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Summary

Summary

Denderitic cells (DC) are the most important antigen-presenting cells of the immune system and
play a central role in the initiation of an anti-viral immune response by driving effector T cell
(Teff) activation and regulatory T cell (Treg) induction. IL-10 is an essential regulatory
cytokine during mutual interaction between Teff, Treg and DC during immunity to infection.
During latent mCMYV infection IL-10 limited the CD8" T cell expansion but to what extent DC
are targets or relevant sources of IL-10 during mCMV infection remains elusive. Another
pathway associated with a tolerogenic DC function is the B-catenin signaling pathway. The
stabilization of B-catenin in DC mediated a pro-inflammatory function and promoted the
development of CD8" T cell responses in the context of a viral infection but whether and to
what extent B-catenin signaling in DC affects the immunity and persistence of mCMYV is not
known. To investigate the role of IL-10 production by DC and IL-10 as well as B-catenin
signaling in DC during acute and latent mCMYV infection, we used transgenic mice with a
CDl11c-specific deficiency of IL-10, IL-10R and B-catenin or expression of a stabilized form
of B-catenin in CD1lc* cells (referred to as IL-104CPHc  JL-10RAPIc  B_cat?CPlic and

B_CatACDl 1c/EX3 mice).

First, we established an intranasal (i.n.) mCMV infection model more closely reflecting the
natural route of infection. For this purpose, we determined the CD8" T cell response by
MHC-I-specific Tetramer staining and observed a maximum frequency of M38 Tetramer
binding mCMV-specific CD8" T cells at 14 days post infection (p.i.), while the M45 Tetramer
response was much weaker and peaked at 7 days p.i.. Based on these findings, we examined
the role of DC in B-catenin and IL-10 signaling during acute mCMYV infection 14 days p.i. using
the M38 Tetramer. After acute mCMYV infection, no significant differences in the magnitude of
the mCMV-specific CD8" T cell responses and Treg differentiation were detected in
IL-104¢P1e and IL-10RACP!¢ mice. Moreover, latently infected IL-10RA“P'!¢ mice showed
neither an influence nor a memory inflation (MI) of mCMV-specific CD8" T cells. These
results indicate that DC IL-10 production and signaling does not play an essential role in the
regulation of anti-viral CD8" T cell responses during acute and/or latent mCMYV infection.
Furthermore, the deletion of B-catenin in CD11c" cells did not affect the mCMV-specific
CD8" T cell response and Treg differentiation, while the stabilization of B-catenin in
CDl11c" cells resulted in a significant expansion of FoxP3" CD4 Treg in the steady state as well
as during acute mCMYV infection. This expansion of Treg numbers was due to higher numbers

of thymus-derived FoxP3" CD4 Treg. In B-cat®®'!9EX3 gplenic DC exhibited a shift toward
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increased XCR-1" ¢DC1 and diminished CD172a." ¢DC2. The mCMV-specific CD8" T cell
response showed similar expansion in B-cat‘P!'“EX3 and control mice, whereas the
mCMV-specific CD8" T cell subpopulations revealed a modification in the distribution of
pulmonary effector memory CD8" T cells. Therefore, we investigated the impact of B-catenin
signaling in latently infected B-cat®®'!'*EX3 mice. The mCMV-specific CD8" T cell response

was comparable in B-catCP1Ie/EX3

compared to control mice and revealed no MI, while the
further fractionation into subpopulations displayed a shift toward increased conventional
effector memory T cells (cTEM) and reduced double-positive effector T cells (DPEC) in lung
and spleen of B-cat®P11EX3 mice, associated by increased FoxP3* CD4 Treg. These data suggest
an important role of B-catenin in DC for the induction of FoxP3* CD4 Treg and possibly

CD8" memory T cells during mCMYV infection.
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Zusammenfassung

Dendritische Zellen (DC) sind die wichtigsten Antigen-prasentierenden Zellen des
Immunsystems und spielen eine zentrale Rolle bei der Initiierung einer antiviralen
Immunantwort, indem sie die Aktivierung von Effektor T Zellen und die Induktion von
regulatorischen T Zellen (Treg) vorantreiben. IL-10 ist ein essentielles regulatorisches Zytokin
bei der gegenseitigen Interaktion zwischen Teff, Treg und DC wihrend der Immunitét gegen
Infektionen. Wihrend einer latenten mCMV Infektion begrenzte IL-10 die
CD8" T Zell-Expansion, aber inwieweit DC wéhrend einer mCMV Infektion Zielzellen oder
relevante Quellen von IL-10 sind, ist jedoch unklar. Ein weiterer Signalweg, der mit einer
tolerogenen DC-Funktion assoziiert ist, ist der 3-Catenin Signalweg. Die Stabilisierung von
-Catenin in DC vermittelte eine proinflammatorische Funktion und forderte die Entwicklung
der CD8" T Zellantworten im Kontext einer viralen Infektion, aber ob und in welchem Ausmaf
die B-Catenin Signalgebung in DC die Immunitét und Persistenz von mCMYV beeinflusst, ist
nicht bekannt. Um die Rolle der IL-10 Produktion von DC und der IL-10 und der B-Catenin
Signalisierung in DC wéhrend der akuten und latenten mCMV-Infektion zu untersuchen, haben
wir transgene Mduse analysiert, in denen die Expression von IL-10, IL-10R und B-Catenin auf
CDl1l1c" Zellen ausgeschaltet oder eine stabilisierte Form von B-Catenin in CD11c" Zellen
exprimiert wurde (benannt als IL-102CPlle  JL-10RACP!c  B_catACPlle ynd B-catACPIICEX3

Mause).

Zunéchst etablierten wir ein intranasales (i.n.) mCMV-Infektionsmodell, welches die natiirliche
Infektionsroute widerspiegelt. Zu diesem Zweck bestimmten wir die CD8" T Zellantwort mit
Hilfe der MHC-I-spezifischen Tetramer-Farbung und beobachteten eine maximale Frequenz
von M38 Tetramer-bindenden mCMV-spezifischen CD8" T Zellen 14 Tage nach der Infektion,
wiéhrend die M45 Tetramer-Antwort geringer war und ihr Maximum 7 Tage nach der Infektion
erreichte. Aufgrund dieser Ergebnisse untersuchten wir die Rolle der IL-10 und B-Catenin
Signalisierung in DC wihrend der akuten mCMYV Infektion 14 Tage nach der Infektion unter
der Verwendung des M38 Tetramers. Nach der akuten mCMV-Infektion wurden keine
signifikanten Unterschiede in der mCMV-spezifischen CD8" T Zellantwort und der Treg
Differenzierung in IL-102¢P!¢ ynd IL-10RA“P!' Miusen festgestellt. Zudem zeigten latent
infizierte IL-10RA°P!'¢ Miuse weder eine ‘memory inflation’ noch einen Einfluss auf die
mCMV-spezifische CD8" T Zellantwort. Diese Ergebnisse deuten darauf hin, dass die DC
IL-10 Produktion und Signalisierung in der akuten und/oder latenten Immunantwort keine

wesentliche Rolle spielen. Des Weiteren hatte die Deletion von B-Catenin in CD11c" Zellen

Vv
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keinen Einfluss auf die mCMV-spezifische CD8" T Zellantwort und die Treg Differenzierung,
wohingegen die Stabilisierung von B-Catenin in CD11c" Zellen zu einem erheblichen Anstieg
der FoxP3* CD4 Treg sowohl in nicht-infizierten als auch in akut mCMV-infizierten Mausen
fiihrte. Die Zunahme dieser Treg war auf eine hohere Anzahl von FoxP3" CD4 Treg aus dem
Thymus zuriickzufiihren. In den B-cat*“P!'“EX3 Miusen wiesen die DC in der Milz eine
Verschiebung zu mehr XCR-1" ¢DC1 und weniger CD172a" ¢cDC2 auf. Zudem zeigte die
mCMV-spezifische CD8' T Zellantwort einen &#hnlichen Verlauf in B-cat®“PH¢EX3 ynd
Kontrollmdusen, wihrend die mCMV-spezifischen CD8"T  Subpopulationen eine
Verdnderung in der Verteilung der pulmonalen Effektor-Gedachtnis CD8" T Zellen aufwiesen.
Aufgrund dessen untersuchten wir den Einfluss von p-Catenin in latent infizierten
B-cat?CPICEX3  Miusen. Die mCMV-spezifische CD8* T Zellantwort war bei den
B-catACP1EX3 ynd Kontrollmdusen vergleichbar und zeigte keine ‘memory inflation’, wihrend
eine weitere Fraktionierung der Subpopulationen eine Verschiebung zu mehr konventionellen
Effektor-Gedéchtnis T Zellen (cTEM) und weniger doppelt positiven Effektor T Zellen (DPEC)

in der Lunge und Milz von B-cat?cP!1¢/EX3

Maiusen aufwies, was mit einer Zunahme von
FoxP3" CD4 Treg einherging. Die Daten deuten auf eine wichtige Rolle von -Catenin in DC
fiir die Induktion von FoxP3" CD4 Treg und moglicherweise CD8" Gedachtnis T Zellen

wihrend einer mCMYV Infektion hin.
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Introduction

1 Introduction

1.1 Cytomegalovirus

Cytomegalovirus (CMV) belongs to the family of Herpesviridae. Members of the
Herpesviridae have a double-stranded linear DNA genome and an icosahedral capsid in
common, which is surrounded by a lipid bilayer (Connolly et al., 2021; Plummer, 1967,
Roizmann et al., 1992). During primary infection, progeny viruses are produced by lytic
infection and are able to establish latency in the host (Roizman and Baines, 1991). Due to their
replication rate, the pathogenicity and the cell tropism, they are classified into three subfamilies:
-, [ and y-Herpesviridae (Roizman, 1979; Roizman et al., 1981). CMV is a member of the

[-Herpesviridae, has a long replication cycle and is strictly species-specific (Schottstedt et al.,

2010; Tang et al., 2006).

1.1.1 Morphology and replication

CMV virions have a diameter of 150-200 nm and show morphological characteristics of
herpesviruses (Fig. 1) (Butcher et al., 1998; Chen et al., 1999). The DNA-protein-complex,
which is located inside the virus, is embedded by an icosahedral capsid of approximately
120 nm diameter, consisting of 162 capsomeres. The capsid is surrounded by a tegument
containing at least 27 different viral phosphoproteins but also a number of cellular and viral
RNA (Mocarski and Courcelle, 2001; Terhune et al., 2004). The envelope is a lipid bilayer
(Tooze et al., 1993) containing both viral and cellular glycoproteins (Streblow et al., 2006).
Viral glycoproteins mediate viral attachment to the host cell as well as pH-independent fusion
of the viral envelope with the cellular membrane (penetration) (Compton et al., 1992). Viral
glycoproteins have important functions in virion maturation and induction of the CMV-specific

humoral immune response (Feire and Compton, 2013).

Human CMV (hCMYV) has the largest genome with a length of approximately 240 kb with
regards to the other viruses of the Herpesviridae family (Davison et al., 2003). The genome
size of the murine CMV (mCMYV) is approximately 230 kbp (Rawlinson et al., 1996) and
contains about 170 open reading frames (ORF) (Cheng et al., 2010; Tang et al., 2006), whereas
hCMYV encodes 165-252 ORF (Chee et al., 1990; Davison et al., 2003; Murphy et al., 2003). In

2012 Stern-Ginossar et al. used ribosome profiling and transcript analysis to define hCMV
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translation products and identified up to 751 translated ORF in hCMV (Stern-Ginossar et al.,
2012).

Tegumeant

gH.gL.gO

GPCR (US27, UL33)

Figure 1: Structure of CMV.

The nucleocapsid is the first layer and contains the double-stranded viral genome, which is embedded
in the tegument. The outer layer of the virion is a host-derived lipid bilayer studded with viral
glycoproteins (gM, gN, gB, gH, gL, gO) (Streblow et al., 2006).

