBS containing 1 % BSA and cells were stored on ice until further processing for single cell RNA

sequencing.

2.2.6.2 Library preparation and sequencing

Multiplexed samples were then loaded with target cell recovery of 5000 to 15000 cells per lane on the
10x Genomics Chromium Controller. Subsequent reverse transcription, complementary DNA (cDNA)
amplification and library preparation were performed using the Chromium Next GEM Single Cell
3’Reagent Kits v.3.1 following the manufacturer’s protocol.

Quantification was performed using Qubit system and Agilent 4200 TapeStation was used for quality
control of generated cDNA and libraries. Sequencing of generated libraries was performed at the

Genomics Facility of Berlin Institute for Medical Systems Biology in Berlin.

2.2.6.3 Data processing and analysis
Raw sequencing data processing using Cell Ranger software (10x Genomics) and de-multiplexing was
carried out by Dr. Olufemi Bolaji from the Translational Immunology group at the Berlin Institute of
Health at Charité. Quality control, clustering and further analysis were performed using the Seurat R
package. Low-quality cells were removed by applying following criteria:

number of features >200

number of features <5000

percentage of mitochondrial genes >9%

number of counts per cell >20000

Then, data were normalized (NormalizeData function), feature selection of highly variable genes for
downstream analysis (FindVariableFeatures Seurat function) and scaling (ScaleData function) was
carried out. Subsequently, principal component analysis (PCA; runPCA function) was performed and

based on the Elbowplot, manifold approximation and projection (UMAP) was generated for first 20
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principal components (PCs). To correct for batch effects occurring between different libraries and time
points (d5 and d45 p.i.), data were integrated using the FindintegrationAnchors and IntegrateData
functions of Seurat. Clustering was performed on integrated and scaled data by applying
FindNeighbors (reduction = ”“pca”, dims = 1:20) and FindClusters (resolution = 0.25) functions of
Seurat. Briefly, the functions calculate a K-nearest neighbor (KNN) graph based on the Euclidean
distance in PCA space considering the first 20 PCs and cluster cells based on Louvain algorithm.

As T cells are the main focus of this study, the T cell clusters (expressing CD3) were subsetted for further
analysis. T cells subset (approx. 31000 cells) was rescaled and identification of variable genes, PCA and
UMAP based on the first 20 PCs were carried out. Then, clustering was performed with a resolution of
1.5. Clusters were merged based on similar gene expression seen in dotplot analysis and heatmap
based on top 10 differentially expressed genes (DEG; FindMarkers function). In addition, clusters that
were contaminations from other cell types were excluded from downstream analysis.

From final 15 T cell clusters, top10 DEG were calculated (Appendix Table 6-3). Cluster were annotated
based gene expression of top5 DEG and IMC markers presented in Fig. 3-7.

For DEG and gene set enrichment analysis (GSEA), CD4* and CD8* T cells were subsetted based on their
expression Cd8a and Cd4 expression and pseudo-bulk samples were generated based all cells of on the
respective experimental group. Then, pseudo-bulk samples were normalized and modelled according
to DESeq?2 pipeline!*. In addition, GO enrichment analysis was carried out with enrichR package using
"GO_Biological_Process_2018" database and selected genes from DEG analysis (p-value <0.05 and
baseMean >20). Tested gene lists for GSEA are listed in the appendix (Table 6-4). Fgsea package was
used to perform GSEA.

All above mentioned R packages are listed in Table 2-14.

2.2.7 Hemagglutination inhibition (HAI) assay

The HAI assay was used to quantify neutralizing antibodies (AB) in the blood plasma of infected mice.
IAV is binding to sialic acid receptors on red blood cells thereby inducing agglutination. The presence
of HA-specific AB in the plasma prevents the agglutination of red blood cell and thus serves as a

quantification of neutralizing AB.

HAI assay was performed by Dr. Jakob Trimpert at the virology department of the Freie Universitat

Berlin.

In brief, plasma was treated with periodate solution to inactivate non-specific binding. Then, serial
dilutions of pre-treated plasma are incubated with 1AV (PR8) for 30-40 min to allow binding of

neutralizing AB to virus particles. Finally, a 0.5 % solution of red blood cells derived from chicken were
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added and incubated for 30 min. The reciprocal of the last dilution which prevented agglutination was

determined as the AB titer.

2.2.8 Statistics and data visualization

Illustrations were created in BioRender or Microsoft PowerPoint. Statistical testing and data
visualization were performed either in GraphPad Prism 8 or R using functions implemented in the
gglot2 or ComplexHeatmap packages. Data are represented as boxplots with whiskers from min to
max, scatter dot plots with mean and standard deviation (SD) and truncated violin lots from min to
max. Weight curves were depicted as scatter dot plots with mean and standard error (SEM). Graph
data points symbolize biological replicates with the exception of IMC data which symbolize ROl with a

maximum of two per mouse.

Statistical significance, used statistical tests and experimental samples sizes are indicated in the
respective figure legend. Datasets were tested for normal distribution using ShapiroWilk test and
accordingly parametric or non-parametric test were applied. Multiple t-test were corrected by

Benjamini-Hochberg. A p-value or adjusted p-value of < 0.05 was considered as significant.
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3. Results

3.1 Lung infiltration and intra-tissue migration is hampered in TCAIM overexpressing
T cells

3.1.1 Expanded TCAIM overexpressing T cells fail to infiltrate the lung

Previous in vitro experiments revealed that TCAIM overexpressing T cells were able to respond to
activating signals but failed to acquire full effector T cell phenotype!3?!3, |n addition, TCAIM was
shown to interfere in vivo with effector T cell differentiation and accumulation in allogenic skin grafts
that ultimately prevented rejection?*2. However, it is unclear to which extend diminished effector T
cell differentiation will impact a disease outcome in TCAIM overexpressing mice, where a T cell
response is needed for recovery. On the other hand, TCAIM KO was shown to support T cell activation
under suboptimal stimulation conditions in vitro by lowering the activation threshold. Hence, TCAIM
deficiency might also be advantageous in an in vivo setting by promoting early T cell activation and
differentiation. Moreover, we lack knowledge if in vivo memory T cell generation is altered in TCAIM

overexpressing and deficient mice.

To address those open questions, the T cell-specific overexpression or deficiency of TCAIM was tested
in an in vivo IAV mouse model. Here, T cell responses play an important role as the absence of effector
T cells during the acute infection phase impairs viral clearance!®. Furthermore, 1AV infections allow
IAV-spec. memory T cell generation. For the experiments, 12 to 16 weeks old mice of the TCAIM Kl
Cd4Cre and TCAIM KO Cd4Cre mouse strains were used (Fig. 3-1 A). Homozygous (TCAIM Kl or TCAIM
KO) and respective wildtype littermates (wt) were intranasally infected with an IAV dose, that induces
a T cell response but allows viral clearance and recovery. Organs and blood were collected for different
analyses during the acute infection (d3, d5 and d8 p.i.) or after the recovery phase (d45 p.i.). In

addition, uninfected control animals (d0) were used.

First, the question was asked if TCAIM overexpression or deficiency affects T cell infiltration at the side
of infection. Therefore, whole lungs of TCAIM KI Cd4Cre, TCAIM KO Cd4Cre and respective wt
littermates were perfused and collected on dO and d8 p.i., which is the peak of the T cell response.
Flow cytometry analysis was applied to determine frequencies of total CD4* T cell, CD8* T cells or IAV-
spec. CD8* T cells. Latter were defined by MHC class | tetramer antibodies, which are specific for a
peptide sequences of the viral proteins NP or PB1 respectively (Fig. 3-1 B).

Wildtype littermates of TCAIM KI Cd4Cre strain (light grey) showed a significant expansion and T cell
infiltration of CD4* T cells during the acute infection phase indicated by higher CD4* T cell numbers in
the lungs at d8 p.i. compared to the uninfected control animals at dO (Fig. 3-1 C, /eft). In contrast, in

TCAIM Kl mice (blue) no increase in CD4* T cell numbers in the lung at d8 p.i. was found. A similar but
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even stronger pattern was observed for CD8* T cells (Fig. 3-1 C, middle). Whereas CD8* T cell number
in the lungs of TCAIM KI mice at d8 p.i. remained at a comparable level to dO, wildtype mice showed a
profound rise in CD8* T cell numbers compared to uninfected control animals. Not only total CD8* T
cell numbers, but also IAV-spec. CD8" T cells numbers increased strongly in lungs of wildtype
littermates (Fig. 3-1 C, right). There was the tendency of a slightly enhanced lung infiltration of IAV-
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Figure 3-1 T cell expansion and infiltration in the lung is compromised in TCAIM KI Cd4Cre mice. A Schematic overview of
the experimental setup. TCAIM KI Cd4Cre (blue), TCAIM KO Cd4Cre (red) and respective wildtype littermates (light and dark
grey) were infected intranasally with 7PFU (plaque forming units) of IAV/PR8. At d3, d5 and d8 during the acute infection
phase and d45 in the recovery phase mice were sacrificed and organs collected for analyses. B Representative contour plots
of NP and PB1 tetramer staining in CD8* T cells isolated from lungs on d8 p.i. in the different experimental groups. C Boxplots
of cell numbers of CD4* (left), CD8* (middle) and IAV-spec. CD8* T cells (right) at d8 p.i. in the lungs of TCAIM KI Cd4Cre, TCAIM
KO Cd4cCre and respective wild type littermates. n = 6-8. For statistical analyses data were tested for normal distribution and
accordingly, unpaired t-Test or Mann-Whitney test was used to compare d0 and d8 time points of respective experimental
groups.
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spec. CD8* T cells observed in 50 % of TCAIM Kl mice, although numbers were around one log-fold
lower than in samples of wildtype littermates.

TCAIM KO mice (red) and their respective wildtype littermates (dark grey) both showed a similar and
significant increase of total CD4* T cell, total CD8* T cell and IAV-spec. CD8* T cell numbers at d8 p.i.

compared to uninfected control animals on dO (Fig. 3-1 C, left, middle, right).

The lack of CD4*and CD8* T cell accumulation at the side of infection in TCAIM overexpressing mice
raised the question whether the initial T cell activation and expansion in the drLN or the migration and
extravasation into the lung tissue was impaired. During IAV infections, MHC mediated presentation of
antigens to naive T cells by APCs in the lung drLN initiates T cell activation and subsequent clonal
expansion of antigen-specific T cells. Thus, lung-draining lymph nodes of all experimental groups were
collected on dO and d8 p.i. and T cell frequencies determined using flow cytometry analysis.

Interestingly, TCAIM KI mice showed an expansion of CD4* T cells (Fig. 3-2 A, left), total CD8* T cells
(Fig. 3-2 A, middle) and IAV-spec. CD8* T cells (Fig. 3-2 A, right) in drLN on d8 p.i. compared to
uninfected control animals. A similar, but slightly stronger expansion of T cell numbers was observed
in wildtype littermates. This indicated that TCAIM overexpressing T cells are able to respond to
activation signals in drLN, which drive T cell expansion. TCAIM KO and wildtype littermates showed a
similar increase in CD4* T cell, total CD8* T cell and IAV-spec. CD8* T cell numbers upon IAV infection

(Fig. 3-2A, left, middle, right).

After activation and expansion, T cells need to migrate to target tissues to carry out effector functions
at the side of infection. Hence, T cells exit the SLO into the blood circulation for transport throughout
the body. To see if in drLN expanded TCAIM overexpressing T cells were able to enter the blood
circulation for migration to the lung, blood was collected from TCAIM KI Cd4Cre and wt littermates at
d0 and d8 p.i. T cell frequencies were determined using flow cytometry analysis. TCAIM Kl mice showed
the tendency of increased CD4* T cell numbers (Fig. 3-2 B, left) and CD8* T cells (Fig. 3-2 B, right) were
significantly enriched in the blood at d8 p.i. compared to uninfected controls. In contrast, CD4*T cells
of wildtype littermates tended to be reduced at d8. For CD8* T cell, no differences in cell numbers were
observed. In summary, TCAIM overexpressing CD4* T cells, CD8* T cells and IAV-spec. T cells were able
to expand in the drLN upon IAV infection similar to wildtype littermates. However, TCAIM KI T cells
accumulated in the blood at d8 p.i., but failed to migrate to the side of infection indicated by lower T
cell numbers in the lung. A comparable T cell expansion and lung migration was observed in TCAIM KO

and wt littermates.
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Figure 3-2 TCAIM is not interfering with T cells expansion in drLN and egress into the blood. TCAIM KI Cd4Cre, TCAIM KO
Cd4Cre and respective wildtype littermates were infected intranasally with 7PFU of IAV/PRS8. At d8 p.i. drLN and blood were
collected and cells analysed using flow cytometry. A Boxplots showing cell numbers of CD4* (left), CD8* (middle) and IAV-spec.
CD8* T cells (right) at d8 p.i. in the drLN. n = 4-6. B Boxplots showing cell numbers of CD4* (left) and CD8* (right) at d8 p.i. per
100 ul blood. n = 6. For statistical analyses data were tested for normal distribution and accordingly, unpaired t-Test or Mann-
Whitney test was used to compare d0 and d8 time points of respective experimental groups.