The first step of CMV infection is the binding and entry of the virus into the cells (Boyle and
Compton, 1998). The attachment of the virion to the host cell membrane is initiated by binding
of viral glycoproteins gB and gM/gN to cellular heparan sulfate proteoglycyans (HSPG) (Boyle
and Compton, 1998; Compton et al., 1992; Mocarski, 1996). To stabilize the first attachment
of the virion, further viral proteins interact and bind cellular receptors (docking) (Compton et
al., 1993; Feire and Compton, 2013). Different cellular receptors involved in the docking
process like epithelial growth factor receptor (EGFR), Annexin I, CD13 or integrins are yet to
be discussed (Feire et al., 2004; Giugni et al., 1996; Soderberg et al., 1993; Wright et al., 1994).
The process of attachment is followed by pH-independent penetration (Compton et al., 1993;
Mocarski, 1996). Both capsid and tegument enter the cytoplasm and the capsid is transported
to the nucleus via microtubules (Ogawa-Goto et al., 2003). The viral genome enters the
nucleoplasm through a nuclear pore and circulates to an episome (Mocarski, 1996; Ojala et al.,

2000).
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Gene expression of viral DNA is highly regulated in a cascade-dependent manner and can be
separated into three phases: immediate early (IE), early (E) and late (L) (Mocarski 1996). IE
gene expression occurs immediately after the viral DNA enters the nucleus. The IE proteins
activate the viral replication cycle and viral gene expression. Additionally, they control the
intrinsic and innate cellular immune response (Meier and Stinski, 2013). Two hours after
infection, the regulatory function of IE proteins in CMV initiates the E phase, which is essential
for viral DNA replication (Keil et al.,, 1984). E proteins regulate host cell responses and
establish the viral replication (Compton and Feire, 2007). DNA synthesis takes place according
to the rolling circle mechanism and results in a single DNA strand containing multiple virus
genome copies (Mocarski, 1996). In the L phase predominantly structural proteins are
synthesized, which are needed for the assembly of new viral particles (Isomura et al., 2011;
Mocarski, 1996). The assembly of herpesviruses takes place in the nucleus. In primary
envelopment, nucleocapsids are transported through the inner nuclear membrane into the
perinuclear space. After fusion of the viral membrane with the outer nuclear membrane, naked
capsids enter the cytoplasm (Buser et al., 2007; Mocarski, 1996). In secondary envelopment,
the capsids receive a double membrane at the cytoplasmic cisterna. Finally, fusion with the
plasma membrane of the cells leads to the release of viral particles with a single envelope

membrane (Mocarski, 1996; Sanchez et al., 2000).

1.1.2 Latency and reactivation

Latency is defined as the persistence of functional viral genomes in a non-replicative state in
the host after the control of primary infection (Bain et al., 2006; Griessl et al., 2021). Latent
viral genomes have the ability to reactivate at any time in response to stimuli, resulting in
recurrence of infectious viruses (Roizmans and Sears, 1987). During latent hCMV infection,
viral DNA is detectable in various organs such as lung, liver, heart, kidney, and pancreas
(Koffron et al., 1997). mCMYV establishes latency in lung, spleen, kidney, brain, salivary glands
(SG) and heart (Balthesen et al., 1993; Collins et al., 1993). Previous studies also found hCMV
in cells of myeloid origin such as granulocytes, monocytes, macrophages (M®) and dendritic
cells (DC) (Hahn et al., 1998; Sinclair and Sissons, 2006; Soderberg et al., 1993; Soderberg-
Naucler and Nelson, 1999). Interestingly, viral genomes have not been detected in B and T cells
(Mocarski et al., 2007; Taylor-Wiedeman et al., 1993; Taylor-Wiedeman et al., 1991). In

addition, endothelial cells came into the focus as putative latency sites (Koffron et al., 1998;
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Quirici et al., 2001) and were described by Seckert ef al. as a place of latency in the liver

(Seckert et al., 2009).

Reactivation after latency results in productive infection with new infectious virions, which is
a high risk factor for immunocompromised patients after stem cell or organ transplantation
(Balthesen et al., 1994; Reddehase et al., 1994). Reactivation could be achieved by
immunosuppression, such as total body irradiation (Kurz and Reddehase, 1999; Reddehase et
al., 1994) or depletion of lymphoid cells using antibodies (Bevan et al., 1996; Polic et al., 1998),
leading to impaired CD8" T cell control. Moreover, reactivation can be induced by cell
differentiation and activation of myeloid cells by pro-inflammatory cytokines (Hahn et al.,
1998; Hertel et al., 2003; Kondo et al., 1994). The transcription factor TNF-a plays an important
role on the molecular site in reactivation. Both studies of mCMV and hCMV confirmed the
involvement of TNF-a of reactivation of the virus (Docke et al., 1994; Prosch et al., 2002).
Cook et al. also demonstrated the influence of TNF-a on the reactivation in an mCMYV sepsis

model (Cook et al., 2006).

1.1.3 Clinical relevance of hCMY infection

The rate of hCMV transmission is highly dependent on geographic location and social status.
While up to 100% of the human population living in metropolitan areas and in third world
countries carry the virus, only 40-70% of the population are infected in central Europe and
North America (Ho, 2008; Schottstedt et al., 2010). hCMV can be transmitted either
horizontally or vertically. During the horizontal transmission, the virus is transmitted through
direct contact, such as saliva, urine, tear fluid, breast milk or genital secretions (Mocarski 1996;
Schottstedt et al., 2010). Moreover, it can also be transmitted via blood transfusion or organ
transplantation. Vertical transmission takes place transplacentally or during birth from mother

to child. Additionally, the transmission to the newborn can occur via breast milk.

Both, primary infections and reactivation of hCMV, are wusually unapparent in
immunocompetent individuals. Occasionally, primary CMV infection can lead to
mononucleosis with symptoms such as fever, fatigue, nausea and headache (Lancini et al.,
2014; Rubin, 1990). In immunocompromised patients the clinical manifestation of hCMV has
a broad range of symptoms such as asymptomatic infection or multi-organ disease accompanied
by mortality and morbidity (Dioverti and Razonable, 2016). This group includes patients with

congenital (severe combined immunodeficiency, SCID) or acquired (acquired
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immunodeficiency syndrome, AIDS) immunodeficiency, recipients of stem cell or organ
transplants, as well as patients undergoing chemotherapy and congenitally infected fetuses
(Dioverti and Razonable, 2016; Neiman et al., 1977; Singh et al., 1988). In recipients of organ
and bone marrow transplantations, the serological status plays a crucial role (Miller et al., 1991;

Boeckh et al., 2003).

1.1.4 mCMYV infection as model system as hCMV

All cytomegaloviruses are strict species-specific, therefore it is not possible to study hCMV in
animal models. However, due to their similar structure, genetics and development of adaptions,
the murine model of mCMYV infection is widely used (Rawlinson et al., 1996; Reddehase,
2002). In both, hCMV and mCMYV, the immune control has similar kinetics and is mediated
mainly by CD8" T cells (Holtappels et al., 2006; Reddehase and Lemmermann, 2018;
Reddehase et al., 2002). After primary infection, both viruses develop a lifelong latency in the
same organs such as lung, SG or spleen (Balthesen et al., 1993; Krmpotic et al., 2003;
Reddehase, 2002; Reddehase et al., 1994). Moreover, the murine model has been established
for the analysis of viral immune evasion mechanisms (Reddehase et al., 2002) and the discovery
of ‘memory inflation® (Holtappels et al., 2000), as well as latency (Seckert et al., 2012). The
murine model could also contribute to the description of effector T cell populations mediating

immunological control of infection (Holtappels et al., 2006; Simon et al., 2006).

1.1.5 Immunological control of mCMYV infection

Control of primary CMV infection occurs in two phases and begins immediately after infection
with the activation of the innate immune system, while the activation of the adaptive immune
response occurs later (Bukowski and Welsh, 1985; Welsh et al., 1991). Innate immune cells
such as M®, DC and natural killer cells (NK) are involved in the defense and control upon
CMV infection (Bukowski and Welsh, 1985; Arase et al., 2002; Jonji¢, et al., 2006). These cells
are equipped with pattern recognition receptors (PRR) enabling them to detect conserved
pathogen- or damage-associated molecular patterns (PAMP, DAMP) such as LPS and bacterial
DNA (Janeway and Medzhitov, 2002; Hartmann et al., 1999). In addition, these cells secrete

anti-viral cytokines such interferons, interleukins and chemokines and support the initiation of
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the adaptive immune response, which is essential for long-term control of infection (Goodbourn

et al., 2000; Grandvaux et al., 2002; Welsh et al., 1991).

The adaptive immune response consists of a humoral and cellular component. The latter is
essentially mediated by virus-specific CD8" T cells (also known as cytotoxic CD8" T cells).
They terminate productive infection in organs and mediate long-term control through inhibiting
CMV replication in the acute phase (Griessel et al., 2021; La Rosa and Diamond, 2012;
Reddehase, 2002; Sylwester et al., 2005). Previous studies have shown that the transfer of
anti-viral CD8" T cells control CMV disease after transplantation (Riddel et al., 1992).
CD4" T cells (also known as T helper cells- Ty) also contribute to the anti-viral immune
response. They can limit viral replication during chronic infection through cytolytic activities
and secretion of cytokines, in particular IFN-y (Jonjic et al., 1990; Jeitziner et al., 2013; Verma
et al., 2016). The humoral response includes the secretion of virus-specific antibodies by
B lymphocytes. Their contribution to the control of primary infection is small, but they perform
a protective function against secondary infection and limit spread in the virus reactivation

(Klenovsek et al., 2007; Reddehase et al., 1994; Wirtz et al., 2008).

1.1.6 Immune evasion strategies

mCMYV evolves strategies to interfere with DC to affect the anti-viral immune response, which
are called immune evasion strategies. These different immune evasion strategies include
components of the innate and adaptive immunity. It is known that CMV encodes proteins which
are involved in modifying and mimicking MHC protein function, leukocyte migration,
activation and cytokine responses (Mocarski, 2002; Reddehase, 2002). Four mCMV (m138,
m145, m152 and m155) proteins reduce the expression of natural killer group 2D receptor
(NKG2D), which leads to a reduced NK cell response (Hasan et al., 2005; Krmpotic et al.,
2005; Lenac et al., 2006; Lodoen et al., 2003). Some other immune evasion proteins affect the
CD8" T cell response, because they inhibiting antigen (Ag) presentation via MHC-1. These
proteins, namely m04, m06 and m152, are known as vVRAPs (viral regulators of antigen
presentation) (Holtappels et al., 2006). Virus mutants without these genes showed a higher
virus-specific CD8" T cell response (Doom and Hill, 2008; Hengel et al., 1999; Holtappels et
al., 2006; Reddehase, 2002).
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1.2 Dendritic cells and their role in immune response

DC are a heterogeneous population, which belongs to the group of antigen-presenting cells
(APC) (Mildner and Jung, 2014; Ueno et al., 2007). Originally, they were discovered in 1973
by Steinman and Cohn as an undefined cell type in a mouse spleen, which were named as
“dendritic cell” due to their extended cytoplasmic processes (Chen et al., 2016; Steinman and
Cohn, 1973). DC are present in almost every tissue of the body, e.g. in the skin, mucosa, lymph
nodes (LN), spleen, lung and thymus (Steinman and Cohn, 1973).

DC develop from hematopoietic stem cells (HSC) of the bone marrow (BM) in a stepwise
manner. HSC generate common myeloid progenitor (CMP), which differentiate through a series
of precursors into common DC precursors (CDP) (Hettinger et al., 2013; Liu and Nussenzweig,
2010; Manz et al., 2001; Onai et al., 2013; Sichien et al., 2017). They subsequently differentiate
into plasmacytoid DC (pDC) or precursor conventional DC (pre-cDC) (Naik et al., 2007; Onai
et al., 2013). Latter leave the BM into the bloodstream and migrate to different tissues where
they differentiate into conventional type 1 DC (cDC1) dependent of different transcription
factors and type 2 DC (cDC2) (Diao et al., 2006; Sichien et al., 2017).

DC are different in their phenotype and function and therefore referred to immature and mature
DC (Schuler and Steinman, 1985). Newly generated immature DC migrate to peripheral tissues
via the bloodstream and can accumulate within a short time at sites where pathogens occur.
Circulating DC are attracted by chemokines, secreted as a result of a pathogen-induced
inflammatory response (McWilliam et al., 1996). Immature DC take up Ag through the PRR
such as Toll-like receptor (TLR) (Meylan et al., 2006). Subsequently, the ability of DC to take
up further Ag rapidly decreases and the DC migration and maturation is initiated (Bancherau et
al., 2000). The maturation process is accompanied by increased expression of MHC-II
molecules, co-stimulatory molecules such as CD80, CD86 and CD40, and a change in their
morphology (Mellman and Steinman, 2001; Wallet et al., 2005). DC migrate to the T cell zones
in draining lymph nodes (dLN) in a chemokine receptor type 7 (CCR7)-dependent manner (Ohl
et al., 2004; Saban, 2014). In dLN, mature DC present Ag to naive T cells. Chemokines attract
both mature DC and naive T cells, favoring the encounter of antigen-presenting DC with
antigen-specific T cells (Gunn et al., 1998; Saeki et al., 1999). Upon Ag presentation,
proliferation and polarization of naive T cells into antigen-specific effector (Teff) or regulatory
T cells is induced (Treg) (Sichien et al., 2017; Zanna et al., 2021). These activated T cells home

to the tissue of DC origin and orchestrate the immune response through the production of
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immunomodulatory cytokines, including 1L-17, IFN-y, IL-4, IL-5, and IL-10 (Banchereau and
Steinman, 1998; Merad et al., 2013).

DC process the Ag for presentation on their cell surface using MHC for recognition by the TCR
on T cells (Bancherau et al., 2000). They are able to present both exogenous and endogenous
Ag. The exogenous Ag is taken up, processed in the endosome and presented on
MHC-II-molecules, resulting in the activation of antigen-specific CD4" T cells (Guermonprez
et al,, 2002). MHC-I presentation of pathogenic Ag and the additional interaction of
co-stimulatory cytokines activates CD8" T cells (Rudolph et al., 2006). Depending on the origin
of the peptide, two types of Ag presentation are known, direct presentation and
cross-presentation. The former describes the presentation of peptides derived from
intracellularly synthesized and processed proteins (endogenous Ag), e.g. produced in the
cytoplasm of DC. The peptide is presented on MHC-I molecules and activates the
antigen-specific CD8" T cells (Rammensee et al., 1993; Rock et al., 2002; Suh et al., 1994). DC
can also present exogenous Ag via micropinocytosis/endocytosis on MHC-I molecules, a
process known as cross-presentation (Joffre et al., 2012; Sallusto et al., 1995). cDC1 are most
efficient for CD8" T cell priming via cross-presentation. They play an important role in defense
against cancer and against intracellular pathogens including mCMYV (Busche et al., 2013, Dalod

et al., 2003).