3.1.2 Reduced lung accumulation of TCAIM overexpressing T cells is linked to failure in

modulating CD44 and CD62L expression

The previous findings demonstrated that TCAIM inhibits the accumulation of T cells in the lung upon
IAV infection and was therefore intervening with the migratory potential of T cells. Hence, the question
arose if TCAIM influenced the expression of molecules that drive tissue migration. In the drLN, recently
activated T cells need to shed the lymph node homing receptor CD62L from the cell surface to allow
egress into the blood circulation and migration towards peripheral tissues®. As TCAIM overexpressing
T cells were able to enter the blood stream, it was hypothesized that TCAIM does not interfere with
CD62L shedding. Therefore, at d8 p.i. the CD62L expression of CD4* T cells and CD8" T cell in drLN,
blood and lung of TCAIM KI, TCAIM KO and respective wild type littermates was determined by flow

cytometry.
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Wild type littermates of the TCAIM Kl Cd4Cre mice strain showed high frequencies of CD62L expressing
CD4*T cells (Fig. 3-3 Aand B, upper row) in the drLN. As expected, CD62L was shed from the cell surface
upon egress into the blood circulation and stayed at low levels in CD4*T cells isolated from whole lungs.
In TCAIM KI mice, frequencies of CD62L* CD4* T cells in drLN were comparable to wild type littermates
and indeed, shedding was observed in T cells in the blood. Surprisingly and in contrast to wt animals,
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Figure 3-3 CD62L expression is enhanced in T cells in the lungs of TCAIM Kl mice. TCAIM K| Cd4Cre, TCAIM KO Cd4Cre and
respective wildtype littermates were infected intranasally with 7PFU of IAV/PR8. At d8 p.i. drLN, blood and lung were collected
and cells analysed using flow cytometry. A Representative contour plots of CD62L staining in CD4* T cells in the different
experimental groups. B Frequencies of CD62L* of CD4* T cells in the drLN, blood and lung of TCAIM Kl and wild type littermates
(upper row, n = 6-7) or TCAIM KO and wild type littermates (lower row, n = 6). C Representative contour plots of CD62L staining
in CD8* T cells in the different experimental groups. D Frequencies of CD62L* of CD8* T cells in the drLN, blood and lung of
TCAIM Kl and wild type littermates (upper row, n = 6-7) or TCAIM KO and wild type littermates (lower row, n = 6). Mean with
SD is shown. For statistical analyses multiple T-test adjusted with Benjamini-Hochberg were utilized to compare experimental
groups for each collected organ respectively.
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T cells isolated from whole lungs of TCAIM KI Cd4Cre mice showed a rise in CD62L expressing T cells to
levels as high as in drLN. The same observation was made for CD8* T cells (Fig. 3-3 C and D, upper row).
TCAIM KI CD8* T cells showed similar frequencies of CD62L* T cells in drLN and shedding was seen in
blood located T cells but TCAIM overexpressing CD8* T cells in the lung re-induced CD62L surface
expression.

TCAIM KO did not influence the frequencies of CD62L expressing CD4* T cells (Fig. 3-3 A and B, lower

row) nor CD8* T cell (Fig. 3-3 C and D, lower row) in either organ in comparison to wild type littermates.

To enter peripheral tissues, T cells follow tissue specific cues by binding of integrins and selectins that
mediate adhesion and extravasation into the target tissue. The glycoprotein CD44 is expressed on
activated T cells and was found to play a role in cell adhesion as it binds to hyaluronic acid and E-
selectins on the endothelium®™%, To check if the expression of the adhesion molecule CD44 was
influenced by either TCAIM overexpression or deficiency, CD44 expression of CD4* T cells and CD8* T
cell in drLN, blood and lung of TCAIM KI, TCAIM KO and respective wild type littermates was

determined at d8 p.i. by flow cytometry.

CD4* T cells of wild type littermates showed low frequencies of CD44* expressing cells in drLN and
blood, but strongly upregulated CD44 surface expression in the lung (Fig. 3-4 A and B, upper row).
TCAIM overexpressing CD4* T cells had a tendency of already reduced CD44 expression in drLN, blood
and failed to increase the frequency of CD44* CD4* T cells in the lung. A similar pattern was observed
for TCAIM KI CD8" T cells (Fig. 3-4 C and D, upper row). Here, frequencies of TCAIM overexpressing
CD44* CD8* T cells in the lung were significantly reduced compared to wild type littermates. TCAIM KO
mice and respective wild types were found to have no differences in CD44* T cell frequencies in CD4*

T cells (Fig. 3-4 A and B, lower row) nor CD8"* T cells (Fig. 3-4 C and D, lower row) in all organs.

Taken together, TCAIM overexpression was shown to interfere with the expression of proteins
involved in T cell migration. Although the lymph node homing receptor CD62L was shed from the
surface for exit into the blood circulation, high expression in the lung might drive circulation of TCAIM
KI'T cells back to SLO.

Already in drLN and blood the trend towards a lower CD44 expression of CD4* and CD8* TCAIM KI T
cells was observed. Surprisingly, as some cells were able to extravasate, the majority of T cells analyzed
in the lung failed to upregulate CD44 surface expression as well. CD44 expression is also well known
as an activation marker indicating effector T cell differentiation. In previous in vitro studies, TCAIM KI
was shown to impair CD44*CD62L effector T cell differentiation. Hence, reduced CD44 surface
expression in TCAIM overexpressing lung T cells shows an inhibited ability to acquire an effector

phenotype. TCAIM KO did not interfere with CD62L nor CD44 expression.
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Figure 3-4 TCAIM prevents upregulation of CD44 surface expression in the lung. TCAIM K| Cd4Cre, TCAIM KO Cd4Cre and
respective wildtype littermates were infected intranasally with 7PFU of IAV/PR8. At d8 p.i. drLN, blood and lung were collected
and cells analysed using flow cytometry. A Representative contour plots of CD44 staining in CD4* T cells in the different
experimental groups. B Frequencies of CD44* of CD4* T cells in the drLN, blood and lung of TCAIM Kl and wild type littermates
(upper row, n = 6-7) or TCAIM KO and wild type littermates (lower row, n = 6). C Representative contour plots of CD44 staining
in CD8* T cells in the different experimental groups. D Frequencies of CD44* of CD8* T cells in the drLN, blood and lung of
TCAIM Kl and wild type littermates (upper row, n = 6-7) or TCAIM KO and wild type littermates (lower row, n = 6-). Mean with
SD is shown. For statistical analyses multiple T-test adjusted with Benjamini-Hochberg were utilized to compare experimental
groups for each collected organ respectively.
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3.1.3 TCAIM deficiency enhances accumulation of T cells across the whole lung tissue

To carry out their effector function at the side of infection, T cells need to exit the vasculature, migrate
through the lung tissue and locate at the bronchioles. Here, IAV replicates and spreads further, mainly
within epithelial cells of the airways. T cell mediated killing of infected epithelial cells is limiting viral
spread, but effector function itself can also cause collateral tissue damage®®!!, Thus, intra-tissue
location and migration of T cells is important to ensure immune response takes place at the correct
tissue site.

Although TCAIM KO mice did not show a higher infiltration of the whole lung tissue in flow cytometry
analysis, it could be that they especially infiltrate the sides of local inflammation and virus replication.
While TCAIM overexpression diminished T cell accumulation in the lung, a small fraction of T cells was
found to extravasate and infiltrate the tissue. Here, it is of interest, where TCAIM KI T cells reside within
the lung and if they are able to migrate throughout the tissue to reach the side of active viral
replication.

To study infiltration at the side of infection and local distribution of infiltrating T cells, imaging mass
cytometry (IMC) was applied. Here, metal-labeled antibodies stain proteins on sectioned tissue
samples and allow multiplex imaging. TCAIM Kl, TCAIM KO and respective wild type animals were
infected with IAV and lungs were collected at d3 and d8 p.i. and formalin fixed and paraffin embedded.
The IAV infection does not spread into all lung lobes. Instead single lobes are affected®®2. To guarantee
that analyzed areas are from infected tissue, H&E staining was utilized to localize areas of ongoing
infection and two areas of those regions of interest (ROIs) per mouse were analyzed by IMC. IMC
staining and analysis was carried out by Juliette Johnson (Translational Immunology group at the Berlin

Institute of Health at Charité).

First, the overall degree of T cell infiltration into the lung tissues was determined by calculating the
number of CD3* cells per 100sqare-pixel (sqpx) to account for different sizes of accessible tissue for
the IMC measurement. As previously seen in flow cytometry analysis, TCAIM Kl mice did not increase
T cell numbers from d3 to d8 p.i., whereas wt littermates showed a significant infiltration of T cells on
d8 p.i. (Fig. 3-5 A). Importantly, TCAIM deficient T cells showed a pronounced accumulation of T cells
on d8 p.i. (Fig.3-5A).

Next, it was of interest to study where lung infiltrating T cells are located within the lung tissue at d8
p.i.. In Fig. 3-5-B exemplary pictures are shown. The vessels are marked by CD31 expression of
endothelial cells (yellow), the bronchioles by EpCAM expression of epithelial cells (cyan) and T cells are
depicted by the CD3 signal (red). It appears that fewer TCAIM overexpressing T cells are located within
the lung and seemingly prefer to accumulate around the vessels. This pattern reminded of the

perivascular niche, which is characterized by the accumulation of immune cells upon infection and in

40



tumor context®®3. In contrast, wt T cells were found to accumulate around the vessels and bronchioles,
whereas T cells of TCAIM KO mice seemed to be distributed throughout the whole tissue. To obtain
statistical evidence, masks were generated that allow to analyze specific areas of the lung tissue (Fig.
3-5 C). Therefore, CD31 and EpCAM signals were used to mark the endothelial cells of the vessel (red)
and epithelial cells of the bronchioles (blue) respectively. The perivascular and peribronchi niches are
region of accelerated immune cell accumulation. Hence, the median distance of T cells to the nearest
twelve non-immune cells was utilized to determine the size of the niches. At 30 pixel distance from the

vessel, the median distance to non-immune cells plateaued and marked the end of the niches.
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Figure 3-5 Accumulation of TCAIM deficient T cells is increased throughout the lung tissue. TCAIM KI Cd4Cre, TCAIM KO
Cd4Cre and respective wildtype littermates were infected intranasally with 7PFU of IAV/PR8. At d3 and d8 p.i. lungs were
collected, formalin fixed paraffin embedded and analysed using imaging mass cytometry. A Boxplots showing T cell numbers
per 100 square pixel (sqpx), n = 6-8. B Exemplary lung tissue pictures of d8 p.i. samples representing T cell accumulation
patterns (CD3, red) in the tissue, around the vessels (CD31, yellow) or bronchioles (EpCAM, cyan). C Exemplary mask depicting
rim areas around vessels or bronchioles. D T cell accumulation per 100 sqpx in the vessel rim (left), the outside area (middle)
and bronchiole rim (right) on d8 p.i., n = 5-8. N numbers are representing regions of interest (ROIs) with a maximum of two
per mouse. For statistical analyses data were tested for normal distribution and accordingly, unpaired t-Test or Mann-Whitney
test was used to compare d3 and d8 time points or respective experimental groups.
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Consequently, a 30 pixel large rim was generated around the vessels and bronchioles. The area outside
of the rims is composed of interstitium and alveolar spaces. Finally, T cell numbers per 100 sgpx were
calculated for each distinct lung area.

Analyzing the T cell numbers of the determined tissue region revealed that TCAIM overexpressing T
cell accumulation did not differ around the vessel compared to wild type littermates (Fig. 3-5 D, left),
but were significantly reduced in the outside area (Fig. 3-5 D, middle) and at the bronchioles (Fig 3-5
D, right). This indicates a disadvantage of T cells to leave the perivascular niche and further migrate
throughout the lung tissue in TCAIM Kl mice. As already proposed based on the representative image,

TCAIM KO T cells show enhanced accumulation in all areas (Fig. 3-5 D).