1.2.1 Characterizing DC in lung, lymph node and spleen

DC can be classified into conventional DC (¢DC) and plasmacytoid DC (pDC). The latter
secretes high amounts of type I interferons (IFN-I) during viral infections, which is important
in anti-viral immune responses, but pDC have a restricted potential to prime T cells (Nakano et
al., 2001; Sapoznikov et al., 2007; Swiecki and Colonna, 2015). ¢cDC can be characterized by
the expression of the integrin CD11c and MHC-II (Sichien et al., 2017; Zanna et al., 2021).
Based on their surface phenotype, developmental transcription factors and function, cDC are
classified into ¢cDC1 and ¢cDC2 (Guilliams et al., 2014). Both ¢DC subsets present pathogenic
Agtonaive T cells and initiate the adaptive immune response (Lambrecht and Hammad, 2012).
They can be found in secondary lymphoid organs and parenchymal tissues, where they have a

sentinel function (Mildner and Jung, 2014).

In the lung, the three main DC subsets (cDC1, cDC2 and pDC) are present in the steady state
(Fig. 2 a) (Lambrecht and Hammad, 2012). ¢cDC express high levels of CDI11c, while pDC
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express Siglec-H and low levels of CD11c. ¢cDC subsets can be further distinguished by the
expression of CD103 and CD11b. The CD11ch CD103* ¢DC1 belong to the CD8a type and
express XCR-1, whereas the CD11¢" CD11b" ¢DC2 express CD1720. In the lung, a network
of cDCI1 is found in the epithelial layer. They form dendrites and penetrate the epithelial cell
layer to gain access to the airway lumen (Guilliams et al., 2013). Pulmonary cDCI1 are
specialized in cross-presenting Ag to CD8" T cells (Guilliams et al., 2013; Mildner and Jung,
2014). Thus, cDCI are important for immune defense against intracellular pathogens including
mCMV (Alexandre et al., 2014). In comparison, cDC2 are found in the lamina propria (Neyt
and Lambrecht, 2013). These cells are potent activators of CD4" T cells and inducers of Tu2
and Tu17 responses, and promote the humoral immunity (Alexandre et al., 2014; Mildner and
Jung, 2014; Neyt and Lambrecht, 2013). Furthermore, pulmonary cDC2 trigger the activation
of cytotoxic T lymphocytes (CLT) after influenza infection and remain in draining LN (dLN).
During a respiratory virus infection an additional subpopulation, the CD11b* monocyte-derived
DC (moDC), are recruited to the lung (Fig. 2 b). These cells maintain the pro-inflammatory

microenvironment by secreting cytokines (Lambrecht an Hammad, 2012).

aQ Steady state b inflammation
%
@1t o
Sirplaint 3 D=
CX3CR1 il CD11b*
cD11ch I ~ Bacteria CD11ct
<DCs .. = \\j Sirpla”™ Infl
CD1lb™ ¥ —_— : nflammatory
. 2 ( T = Ly6C
CD103* =& M LA DCs
- - : V\[ FceRI®
Lange'nn Y (€D14*,
XCRI DC-SIGN'7)

CD11cdim  CD110
pDCs Siglec-H*
PDCA1*

Alveolar
DCs

¢

la

Figure 2: Characterization of DC subsets in the lung of mice.

Two subsets of CD11c" ¢cDC were identified in steady state (a). CD103" ¢cDC]1 are found in the epithelial
layer of the larger airways of the lung, whereas CD11b" ¢DC2 are predominantly encountered in the
lamina propria. A third population of pDC can be found in the epithelial layer. During inflammation,
CD11b" monocyte-derived DC are induced and recruited to the lung (b) (adapted from Lambrecht and
Hammad, 2012).
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In the LN, DC can be subdivided into resident and migratory cells. Resident DC can be
distinguished from migratory DC by the expression levels of MHC-II and CD11c. In steady
state of mice, resident DC are CD11ch MHCII™, while migratory DC are CD11¢™ MHCIIM in
LN (Ohl et al., 2004). Similar to the lung, resident cDC in the LN can be subdivided into
CD103" ¢DC1 and CD11b" ¢cDC2. Despite the name, resident DC, are able to migrate through
different areas within secondary lymphoid organs. They continuously enter the LN from the
blood and acquire Ag by lymphatic drainage or by transfer from other cells. The acquired Ag
is used for CD4 and CD8 T cell priming (Allan et al., 2006; Ersland et al., 2010; Gurevich et
al., 2017). In contrast, migratory DC reside in the parenchymal tissue and must migrate to LN
via afferent lymphatics in a CCR7-dependent fashion to interact with naive T cells (Mildner
and Jung, 2014; Ohl et al., 2004). Migratory DC carry Ag from the periphery to CD8" resident
DC in the LN for cross-presentation (Allan et al., 2006).

The spleen predominately harbors ¢cDC, which can be further classified into CD8a" (¢cDC1)
and CD8a~ (¢cDC2) subsets. ¢cDC1 are phenotypically characterized as CD11b~ CD8a" XCR-1"
(also known as CD103" ¢DC1), while ¢cDC2 are CD11b" CD8a CD172a" cells (Sichien et al.,
2017; Vremec et al., 2000). The two subsets differ in immune function, cytokine production
and their ability to cross-present Ag (Hochrein et al., 2001). It has been published, that cDCI1
are localized in the marginal zone (MZ) of the spleen and take up lymph- and blood-born Ag
and pathogens (Idoyaga et al., 2009). Moreover, they are involved in the maintenance of
tolerance to self-antigens, which is due to their close proximity to resting T cells and their
ability of cross-presentation (De Smedt et al., 1996; Steinman et al., 1997). c¢DCI
predominately produce interleukin 12 (IL-12) which is crucial for the CD8" T cell proliferation
(Heath et al., 2004). On the other hand, cDC2 are more heterogeneous than ¢cDC1 and have a
low cross-priming capacity (De Smedt et al., 1996). A study used in vivo labelling to identify
the localization of cDC2 and discovered, that half of these cells were exposed to Ag in the MZ
of the spleen (Calabro et al., 2016). The other half of cDC2 is suggested to be in the white pulp
(WP) and thus have no access to large blood-derived Ag. Therefore, these cells cannot present
viral Ag to naive CD4 T cells and initiate the adaptive immune response. After
lipopolysaccharide (LPS) stimulation, ¢cDC2 migrate into the T cell areas and secrete

inflammatory cytokines (De Smedt et al., 1996).
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1.2.2 DC in mCMYV infection

DC are an important link between the innate and adaptive immune system (Sichien et al., 2017;
Zanna et al., 2021). The main function of these cells is to capture pathogen Ag, initiating and
modulating the adaptive immune response by activating CD4" and CD8" T cells. During
infection, DC recognize mCMV DNA mainly through the TLR-9. These receptor triggers a
distinct signaling pathway and result in the production of pro-inflammatory cytokines such as

IFN-I (Brinkmann et al., 2015; Puttur et al., 2016).

CDl1c is a typical marker to characterize DC, which can also be found on the surface of other
immune cells, such as T cells (Liao et al., 2017). Pulmonary immune cells express CD11c and
most of them are cDC expressing high levels of CD86 and MHC-II after 3 days of mCMV
infection. A few years ago, the group of Sacher showed remarkable amounts of EGFP-virus in
most organs of CD11¢-Cre mice and thus the main part of the virus replicated in CD11c" cells,
probably cDC (Sacher et al., 2008). This suggests that cDC contribute to virus replication and
disseminate across tissues during infection. Additionally, it is known that mCMV can infect
DC. Already after 36-48 h of mCMYV infection mainly cDC1 were infected (Dalod et al., 2003).
In contrast to ¢cDC2, splenic cDC1 do not produce infectious virus after 18 h of infection
(Busche et al., 2013). In spleen and liver of Batf3”" mice virus titers were not affected despite
the absence of cDC1 (Torti et al., 2011b). However, cDC are not involved in the establishment
of latency and occurs in the absence of ¢cDCI1 (Daley-Bauer et al., 2014; Torti et al., 2011a).
Non-classical monocytes (CX3CR1M) are important for the establishment of latency. These cells
become infected and serve as immune vehicles to spread the virus to distant organs such as the
SG after footpad infection (Daley-Bauer et al., 2014). Usually an mCMYV infection occurs via
mucosal membranes and the virus transmits via the respiratory tract. Therefore, the intranasal
(i.n.) infection route seems to be the most likely natural route. After i.n. infection CD11¢" DC
migrate from the lungs to the mediastinal lymph nodes (mLN), then enter the blood and reach
the SG (Farrell et al., 2017). In lung, mCMV-infected DC exit the LN by a distinct route to
lymphocytes, entering high endothelial venules (HEV) and evade the efferent lymph. This exit
depends on CD44 and the viral M33 chemokine receptor (G-protein-dependent signaling),
because in the absence of both, CD44 and M33, infected DC accumulate in the LN and reduce
the viral spread. These findings suggest a virus-driven DC recirculation. Moreover, natural
CMV infection of the respiratory tract is associated with exposure to environmental Ag in the
air (Reddehase, 2019). In a mouse model Reuter ef al. investigated the simultaneously
respiratory exposure to CMV and ovalbumin (OVA), which is a well-studied environmental

Ag with low allergenic potential. The airway infection combined with the OV A sensitization

11



Introduction

was more receptive for an allergic airway disease (AAD), while the mCMYV infection or
exposure to OVA by itself did not sensitize to AAD. Both, cDC2 and cDCl1 are activated by
mCMV in the airway mucosa where they take up OVA, migrate to tracheal lymph node (tLN)
and present Ag. This AAD was driven by CD4" T helper cells (Tu2) type 2 in lung and
accompanied by the production of IL-4, IL-5, IL-9 and IL-25 (Reuter et al., 2019). DC derived
from BM in presence of GM-CSF are permissive to mCMYV in vitro and infected DC are weak

activators of T cells (Andrews et al., 2001; Loewendorf et al., 2004).

1.3 Importance of CD8" T cells

T lymphocytes, especially virus-specific CD8" T cells, are the major mediator of the adaptive
immune response during CMV infection to limit the viral replication (Reddehase, 2002; Wills
et al. 2013). The immune response by CMV-specific CD8" T cells begins 2-3 days after
infection and reaches its maximum at approximately 10 days (Bohm et al., 2008; Quinnan et

al., 1978).

T cells originate in the bone marrow (BM) and mature in the thymus. Mature naive T cells leave
the thymus and circulate throughout the body until they recognize their specific Ag on the
surface of APC and are activated in secondary lymphoid organs (Randolph et al., 2005). The
activation of CD8" T cells occurs through binding of its TCR to the peptide-loaded MHC-I
complex. Simultaneously, co-stimulatory molecules and signals from inflammatory cytokines,
in particular IL-12 and IFN- vy, control the activation of T cells (Harty and Badovinac, 2008;
Harty et al., 2000; Mescher et al., 2006). After activation, effector CD8" T cells migrate via
efferent lymphatic vessels to the peripheral sites of infection. There, they can kill infected cells
by secreting perforin and granzyme B and recruit other effector cells through cytokine

production.

During primary infection, CD8" T cells undergo four stages: activation, expansion, contraction,
and the memory phase. Following activation, rapid cell expansion and effector cell
differentiation occur (Blattman et al., 2002; Busch et al., 1998; Butz and Bevan, 1998; Murali-
Krishna et al., 1998). Effector functions of CD8" T cells compromise cytolytic activity and
secretion of cytokines such as TNF and IFN-y and chemokines (Doherty, 1993; Harty et al.,
2000). This mediates the control of infection by the CD8" T cells and promotes clearance of the
virus. The CD8" T cell response is essential for the control of mCMYV infection and has been

confirmed in several studies (Bohm et al., 2008; Holtappels et al., 2006; Holtappels et al., 2000;
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Pahl-Seibert et al., 2005). An adoptive transfer of T lymphocytes from mCMV-infected donor
mice to susceptible immune suppressed mCMV-infected recipient mice has been shown to
protect these mice. In the contraction phase, 90-95% of T cells undergo apoptosis and only
long-lived memory T cells survive (Kaech et al., 2002). In contrast to other virus infections,
CMV-specific memory T cells increases with time. This phenomenon is called ‘memory
inflation” (MI) and is boosted by repeated reactivation of CMV over lifetime (Holtappels et al.,
2020; Holtappels et al., 2000; Holtappels et al., 2002; Karrer et al., 2003; Kim et al., 2015).