3.2. Reduced intra-tissue accumulation and function of effector T cells in lungs of

TCAIM KI mice

So far the data revealed a reduced lung infiltration of TCAIM overexpressing T cells and a decreased
ability to leave the perivascular niche. Now, the question arises what causes this disadvantage in
TCAIM Kl mice and what drives the broad tissue accumulation in TCAIM KO mice. E.g. which
phenotypical and molecular differences enable the T cells for migration throughout the tissue. The
reduced expression of CD44 and impaired effector T cell differentiation in previous in vitro studies
already suggests that only differentiated CD44* T cell might be able to leave the perivascular space.
Therefore, first IMC analysis was utilized to study phenotype of T cell populations in the lung and their
spatial distribution. Then, scRNAseq analysis was carried out to study molecular differences that cause

the alterations in migratory potential of TCAIM overexpressing and deficient T cells.

3.2.1 Expansion of effector T cells and intra-tissue accumulation is abrogated in TCAIM KI

mice

For studying the phenotype and spatial distribution of T cell population, T cells measured in IMC were
clustered and annotated based on their specific marker expression (Fig. 3-6 A and Fig. 6-1). Then, cell
numbers per 100 sqpx were calculated for individual clusters.

To check, whether an effector phenotype including CD44 expression is associated with tissue
accumulation and migration during IAV infection, the clusters CD8* CD25* CD44* CD137* (Fig. 3-6 B and
C) and CD8*CD127* CD44* CD137* (Fig. 3-6 D and E) were analyzed. CD25 is the alpha chain of the IL-
2 receptor, thus important for receiving survival and proliferation signals’>#!*>. CD127 and CD137 are
molecules only expressed on activated T cells®®. Therefore, the chosen clusters represent activated

effector T cell populations. T cells from both clusters were expanding on d8 compared to d3 in TCAIM
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KO mice and wild type littermates, whereas accumulation was abrogated in TCAIM Kl mice (Fig. 3-6 B,
C, D, E, left panels). In addition, TCAIM overexpressing T cells of the CD8* CD25* CD44* CD137* cluster
were significantly reduced in all tissue areas (Fig. 3-6 B, right panel).

Although predominantly CD8" T cells are infiltrating the lung during IAV infections, also CD4* T cells are
accumulating at the side of infection. For instance, Tregs are shaping the immune response locally and
therefore migrate to the lung. Indeed, activated Treg numbers per 100 sqpx are increased in wild type
littermates but not TCAIM Kl mice and accumulation was reduced in all tissue areas (cluster CD4*
FoxP3*CD25* CD137* Fig 3-6 F). In contrast, TCAIM deficient Tregs showed a strong expansion on d8
p.i. (Fig 3-6 G). Interestingly, CD4* CD16* T cells were enriched only in TCAIM KO mice (Fig. 3-6 Hand |,
left panel) and they tended to accumulate in the outside area (Fig. 3-6 |, right panel). CD16*T cells have
been described recently in severe patients of Covid-19'%%, highlighting their contribution to tissue
damage and disease severity in viral infections.

Those findings showed that TCAIM Kl mice did not expand effector T cell populations in the lung which
consequently were found to a lesser extend in the different lung areas. This suggests that the
acquisition of a proper effector phenotype might be necessary to further migrate throughout the lung

tissue.
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Figure 3-6 Impaired expansion and intra-tissue accumulation of CD44* effector T cells in TCAIM KI mice. TCAIM KI Cd4Cre,
TCAIM KO Cd4Cre and respective wildtype littermates were infected intranasally with 7PFU of IAV/PRS8. At d3 and d8 p.i. lungs
were collected, formalin fixed paraffin embedded and analysed using imaging mass cytometry. A UMAP and cluster-overview
of T cell space measured in IMC analysis. Cells per 100 square pixel (sqpx) on d3 and d8 p.i. and in the different lung tissue
areas (vessel rim, outside area and bronchiole rim) on d8 p.i. are shown for clusters B+C CD8+ CD25+ CD44+ CD137+, D+E
CD8+ CD127+ CD44+ CD137+, F+G CD4+ FoxP3+ CD25+ CD137+ and CD4+ CD16+. n = 5-8. N numbers are representing regions
of interest (ROIs) with a maximum of two per mouse. For statistical analyses data were tested for normal distribution and
accordingly, unpaired t-Test or Mann-Whitney test was used to compare d3 and d8 time points or respective experimental
groups. Scatter dot plots are showing mean with SD. For statistical analyses multiple T-test adjusted with Benjamini-Hochberg
were utilized to compare experimental groups for each tissue area respectively.

3.2.2 Failed acquisition of effector and migration gene signature in TCAIM overexpressing

T cells

To unravel the molecular differences that might drive the observed reduced infiltration and intra-tissue
migration in TCAIM KI mice and a higher and broader tissue distribution of TCAIM deficient T cells,
scNAseq was applied. TCAIM KI, KO and respective wild type littermates were infected with IAV intra-
nasally. On d5 p.i, BAL was performed. After perfusion lungs were collected, processed to obtain single
cell suspensions and total amount of cells per lung was determined by cell counting. Then, single cells
were used for single cell RNA sequencing. Infection success was verified by plaque assay analysis of
BAL samples. Four wild type animals neither showed any virus in the BAL nor clinical symptoms and
therefore are referred to as uninfected dO samples. First, cluster analysis was performed to compare

changes in T cell populations to IMC analysis.

Unsupervised clustering of T cells led to 15 distinct T cell clusters here visualized in a uniform manifold
approximation and projection (UMAP, Fig. 3-7 A). To confirm that CD4*, CD8* and y&6 T cells
subpopulations cluster separately, gene expressions of the marker genes Cd3e, Trdc, Cd4 and Cd8a
were plotted on the UMAP (Fig. 3-7 B). For cluster annotation, the top 5 differentially expressed genes
per cluster were used (Fig. 3-7, A and C). Knowing the total amount of cells per lung and the frequency
of the T cell clusters allowed the calculation of total T cell counts for the individual clusters. Those total
T cell numbers were then z-score normalized and presented in a heatmap ordered by the clusters (Fig.
3-7 D). Statistical analysis found only one significantly increase when comparing the experimental
groups to the uninfected wild type group. This might be due to few replicates and high variation within
the groups. Nevertheless, some tendencies were observed and will be introduced hereafter. T cell
numbers of clusters 7, 8 and 11 tended to be higher at d5 p.i. in comparison to dO uninfected animals

indicating those clusters might be induced by the viral infection (Fig. 3-7 D and E).
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Figure 3-7 TCAIM promotes yé-T cells but dampens regulatory T cell infiltration. TCAIM K| Cd4Cre, TCAIM KO Cd4Cre and
respective wildtype littermates were infected intranasally with 7PFU of IAV/PRS. At d5 p.i. lungs were collected for scRNAseq
analysis. A UMAP of T cell clusters and B highlighted expression of Trac Trdc, Cd4 and Cd8a. C Dotplot showing average gene
expression, sclaed per gene, of top5 differntial expressed genes of clusters and markers included in previous IMC analysis
indicated with red dot. D Heatmap of z-score normalized cell numbers per cluster and respective experimental group and E
cell numvers of selected lusters shown as boxplots. For statistical analyses multiple T-test adjusted with Benjamini-Hochberg
were utilized to compare experimental groups (n = 5) to the d0 wild type control group (n = 4).

T cells from cluster 7 are CD8" whereas cluster 11 is composed of CD4* T cells. Both clusters show a
strong upregulation of ISG like Isg15, Ifit1 and Ifit3 (Fig.3-7 C)*’. This finding reveals that TCAIM
overexpressing T cells are able to respond to type | interferon signaling. Surprisingly, T cell numbers of
cluster 8 were lower in Tcaim KO mice indicating a reduced expansion of CD4"ISG* T cells on d5 p.i.
Cluster 8 cluster is a mix of CD4*and CD8" T cells expressing the genes Stmn1 and Mki67 known for
their role in cell proliferation. Here, TCAIM KI mice showed no expansion of T cell numbers whereas
there was a slight increase in wild type littermates. The expansion of cells within ISG* clusters indicates
that TCAIM overexpressing T cells might be able to respond to IFN signaling in the lung but fail to
acquire the effector phenotype for intra-tissue migration seen in IMC analysis.

TCAIM KO showed a tendency of higher T cell numbers in cluster 12, which is a CD4* T cell cluster
expressing Cxcr6 and Ifng. CXCR6 is a chemokine receptor described for tissue resident memory T cells
(Trm) cells and positioning of T cells within peripheral tissues hinting towards persistency within the

tissue and might also explain the broad tissue distribution seen in IMC analysis'*®

. Importantly,
scRNAseq data revealed reduced T cell numbers in cluster 14 in TCAIM Kl mice compared to wild type
littermates on d 5 p.i. Cluster 14 is a CD4* T cell cluster with a Treg gene signature indicated by FoxP3
expression. Hence, TCAIM overexpression not only impairs infiltration of conventional T cells seen in
flow cytometry analysis, but also inhibits Treg accumulation and local lung expansion, which was also
seen in the IMC analysis. In contrast, TCAIM overexpression enhanced the cell count per lung of cluster
16, which is composed of y& T cells. This was not seen in IMC analysis, as no y& T cells marker was

included. One could speculate that the increase in y& T cells acts as a compensatory mechanism

counterbalancing the missing ap T cell infiltration in the lungs of IAV infected TCAIM KI animals.

So far, the scRNAseq analysis revealed tendencies in T cell population that were in line with IMC
analysis. To find genes or a gene signature that might explain the altered migration potential,
differentially expressed gene analysis (DEG), gene ontology (GO) term and gene set enrichment
analysis (GSEA) for CD4* and CD8* T cell respectively.

DEG analysis of TCAIM Kl and wild type littermates revealed three differentially expressed genes in
CD4* T cells (Fig. 3-8 A). TCAIM overexpressing CD4* T cells showed a higher gene expression of Bc/2
(B-cell lymphoma 2), described for playing a role in cell survival®*®, and Ppp1r21 (Protein Phosphatase
1 Regulatory Subunit 21), a regulator of protein phosphatase 1, which is involved in cell division and

glycogen metabolism?%16! |nterestingly, BCL2 is a mitochondria localized protein that has been shown
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Figure 3-8 Decreased expression of genes playing a role in T cell differentiation and migration in CD4* TCAIM
overexpressing T cells. SCRNAseq data of CD4* T cells of TCAIM Kl and wild type littermates on d5 p.i.. A Volcano plot showing
the differential expressed genes (DEGs) for TCAIM Kl vs. wild type littermates on d5 (DE parameters: log2FC = 0.25, min.pct
=0.1, left) and boxplots of selected genes from DEG analysis (right). B GO enrichment analysis and selected genes playing a
role in C T cell activation and differentiation and D cell migration. E Gene set enrichment analysis (GSEA) using DEG genes.
Ticks represent genes ranked by log2 fold change. Trend in enrichment score is symbolized as green line. Positive trend
indicates enrichment in TCAIM KI. n = 5.

to also interact with VDAC proteins®®®3, |n addition, Bcl2 is expressed in naive and memory T cells,
but downregulated in effector T cells'®*!%5. Here, Bcl2 expression is high in TCAIM KI CD4* T cells
indicating TCAIM preventing acquisition of an effector cell gene signature that matches the previously
seen inability to upregulate CD44 and inhibited effector T cell differentiation seen in in vitro
experiments. The only significantly lower expressed gene in CD4* T cells of TCAIM Kl mice was ltgb1,
also known as CD29 or integrin B1. CD29 is a subunit of VLA-4, a receptor facilitating cell adhesion and
firm arrest at the endothelium®2. This finding shows that the expression of not only CD44 but other
receptors needed for cell migration are reduced in TCAIM Kl mice, explaining the reduced T cell

infiltration in the lung.

GO term analysis showed an enrichment of GO terms describing pathways of protein translation and
involvement in viral processes in TCAIM overexpressing CD4* T cells including multiple genes encoding
ribosomal proteins e.g. Rpl3, Rps26 (not shown). In contrast, GO terms describing transcriptional and
biosynthetic processes are negatively impacted by the TCAIM Kl (Fig. 3-8 B). Genes repeatedly
contributing are for example Tnfrsf4 (Tumor necrosis factor receptor superfamily, member 4), 1d2
(Inhibitor of DNA binding 2) and Fos. Tnfrsf4, also known as CD134 or OX40, is a co-stimulatory
molecule that is upregulated within the first days upon TCR engagement and supports T cells activation
and differentiation!®®’, Another target of downstream TCR signaling is Fos, a subunit of the
transcription factor Activator protein 1 (AP-1), which regulates the expression of several activation and
cytokine related genes e.g. II-2, Cd25 and Ifng?®. Furthermore, Id2 was shown to be essential for Th1l
effector T cell differentiation?®®. Thus, TCAIM overexpression is interfering with the acquisition of an
activated effector T cell gene signature. That goes alongside the reduced effector T cell infiltration and
expansion seen in IMC, which might be needed to exit the perivascular niche as proposed earlier. In
addition, GO term analysis revealed a reduction of genes involved in leukocyte adhesion and tethering.
Besides ltgb1, the integrins Itga4 (integrin a4 or CD49d, subunit of VLA-4) and Itgb7 (integrin 7) were
contributing to the GO terms leukocyte tethering and rolling and leukocyte adhesion to vascular
endothelial cells. The lower expression of several adhesion and migration molecules further
strengthens the hypothesis of TCAIM dampening the migratory potential of T cells.

In GSEA, interferon alpha response genes were enriched in TCAIM overexpressing CD4* T cells (Fig. 3-
8 C) indicating that TCAIM not only allows to respond towards a virus induced stimulus but enhances

the signaling activity.
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Next, molecular differences within the CD8* T cell of TCAIM Kl and wildtype littermates on d5 p.i. were
analyzed. In line with CD4* T cells, TCAIM overexpressing CD8* T cells showed a higher expression of
Bcl2 in DEG analysis (Fig. 3-9 A). Another gene that is usually downregulated during T cell activation
but is highly expressed in TCAIM KI mice is Slfn1 (Schlafen 1)*7°. Ikzf2 is encoding for the transcription
factor HELIOS, which is well known for its expression in Tregs leading to a lower IL-2 expression by
binding to Foxp3!’!. However, HELIOS expression was also described in exhausted CD8* T cells that
show impaired cytokine production and effector function’2. Those findings further support the idea
of TCAIM affecting the acquisition of a proper effector phenotype. The high expression of Irf7 is
matching the enhanced type | interferon signaling gene signature seen in CD4* T cells.

TCAIM overexpressing CD8* T cells showed a significantly lower expression of the integrin Itgb1 that
was also observed in CD4* T cells. In addition, gene expression of the chemokine receptor Ccr2 was
reduced in TCAIM KI. CCR2 is contributing to T cell migration by its chemotactic properties and is
expressed in activated and memory T cells, but not naive T cells during viral infections’3. Notably, CCR2
deficient T cells were found to have abolished effector function as IFN-y and IL-17 cytokine production
is impaired*’®. Another gene upregulated during T cell activation and involved in effector phenotype is
ICOS. Upon TCR engagement, ICOS is induced in T cells and serves alongside of CD28 as a co-stimulatory
molecule during T cell activation'’®. Although best described for its role in Tfh cells and the GC reaction,
ICOS is also important for CD8* T cell function. Studies found ICOS deficiency is impairing effector T cell
function and memory T cell generation and also reduction of cytokine expressing CD8* T cells in 1AV
infection'’®'’7, Furthermore, the histone encoding genes Histlhlc (H1.2) and Histlhle (H1.4) were
lower expressed in TCAIM Kl. In general, histone expression is associated with various cellular
processes like cell cycle progression and control of gene expression’,

In line with CD4* T cells, GO terms describing translation and viral processes (e.g. Rpl3, Rps26; not
shown) and type | IFN signaling (e.g. Stat2, Ifit3, Isg20) were enriched in TCAIM KI CD8* T cells (Fig. 3-9
B). In addition, GSEA showed enriched interferon alpha response. On the other hand, GO term analysis
revealed a lower expression of genes contributing to transcriptional processes e.g. Id2 and Jun, a
subunit of AP-1. Although GO terms describing adhesion and migration were not amongst the most
reduced GO terms, GSEA showed GOBP LEUKOCYTE ADHESION TO VASCULAR ENDOTHELIAL CELLS to
be reduced in TCAIM KI CD8* T cells (Fig. 3-9 C). Overall, TCAIM overexpressing CD8* T cells were not

able to acquire a proper effector T cell and migratory gene signature.
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Figure 3-9 TCAIM overexpressing CD8* T cells are able to respond to type | IFN signaling but do not show migrationa nd
effector T cell gene signature. SCRNAseq data of CD8* T cells of TCAIM Kl and wild type littermates on d5 p.i.. A Volcano plot
showing the differential expressed genes (DEGs) for TCAIM Kl vs. wild type littermates on d5 (DE parameters: log2FC = 0.25,
min.pct =0.1, left) and boxplots of selected genes from DEG analysis (right). B GO enrichment analysis and selected genes
playing a role in C type | interferon signaling and D T cell activation and differentiation. E Gene set enrichment analysis (GSEA)
using DEG genes. Ticks represent genes ranked by log2 fold change. Trend in enrichment score is symbolized as green line.
Positive trend indicates enrichment in TCAIM Kl. n = 5.

Differences in DEG, GO term and GSEA analysis in T cell from TCAIM KO mice compared to wild type
littermates were found within CD4* T cells but not for CD8* T cells. Among the significantly higher
expressed genes in CD4*T cells in DEG analysis was Cxcr6 (Fig. 3-10 A) that was already been shown to
be expressed in cluster 10, which was enriched in TCAIM KO. The transcription factors Fos/2, a subunit
of AP-1, and Bhlhe40 as well as Rgs2 are upregulated during T cell activation. Higher expression in
TCAIM deficient CD4* T cells at d5 p.i. indicates a faster activation and supports the idea of TCAIM KO
may providing an advantage during T cell activation. Deficiency of those genes was shown to interfere
with T cell activation and cytokine production which strengthens their importance for T cell activation
and differentiation. In addition, Ifng gene expression was increased in TCAIM KO CD4* T cells. Reduced
gene expression was observed for Chil3 (chitinase-like protein 3), normally downregulated during T cell
activation'’®, and GM42418, a long non-coding RNA.

In GO term analysis, heat shock proteins (e.g. Hspa5, Hspala; not shown) contributing to stress
induced GO term e.g. response to unfolded proteins were enriched in TCAIM KO CD4* T cells.
Importantly, also transcription and activation associated GO terms were enriched. Here, amongst

180 are contributing (Fig.

others, Id2, Cd28 and Egr1, a transcription factor downstream of TCR sighaling
3 B). In contrast, reduced expression of genes partaking in the type | interferon signaling was observed

(Fig. 3-10 C).

In summary, TCAIM overexpression allows type | interferon signaling but prevents transcription of
genes involved in migration as well as T cell differentiation, which includes expression of integrins, co-
stimulatory molecules and components of TCR signaling. The opposite was observed in TAIM KO CD4*

T cells. Here, TCAIM deficiency supports an increased expression of T cell activation associated genes.
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Figure 3-10 Increased expression of genes asscciated with T cell activation and differentiation in TCAIM deficient CD4* T
cells. SCRNAseq data of CD4* T cells of TCAIM KO and wild type littermates on d5 p.i.. A Volcano plot showing the differential
expressed genes (DEGs) for TCAIM Kl vs. wild type littermates on d5 (DE parameters: log2FC = 0.25, min.pct =0.1, left) and
boxplots of selected genes from DEG analysis (right). B GO enrichment analysis and selected genes playing a role in C T cell
activation and differentiation and D type | interferon signaling. E Gene set enrichment analysis (GSEA) using DEG genes. Ticks
represent genes ranked by log2 fold change. Trend in enrichment score is symbolized as green line. Positive trend indicates
enrichment in TCAIM KO. n = 5.

3.2.3 Impaired effector T cell gene signature translates into decreased effector T cell

function in TCAIM KI mice

One hallmark of proper effector T cell differentiation is carrying out effector functions like the
production of cytokines and cytotoxic molecules that contribute to the immune response against IAV.
As the scRNAseq analysis of TCAIM overexpressing T cells revealed not only an inhibition of genes
playing a role in cell migration but also genes involved in downstream TCR signaling and T cell
differentiation, it was consequently hypothesized that TCAIM KI T cells might have a reduced effector
function. In contrast, the increased expression especially of Ifng in TCAIM deficient CD4* T cells might

lead to enhanced effector function.

To investigate the functional properties of the T cells, analyses were performed at d8 p.i., as this is the
peak of the infection induced T cell response. First, the IFN-y protein concentration in BAL samples of
TCAIM KI, TCAIM KO and wild type littermate mice was determined using a multiplex protein assay.
Strikingly, TCAIM KI mice had not only reduced but almost absent IFN-y protein concentration in
contrast to wild type littermates (Fig. 3-11 A). TCAIM KO mice did not show higher IFN-y concentration
in the BAL (Fig. 3-11 A).

IFN-y is not exclusively secreted by T cells but can also originate from e.g. NK cells®. Thus, IFN-y
concentrations in BAL cannot be solely attributed to T cells. To see if T cells of TCAIM KI, KO and wt
mice were able to produce IFN-y, cytokine production was measured specifically in CD4*, total CD8*
and IAV-spec. CD8" T cells using flow cytometry. Cells were isolated from infected lungs at d8 p.i. and
re-stimulated in vitro with PMA and ionomycin for 4 h. The addition of Brefeldin A 2 h before the end
of the re-stimulation prevented the secretion of cytokines and allows the intracellular staining and
detection in flow cytometry.

Indeed, TCAIM overexpressing CD4* T cells showed a strong reduction in the frequencies of IFN-y
producing cells compared to wild type littermates (Fig. 3-11 B). However, no difference was observed
in CD8" T cells (Fig. 3-11 C). In contrast, the tendency of reduced IFN-y producing TCAIM Kl IAV-spec.
CD8* T cells was found (Fig. 3-11 C). Surprisingly, the higher Ifng gene expression observed in scRANseq
on d5 p.i. did not translate to increased frequencies of IFN-y producing CD4", total CD8* and IAV-spec.
CD8* T cells in TCAIM deficient mice on d8 p.i. (Fig. 3-11, B and C).
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IFN-y is only one example to study the effector function of lung located T cells. One signature cytokine
of activated CD4* T cells is the cytokine IL-2, which supports T cell expansion and differentiation®. In
CD8* T cells, GranB production is a hallmark of their cytotoxic function. In line with IFN-y, lower
frequencies of IL-2* CD4* T cells and GranB* CD8* T cell were detected in the lungs of TCAIM
overexpressing mice compared to wild type littermates (Fig. 3-11 D and E) indicating an overall reduced

effector function. For TCAIM KO no differences in IL-2 nor GranB producing T cells were observed.

The previously seen reduced expression of genes involved in T cell differentiation and migration in
TCAIM overexpressing T cells, translated into reduced effector function seen by lower frequencies of
cytokine producing T cells in the lung. Although Ifng was highly expressed in TCAIM deficient CD4* T
cells at d5 p.i., that did not translate to higher frequencies of IFN-y producing T cells at the peak of

infection.
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Figure 3-11 TCAIM impairs cytokine production of T cells located in the lung. TCAIM K| Cd4Cre, TCAIM KO Cd4Cre and
respective wildtype littermates were infected intranasally with 7PFU of IAV/PRS. At d8 p.i. broncho alveolar lavage (BAL) and
lungs were collected. A Protein analysis of FN-y concentrations in BAL n = 8. Flow cytometric analysis of B IFN-y* CD4*, C IFN-
y CD8* (left) and IAV.spec. CD8* (right), D IL-2* CD4* and E Gzmb* CD8* (left) and IAV spec. CD8* T cells (right) of experimental
groups, n = 3-7. For statistical analyses data were tested for normal distribution and accordingly, unpaired t-Test or Mann-
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3.3 Reduced T cell infiltration and function is linked to abolished immunopathology

in TCAIM KI mice

During IAV infections, local CD8* T cell mediated cytotoxic activity is important to control and clear the
viral infection in the lung. Hence, the lack of T cell infiltration and function in TCAIM KI mice led to the
hypothesis, that viral clearance is comprised in TCAIM Kl mice. Due to the equal cytokine production
at d8 p.i. in TCAIM KO mice, no differences in viral control were expected. Lungs and BAL samples of
infected TCAIM KI, KO and wild type littermates were collected at d3 p.i. during the early infection
phase and at d8 p.i., the peak of the IAV infection. Viral loads of lung and BAL samples were determined

in plague assay analysis.

Indeed, although viral loads of lung and BAL samples of TCAIM KI mice were comparable to wt mice at
d3 p.i., TCAIM Kl mice showed higher viral loads in both tissues at d8 p.i. (Fig.3-12 A and B, /eft). Thus,
viral clearance was delayed or even inhibited due to reduced performance and infiltration of TCAIM
overexpressing T cells. No differences in viral loads in lung nor BAL of TCAIM KO mice in comparison to

wild type mice were observed (Fig.3-12 A and B, right).

T cell are not only playing a role in viral clearance, but can also contribute to immunopathology. It has
been described before, that weight loss during viral infection is part of the T cell induced
immunopathology!***°, Hence, lack of T cell infiltration and function in TCAIM KI mice might have
abrogated T cell induced immunopathology. Indeed, TCAIM Kl mice did not lose as much weight as
compared to wild type littermates (Fig.3-12 C, left). A similar weight loss was observed TCAIM KO mice

and respective wild types (Fig.3-12 C, right).