1.3.1 Differentiation of CD8* T cells

After activation, naive CD8" T cells develop into effector cells and remain as memory T cells
after surviving an infection (Weninger et al., 2002). Originally, these memory T cells were
differentiated into two major subtypes, the central memory T cells (TCM) and effector memory
T cells (TEM) (Hamann et al., 1997; Stemberger et al., 2009). TCM are localized in the LN but
can also migrate to peripheral organs upon inflammatory signals (Weninger et al., 2002; Wherry
et al., 2003). In contrast, TEM are not found in LN and are restricted to the peripheral tissue
(Masopust et al., 2001; Wherry et al., 2003).

Recent publications show that two different kinetic patterns of CD8" T cell responses are
induced after mCMYV infection (Fig. 3) (Munks et al., 2006). The main group of CD8" T cells
are the ‘conventional CD8" T cells’, which follow the classical contraction, expansion and
memory. They are stably maintained at low levels in the latency phase by cytokine-induced
homeostatic proliferation. The conventional memory pool is characterized by CD8" T cells,
which are specific for e.g. epitopes M45 and MS57 in C57/BL6 mice. In contrast,
mCMV-specific ‘inflationary CD8" T cells’ continuously expand after the control of primary
infection and are stabilized at high numbers in peripheral tissues during latency phase. In
C57/BL6 mice, the epitopes M38, m139 and IE3 also follow the inflationary response and
expanded over 8-12 weeks after infection. During latency phase, these inflationary CD8" T cells
are maintained at high levels (Munks et al., 2006; Snyder et al., 2008; Torti and Oxenius, 2012).
In this work, the two Tetramers M38 and M45 were used to study the virus-specific T cell
response of conventional and inflationary CD8" T cells during acute and latent

mCMYV infection.

13



Introduction

Inflationary CD8 T cell responses
m=m==_Conventional CD8 T cell responses
CMV viral load

S

MCMV-specific CD8 T cell response

Time

Figure 3: Kinetic patterns of CD8" T cells responses during mCMYV infection.

The acute infection (A) is controlled by innate immune cells and CD8" T cells and is followed by the
latency phase (L). During the acute infection ‘conventional CD8" T cells’ undergo the classical
expansion, contraction and memory phase (green line), which is accompanied with high lytic viral
replications (pink areas). The ‘inflationary CD8" T cell response’ expand after acute infection and are
maintained at high levels during latent infection (blue line). The viral loads show local reactivation
events, which are rapidly controlled during the latency phase (Torti and Oxenius, 2012).

Based on a recent publication by Griessel ef al., CD8" T cells were classified into following

subpopulations using surface markers CD127, KLRG-1 and CD62L (Griessel et al., 2021):

early effector cells (EEC) CD127 KLRG-1- CD62L~-
inflationary effector memory T cells (1ITEM) CD127  KLRG-1" CD62L-
double-positive effector T cells (DPEC) CD127" KLRG-1" CD62L"
conventional effector memory T cells (cTEM) CD127" KLRG-1- CD62L-
central memory T cells (TCM) CD127" KLRG-1- CD62L".

CD127 also known as IL-7Ra is a subunit of the interleukin-7 receptor and is expressed on
DPEC, ¢TEM and TCM (Bachmann et al., 2005; Griessl et al., 2021; Wherry and Ahmed,
2004). The presence of CDI127 correlates with increased expression of anti-apoptotic
molecules, such as Bcl-2 (Kaech et al., 2003; Schluns et al., 2000). KLRG-1 (killer cell
lectin-like receptor subfamily G member 1) is a transmembrane protein with an
immunoreceptor tyrosine-based inhibitory motif (ITIM). This protein interacts with E-cadherin
and inhibits cell proliferation and cyclin production, as well as phosphorylation of Akt, a kinase
involved in cell survival (Henson et al., 2009; Tessmer et al., 2007). Furthermore, KLRG-1
inhibits the IL-2 production of T cells, which affects the magnitude and duration of effector

phase (Banh et al., 2009). CD62L is a homing marker, which is expressed only by TCM and
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enables the migration to secondary lymphoid organs (Torti and Oxenius, 2012; Wherry et al.,
2003).

The development of EEC is induced by cytokines such as IL-12, IL-15, and IFN-o/-, which
subsequently develop into terminally differentiated short-lived effector cells — SLEC (above
classified as iTEM) or memory T cells (Obar et al., 2011; Obar and Lefrancois, 2010a; Xiao et
al., 2009). IL-2 and IL-12 are important inflammatory cytokines to induce the iTEM population.
In addition, these two cytokines regulate transcription factors such as T-bet, Eomes, Blimp1
and Bcl6, which are important for cell differentiation (Joshi et al., 2007; Obar et al., 2011;
Takemoto et al., 2006). IFN-y regulates the proliferation and survival of CD8" T cells, promotes
IL-12 production and iTEM differentiation (Obar et al., 2011; Obar and Lefrancois, 2010b).
1TEM has an extended life span due to increased expression of the anti-apoptotic protein Bcl-2
mediated by IL-15, resulting in a memory cell-like appearance (Baumann et al., 2018;
Holtappels et al., 2020). This expanding CD8" T cell population was originally classified as
SLEC with cell surface marker phenotype KLRG-1" CD62L". However, based on the memory
cell-like characterization, they were renamed as iTEM. The inclusion of the marker molecule
CD127 allows a further distinction between iTEM (CD127 KLRG-1" CD62L"), ¢cTEM
(CD127" KLRG-1" CD62L") and DPEC (CD127" KLRG-1" CD62L") (Griessl et al., 2021). In
a cell culture experiment, cells of cytolytic T-lymphocyte line (CTLL) showed a DPEC
phenotype after a long-term infection. This observation suggests, that repeated Ag
re-stimulation by latently infected cells could generate CTLL in vivo (Ebert et al., 2012).
However, the investigation of MI, 6 months after hematopoietic cell transplantation (HCT) and

mCMV infection, revealed low contribution from DPEC in lungs (Griessl et al., 2021).

A study characterizing the lineage relationship of the CD8" T cell subsets during viral infections
showed that CD62L~ CD127" T cells (new classified as cTEM) develop first after Ag priming
(Bachmann et al., 2005). During mCMV latency, inflationary CD8" T cells with effector
memory phenotype (ITEM) are stabilized at high numbers in peripheral tissues (Torti et al.,
2011a). Moreover, these mCMV-specific CD8" T cells express low levels of co-stimulatory
molecules CD27 and CD28 (Snyder et al., 2008). In the LN the MI is induced by additional
mCMYV Ag recognition of latent infected non-hematopoietic cells (Seckert et al., 2011; Torti et
al., 2011a). The inflationary CD8" T cells include a central memory phenotype (TCM) and are
re-stimulated to proliferate. Afterwards, these cells obtain an effector phenotype and migrate to
peripheral tissues, where they are critical in controlling latency or reactivation of a mCMV

infection (Torti and Oxenius, 2012).
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1.4 Relation of Treg and mCMYV infection

As mentioned before (chapter 1.3) hCMV and mCMYV infections are controlled by the adaptive
immune response, in particular the virus-specific CD8" T cells. However, the virus cannot be
eliminated and establishes a lifelong latent infection (Roizman and Baines, 1991). So far, it is
unclear which immunological mechanisms are responsible for the control of latency. Treg are
able to suppress the innate and adaptive immune response and thus they are able to regulate the
self-tolerance of the immune system (Berod et al., 2012; Lindenberg et al., 2014; Mayer et al.,
2012). It has been demonstrated that the depletion of CD4 Treg after mCMYV infection has an
impact on latent mCMV infection (Almanan et al., 2017). CD4 Treg are associated with viral
reactivation, but the mechanisms contributing to the control of latent mCMYV are still not clear.
It is known that innate and adaptive immunity can be modulated by CD4 Treg, while the
importance and subgroup of CD8 Treg remain still controversial (Niederlova et al., 2021;

Vieyra-Lobato et al., 2018).

1.4.1 Development and function of Treg

Treg can suppress the innate and adaptive immune system and thereby maintain homeostasis
and peripheral self-tolerance (Belkaid and Rouse, 2005; Fehervari and Sakaguchi, 2004;
Sakaguchi, 2004. Moreover, they prevent autoimmune disease and allergies. In addition, Treg
inhibit exaggerated T cell responses during infection (Lanteri et al., 2009; Suvas et al., 2004),
enhance Teff differentiation and memory formation toward pathogens (Laidlaw et al., 2015;

Pandiyan et al., 2011), and inhibit tumor immunity (Shimizu et al., 1999).

Until the early 2000s, the characterization of Treg was a problem due to the lack of phenotypic
Treg markers, the diversity of suppressive mechanisms, and the difficulty of generating
antigen-specific Treg clones for cellular and molecular analysis (Almeida et al., 2002; Shevyrev
and Tereshchenko, 2019). Later it has been shown that IL-2 and its receptors (IL-2Ra and
IL-2Rp) are critical for the development and maintenance of Treg (Almeida et al., 2002; Malek
et al., 2002).

Treg are a heterogeneous population in terms of TCR repertoire and function. The development
of Treg 1s defined by their ontogeny. Primarily, they developed in the thymus (tTreg), but can
also develop in the periphery (pTreg) (Feurer et al., 2009; Sakaguchi et al., 2008; Shevyrev and
Tereshchenko, 2019). tTreg are mainly found in the bloodstream as well as in the LN, and play

an essential role in providing tolerance to autoantigens. While tTreg develops in the thymus,
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pTreg are induced from conventional T cells (Tconv) affected by IL-2 and TGF-f} and they are
converted to cells with suppressive capacity in peripheral tissues. pTreg are predominantly
located in peripheral barrier tissue and are involved in prevention of local inflammation in the
presence of exogenous Ag (Shevyrev and Tereshchenko, 2019; Zheng et al., 2007). The
transcription factor Helios 1s used to discriminate between CD4 tTreg and pTreg. tTreg express
high amounts of Helios, whereas pTreg express low levels of Helios. In mice with a deletion of
Helios, CD8 Treg were not able to control the Teff responses and thus exemplify the role of
Helios in suppressive functions, differentiation and survival of Treg. The transcription factor
Helios appears to be involved in stabilization of CD8 Treg in an inflammatory context (Kim

and Sejnowski, 2021; Sebastian et al., 2016).

Treg have different mechanisms to inhibit proliferation and activation of Teff. These
mechanisms can be classified into four groups: 1) the suppression by inhibitory cytokines,
2) cytolysis, 3) metabolic perturbation and 4) and the modulation of DC maturation (Vignali et
al., 2008).

1.4.2 CD4 Treg

To date, CD4 Treg are the most characterized Treg subtype. It was identified that CD4 Treg
express the IL-2Ra chain (CD25) (Li et al., 2015; Nigam et al., 2010). CD4" CD25" Treg are
hyporesponsive after activation via their TCR and suppress the proliferation of Teff (Sakaguchi
et al., 1995; Shevach et al., 2001). However, CD25 is also highly expressed on activated Teff
with considerably activity (Li et al., 2015). Several studies have shown that a population of
CD4" CD25" cells derive from CD4" CD25 cells, which suppress the proliferation of other
cells in vitro (Annacker et al., 2001; Furtado et al., 2002; Gavin et al., 2002). The CD4" CD25"
cells maintain the CD25 expression and depend on IL-2, which is secreted by co-transmitted

CD4" CD25 cells or by Ag-stimulated T cells (Li et al., 2015).

In 2003 several groups identified forkhead box transcription factor (FoxP3), which is said to be
the main regulator of CD4 Treg. Its expression is crucial for the suppressive activity of
CD4 Treg (Fehervari and Sakaguchi, 2004; Fontenot et al., 2003; Hori et al., 2003). In human
studies with immune dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome and
in mouse studies, the transcription factor Foxp3 has been identified as an essential player in

CD4 Treg has been identified (Brunkow et al., 2001; Ochs et al., 2005; van der Vliet and
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Nieuwenhuis, 2007). Based on these findings, the CD4 Treg were defined as FoxP3" CD4 Treg

in the present work.

1.4.3 CDS8 Treg

Already in the 1970s, CD8" T cells and their suppressive potential were investigated (Gershon
and Kondo, 1970). However, the investigation of CD8 Treg was hampered by the lack of
specific markers and gene expression regulators (Sakaguchi et al. 1995). In recent years,
CD8 Treg have been more investigated with regard to their origin, classification, molecular
markers and functional mechanisms. Most of the CD8 Treg subsets can suppress effector
T cells, which was measured by the suppression of T cell proliferation or production of IFN-y

(Niederlova et al., 2021).

One of the CD8 Treg subtype is characterized by the surface marker CD122. Dai et al. described
CD8" CDI122" Treg as necessary to maintain T cell homeostasis and to suppress
T cell responses. However, CD8" CD122" cells have also been described as memory T cells,
making it essential to further characterize these cells (Dai et al., 2010) (Judge et al., 2002; Ku
et al., 2000; Zhang et al., 1998). PD-1 (programmed death-1) is a negative co-stimulatory
molecule that is critical for suppression of autoimmunity, and local overexpression of its ligand
(PD-L1) can induce immune dysfunction (Ansari et al., 2003; Francisco et al., 2009; Nishimura
et al.,, 2001). CD8" CDI122" cells contained both PD-1" and PD-1- cells, whereas
CD8" CD122* PD-1" Treg suppress the T cell responses in an IL-10 dependent manner in vitro
and in vivo (Dai et al., 2010). The PD-1 expression on CD8" T cells is mainly responsible for
their depletion during chronic viral infection, which can be recovered by PD-1 blockade (Barber
et al.,, 2006; Blackburn et al., 2009; Velu et al., 2009). In contrast to CD4 Treg,
CD8" CD122" PD-1" Treg do not express FoxP3. Bezie et al. reported that Foxp3 is barely
expressed in CD8" T cells in mouse, rat and human (Bezie et al., 2017). Furthermore, the
surface marker CD127 is absent on CD8 Treg and only recovers in effector and memory T cells
(Dai et al, 2010). In the present work, CD8 Treg were defined as
CD8" CD122" PD-1" CD127 Treg according to the study by Dai et al. (Dai et al., 2010).
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1.4.4 Tregin mCMYV infection

The study by Jost et al. revealed that thymus derived FoxP3" CD4 Treg and FoxP3~ CD4 Treg
(IL-10 induced Treg) impaired an effective anti-mCMV immune response, while depletion of
FoxP3" Treg in mice showed an enhanced T cell activation and reduced viral titers (Jost et al.,
2014). The human study by Pastor ef al. discovered a relation between CD4 Treg and the
recovery of virus-specific CD8" T cells after allogeneic stem cell transplantation (SCT) (Pastore
et al., 2011). Interestingly, CD4 Treg control the reactivation of latent mCMV infection
organ-specific (Almanan et al., 2017). In the spleen, the depletion of CD4 Treg resulted in an
enhanced mCMV-specific CD8" T cell response and reduced viral reactivation. In the SG, viral
replication was prevented by Treg and their IL-10 production. The CMV reactivation occurs
with a simultaneously increase of CD4 Treg and their suppressive capacity (Schwele et al.,
2012). Moreover, CD4 Treg impaired mCMV-induced T cell proliferation and activation and
induced apoptosis by the PD-1 signaling pathway (Tovar-Salazar and Weinberg, 2020). The
latter can be prevented by blocking PD-1.

In comparison to CD4 Treg, the impact of CD8 Treg on immune control after CMV infection
has not been investigated yet. There are increasing numbers of studies showing data on the
suppressive mechanisms of CD8 Treg (Bezie et al., 2018). The suppressive mechanisms of
CD8 Treg have been demonstrated for example in autoimmune encephalomyelitis (Saligrama
et al., 2019), multiple sclerosis (Liu et al., 2007), human immunodeficiency virus and
Eppstein-Barr virus (Boer et al., 2015; Fenoglio et al., 2018; Popescu et al., 2007), or
transplantation in mouse, rat, and human (Bezie et al., 2017; Robb et al., 2012, Zheng et al.,

2013).

Both CD4 and CD8 Treg use similar suppressive mechanisms (Bezie et al., 2018). However,
the different mechanisms are still unknown and it is still unclear how Treg decide which
mechanism to apply and whether they switch from one to another mechanism or apply multiple
mechanisms simultaneously (Schmidt et al., 2012; Shevach, 2009; Vieyra-Lobato et al., 2018).
Therefore, further detailed analyses are needed to define CD8 Treg and to better understand the
regulatory mechanisms of both CD4 and CD8 Treg, which could lead to novel cell therapies or

prevention of infectious diseases such as CMV (Vieyra-Lobato et al., 2018).
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1.5 IL-10 function

IL-10 is a pleiotropic cytokine and modulates both, innate and adaptive immune responses, by
anti-inflammatory effects (Moore et al., 2001). First IL-10 was described as a product of
Tu2 cells, which are able to inhibit the Tu1 response and cytokine synthesis (Fiorentino et al.,
1989). Later it was discovered, that IL-10 is secreted by different immune cells including T cells
(Kamanaka et al., 2006; Moore et al., 2001), B cells (Masuda et al., 2002), DC (Iwasaki and
Kelsall, 1999; Li et al., 1999) and M® (Li et al., 1999) as well as keratinocytes in skin and
epithelial cells in the lung (Bonfield et al., 1995; Grewe et al., 1995). IL-10 secretion was
detected in the different T cell subsets, such as Treg, Tul cells (O'Garra and Vieira, 2007,
Trinchieri, 2007), Tu2 cells (Fiorentino et al., 1989; Saraiva and O'Garra, 2010) and Tu17 cells
(Awasthi et al., 2007; Fitzgerald et al., 2007; Saraiva and O'Garra, 2010).

Not only is the immunosuppressive cytokine IL-10 produced by the above mentioned cells, but
also acts on them. The pathogen activation of DC involves the recognition of pathogen-derived
product by PRR (Medzhitov et al., 2007). These PRR triggers the expression of cytokines and
other factors. Following their activation, DC can express IL-10 in vitro and in vivo (Akbari et
al., 2001; Boonstra et al., 2006; McGuirk et al., 2002). It has been reported that TLR-2 agonists
are specialized in inducing IL-10 expression by APC (Agrawal et al., 2003; Dillon et al., 2004;
Hu et al., 2006). IL-10 production is also induced by TLR-4 and TLR-9 ligands (Boonstra et
al., 2006). Furthermore, IL-10 can be induced by TLR-independent stimulation such as
DC-SIGN or dectin-1 (Geijtenbeek et al., 2003; Rogers et al., 2005). The secretion of 1L-10 is
important in controlling the balance between inflammation and immune tolerance. IL-10 acting
on DC leads to decreased expression of MHC-II and co-stimulatory molecules such as CD80
and CD86 (Clausen and Girard-Madoux, 2013; Corinti et al., 2001). It also inhibits DC
maturation and secretion of pro-inflammatory cytokines (Moore et al., 2001; Steinbrink et al.,
1997). Moreover, IL-10 produced by CD4" T cells can initiate the development of IL-10
secreting Treg and suppress antigen-specific responses in vivo and in vitro (Asseman et al.,
1999; Groux et al., 1997; Tanchot et al., 1998). For example, it has been shown that Treg exhibit
strong adhesiveness to DC which diminishes their ability to interact with other antigen-specific
T cells and therefore inhibits T cell priming (Chen et al., 2017; Yan et al., 2017). IL-10 can also
act on T cells by inhibiting the development of the Tu1 response and the effector T cell function
(Fiorentino et al., 1991; Shouval et al., 2014). IL-10 promotes the stimulation of CD8" T cells,
induces their recruitment, cytotoxic activity and proliferation (Groux et al., 1998; Jinquan et

al., 1999; Santin et al., 2000).
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1.5.1 1IL-10 receptor and signaling

The IL-10 receptor (IL-10R) is a member of the interferon receptor (IFNR) family and forms a
tetramer which is composed of two IL-10Ra, as well as two IL-10Rp subunits (Moore et al.,
2001) (Fig. 4). IL-10Ra is the ligand-binding subunit, which is expressed on different
hematopoietic cells, including DC and T cells (Ho et al., 1993; Moore et al., 2001; Tan et al.,
1993). After activation, IL-10Ra expression is downregulated at mRNA and protein levels on
T cells (Liu et al., 1994; Tan et al., 1993), while its expression is upregulated on monocytes
(Moore et al., 2001). The IL-10Rp signaling subunit is expressed on many cells and tissues
(Gibbs and Pennica, 1997; Lutfalla et al., 1993) and is shared by several cytokines like 1L-22
and IL-26 (Commins et al., 2008; Donnelly et al., 2004). This subunit contributes less to binding
affinity of IL-10 and the main function is the recruitment of a Jak kinase into the signaling

complex (Kotenko et al., 1997; Spencer et al., 1998).
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Figure 4: IL-10R signaling.

IL-10 binds to IL-10R which is composed of two IL-10Ra and two IL-10R B chains. The intracellular
domains of IL-10Ra and IL-10Rp are associated with the enzymes Jak-1 and Tyk-2. Both enzymes
become activated and phosphorylate (green triangle) the IL-10Ra chain. STAT3 binds at the receptor
and becomes activated by phosphorylation. The phosphorylated STAT3 homodimerizes and
translocates into the nucleus where it binds at specific genes to promote their transcription (adapted from
Howes et al., 2014).
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The assembly of the cell surface IL-10R heterotetramer is the first step in initiating the IL-10
signaling pathway, which activates the Janus tyrosine kinase-1 (JAK-1) coupled which the
a subunit and the tyrosine kinase-2 (Tyk-2) associated with the  subunit (Kotenko et al., 1997;
Shouval et al., 2014). Subsequently, both kinases phosphorylate the IL-10Ra subunit at the
intracellular domain, which are recognized by the transcription factor STAT3 (signal transducer
and activator of transcription 3). STAT3 is phosphorylated by JAK-1 and forms homodimers,
which translocate into the nucleus to bind promotors of IL-10 target genes (Finbloom and

Winestock, 1995; Murray, 2007; Shouval et al., 2014).

1.5.2 1IL-10 in infectious disease

The cytokine IL-10 can limit the pathogen clearance and enhance the immunopathology. The
infection with viruses, bacteria and fungi promotes the Tyl and CD8" T cell responses that
limits the pathology. For example, IL-10 producing Tul cells were identified in mice with
Toxoplasma gondii or Leishmania major infections and were suggest to regulate these
infections (Anderson et al., 2007; Gazzinelli et al., 1996). In addition, the influenza infection
induces the production of IL-10 in the lung, thereby controlling excess inflammation that was
associated by a Tul response (Sun et al., 2009). IL-10 is also involved in controlling
immunopathology during herpes simplex infection, while the deletion of IL-10 caused a
severity infection (Sarangi et al., 2008). An excessive IL-10 production can inhibit the
pro-inflammatory response and the virus escapes the immune control, resulting in severe
immunopathology or a chronic infection. In chronic lymphocytic choriomeningitis virus
infection (LCMYV), CD8" DC promotes IL-10 production. Therapeutic IL-10R blockade in vivo,
enhances the anti-viral CD8" T cell responses and results in viral clearance (Brooks et al., 2006;
Ejrnaes et al., 2006). Furthermore, mCMV exploits the immune regulation through an
IL-10-dependent manner in the SG, which inhibits the mCMYV persistence (Humphreys et al.,
2007). hCMV harbors a functional and viral IL-10 homologue (vIL-10) to avoid immune
surveillance and elimination from the host (Kotenko et al., 2000). In vitro experiments
demonstrated, that the treatment of immature DC with the supernatant from hCMV-infected
cultures inhibit the LPS-induced maturation of immature DC and their pro-inflammatory
cytokine production (Chang et al., 2004). During latent hCMV infection, vIL-10 mRNA is
expressed and the CD4" T cell response is down-regulated (Cheung et al., 2009; Jenkins et al.,
2004). In mCMV infected IL-10 knockout (IL-107") mice, an accumulation of memory

CD8" T cells and an increase of anti-viral cytokine production were observed in mCMV
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infected IL-10 knockout (IL-10"") mice during latent infection. Blocking the IL-10R revealed
that IL-10 inhibits memory CD8" T cell responses and a reduction of the viral load. The study
of Jones et al. demonstrated, that IL-10 has an inhibitory function and restricts the memory cell

inflation during mCMYV infection (Jones et al., 2010).

1.6 PB-catenin/Wnt signaling pathway

B-catenin is a central component of the canonical Wingless-Int (Wnt) signaling pathway. The
Wnt pathway plays a critical role in many cellular processes and the organ development
(Hoppler and Kavanagh, 2007; Valenta et al., 2012). Without Wnt signaling, cytoplasmic
[-catenin is bound to E-cadherin or phosphorylated by the destruction complex, which consists
of the Axin, Adenomatous Polyposis Coli (APC), glycogen synthase kinase-33 (GSK-3f3) and
casein kinase la (CK1a) (Fig. 5).
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Figure 5: The canonical Wnt/B-catenin signaling pathway.

Newly synthetized B-catenin is immobilized by E-cadherin for cell-cell adhesion. In the absence of a
Wnt signal, free B-catenin is phosphorylated by the destruction complex and polyubiquitinated for the
proteasomal degradation. Binding of a Wnt ligand to the Frizzled receptor inhibits the interaction with
the destruction complex and B-catenin accumulates in the cytoplasm. Thereupon -catenin translocates
to the nucleus and activates the target gene expression (adapted from Denysenko et al., 2016).
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The two kinases of the multi-protein complex phosphorylate B-catenin, which is recognized and
degraded by the proteasome. The phosphorylation domain of B-catenin is located in the
NH2-terminal region at the 3™ exon (Huber et al., 1997). The binding of a Wnt ligand to its
receptor Frizzled inactivates the degradation complex, resulting in the accumulation of
B-catenin in the cytoplasm and translocation into the nucleus. The nuclear -catenin induces the
gene expression via its binding to the TCF/LEF transcription factor, which is important for
cellular proliferation, differentiation and survival (MacDonald et al., 2009; Ota et al., 2016;
Valenta et al., 2012). B-catenin increases either by newly synthesized B-catenin or by release
from the cytoskeleton, where B-catenin is involved in the formation of the actin scaffold and

cell-cell contacts in a complex with E-cadherin and a-catenin (Nelson, 2008).