Taken together, TCAIM Kl mice showed a delayed viral clearance on d8 p.i. and prevented weight loss
during the acute infection, which might be a direct consequence from the lack of T cell infiltration and

function in the lung.
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Figure 3-12 TCAIM delays viral clearance but reduces T cell induced weight loss. TCAIM K| Cd4Cre, TCAIM KO Cd4Cre and
respective wildtype littermates were infected intranasally with 7PFU of IAV/PRS. Body weight was monitored and at d3 and
d8 p.i. lung and BAL were collected for plaque assay analysis. Viral load was measured in A lung and B BAL on d3 and d8 p.i.
respectively, n = 6-8, PFU = plaque forming unit, BAL = broncho alveolar lavage. C Weight curves of IAV-infected TCAIM Kl
(upper row, n=8), TCAIM KO (lower row, n=6) and wild type littermates representing the mean percentage with SEM of the
intial body weight. For statistical analyses of viral load data were tested for normal distribution and accordingly, unpaired t-
Test or Mann-Whitney test was used to compare experimental group with respective wild type littermates. For statistical
analyses of weight curves multiple T-test adjusted with Benjamini-Hochberg were utilized to compare experimental groups at
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3.4 Generation of neutralizing antibodies despite failure to promote differentiation

of tissue-resident memory T cells in TCAIM overexpressing mice

3.4.1 Recovery from the IAV infection is accompanied by reduced formation of tissue-

resident memory T cell in TCAIM KI mice

Beside the performance during the acute infection phase, it was of interest, what long term
consequences the TCAIM mediated alterations in T cell performance had for disease outcome and the
ability to form a protective memory. The here chosen infection dose of 7 PFU is a mild dose that
allowed recovery of the animals. Importantly, studies found that mice without CD4* and CD8* T cells
are unable to clear and recover from viral infections!*®. TCAIM KI mice not only had less T cell
accumulation of both at the side of infection but also their effector function was impaired, which led

to the hypothesis that recovery from IAV infection is impacted.

One hallmark of successful recovery from the IAV infection is a weight gain not only returning to the
initial body weight but also exceeding it as part of the normal mouse aging process. Therefore, body
weight of infected TCAIM KI, KO and wild type littermates was documented until d45 p.i.

Surprisingly, weight curves of TCAIM Kl mice did not drop at a later time point but instead showed a
comparable, although flatter, ascent compared to wild type littermates (Fig. 3-13 A, top), indicating a
recovery of infected animals. Weight gain of TCAIM KO animals tended to be slower compared to
respective wild type animals (Fig. 3-13 A, bottom).

Recovery does not only come with gaining weight but it also requires clearance of the viral infection.
Thus, viral loads of BAL samples on d45 p.i. were measured in plaque assay analysis. 75 % of TCAIM KI
mice were able to completely clear the viral infection and overall viral loads were not significantly
different from wild type mice (Fig. 3-13 B).. Two mice of TCAIM Kl strain remain slightly positive with
6.7 PFU/ml in plaque assay analysis. Compared to viral titer at d3 or d8 p.i. this is a very low viral load

indicating that viral load is almost cleared and presumably will be.

Now, knowing that TCAIM KI mice could survive and clear the IAV infection, it was of interest whether
a memory T cell pool was generated that could potentially offer protection upon a re-challenge.
Therefore, TCAIM KI, TCAIM KO and wild type littermates were infected, organs collected at d45 p.i.
and resulting single cells analyzed using flow cytometry. To ensure that the effector T cell response of
the acute infections phase was concluded and only memory T cell, a late time point was chosen for the
analysis.

One important memory T cell subtype are Trm which reside in the lungs long term. Cell numbers of

total CD4* and CD8" T cells showed the tendency to be reduced in TCAIM KI mice compared to
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Figure 3-13 Recovery from IAV infection is supported in TCAIM KI mice.. TCAIM K| Cd4Cre, TCAIM KO Cd4Cre and respective
wildtype littermates were infected intranasally with 7PFU of IAV/PR8. Body weight was monitored and at d45 p.i. BAL was
collected for plaque assay analysis. A Weight curves of IAV-infected TCAIM Kl (upper row, n=8), TCAIM KO (lower row, n=6)
and wild type littermates representing the mean percentage with SEM of the intial body weight. B Viral load in BAL on d45 p.i.
measured in plaque assay analysis. PFU = plaque forming unit, BAL = broncho alveolar lavage, n = 6-8. For statistical analyses
of weight curves multiple T-test adjusted with Benjamini-Hochberg were utilized to compare experimental groups at each time
point post infection. For statistical analyses of viral load data were tested for normal distribution and accordingly, unpaired t-
Test or Mann-Whitney test was used to compare experimental group with respective wild type littermates.

respective wild types (Fig. 3-14 A, left and middle). Of note, total CD4* and CD8* T cell count includes
non-lAV-specific T cells which are not necessarily memory T cells. When looking into the cell numbers
of IAV-spec. T cells on d45 p.i., one can be confident that those T cells are memory T cells. Here, a
striking inhibition of lung accumulation of TCAIM overexpressing IAV-spec. CD8" T cells was found (Fig.
3-14 A, right). In lungs of TCAIM KO mice, no differences in cell numbers of CD4*, CD8* nor IAV-spec.
CD8* T cells compared to wild type littermates on d45 p.i. was observed, indicating no beneficial effect

on memory T cell generation (Fig. 3-14 A, left, middle and right). Lung Trm are known to downregulate

60



CD62L, but express CD44 and CD103 on their surface. CD103, also integrin aE, is an integrin binding to
E-cadherin thereby facilitating adhesion and tissue retention'®183 To check if TCAIM overexpressing
IAV-spec. CD8" memory T cells showed phenotypical differences in the lung, expression of CD44, CD62L
and the Trm marker CD103 were investigated. In line with T cell during the acute infection phase,
higher frequencies of IAV-spec. CD8" memory T cells of TCAIM KI mice did express CD62L on their
surface (Fig. 3-14 B, left), whereas frequencies of CD44* and CD103" cells were reduced (Fig. 3-14 B,
middle and right). In addition, effector function was impaired seen in lower frequencies of IFN-y (Fig.
3-14 C, left) and GranB (Fig. 3-14 C, right) producing in vitro re-stimulated IAV-spec. CD8" T cells. Trm
cells are especially important as their lung location positions them right at the side of infection and
provides local and rapid recall responses. In addition to Trm, other memory T cell subpopulations can
be found in the SLO e.g. drLN, the blood circulation and the bone marrow!?. Here, it was speculated
that CD62L expression in TCAIM overexpressing cells may support the localization in drLN. As memory
T cell in the bone marrow express the adhesion receptor CD44, an impairment of accumulation in
TCAIM KI was assumed. Indeed, cell numbers of TCAIM overexpressing IAV-spec. CD8"* T cells in drLN
were comparable to respective wild types on d45 p.i. (Fig. 3-14 D) whereas cell numbers were lower

in the bone marrow (Fig. 3-14 E).
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Figure 3-14 TCAIM interferes with local memory T cell accumulation and phenotype in the lung. TCAIM KI Cd4Cre, TCAIM
KO Cd4Cre and respective wildtype littermates were infected intranasally with 7PFU of IAV/PR8. At d45 p.i. lung, drLN and
bone marrow were collected and cells analysed using flow cytometry. A Boxplots showing cell numbers of CD4* (left), CD8*
(middle) and IAV-spec. CD8* T cells (right) at d45 p.i. in the lung. n = 6. B Frequencies of CD62L* (right), CD44* (middle) and
CD103* (left) IAV spec. CD8* T cells at d45 in the lung. C Frequencies of Gzmb* and IFN-y* in vitro re-stimulated IAV spec. CD8*
T cells at d45 in the lung. Cell numbers of IAV-spec. CD8* T cells at d45 p.i. in the D drLN (n = 6-8) and E bone marrow (n = 6).
For statistical analyses data were tested for normal distribution and accordingly, unpaired t-Test or Mann-Whitney test was
used to compare experimental group with respective wild type littermates.

62



3.4.2 TCAIM overexpression allows generation of neutralizing antibodies

While T cell numbers, activation and migration marker expression and effector function of TCAIM
overexpressing T cells were strongly impaired in the lung, T cell expansion and marker expression in
drLN did not differ to respective wild type animals indicating a regular T cell performance. One
important attribute of CD4" T cell in drLN is providing B cell help during the GC reaction that promote
generation of antibody (AB) secreting plasma cells®*1%, This raised the question whether AB are

produced in TCAIM Kl mice.

To study AB production, neutralizing activity of blood plasma was used as an indicator. Therefore,
TCAIM KI, TCAIM KO and wild type littermates were infected and blood was collected at d8 and d45
p.i. Then, plasma from obtained blood was tested in an HAI assay, where red blood cells are infected
with IAV in vitro. A serum dilution series is utilized to determine the highest dilution in which
haemagglutination of red blood cells is prevented by the blood plasma AB binding to IAV. HAI assay

was performed at at the virology department of the Freie Universitat Berlin by Dr. Jakob Trimpert.

On d8 p.i. as well as d45 p.i. IAV-spec. AB were detected in all experimental groups (Fig. 3-15 A). TCAIM
KI mice did not show significant differences compared to respective wild type animals, but there was
the tendency of a higher neutralizing activity at d45 p.i. in plasma of TCAIM KI mice. No differences
between TCAIM KO mice and wild type littermates were observed (Fig. 3-15 A).

To better understand, if CD4* T cell in drLN were not only able to expand upon infection but are also
functional and therefore able to support B cells, cytokine production of T cells obtained from drLN at
d8 p.i. was measured upon in vitro re-stimulation using flow cytometry. IL-2 is not expressed by Tfh
cell, but gives general information about the capacity to carry out effector functions. Besides Th1 cells,
also Tfh cell are producers of IFN-y. TCAIM overexpressing CD4* T cells did not differ in the frequency
of IL-2 (Fig. 3-15 B, left) and IFN-y producing cells (Fig. 3-15 B, right) compared to wild type littermates,

indicating a regular effector function.

Taken together, TCAIM Kl mice were found to generate neutralizing AB that might serve as a protective
memory. Expansion and functionality of TCAIM overexpressing T cells in drLN might support T cell

mediated generation of those AB.
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Figure 3-15 Generation of neutralizing antibodies (AB) might be supported by functional TCAIM overexpressing T cells in
drLN. TCAIM KI Cd4Cre, TCAIM KO Cd4Cre and respective wildtype littermates were infected intranasally with 7PFU of
IAV/PR8. A At d8 (left) and d45 p.i. (right) neutralizing antibodies were measured in blood plasma using haemaglutinin
inhibition assay, n = 5 B Violin plots showing frequencies of IL-2* (left) and IFN-y* (right) of CD4* T cells in the drLN at d8 p.i., n
=5-6. For statistical analyses data were tested for normal distribution and accordingly, unpaired t-Test or Mann-Whitney test
was used to compare experimental group with respective wild type littermates.
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4, Discussion

Within the scope of this work, TCAIM overexpressing T cells were found to be able to respond to
infection induced activation stimuli as expansion and generation of I1AV-spec. T cells was observed.
However, lung infiltration and intra-tissue accumulation was disturbed. This observation was linked to
an altered expression of CD62L/CD44 and genes involved in differentiation and migration.
Consequently, effector function was inhibited. In contrast, TCAIM deficient T cells showed early
expression of Ifng and genes involved in differentiation and a strong accumulation across the lung
tissue, but that did not translate into an improved cytotoxic function and virus clearance at the peak
of infection. Importantly, the absence of a full effector T cell response in the lung prevented weight
loss in TCAIM KI mice and thus immunopathology. Nevertheless, mice were able to recover from the
IAV infection. Surprisingly, although Trm formation was abrogated, generation of neutralizing AB might

serve as a protective memory function during a re-infection.

4.1 Mitochondrial proteins as modulators of T cell migration

4.1.1 Role of TCAIM in T cell migration and effector function

Previous data showed that TCAIM overexpressing T cells are able to respond to activating stimuli in
vitro as they are able to enter the cell cycle. However, cell proliferation analysis revealed an
accumulation mainly in the first cell cycle whereas wild type cells progressed. Furthermore, expression
of activation markers differ at 48 h but not 24 h, indicating TCAIM KI T cells are able to carry out an
early response upon stimulation. Instead, TCAIM Kl was found to interfere with CD4* and CD8"* effector
T cell differentiation in vitro and prevent allogenic skin graft infiltration in vivo. Unpublished in vitro
work of Christina Iwert suggested that TCAIM interacts with the mitochondrial outer membrane
located protein VDAC which impaires mTOR mediated HIFla expression. As a consequence,
upregulation of anabolic pathways including cholesterol biosynthesis was abrogated, thereby
preventing effector T cell differentiation. Importantly, forced VDAC opening or cholesterol substitution
in TCAIM KI CD8* T cells rescued the effect of inhibited effector T cell differentiation in TCAIM KI CD8*

T cells.