1.6.1 p-catenin signaling in DC shape the immune response

B-catenin plays a potential role in the immunity and is associated with a tolerogenic DC
function. The activation of B-catenin signaling in bone marrow-derived DC (BMDC) by
mechanical cluster disruption results in spontaneous phenotypic DC maturation without the
secretion of pro-inflammatory cytokines (Jiang et al., 2007). In addition, cluster disrupted
BMDC induce IL-10 producing T cells in vitro and protect mice from the induction of
experimental autoimmune encephalitis (EAE) in vivo. Mice with a specific deletion of -catenin
in CD11c" cells showed a higher susceptibility to dextran-sodium-sulfate (DSS)-induced colitis
and resulted in an increased Tul/Tu17 differentiation, which was accompanied by a blunted
response of CD4 Treg (Manicassamy et al., 2010; Suryawanshi et al., 2015). The study by Alves
et al. showed that the ablation of B-catenin in DC results in a lower frequency of Treg during
autoimmune collagen-induced arthritis, whereas the severity of the disease is not aggravated
(Alves et al., 2015). Furthermore, B-catenin signaling was shown to inhibit DC cross-priming
of CD8" T cells by upregulation of IL-10, resulting in tumor-induced immunosuppression (Fu
et al., 2015; Liang et al., 2014). In contrast, stabilized -catenin expression in CD11c" cells can
mediate a pro-inflammatory function and promote the development of an effective CD8" T cell
response in the context of viral infection (Cohen et al., 2015). It has been reported that hCMV
dysregulates the B-catenin signaling pathway. hCMV infection inhibits the transcriptional
activity of PB-catenin and the expression of its target genes like cyclin D1, c-myc and

Dikkopf- (DKKI1) (Angelova et al., 2012). Despite these interesting findings of B-catenin,
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whether and to what extent B-catenin signaling in DC affects the Treg differentiation, and

controls the acute and latency mCMV infection is so far not known.

1.7 Objectives

Primary CMV infections are largely controlled by CD8" T cells in immunocompetent hosts.
After primary infection, CMV is able to establish lifelong latent infection. Reactivation of latent
hCMYV leads to life-threatening complications, especially in immunocompromised individuals,
like bone marrow transplantation (BMT) recipients. Treg are able to suppress the innate and
adaptive immune response and thus regulate self-tolerance of the immune system. A major role
in the initiation of anti-viral T cell responses are controlled by DC. Yet, they are also important
targets of Treg-mediated suppression, which includes the downregulation of co-stimulatory
molecules and inhibiting the secretion of pro-inflammatory cytokines. An important mediator
of this immune suppression is the secretion of IL-10 by Treg and presumably DC themselves.
IL-10 limits CD8" T cell expansion during latent mCMYV infection, but to what extent DC are
targets or relevant sources of IL-10 during mCMV infection is still unidentified. A second
pathway associated with a tolerogenic DC function is the B-catenin signaling pathway. Sudden
activation of fB-catenin signaling in BMDC induces IL-10-producing T cells in vitro and
protects mice from EAE induction in vivo. In contrast, stabilization of -catenin in DC promotes
a pro-inflammatory function of DC during viral infection. To date, it is unknown whether and
to what extent -catenin signaling in DC impacts Treg differentiation and function of mCMV

immunity and latency.

To answer these questions, the role of DC in shaping the virus-specific CD8" T cell response
and Treg differentiation in conditional knock-out mice with a specific deletion of IL-10, IL-10
receptor and B-catenin in CDI11c" cells or expression of a stabilized form of B-catenin in
CD11c" cells (referred to as IL-102CPle TL-10RACPIIc B_catAPlle and B-catA“PHYEX3) ypon
mCMV infection. First, we established an intranasal (i.n.) mCMV infection model which
reflects the natural route of infection to offer a profound fundament for future experiments.
Therefore, wild-type mice were i.n. infected with mCMV-Am157 and the virus-specific
CD8" T cell response was analyzed. In the second part, we examined the role of IL-10
production by DC and IL-10 and B-catenin signaling in DC after acute mCMV infection.
Therefore, we analyzed DC, virus-specific CD8" T cell response, CD4 and CD8 Treg
differentiation in the lung, dLN and spleen. In the blood, the virus-specific CD8" T cell response
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during the whole infection period was determined. Viral genomes were assessed in lung by
real-time PCR. Third, the role of IL-10 and B-catenin signaling in mCMYV latency was studied.
For this purpose, the anti-viral CD8" T cell response, DC, CD4 and CD8 Treg differentiation
were analyzed in the lung and lymphoid organs. Similarly to acute infection, we followed the
kinetic of the virus-specific CD8" T cells and their subpopulations during the whole infection
in the blood. Comprehensive characterization of different subpopulations of mCMV-specific
CD8" T cells should provide insights into the development and MI of these cells. Finally, latent

viral genome load was measured in lung, spleen and liver.
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2 Materials and Methods

2.1 Chemicals and buffers

Chemicals were purchased from Sigma (Steinheim), Fluka Chemie (Switzerland), Merck
(Darmstadt) or AppliChem (Darmstadt) unless stated otherwise. Solutions were prepared with

double distilled water (ddH>O). Sterility of solutions and chemicals used in cell culture was

maintained by working under a sterile hood (Heraeus, Germany).

Table 1. List of used chemicals

Name of Chemical

Supplier

Acetic acid

Roth, Karlsruhe

Agarose, electrophoresis grade

Biozym Scientific GmbH, Hess. Oldendorf

Ammonium chloride

Sigma-Aldrich, Steinheim

Bovine serum albumin (BSA)

Sigma-Aldrich, Steinheim

Calcium chloride

Sigma-Aldrich, Steinheim

Collagenase type 1V

Worthingston Biochemical, Lakewood, USA

DNase

Promega, Madison, USA

Ethanol, abs.

AppliChem, Darmstadt

Ethylenediamine tetraacetate (EDTA)

Roth, Karlsruhe

Fc-Block

BioXcell, Lebanon, USA

Fetal calf serum (FCS)

Boehringer Ingelheim, Ingelheim am Rhein

Gene Ruler 100bp Plus DNA Ladder

Thermo Fisher Scientific Inc., MA, USA

Histofix 4%

Roth, Karlsruhe

Isoflurane AbbVie, Ludwigshafen
Isopropanol AppliChem, Darmstadt
Ketamine Hameln Pharma GmbH, Hameln

Lysing Solution 10x

BD Bioscience, Heidelberg

Midori Green Advance

NIPPON Genetics EUROPE GmbH, Diiren

Phosphate buffered saline (PBS)

Sigma-Aldrich, Steinheim

Potassium hydrogen carbonate

Roth, Karlsruhe

Proteinase K

Roche, Switzerland

REDTaq ReadyMix

Sigma-Aldrich, Steinheim

RPMI-1640 medium

Gibco Life Technologies GmbH, Karlsruhe

Sodium chloride

AppliChem, Darmstadt
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Sodium dodecyl sulfate AppliChem, Darmstadt
Tris/ HCI AppliChem, Darmstadt
Xylazine Bayer, Leverkusen

2x M-PCR OPTI Mix Biotool, Munich

Used buffers are listed below.

Table 2. List of used buffers.

Buffer Composition
50 mM Tris, pH 8.0; 100 mM EDTA; 100 mM NaCl;
TENS buffer 0.2% (w/v) SDS; 400 mg/ml proteinase K
FACS buffer 1x PBS, 3% FCS, 2 mM EDTA

RPMI-1640, 200 U/ml Collagenase IV,

Digestion mix 0,5 U/ml DNase

Tris-Acetate-EDTA (TAE) buffer | 2 mM Tris, | mM acetic acid, 50 mM EDTA

H>0, 150 mM NH4Cl, 100 mM KHCQOs,

10x ACK lysis buffer 10 mM EDTA, pH 7.2

2.2 Molecular biology

2.2.1 Isolation of genomic DNA from biopsies

DNA was isolated from toe or tail biopsies, which were lysed over night (o/n) at 56°C in TENS
buffer. Subsequently, DNA was precipitated from the solution by the addition of an equal
volume of isopropanol. DNA was pelleted by centrifugation, washed in 70% (v/v) EtOH, dried

at room temperature (RT) and resuspended in H>O.

2.2.2 Polymerase Chain Reaction (PCR)

PCR was used to screen mice for the presence of targeted alleles or transgenes and to amplify
DNA (primers shown in Table 3). Reactions were performed in Triothermocyclers (Biometra,

Gottingen, Germany). Genotyping of mice was generally performed in a total volume of 20 ul
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or 24 pl in the following reaction mix: REDTaq ReadyMixTM PCR Reaction Mix or
2x M-PCR OPTI Mix, 100 ng/ul of each primer, DNase free water and 1 pl template DNA.

Depending on the mutation, different PCR programs were used (PCR programs shown in

Table 4).

Table 3: List of primers used for genotyping.

Gene Name of primer Sequence (5°-3") Tann.
°O)
C-726 AAG GTA GAG TGA TGA AAGTTGTT 58
B-catenin DEL. | C-727 CAC CAT GTC CTC TGT CTA TCC 58
C-728 TAC ACT ATT GAA TCA CAG GGA CTT 58
B-catenin EX3 EX3 C-733 GAC ACC GCT GCG TGG ACA ATG 62
EX3 C-734 GTG CTG ACA GCA GCT TTT CTG 62
CD11c-Cre CD11c-Cre (boris) s ACT TGG CAG CTG TCT CCA AG 63
CD11c-Cre (boris) as GCG AAC ATC TTC AGG TTC TG 63
IL-10 IL-10flox (MCO2) CCA GCA TAG AGA GCT TGC ATT ACA 60
IL-10flox (IL-10EX2) | GAG TCG GTT AGC AGT ATG TTG TCC AG 60
IL-10R IL-10R LoxP-1/C810 | CCA CCA AGA GTC AGG TAG GGA C 56
IL-10R fLoxP-1 GAG CTT GGG AAC CTC CGC AGG 56
Table 4: PCR programs.
PCR PCR Mix | hold Cycles end hold
B-catenin DEL | 2x M-PCR | 94°C | 38 cycles 94°C 58°C 75°C 72°C 15°C
OPTIMix | 5 min 45 sec 45 sec 45 sec 5 min 00
B-catenin EX3 | 2x M-PCR | 95°C | 38 cycles 95°C 62°C 72°C 72°C 15°C
OPTIMix | 5 min 30 sec 30 sec 45 sec 10 min o0
CD11c-Cre RedTaq 95°C | 40 cycles 95°C 63°C 72°C 72°C 15°C
5 min 30 sec 40 sec 45sec | 10 min 0
IL-10 RedTaq 95°C | 35 cycles 95°C 60°C 72°C 72°C 15°C
5 min 15 sec 1 min 1 min 10 min 0
IL-10R 2x M-PCR | 95°C | 35 cycles 95°C 56°C 72°C 72°C 15°C
OPTI Mix | 5 min 15 sec 1 min 1 min 10 min 0
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2.2.3 Agarose gel electrophoresis

Separation of DNA fragments from biopsies by size was achieved by electrophoresis in agarose
gels (2% (w/v); 1x TAE; 12 pl Midori Green). Agarose gels run at 130 V in 1x TAE buffer and
are visualized using a gel documentation system (Bio Rad, Munich). The Gene Ruler DNA

Ladder was used as marker to determine the length of DNA fragments.

2.2.4 Isolation of viral DNA

Viral DNA was isolated to determine genome loads from cells. Therefore, cells were lysed for
30 min at 56°C using 400 mg/ml proteinase K. DNA was extracted and prepared with DNeasy
Blood & Tissue Kit (QIAGEN GmbH, Hilden) following manufacturer’s instructions.

2.2.5 Quantification of DNA

The concentration and quality of nucleic acids from mouse organs could be determined by
spectroscopy measuring the absorption of the sample at 260 nm and 280 nm. An ODaso of
1 corresponds to approximately 50 pg/ml for double-stranded DNA and 40 pg/ml for single
stranded RNA. Purity of nucleic acids was calculated by the ratio OD2s0/OD2go. The value
should be 1.8 and 2.0 for DNA and RNA, respectively.

2.2.6 Quantitative PCR (qPCR)

DNA from cells was extracted and prepared with DNeasy Blood & Tissue Kit
(QIAGEN GmbH, Hilden) followed by the quantification of nucleic acids. To determine the
mCMV genomes in lung, spleen and liver, qPCR was performed, which allows following
amplification of DNA fragments in real time. A sequence-specific probe labeled with a
fluorophore binds to double-stranded amplified DNA (e.g. TagMan) or a fluorescent dye (e.g.
SYBR green) intercalates into the amplified DNA. The detected fluorescence intensity is
proportional to the number of amplified PCR products. When using SYBR green, a melting
curve analysis of the amplicon is required to exclude non-specific amplifications. Intercalated
dye is released by gradually increasing the temperature to denature the double-stranded DNA

and this loss of fluorescence can be detected. The maximum fluorescence intensity is equal to
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the melting temperature of the desired amplified PCR product. Unspecific amplifications differ
in melting temperature. The absolute quantification of the template is calculated as follows
(N = number of amplified molecules; No = initial amount of molecules; E = PCR efficiency,

constant; n = number of cycles):

N = N, * E"

The plasmid pDrive-gB-PTHrP-BAC was used as standard and contains the partial gene
sequences of the BAC vector sequence, the viral glycoprotein gB/M55, and the cellular
housekeeping gene PTHrP (Lemmermann et al., 2010). Latter is a single copy gene and
therefore allows the normalization of viral and cellular genomes. The viral protein gB/M535 is
transcribed in the late phase of infection. The linearized plasmid was titrated from 0.5x10" to
0.5x107 copies per pl in Tris buffer and amplified for standard curve. The titration of the
standard allows the absolute quantification of the template. The QuantiTect SYBR Green PCR
Kit (QIAGEN, Hilden) was used for the absolute quantification of the DNA template and was
performed in a total volume of 20 pl in the following reaction mix: 2x QuantiTect SYBR Green
PCR master mix, 10 uM of each primer, DNase free water and 2 pl template DNA. Used
primers and PCR program are described in Table 5 and 6.

Table 5: Primers used for DNA quantification by SYBR Green qPCR.

Name of primer Sequence (3°-5")
BAC-Taq-forl GTT CTG TCA TGA TGC CTG CAA
BAC-Tag-revl AAT CCG CTC CACTTC AAC GT

LC-gB-for3 GAA GAT CCG CAT GTC CTT CAG
LC-gB-rev3 AAT CCG TCC AAC ATCTTG TCG
LC-PTHrP-for2 GGT ATC TGC CCT CAT CGT CTG
LC-PTHrP-rev2 CGT TTC TTC CTC CAC CAT CTG

Table 6: SYBR Green PCR program.

hold Cycles
95°C 50 cycles 94°C 62°C 72°C
15 min 15 sec 30 sec 45 sec
Melting curve temperature 95°C 62°C 72°C
increases 1°C per round 30 sec 30 sec 45 sec
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PCR runs were analyzed with the 7500 Fast Real-Time PCR System software and viral
genomes were calculated per 10° cells (gB = copies of gB; PTHrP = copies of PTHrP):

gB
6

W PTHIP

The determination of the mCMV genome in lung, spleen and liver of i.n. infected mice was
kindly performed by the group of Dr. Lemmermann (Institute of Virology, University Medical

Center of the Johannes Gutenberg-University Mainz).

2.3 Cell biology
2.3.1 Preparation of single cell suspensions from lung and lymphoid organs

Lung, lung-draining mediastinal lymph node (dLN) and spleen were removed from mice, cut
into small pieces and digested with 1 ml digestion mix (Table 2) for 30 min at 37°C and
1.200 rpm in a thermoshaker (Buddeberg, Mannheim). Subsequently, 1 ml of digestion mix
was added to the lung and digested for further 30 min. To separate cell clusters, EDTA (10 mM)
was added to the mix for 5 min at RT. Subsequently, cells were passed through a nylon cell
strainer (70 um, BD Falcon, Heidelberg) to obtain a single cell suspension and washed with
FACS buffer (Table 2). Erythrocytes from lung and spleen preparations were lysed with 1 ml
of 1x ACK buffer (Table 2) for 1-2 min. To stop lysis, cells were immediately washed in 10 ml
FACS buffer, centrifuged (5 min, 1.200 rpm, 4°C), resuspended in the appropriate amount of
FACS buffer and kept on ice for subsequent processing.

2.3.2 Preparation of blood cells

Blood from tail vein or heart was collected in a tube with heparin (Liquemin, Roche,
Mannheim). After extracellular staining, erythrocytes were lysed with 1 ml of 1x Lysing
Solution (BD Bioscience, Heidelberg) for 10 min in the dark and immediately diluted in 1 ml
FACS buffer (Table 2). Cells were centrifuged (10 min, 400 x g, 4°C) and resuspended in the

appropriate amount of FACS buffer and kept on ice for subsequent processing.
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2.3.3 Cell counting

Viable cells were assessed using trypan blue dye exclusion test and counted using a Neubauer
chamber (Assistant, Sondenheim). An aliquot of cell suspension (10 pl) was diluted with trypan
blue solution (Gibco, Long Island, NY, USA). Dead cells are stained blue whereas live cells
cannot take up the dye due to their intact membrane. Sixteen single quadrants were counted and
the number of live cells was calculated as follows (N = counted cell number; V = dilution factor;

10* = chamber factor):

N xV x 10* = cell number/ml

2.3.4 Flow cytometry

Single cell suspensions were prepared from lung, dLN and spleen and the cell numbers were
determined. Cells (0.5-1 x 10° per sample) pre-incubated with Fc-Block for 10 min at 4°C,
washed with FACS buffer and surface stained with a mix of viability dye (eBioscence, USA)
and fluorescence conjugated antibodies in FACS buffer at 4°C in the dark for at least 20 min.
Stainings with biotinylated mAbs were followed by a secondary staining step with Streptavidin
for 20 min at 4°C. Used Abs are listed below (Table 7). To determine mCMV-specific
CD8" T cells, the Ab mix additionally contained M38 or M45 Tetramers (kindly provided by
Prof. Dr. Ramon Arens, University of Leiden, Netherlands) and were stained at 4°C in the dark
for at least 45 min. MHC Tetramers are complexes of four MHC molecules and are associated
with a specific peptide and bound to a fluorochrome, which were used to detect antigen-specific
T cells by flow cytometry. Peptide-loaded MHC molecules form an MHC-peptide complex that
is recognized by specific T cell receptors (Roetzschke et al., 1990). In this study MHC-I
Tetramers recognizing CDS8' T cells specific for M38316323 (' SSPPMFRV?3?%) and
M45035.99 (" HGIRNASFI*?) were used. After the cell surface staining, cells were washed with
FACS buffer and fixed with 2% Histofix for 15 min at RT, except for Tetramer stainings where
stained cells were directly acquired with FACSCanto II (BD Biosciences, Heidelberg). The
antibodies FoxP3 and Helios were used for intracellular staining. Therefore, cells were fixed
and permeabilized using the Foxp3/Transcription factor kit (eBioscience, USA) according
manufacturer’s instructions. Stained cells were acquired with FACSCanto II and analyzed with

FlowlJo software.
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Specificity Clone Supplier
CD4 RM4-5 BioLegend
CD4 GK1.5 BioLegend
CD8 53-6.7 BioLegend
CD11b M1/70 BioLegend
CDllc HL3 BD biosciences
CDllIc N419 BioLegend
CD25 (IL2Ra) PCé61 BioLegend
CD44 IM7 BioLegend
CD45 104 BD biosciences
CD62L (L-Selectin) MEL-14 BioLegend
CD103 2E7 BioLegend
CD122 SH4 eBioscience
CD127 A734 eBioscience
F4/80 BMS8 eBioscience
FoxP3 FJK-16s eBioscience
Helios 22F6 BioLegend
KLRG-1 2F1 eBioscience
MHCII M5/114.15.2 eBioscience
PD-1 (CD279) 29F.1A12 BioLegend
SIRPa P84 eBioscience
TCRb H57-597 BD biosciences
XCR-1 ZET BioLegend
2.3.5 mCMV

Mice were infected with the mCMV-Am157, which lacks the m157 open reading frame (ORF).
mCMV-resistant C57BL/6 mice express the activating NK receptor Ly49H, which interacts
with the m157 ligand on the surface of infected cells. To prevent NK cells from controlling
mCMV, mice were infected with the mCMV-Am157 to prevent stimulation of the Ly49H
receptor (Bubic et al., 2004). In this study, all used mouse strains (see 2.4.1) were i.n. infected

with this virus (see 2.4.2).
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The virus was provided by the group of Prof. Dr. Reddehase (Institute of Virology, University
Medical Center of the Johannes Gutenberg-University Mainz) and supplied as virus stocks

purified through a Saccharose gradient.

2.4 Mouse experiments

2.4.1 Mice

IL-10%¥flox (Roers et al., 2004) and IL-10R¥flx (Pils et al., 2010) mice were generated
previously and bred to CD11c-Cre mice (Caton et al., 2007) to generate IL-10%1x_.CD1 1¢-Cre
(IL-104€PHe) and IL-10RM¥x_CD1 1¢-cre (IL-10RAP!1€) mice. CD11¢-Cre mice were crossed
to B-catBxon3/Exon3 (Harada et al., 1999) and B-catPPe! (Brault et al., 2001) mice to generate
B-catBxond/Exon3_CD] 1c-Cre (B-cat®PeEX3) and B-catPPel.CD11c-Cre (Bcat®“P!¢) mice. All
mice were backcrossed for at least ten generations to C57BL/6 mice, housed in specific
pathogen-free conditions and used in accordance with the guidelines of the Translational
Animal Research Center (TARC) of the University Medical Center Mainz. CD11c-Cre™®
littermate controls, referred to control mice, were used as controls in all experiments. Both

CDl11c-Cre" and CD11¢-Cre™ mice were co-housed to avoid cage bias.

2.4.2 Infection with mCMV

14- to 18-week- old mice were infected with 2 x 103 PFU of the mCMV-Am157 using the
1.n. infection route. The virus was diluted in 20 pl PBS and administered drop by drop with a
pipette into one nostril of mice anesthetized with isoflurane (600 ml/min oxygen and 5%

isoflurane).

For the latent i.n mCMYV infection, mice were anesthetized with 10 pl ketamine (10 mg ml™")
+ xylazine (1 mg ml™) (g body weight) ! in 0.9% NaCl, because isoflurane anesthesia resulted

in less efficient infection in lung 4 days p.i. (detected by virus titers) (Oduro et al., 2016).
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2.4.3 Statistical analysis and software

FACS data were analyzed with FlowJo Version 10. Statistical analysis was performed with
Prism Graph Pad Version 9.2 and statistical significance was assed using tow-tailed unpaired
Student’s t-test. Values are typically represented as mean +SEM (standard error of mean).

Significance is expressed as *, p < 0.05; **, p <0.01; *** p <0.001.
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3 Results

3.1 Establishment of intranasal mCMYV infection model

To investigate the role of IL-10 and -catenin signaling in DC during acute and latency mCMV
infection, we first established an i.n. mCMYV infection model that reflects the natural route of
infection during which mCMYV transmits by mucosal routes. Since the CD8" T cell response is
necessary to control mCMV infection, we examined the virus-specific CD8" T cell response
over time with two different MHC-I Tetramers to identify the highest immune response to
mCMV. In 2011, a dominating M45-specific conventional CD8" T cell response was identified
during acute infection when C57BL/6 mice were infected with mCMV-Am157 (Torti et al.,
2011). The M45-specific CD8" T cell response decreased between 7-14 days p.i., while the
M38-specific CD8" T cells increased until day 14-28 p.i. and stabilized at higher frequencies.
Hence, the used Tetramers and virus in this work were taken from this study. As the primary
target organ for mCMYV after i.n. infection, we analyzed the virus-specific CD8* T cell response
in the lung. The LN of interest after i.n infection is the lung-draining mediastinal lymph node
(dLN). To demonstrate a role of DC migration from lung into the dLN, the virus-specific
CD8" T cell response was determined in the dLN. The spleen is a central lymphoid organ and
is also an organ site for mCMYV latency. The spleen harbors recirculating T cells that have
received an antigen signal during patrolling of non-lymphoid tissue sites (Griessl et al., 2021).
Therefore, we also studied the virus-specific CD8" T cell response in spleen. Hence, C57BL/6
wild type mice were infected i.n. with 2x10° PFU of mCMV-Am157 and the CD8" T cell
response was determined by MHC-I Tetramer staining. The gating strategy of virus-specific

CD8" T cells is given in the supplement (Fig. S6).

For the M38 Tetramer, we observed maximum frequencies and absolute cell numbers of
mCMV-specific CD8" T cells in lung and spleen about 14 days p.i., whereas the M45 Tetramer
response was much weaker and peaked 7 days p.i. (Fig. 6). Interestingly, in the dLN the
M38-specific CD8" T cell response increases 21 days p.i. and but is present at much lower

frequencies (2.5%) than in lung (18.3%) and spleen (6.4%).

Based on these findings, we decided to study the role of DC in B-catenin and IL-10 signaling
during acute mCMV infection 14 days p.i. using the M38 Tetramer.
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Figure 6: Maximum frequency of M38 -specific CD8" T cells at 14 days p.i..

C57BL/6 wild type mice were infected i.n. with 2x10° PFU of mCMV-Am157 and the virus-specific
CDS8" T cell response was monitored 7, 10, 14 and 21 days p.i. in lung, dLN and spleen by FACS staining
with M38- and M45-specific Tetramer. Top panel shows frequencies and bottom panel absolute cell
numbers of M38 Tetramer® (dots) and M45 Tetramer' (triangle) CD8" T cells (pregated on living
CDS8" cells). Data are representative of one experiment (n=4). Values are the mean +SEM.