The results of this study further strengthen and deepen the previously described findings. In line with
in vitro experiments, TCAIM overexpressing T cells did show a general ability to respond to the IAV
infection and enter the cell cycle in vivo as T cell expansion in the drLN, most likely upon antigen
presentation by migrating APCs, was observed. In addition, scRNAseq data revealed lung located T cells
were able to respond to local IFN signaling by upregulation of ISG. However, lung infiltration, intra-

tissue accumulation and the acquisition of a full effector phenotype of lung located T cells was impaired
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in TCAIM KI mice. Importantly, IAV-spec. T cell generation was not completely inhibited. Therefore, the
here presented results indicate that TCAIM mediated reduction of anabolic metabolism and
cholesterol biosynthesis is not preventing T cell activation per se but rather interfering with tissue
homing potential and acquisition of full effector function of lung located T cells.

This might be due to the TCAIM mediated interference of mTOR signaling leading to abrogated
upregulation of anabolic pathways and thereby missing building blocks and expression of molecules
needed for effector function and lung migration. In line, the deprivation of e.g. glucose diminishes

effector T cell function®

. Moreover, studies found that mTOR signaling and cellular metabolism are
impacting T cell migration and effector function. Finlay et al found that the mTOR-Hifla pathway
sustains glucose metabolism and is linked to transcriptional programs of effector T cells!®. They show,
for instance, that deletion of Hifla in CD8" T cells impaired expression of effector molecules like
perforin and granzymes. Furthermore, expression of chemokines and chemokine receptors was
altered. In line, Palazon et al observed reduced expression of effector molecules IFN-y and GranB as
well as co-stimulatory molecules CD137 and OX40 due to HIFla deletion®. Importantly, tumour
infiltration of CD8* T cells was impaired. MTOR-deficiency in Tregs was found to induce accumulation
in SLO whereas migration to peripheral non-lymphoid tissues like lung, colon and skin was reduced®’.
Similar to the here described results in TCAIM overexpressing T cells, CD62L expression was

upregulated and CD44 expression reduced in mTOR-deficient Tregs. This was also associated with

metabolic alteration.

In previous in vitro studies, TCAIM deficiency resulted in the tendency of an advantage for T cell
activation under sub-optimal but not optimal stimulation conditions (unpublished data, C. lwert). The
infection with 1AV elicits a proper T cell response that could be considered as an optimal stimulus.
Nevertheless, the question was asked if TCAIM KO mice have an advantage in T cell activation and viral
control. Expansion magnitude and timing in drLN was similar to wild type littermates. Yet, TCAIM KO
mice showed an enhanced accumulation in the inflamed tissue and differences in scRNAseq analysis
on d5. A Cxcr6* T cell cluster was enriched and expression of genes that are upregulated during T cell
activation and the Ifng gene were higher compared to wild type littermates. This indicates a potential
advantage in T cell activation and differentiation at an early time point. However, this did not translate
to higher frequencies of IFN-y producing T cells at the peak of infection (d8 p.i.) nor a faster viral
clearance. One explanation could be, that the faster upregulation is qualitatively not sufficient to
improve the viral control by TCAIM deficient T cells. Another explanation is that the earlier
upregulation might be lasting only for a short time before wild type cells reach similar gene expression
and thus is not enough to facilitate an advantage in viral control. This is supported by the fact that wild

type cells had the same frequencies of cytokine producing cells on d8.
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4.1.2 CD62L and CD44 as a potential cause of impaired lung infiltration

To partake in viral clearance at the side of infection, effector T cells must be able to act locally in the
lung and therefore have to leave the drLN, travel through the blood, extravasate and migrate into the

lung. Several migration and adhesion molecules play a role in that process.

In this study TCAIM overexpression was found to influence the migratory potential of T cells.
Accumulation in the lung was drastically reduced as detected by flow cytometry as well as IMC analysis.
Those findings go along with TCAIM KI T cells not being able to upregulate the expression of CD44,
which facilitates adhesion and extravasation by binding to hyaluronic acid of the extracellular matrix,
but also e-selectins®°. Consequently, the reduced T cell accumulation and therefore effector function
at the side of infection led to delayed viral clearance. Those findings are supported by the work of
other groups that found interference with CD44 expression results in reduced T cell extravasation. For
instance, block of CD44 results in reduced skin infiltration!® and enzymatic cleavage of CD44 on islet-
antigen specific T cells prevented pancreas migration®. CD44 was also found to be associated with
the integrin VLA-4%, Nandi et al showed that CD44 lacking its cytoplasmic tail resolves this association
and leads to impaired extravasation at the side of imflammation!®. VLA-4 is a dimer composed of
CD49a and CD29, which are both lower expressed in TCAIM overexpressing T cells. Thus, CD44, VLA-4
and thereby their association is reduced in TCAIM KI, contributing to reduced ability of T cells to
extravasate and accumulate in the lung.

In addition to its role for extravasation, CD44 deficiency was described to impair IFN-y production of

CD4* T cells in response to Toxoplasma gondii infection!!

and overall pro-inflammatory cytokine
production in an respiratory virus model'®2. This matches the reduced cytokine production seen in

TCAIM overexpressing T cells.

So far, involvement of molecules for extravasation and tissue migration have been discussed. However,
also expression molecules that drive the T cell migration away from the lung might explain the reduced
lung accumulation in TCAIM Kl mice. CD62L is a selectin that mediates entry into drLN. In line, Arbonés
et al showed that the lack of CD62L reduced lymphocyte homing of peripheral LN%. In the here
presented study, CD62L surface expression in TCAIM overexpressing T cell was reduced in blood, but
surprisingly high expression was found in the lung. This could be explained by the two mechanisms in
which CD62L can be regulated: First, endoproteolytic cleavage by ADAM17 proteins and second, by
transcriptional regulation. The proteolysis was described by Mohammed et al to promote early clonal
expansion®, Expansion of T cells in drLN of TCAIM Kl mice and reduced surface expression in blood
are suggesting that cleavage of CD62L was not inhibited. Instead, transcriptional control of Sell and

thereby long-term downregulation of gene expression could have been impaired leading to the high
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expression in the lung. Importantly, CD62L is regulated by KLF2 transcription factor that in turn is
regulated by the mTOR pathway® and thus is directly linked to the proposed TCAIM mechanism that
is acting through the TCAIM-VDAC-mTOR axis. Indeed, inhibition of mTOR prevents CD62L
downregulation and favours migration to SLO®. The observed high expression of CD62L might draw T
cells back into the blood circulation and shuttle them back to drLN. Indeed, higher frequencies of T
cells were observed in blood on d8 p.i. in TCAIM KI mice. However, no higher accumulation in drLN
was found. Richards et al described that the block of proteolytic cleavage of CD62L did not affect T cell

distribution in non-lymphoid tissues upon infection!®

, which makes it most likely that inhibition of
CD44 and integrin expression seen in scRNAseq could drive the reduced accumulation of TAIM
overexpressing T cells. Notably, interference with CD62L expression was found to impact T cell

function®® and viral control*>

, which matches the here presented findings of reduced effector function
and delayed viral clearance in TCAIM Kl mice and suggests a role for CD62L in the overall phenotype

and function of T cells.

4.1.3 The perivascular niche as a checkpoint for further tissue migration

Importantly, TCAIM overexpressing T cells that reached the lung were located around the vessels in
the perivascular niche and showed a reduced migration further throughout the tissue to the
bronchioles, the side of virus replication. This might be explained by the lack of CD44 expression that
also plays a role in cell motility and migration within the tissue. Mrass et al found that CD44 stabilizes
the shape of polarized cells during interstitial migration in the tumor environment and CD44 deficiency
hinders migration and tumor-shrinkage®”:*%,

Another explanation would be the perivascular niche itself as a checkpoint for further tissue migration.
The location within a peripheral tissue has to be tightly regulated to prevent uncontrolled migration
of effector cells which can cause tissue damage. Besides T cells, also other immune cells including APCs
are residing within the perivascular niche and have been described to provide a peripheral, additional
activation signal thereby licensing further migration of appropriate cells!**'%, In a skin inflammation
model, co-localization of Th1l effector cells and MHC class Il expressing DCs in distinct immune cell
clusters was found to be chemokine driven and serves as preferred entry sides for migrating Thl
cells?®, However, antigen presentation was also mediating the localisation, as well as retention, cell
motility and APC-T cell contact length. Absence of chemokine and antigen stimulus led to reduced
frequency of IFN-y producing Th1 cells. Hence, contact to APC and peripheral activation signals
determine effector response magnitude. Further, IFN-y production of infiltrating Th1 cells served as an

amplifying positive feed-back loop. Along the line, Goddery et al showed in brain infections that
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perivascular macrophages upregulate the expression of MHC class | for antigen presentation to CD8*
T cells which promotes T cell infiltration into the brain'®°. In IAV infections, depletion of DCs and
macrophages in the lung impaired local CD8* T cell response and interaction of pulmonary DCs and
CD8* T cells were necessary for peripheral antigen driven establishment of an effective T cell
response?®l, However, the impact of the perivascular niche in the context of IAV infections, local
antigen presentation and re-activation of T cells as a checkpoint for further tissue migration has not
been addressed in detail so far.

The majority of TCAIM overexpressing T cells are not entering the lung tissue, thus they are not able
to receive the peripheral activation signal provided by local APCs. Importantly, a small amount of
TCAIM overexpressing T cells did enter the tissue, but to a lesser extend in lung tissue areas as wt T
cells. Therefore, although local contact to APCs was possible, peripheral activation signal did not induce
the acquisition of a full effector phenotype. This might be explained by the reduced expression of the
co-stimulatory molecules CD44, ICOS and OX40 that are supporting the signal transduction initiated by
antigen binding. In addition, impaired IFN-y production might hinder the described positive feedback
loop that would drive further T cell infiltration and could also play a role in the context of respiratory
infections.

In contrast, TCAIM KO mice were found to have a higher and broader T cell distribution over the whole
lung tissue at d8 p.i. Besides the above-described antigen driven licensing in the perivascular niche,
chemokine mediated localization cues play a role in intra-tissue migration. Wein et al described CXCR6
as a critical regulator of Trm cell migration and localization in the lung tissue®®®. Importantly, highest
CXCR6 expression was found in T cells located in the interstitium of the lung. CXCR6 is a marker
associated with later stages of the T cell response around d8 p.i.2°*2%® Notably, CXCR6* T cells were
enriched and Cxcr6 gene expression upregulated already at d5 p.i. in TCAIM KO mice, which proposes
an early CXCR6 driven localization of TCAIM deficient T cells in the lung tissue. Importantly, the
accumulation of TCAIM KO T cells in the outside area, containing the interstitium, was highest which

correlates to the finding of highest CXCR6 expression.
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4.2 T cell response against IAV is shaped by mitochondrial proteins

4.2.1 T cell contribution during acute and memory IAV phases under the impact of TCAIM

When challenged with a viral infection, the immune system is in charge of recognizing and clearing the
invading pathogens. This process is orchestrated by various cell types of the innate and adaptive
immune system. In the context of IAV infections, a functional T cell response is crucial for viral control
and subsequent recovery. Already in 1981 Wells et al provided evidence that nude mice, which are
athymic and therefore lack T cells, had a poorer disease outcome and survival**. Similarly, deficiency
of Rag expression that is needed for development of T and B cells is causing accelerated succumbing
in IAV infections?®*2%>, The T cell response against IAV consists of cytotoxic CD8* T cells and different
CD4* T cell populations that have cytotoxic, regulatory and helping properties. Notably, mice only able
to generate a CD8* T cell response are able to clear the viral infection?%, whereas CD4* T cell response
alone is not sufficient?®’. But, CD4* T cell mediated help is important for the generation and function
of CD8" memory T cells®,

In TCAIM overexpressing mice, CD4*, total CD8"* and IAV spec. CD8* T cell were found to expand in drLN
but lung infiltration was diminished leading to a reduced local accumulation and T cell response at the
side of infection. As described above, complete absence of T cells during IAV infections cause
decreased survival. However, survival was not diminished and majority of TCAIM KI mice were able to
completely clear the viral infection, although delayed. Those findings suggest that the performance in
drLN and the remaining, reduced T cell response in the lung are sufficient to support, control and clear

the acute IAV Infection.

Moreover, T cells are also important for offering protection against a secondary infection or even
heterosubtypic infections by formation of memory T cell pools that can reside at the side of infection
(Trm), circulate (effector memory T cell; Tem) or reside within SLO (central memory T cell; Tem)’®.
Notably, only IAV-spec. memory T cells in drLN but no Trm cells in lung were generated in TCAIM Kl
mice upon IAV challenge. Several contributions have been described in this context that can explain
the prevented Trm formation under the TCAIM overexpression. Of course, the inability to enhance
expression of migration receptors and integrins that are necessary for proper tissue migration prevent
the cell to reach the location to reside. Here, CD103 expression is commonly known as a marker for
Trm cells, which facilitates tissue retention by binding to its ligand E-cadherin on epithelial cells’%#2,
Reduced CD103 expression in IAV-spec. TCAIM KI CD8* T cells might explain abrogated accumulation
in the lung. Laidlaw et al found that generation of CD103* CD8* Trm cells requires CD4* T cell help?®,
However, they used a complete CD4 T cell depletion and did not distinguish between help provided in

the SLO and in the peripheral lung tissue. The here presented results indicate that CD4* T cell help in
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drLN and absence in the lung was able to induce IAV-spec. Tcm, but not Trm residing in the lung
indicating that location of CD4* T cell help impacts different memory T cell populations. Additionally,
as described beforehand, antigen presentation is thought to license effector T cell for further migration
throughout the lung tissue. Thus it suggest itself that local antigen encounter might be important for
Trm generation and residing within the lung as well. Indeed, McMaster et al found local, pulmonary
antigen encounter to prolong e.g. CD103 expression and be a prerequisite of CD8* Trm in the lung?®,
Furthermore, it has been shown that antibody and co-stimulatory mediated Trm formation is

abrogated under mTOR inhibition, highlighting the importance of cellular metabolism?%°.

Apart from helping CD8" T cell, CD4* T cell help is also important for B cell maturation and generation
of antibody secreting, high affinity plasma cells. In line, nude mice were found to have disturbed
antibody production due to lack of T cell responses'®®. However, recent studies also found T cell-
independent AB production either extra-follicular or even isotype-switched®?2!!, |atter only to a
diminished extend compared to T cell-helped conditions?'t. In TCAIM KI mice, similar neutralizing AB
in blood plasma indicate, that either extra-follicular or follicular plasma cell generation was occurring.
Expansion of functional CD4* T cells in drLN is pointing towards an ability to form long lasting plasma
cells in a GC and CD4* T cell-dependent manner. Either way, neutralizing AB in blood plasma provide
in addition to remaining Tcm formation in drLN a promising alternative memory capacity that might

offer protection although Trm generation is absent.

4.2.2 T cells as drivers of immunopathology

The optimal immune response to an infection is a tight balance between being sufficiently strong to
provide viral control and clearance but not excessively strong causing collateral and extensive tissue
damage and thereby worsening the disease outcome. In the context of an IAV infection, CD8* T cell
have been shown to contribute to the immunopathology'®®. One common concomitant of IAV
infections is accelerated weight loss during the acute phase. Notably, in studies where a T cell response
was absent, mice showed later weight loss and survived longer although overall mortality was
higher'4>2%_ Enelow et al highlighted the ability to cause immunopathology even in the absence of viral
contribution®?. Adoptive transfer of HA specific CD8* T cells into mice where epithelial cells express
HA antigen caused weight loss and lung tissue damage. One should keep in mind that in a real infection
setting reduction of viral burden and subsequent clearance decreases antigen exposure whereas in
this study epithelial cells constitutively express HA thereby extending the T cell response. Nevertheless,

the study provides evidence that CD8* T cells induce immunopathology®®°. The tight balance and dual
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role becomes even more clear in a study were CD8" T cells offered protection in the course of mild IAV

infection, but when challenged with a high dose conferred enhanced pathology and mortality?2.

The reduced accumulation of T cells in the lungs of TCAIM KI mice was accompanied by diminished
immunopathology seen in slighter weight loss of the animals. Whereas above described studies found
a correlation between absence of T cell responses and higher mortality of infected mice, TCAIM KI mice
were able to clear the viral infection, although delayed, and recovered from IAV infection. This turns
the reduced T cell response at the side of infection into a beneficial effect for the overall disease

outcome.

4.3 Outlook and conclusion

The mitochondrial protein TCAIM was previously found to be downregulated upon T cell activation
under physiological conditions and prevent effector T cell differentiation when being constantly
expressed. In contrast, TCAIM deficiency is leading to a reduced activation threshold under sub-
optimal conditions. The mode of action is proposed as TCAIM facilitating closure of the ion channel
VDAC which inhibits mTOR dependent upregulation of anabolic pathways especially cholesterol

biosynthesis and subsequent building blocks that are needed for proliferation and effector function.

The here presented results deepen and extend our understanding of the role and importance of TCAIM
in T cell responses. TCAIM overexpressing T cells are not only able to respond to activation stimuli in
vitro but can also respond to infection-induced type | IFN signaling seen by upregulation of I1SG in
scRNAseq analysis. Moreover, expansion of cytokine producing T cells in drLN and formation of a
neutralizing AB response are further supporting the ability of TCAIM KI T cells to become in principal
activated. Apart from the GC mediated and T cell-dependent production of high affinity AB by a long-
lasting plasma cells pool, low affinity AB can also be produced by short lived plasma cells in a T cell-
independent extrafollicular pathway®¥®®. Hence, it is of interest if detected AB in TCAIM KI mice
received CD4* T cell help. Therefore, one could apply spatial transcriptomics of spleen or drLN which
allows to study the location, phenotype and nature of B and T cell interactions and would provide
evidence if AB generation is carried out in the follicular or extrafollicular way.

In addition, the influence of TCAIM in memory T cell formation was studied. In vivo memory T cell
formation was found to be impacted by TCAIM overexpression, as IAV-spec. memory T cell were
detectable in drLN but not in the lungs of TCAIM KI mice. TCAIM deficiency did not alter memory T cell
generation compared to wt. Here, it would be of interest if TCAIM mediated altered immunization
state composed of the IAV-spec. memory pool in drLN and neutralizing antibodies in blood are

sufficient to protect from a re-challenge with a lethal IAV infection. This could be tested either by re-
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infecting primed TCAIM Kl mice with a second, higher dose of IAV or AB mediated protection alone
could be studied in vivo by transferring AB obtained from blood of primary infected TCAIM KI mice into
naive host that are then challenged with a lethal dose.

Furthermore, this study shows that not only effector T cell differentiation is abrogated in TCAIM Kl
mice but that also influences the migration capacity and accumulation of T cells in the lung tissue. The
thereby reduced T cell induced immunopathology highlights the dual roles, beneficial and damaging,
of T cells and the importance of the location for T cell mediated responses in IAV infections. Excessive
T cell responses and pro-inflammatory cytokines have been attributed to severe disease cases of IAV
but also SARS-CoV2 in patients?®3, raising the need for a therapy that reduces T cell mediated
immunopathology. Unpublished data showed a correlation of reduced TCAIM expression in SARS-CoV2
patients with severe symptoms. Thus, TCAIM might be an interesting target to control excessive T cell
responses. However, here TCAIM overexpression was conditionally applied as early as in naive T cells.
In the clinical context, patients would receive an intervention at a time point where effector T cells are
already formed in response to the infection. Thus, one would need to test if TCAIM overexpression in
effector T cells would reduce their potential harmful effector function mediated immunopathology
and thereby would contribute to a better disease outcome. Here, the Cre-ERT2 system could be
applied which allows the overexpression of TCAIM upon Tamoxifen treatment in already generated

effector T cells.

In summary, the here presented results position the mitochondrial protein TCAIM as a link between
mitochondrial and metabolic dynamics and effector T cell function and migration potential. The data
propose a beneficial role for a T cell specific TCAIM overexpression in IAV infections as it prevents T
cell induced immunopathology, but allows recovery and neutralizing antibody production as a

potential protective memory function.
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6. Appendix

6.1 Configuration LSRFortessa

Table 6-1: Configuration LSRFortessa

Laser Detector 1. Pass 2. Pass

Blue A 685 LP 695/40 BP
488 nm B 505 LP 525/50 BP

(100 mWw) C - 488/10 BP
A 750 780/60
B 685 710/50
C 635 670/30
Ye”;‘;"l/ngr;ee” D 600 610/20
(100 mW) E - >85/15
G - -
H - -

Red A 750 780/60
639 nm B 685 710/50
(40 mW) C - 670/14

A 705 780/60
B 685 710/50
Violet C 635 660/20
404 nm D 600 610/20
(50 mW) E 505 525/50
F - 450/50

G - -

H - -

uv A 505 530/30
355 nm B - 405/20
(60 mW) C - -
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6.2 IMC supplement

Table 6-2: Antibodies used in IMC

Isotope | Antibody | Clone Company Dilution
141Pr Epcam EPR20532-222 Abcam, Cambridge, UK 1:200
142Nd B220 RA3-6B2 Biolegend, San Diego, USA 1:800
143Nd CD3 E4T1B Dianova, Hamburg, Germany 1:50
144Nd CD138 polyclonal Thermo Fisher, Waltham, USA 1:200
145Nd CD8 4SM15 eBiosciences, San Diego, USA 1:100
146Nd CD31 S731 Dianova, Hamburg, Germany 1:200
147Sm CD16 SP175 Abcam, Cambridge, UK 1:2000
148Nd CD206 E6T5) Cell Signaling Tech., Danvers, USA 1:100
149Sm CD19 60MP31 Thermo Fisher, Waltham, USA 1:2000
150Nd CD11b M1/70.15 Thermo Fisher Waltham, USA 1:50
151Eu CD44 IM7 Biolegend, San Diego, USA 1:1000
152Sm CD68 FA-11 Novus Biologicals, Littleton, USA 1:800
153Eu CD127 ab95024 Abcam, Cambridge, UK 1:800
154Sm CD69 Orb13326 Biorbyt, Cambridge, UK 1:400
155Gd Ibal E404W Cell Signaling Tech., Danvers, USA 1:500
158Gd CRTH2 PA5-20333 Thermo Fisher, Waltham, USA 1:800
159Tb Eomes Danllmag Thermo Fisher, Waltham, USA 1:100
160Gd Ly6G 1A8 Biolegend, San Diego, USA 1:800
161Dy CD4 4SM95 Thermo Fisher, Waltham, USA 1:400
162Dy F4.80 BMS8 Thermo Fisher, Waltham, USA 1:400
164Dy CD25 E9W2) Cell Signaling, Danvers, USA 1:100
165Ho0 MHC Il M5/114.15.2 Thermo Fisher, Waltham, USA 1:200
167Er CD137 E2J5H Cell Signaling, Danvers, USA 1:200
168Er CD45 30-F11 Biolegend, San Diego, USA 1:2400
169Tm FoxP3 FJK-16s Thermo Fisher, Waltham, USA 1:200
170Er Kle7 16A8 Biolegend, San Diego, USA 1:2000
171Yb CD11c D1V9Y Cell Signaling, Danvers, USA 1:200
172Yb CD56 RNL-1 Novus Biologicals, Littleton, USA 1:100
176Yb Histone D1H2 Cell Signaling, Danvers, USA 1:1200
191Ir DNA1 Fluidigm, San Francisco, USA 1:400
193Ir DNA2 Fluidigm, San Francisco, USA 1:400
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Figure 6-1: IMC annotation heatmap. The heatmap is showing z-score normalized marker expression of cells within the
different clusters acquired using IMC. Based on the marker expression, clusters were annotated as shown below.



6.3 scRNAseq supplement

Table 6-3: top10 differential expressed genes per cluster

cluster | gene avg_log2FC pct.1 pct.2 p_val p_val_adj

0 Cd8b1 1.433767722 | 0.826 | 0.285 |0 0

0 Dapll 1.905070229 | 0.567 | 0.17 0 0

0 Ccer?7 1.166137044 | 0.669 | 0.323 |0 0

0 Fam241a 1.922171077 | 0.482 0.161 0 0

0 Actnl 1.034295286 | 0.497 | 0.252 |0 0

0 Ccr9 2.103479062 | 0.133 | 0.028 | 1.0729E-273 3.4639E-269
0 Slc6al9 3.806965149 | 0.07 0.006 | 6.0404E-246 1.9501E-241
1 lgfbpd 2.487403271 | 0.511 0.157 0 0

1 Lefl 1.301270489 | 0.781 | 0.463 |0 0

1 Cd4 1.19348858 0462 |0.173 |0 0

1 Cer7 1.096851597 | 0.612 | 0353 |0 0

1 Satb1l 1.133722096 | 0.762 | 0.509 |0 0

1 Rflnb 1.434915938 | 0.435 | 0.21 0 0

1 Ly6cl 2.570713054 | 0.239 | 0.054 |0 0

1 St8siab 3.030854593 | 0.166 | 0.019 |0 0

1 Pdlim4 3.770757794 | 0.127 0.011 0 0

1 Trib2 1.510718227 | 0.359 | 0.17 1.3806E-289 4.4574E-285
2 Ly6c2 1.622877509 | 0.875 | 0.277 |0 0

2 Ccl5 1.191483787 | 0.851 | 0302 |0 0

2 Cd8b1 1.005064056 | 0.847 | 0.38 0 0

2 Eomes 1.858127338 | 0.272 | 0.055 |0 0

2 Gzmm 3.20794094 0.201 |0.021 |0 0

2 1700025G04Rik | 1.645722165 | 0.289 | 0.078 | 6.3267E-250 2.0426E-245
2 Plek 1.544450875 | 0.265 | 0.07 2.1662E-235 6.9936E-231
2 Rnf138 1.03129572 0.654 | 0.315 | 3.7472E-233 1.2098E-228
2 Samd3 1.950654742 | 0.19 0.04 1.9997E-226 6.4559E-222
2 Ifitm10 1.545169279 | 0.247 | 0.064 | 4.4227E-221 1.4279E-216
3 Ccl5 3.686233329 | 0.969 | 0.299 |0 0

3 Nkg7 2.631181623 | 0.961 | 0.42 0 0

3 S100a6 1.519256348 | 0.879 | 0.404 |0 0

3 Cd8a 2.500014871 | 0.721 |0.261 |0 0
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3 Ccl4 4.200842887 | 0.498 |0.056 |O 0
3 Cd8b1 1.82891514 0.828 |0.387 |0 0
3 Itgbl 1.700346743 | 0.703 | 0.307 |O 0
3 Lgalsl 1.486573586 | 0.799 |0.413 |0 0
3 Itgal 3.437841238 | 0.443 |0.061 |O 0
3 Id2 1.681556558 | 0.849 | 0.467 |O 0
4 5100a4 1.673439201 | 0.711 |0.243 | O 0
4 5100a6 1.171499816 | 0.807 |0.398 |O 0
4 Maf 1.804911634 | 0.596 |0.201 | O 0
4 Ahnak 1.286508139 | 0.806 | 0.468 |O 0
4 Lgalsl 1.217735698 | 0.737 | 0.408 |O 0
4 Cd4 1.579494535 | 0.518 |0.204 |O 0
4 Rora 1.743540175 | 0.48 0.181 |0 0
4 S$100al1l 1.171740137 | 0.779 | 0503 |O 0
4 Vim 1.301171693 | 0.751 | 0.516 |O 0
4 5100a10 1.10959074 0.883 |0.703 |0 0
5 Thcld4 2.818172892 | 0.357 | 0.077 |O 0
5 Ctlad 2.257358592 | 0.378 | 0.093 | 7.0827E-270 2.2866E-265
5 Foxp3 3.101271569 | 0.178 | 0.023 | 1.0605E-252 3.4239E-248
5 lzumolr 2.528603643 | 0.368 | 0.101 | 2.7066E-239 8.7383E-235
5 Tnfrsf4 2.137640831 | 0.242 | 0.053 | 8.1973E-190 2.6465E-185
5 Ikzf2 2.069242997 | 0.413 | 0.148 | 7.5843E-182 2.4486E-177
5 Cd4 1.539591025 | 0.52 0.221 | 2.8632E-174 9.2439E-170
5 Lrrc32 3.522700624 | 0.07 0.007 | 3.3536E-118 1.0827E-113
5 Rgs16 2.566098754 | 0.104 | 0.022 | 2.64894E-82 8.55212E-78
5 Gpmé6b 3.269511824 | 0.068 | 0.011 | 3.05459E-74 9.86173E-70
6 Tmem176a 3.797066332 | 0.861 |0.091 |O 0
6 Tmem176b 3.623579246 | 0.846 |0.099 |O 0
6 510024 2.764577344 | 0.968 |0.248 | O 0
6 Cxcré 2.27114659 0.811 |0.182 |0 0
6 Maf 2.065040386 | 0.826 |0.205 |O 0
6 Capg 2.690135466 | 0.754 | 0.156 | O 0
6 Lmo4 3.311984256 | 0.821 | 0.233 | O 0
6 Rampl 3.071236225 | 0.75 0.163 |0 0
6 5100a6 2.355153351 | 0.977 |0.406 |O 0
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6 Ccr2 2.682966314 | 0.675 |0.117 |O 0
7 Ifit3 3.509394472 | 0.819 | 0.083 |0 0
7 Isgl5 2.938930554 | 0.905 |0.218 | O 0
7 Zbpl 2.686691646 | 0.817 |0.175 |0 0
7 Irf7 2.516741332 | 0.801 |0.174 | O 0
7 Ly6c2 2.759399348 | 0.897 |0.298 |0 0
7 Bst2 2.404999488 | 0.899 |0.303 |O 0
7 Rnf213 2.339121568 | 0.8 0.219 |0 0
7 Ifitl 3.160901711 | 0.65 0.072 |0 0
7 Usp18 3.370480267 | 0.626 | 0.068 | O 0
7 SIfn5 2.52514482 0.708 |0.159 |O 0
8 Mki67 6.285110939 | 0.875 | 0.023 |0 0
8 Pclaf 7.260754156 | 0.856 | 0.009 | O 0
8 Stmnl 4.712842269 | 0.97 0.126 | O 0
8 Birc5 7.308701274 | 0.814 | 0.007 |O 0
8 Lmnb1l 3.643313753 | 0.863 | 0.098 |0 0
8 Top2a 5.293622293 | 0.819 | 0.057 |O 0
8 Ckslb 4.77526614 0.789 |0.033 |0 0
8 Hmgn2 3.049594749 | 0.91 0.182 |0 0
8 Cdca8 6.085586085 | 0.729 |0.012 |O 0
8 Histlhlb 6.14947986 0.716 | 0.029 |O 0
9 Ccl5 1.90274595 0966 |0.326 |O 0
9 Ly6c2 1.712210014 | 0.853 |0.308 |O 0
9 Klrel 2.766261106 | 0.359 | 0.044 |0 0
9 Klra7 4.470358581 | 0.299 |0.018 |0 0
9 Klraé 4.354502192 | 0.157 | 0.01 0 0
9 Klral 4.230084183 | 0.149 | 0.008 |O 0
9 Xcll 2.355921928 | 0.389 | 0.068 | 3.1588E-294 1.0198E-289
9 Klrc2 2.541439266 | 0.37 0.064 | 3.3566E-284 1.0837E-279
9 l12rb 1.635309524 | 0.794 | 0.315 | 1.6253E-250 5.2474E-246
9 Kirk1 2.184778615 | 0.467 | 0.111 | 1.1496E-248 3.7114E-244
10 l12rb 2.381274839 | 0.861 |0.314 |0 0
10 Ifng 2.565005043 | 0.58 0.112 |0 0
10 Xcll 3.57132305 0.527 |0.065 |O 0
10 Kirk1 2.718403648 | 0.545 |0.109 |O 0
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10 Klrblc 5.159755066 | 0.445 |0.017 |O 0

10 Klrc2 2.826548584 | 0.406 | 0.063 |0 0

10 Mmp9 5.116932293 | 0.263 | 0.008 | O 0

10 Gm36723 3.545708696 | 0.257 |0.021 |O 0

10 Atp8a2 4.022304886 | 0.197 |0.013 |O 0

10 Cxcré 1.890359946 | 0.715 | 0.202 | 9.7971E-304 3.163E-299
11 Ifit3 4.360696292 | 0.791 | 0.096 |O 0

11 Ifitl 4.442100494 | 0.752 | 0.078 |0 0

11 Isg15 4.015926813 | 0901 |0.229 |O 0

11 SIfn5 3.970615416 | 0.803 | 0.165 |0 0

11 Isg20 4.089137217 | 0.725 | 0.1 0 0

11 Irf7 3.338450164 | 0.793 | 0.18 |0 0

11 Zbpl 3.130400919 | 0.78 0.187 |0 0

11 Bst2 3.30110311 0868 |0314 |O 0

11 Rnf213 2.906739346 | 0.76 0.23 0 0

11 ligpl 4.303530691 | 0.576 | 0.064 |O 0

12 Tnfrsf4 4.878723963 | 0.777 |0.052 |0 0

12 Ikzf2 3.755854398 | 0.833 |0.151 |O 0

12 Ctlad 3.760262814 | 0.773 | 0.097 |O 0

12 Foxp3 4.91024103 0.548 |0.023 |0 0

12 1rl1 5.591224362 | 0.211 | 0.007 | O 0

12 Itgb8 5.614509171 | 0.132 | 0.003 | O 0

12 Rgs16 4.121221579 | 0.299 | 0.022 | 4.8109E-289 1.5532E-284
12 Ptpn5 5.880972983 | 0.084 | 0.001 | 1.4871E-269 4.801E-265
12 Tnfrsf9 4.444856114 | 0.276 | 0.02 4.1298E-266 1.3333E-261
12 Ttn 4447116837 | 0.174 | 0.01 7.3295E-205 2.3663E-200
13 Dntt 9.086883582 |1 0.006 |0 0

13 Arpp21 10.93302369 | 0.951 |0.001 |O 0

13 Mki67 5.709076312 | 0.963 |0.038 |O 0

13 Ly6d 7.495033332 | 0.951 |0.027 |O 0

13 Endou 10.39044402 | 0.914 |0.001 |O 0

13 Pclaf 5.956944697 | 0.926 |0.024 |0 0

13 Marcks 5.307781142 | 0.926 | 0.03 0 0

13 Histlhlb 5.020480998 | 0.914 | 0.04 0 0

13 Birc5 5.822712454 | 0.877 |0.021 |0 0
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13 Cdca?7 5.910457973 | 0.864 |0.024 | O 0
14 Trdc 5.513515763 | 0.973 | 0.051 | O 0
14 Cdie3l1 8.097019193 | 0.883 | 0.009 |O 0
14 Terg-C1 5.640785659 | 0.901 |0.045 |O 0
14 Tmem176a 3.787448734 | 0.905 |0.115 |O 0
14 Trdv4 9.75176955 0.786 | 0.003 |O 0
14 Tmem176b 3.763776309 | 0.901 |0.122 | O 0
14 510024 2.576783114 | 0.966 |0.272 | O 0
14 Cxcré 2.710593205 | 0.886 |0.201 |O 0
14 Maf 2.429585139 | 0.873 | 0.224 |0 0
14 Capg 2.841165961 | 0.803 | 0.174 |0 0
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Table 6-4: GSEA gene list

Name

Genes included

HALLMARK_INTERFERON_ALPHA_RESPONSE

(systematic name: MM3877)
Pubmed 30224793

Trim25
1115
Stat2
Procr
Warsl
Psma3
14ra
Ly6e
Trim21
Elf1
Irf9
Psme2
Psmel
Ifit3
Casp8
Ifi27
Trim26
Csfl
Samd9l
Uspl8
Psmb9
Psmb8
Uba7
Cxcl10
Eif2ak2
Clsl
Isgl5
Irf7
Cxcl11
Nubl
Txnip
Adar
Ripk2
Ifitm3
Gmpr
Lap3
Herc6
Lpar6
Ube2l6
Rtp4
Epstil
Tmem140
Ifitm1
Bst2
Ifi35
Ifihl
Pnptl
Ogfr
Parpl4
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Ccrl2
Mvb12a
Cmtrl
Batf2
Trim14
Sp110
Trafdl
Gbp3
Nmi
Isg20
Rsad2
Dhx58
Parp9
Ifitm?2
Rnf31
Ifi30
Tdrd7
Parpl2
Slc25a28
Oasll
Oasla
Ddx60
Helz2
Lamp3
Ifi44
Ncoa7
Tent5a
Trim12c
B2m
Cnp
Plscrl
Ifi44l
Cd74
Caspl
17

Irfl
Irf2
Cda7
Mov10
Mx2
Sell
Tapl
Ifit2
Lgals3bp
Cmpk2

GOBP_LEUKOCYTE_ADHESION_TO_VASCULAR_ENDOTHELIAL_CELL | Ccl21b
(GO:0061756) Ccl21d
PMID:23897866 Pawr
Add2
Alox5
Rhoa
Capnl
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Ccr2
Cx3crl
Extl
Fut4
Fut7
Fut9
Gentl
Gplba
Ilcaml
Irakl
6
Itgad
ltgam
Itgbl
Itgb2
Itgb7
KIf4
Lep
Madcam1
Mdk
Ccl21a
Ptafr
Rela
Rockl
Ccl25
Cxcl12
Sele
Sell
Selp
Selplg
St3gald
Spn
Tnf
Traf6
Vcaml
Etsl
Chst4
PodxI2
Elane
Chst2
Nfat5
Ccl28
Golph3
Jam2
Slc39a8
Zdhhc21
Lrgl
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