3.2 The influence of IL-10 on DC during mCMY infection

DC are critical regulators of anti-viral immune responses by driving effector T cell activation
and Treg induction (Couper et al., 2008; Saraiva and O'Garra, 2010). They are also important
targets of Treg-mediated suppression which leads to downregulation of co-stimulatory
molecules and pro-inflammatory cytokine production by DC (Clausen and Girard-Madoux,
2013). Another important mechanism of immune suppression is the secretion of the cytokine
IL-10 by Treg and presumably also by DC. The immunosuppressive cytokine IL-10 limits
CD8" T cell expansion during latent mCMYV infection (Cohen et al., 2015; Jones et al., 2010),
but to what extent DC are targets or relevant sources of IL-10 during mCMYV infection remains

elusive.

Our intention was to elucidate the role of IL-10 production by DC and IL-10 signaling in DC
during acute mCMYV infection. To address these, we used conditional knock-out mice with a

CD11c¢"-specific IL-10 or IL-10 receptor deficiency (IL-102CP!e TL-10RACP!¢) and infected
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the animals i.n. with 2x10° PFU of mCMV-Am157. As established in Fig. 6, we followed the
virus-specific CD8" T cell response during the whole infection period in blood. The analysis of
the DC compartment, CD4 and CD8 Treg differentiation, and virus-specific CD8" T cell
response in lung, dLN and spleen was performed 14 days p.i.. To prove the influence of IL-10
production by DC and IL-10 signaling in DC during i.n. infection, we measured viral load in

lung of our mCMYV infected conditional knock-out mice compared to control mice.

3.2.1 IL-10 production by DC does not play an essential role during acute mCMV

infection

IL-10 1s a key immunoregulator and can induce both Treg and Teff cytokine production during
viral infections. One the one hand, IL-10 can impede the viral clearance and promote the
mCMV replication and persistence. On the other hand, it can ameliorate the immunopathology
by inhibiting excessive inflammation (Couper et al., 2008; Saraiva and O'Garra, 2010). During
latent mCMYV infection, it has been shown that IL-10 restricts the CD8" T cell expansion (Jones
et al., 2010). Therefore, we hypothesized that the CD11c"-specific deletion of IL-10 will lead
to an enhanced mCMV-specific CD8" T cell response and an impaired Treg differentiation
during acute mCMYV infection. To investigate this, the conditional knock-out mice IL-104CP!1¢
and control mice were infected i.n. with 2x10° PFU of mCMV-Am157. Fourteen days p.i., we
determined the effect of the IL-10 production on the DC numbers and the DC subsets in lung,
dLN and spleen by flow cytometry. In lung and spleen, DC were characterized as
CDl11c* MHC-IT" cells. Additionally, DC in dLN can be discriminated between migratory
(CD11c¢™™ MHC-IIM) and resident DC (CD11c" MHC-II'™) cells. The complete gating strategy
of DC and DC subsets can be found in the supplement (Fig. S1, S3, S5), as well as all other
gating strategies used in this thesis.

Surprisingly, we did not observe significant differences in DC frequencies (Fig. 7 A) or

OACDI lc

numbers (Fig. 7 B) in the lymphoid organs and lung in IL-1 compared to control mice.

In lung, we observed 1.5% of DC among all cells, whereas in spleen most DC with 1.9% were

present in [L-104¢P1le

after 14 days of infection. Despite the mCMYV infection, migratory and
resident DC in dLN were not affected in IL-104“P!'¢ mice (Fig. 7 A). A further analysis of DC
subsets distribution based on the differential expression of CD103 and CD11b demonstrated no

differences between knock-out and control mice (Fig. 7 C). These results indicate that IL-10
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produced by DC cells does not influence the DC compartment or migration to the dLN during

acute mCMYV infection.
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Figure 7: IL-10 production by DC does not affect the DC compartment in lung and lymphoid
organs.

Control (white) and IL-10°“P''¢ (pink) mice were infected i.n. with 2x10° PFU of mCMV-Am157 for
14 days. (A) Shown are frequencies (flow cytometry plots) of CD45" CD11¢" MHC-II" DC in lung,
CD45" CD11¢™ MHC-II" migratory and CD11c® MHC-I™ resident DC in dLN, and splenic
CD11c¢" MHC-II" DC of control versus IL-10°“P''® mice. (B) Absolute numbers were normalized to
1x10° cells of CD45* CD11c"® MHC-II" DC in lung, CD45" CD11c¢™ MHC-II" migratory and
CD11c" MHC-T™ resident DC in dLN, and splenic CD11¢* MHC-II" DC of control and IL-102<P''
mice. (C) Frequencies of CD103" ¢cDC1 and CD11b" ¢DC2 in the lung, dLN (migratory or resident) and
spleen in control and IL-10%“P'' mice. Data are representative of two independent experiments (n=4-5).
Values are the mean +SEM (unpaired Student’s t test).

0ACDIIe and control mice were

In the next step, the virus-specific CD8" T cell response in IL-1
investigated in lung, dLN and spleen using the M38 Tetramer. Based on the surface markers
CD127, KLRG-1 and CD62L, the M38-specific CD8" T cells were further classified into the
subpopulations early effector cells — EEC (CD127- KLRG-1- CD62L"), inflationary effector
memory T cells —iTEM (CD127- KLRG-1* CD62L"), double-positive effector T cells — DPEC
(CD127" KLRG-1* CD62L"), conventional effector memory T cells — ¢TEM (CDI127"

KLRG-1" CD62L") and central memory T cells — TCM (CD127" KLRG-1- CD62L").

In all organs tested, the M38-specific CD8" T cell response showed no significant differences
in frequencies and absolute cell numbers between IL-102CP!I¢ and control mice (Fig. 8 A, B).

40



Results

However, a trend towards lower frequencies for virus-specific CD8" T cells in IL-104“P1¢ mice
could be observed for lung and spleen. When comparing the organs, a tissue-specific pattern of
mCMV-specific CD8" T cell response is noticeable. In lung of IL-102P!¢ mice about 21.8%
of CD8" T cells were specific for the M38 Tetramer and were thus twice as high as in spleen
with 8.3% (Fig. 8 A). Interestingly, in the dLN the M38-specific CD8" T cells did not increase
and were present at much lower percentages than in spleen and lung. In addition, the more
detailed analysis of the virus-specific CD8" T cell subsets based on the differential expression
of CD127, KLRG-1 and CD62L did not reveal any differences between IL-104P!!¢ and control
mice (Fig. 8 C). In lung and spleen, the frequencies of DPEC (47.6% - 52.3%) and iTEM
(36.3% - 44.2%) dominated over cTEM (5.1% - 7.9%), EEC (2.6% - 3.2%) and TCM
(0.1% - 0.6%) in knock-out and control mice. On the contrary, in the dLN mainly DPEC
(28.9% - 35.1%) and cTEM (23.8% - 30.9%) were observed, followed by iTEM
(17.7% - 22.8%), EEC (11.8% - 13.5%) and finally TCM (6.6% - 8.9%) with the lowest
frequency in knock-out and control mice (Fig. 8 C). Since neither a difference in DC
compartment nor in the virus-specific CD8" T cell response could be seen, the question arose
whether the viral replication was impaired by specific deletion of IL-10 in DC. Therefore, viral
DNA was isolated from lung tissue and used to determine the viral load. A quantative gB- and
pthrp-PCR was used to determine the absolute numbers of viral genomes and to normalize gB
to 1x10° cells using the cellular gene pthrp. A comparison of the viral load in IL-102¢P!¢ and
control mice 14 days p.i. showed no significant difference in the viral load of the lung
(Fig. 8 D). Consequently, the IL-10 production by DC alone does not affect the regulation of

anti-viral CD8" T cell responses or viral loads after 14 days of mCMYV infection.
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Figure 8: IL-10 production by DC does not play a crucial role in the regulation of anti-viral
CDS8" T cell responses 14 days after acute mCMV-infection.

Control (white) and IL-10°“P''¢ (pink) mice were infected i.n. with 2x10°> PFU of mCMV-Am157 for
14 days. (A) Representative flow cytometry plots showing frequencies of M38 Tetramer” CD8" T cells
in lung, dLN and spleen (pregated on living CD8" cells) of control versus IL-102"''¢ mice. (B) Bar
graphs show absolute cell numbers (normalized to 1x10° cells) in lung, dLN and spleen of control and
IL-102P' mice. (C) Frequencies of M38 Tetramer” CD8" T cells further fractionated in CD127"
KLRG-1" CD62L iTEM (green), CD127" KLRG-1" CD62L" DPEC (red), CD127 KLRG-1- CD62L"
EEC (yellow), CD127" KLRG-1~ CD62L" ¢TEM (blue) and CD127" KLRG-1- CD62L" TCM (orange)
in lung, dLN and spleen in control and IL-10*“P'!'* mice. (D) DNA was isolated from mice lungs and
subjected to quantitative PCR to measure viral genomes. The number of viral genomes was normalized
to 1x10° (logio) cells. Each data point represents one individual lung, the black line represents the
median. Data are representative of two independent experiments (n=4-5), except D which is
representative of one experiment (n=5). Values are the mean +SEM (unpaired Student’s t test).

Since IL-10 induces the differentiation of Treg from naive T cells and this in turn impairs the
efficiency of anti-viral immune response, we further investigated the CD4 and CD8 Treg
differentiation during acute mCMYV infection. Latter can be identified by the surface marker
CD122, PD-1 and CD127, while CD4 Treg can be characterized by the expression of the

transcription factor FoxP3.

As seen in Fig. 9 A and B, we did not find any differences in the FoxP3" CD4 Treg frequencies
and absolute numbers in lymphoid organs and lung of mCMV-infected IL-102“P'!¢ compared
to control mice. In IL-104P!¢ mice, the frequency of FoxP3* CD4 Treg was in lung 4.9%, in
dLN 7.4% and in spleen 11.4% (Fig. 9 A). Similar to the frequency of FoxP3" CD4 Treg, we
saw the highest number of FoxP3* CD4 Treg in spleen of IL-102¢P!'® mice. In addition, a
second type of Treg, the CD8 Treg, has been described. It has been proposed that IL-10
production and the Fas/FasL system mediate suppression by CD8" CD122" cells (Akane et al.,
2016; Dai et al., 2014; Liu et al., 2017). We found only about 1% of CD8 Treg in lung and
lymphoid tissue 14 days post mCMV infection (Fig. 9 C). Both in frequencies (Fig. 9 C) and
absolute cell numbers (Fig. 9 D) an expansion of CD8 Treg could not be detected in IL-10
deficient mCMV infected mice as hypothesized at the beginning.

Taken together, our findings demonstrate that at the peak of the CD8" T cell response following
1n. mCMV-infection, no significant differences in the DC compartment, magnitude of
mCMV-specific CD8" T cell responses and Treg differentiation were detected in
IL-10'“P!'c mice, indicating that IL-10 production by DC does not play an essential role during

the acute immune response.
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Figure 9: Lack of IL-10 production in DC does not impair the differentiation of CD4 and
CDS8 Treg during acute mCMYV infection.

Control (white) and IL-10°“P''¢ (pink) mice were infected i.n. with 2x10°> PFU of mCMV-Am157 for
14 days. (A) Frequencies (representative dot plots) of FoxP3" CD4 Treg in lung, dLN and spleen in
control versus IL-102“°''¢ mice. (B) Absolute cell numbers were normalized to 1x10° cells (bar graphs)
of FoxP3" CD4 Treg in lung, dLN and spleen in control and IL-10*“"''* mice. (C) Representative flow
cytometry plots with average frequencies of CD122" PD-1" CD127- CD8 Treg in lung, dLN and spleen
of control compared to IL-10®''® mice (pregated on living TCR-B" CD4" or CD8" cells). (D) Bar
graphs indicate absolute cell numbers (normalized to 1x10° cells) of CD122" PD-1" CD127- CD8 Treg
in lung, dLN and spleen of control and IL-10“P''¢ mice. Data are representative of two independent
experiments (n=4-5). Values are the mean +SEM (unpaired Student’s t test).

3.2.2 1L-10 signaling in DC has no impact on acute mCMYV infection

The pleiotropic cytokine IL-10 has potent anti-inflammatory properties that plays an important
role by dampening excessive inflammatory responses and limiting the extent of T cell responses
(Moore et al., 2001). In both, IL-10 and IL-10 receptor deficient mice an enhanced Tul/Tu17
response to intestinal bacterial antigens were observed, which resulted in a stronger colitis
(Kuhn et al., 1993; Spencer et al., 1998). To investigate the role of IL-10 receptor signaling in
DC during acute mCMYV infection, IL-10RAP!l¢ mice were infected i.n. with 2x10° PFU of
mCMV-Am157.

After acute mCMV infection, frequencies (Fig. 10 A) and absolute cell numbers (Fig. 10 B) of
DC were comparable in IL-10RA¢P!¢ and control mice. In lung, we detected 1.6% DC in
IL-10RACP!e and 1.4% DC in control mice (p = 0.257). IL-10 signaling had no influence on the
migration of DC to the dLN after mCMV infection. Furthermore, despite the virus infection,
we saw no effect on the cDC1 or ¢cDC2 subsets (Fig. 10 C). Our results suggest that IL-10

signaling has neither an impact of total DC nor the DC subsets during acute mCMV infection.
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Figure 10: IL-10 signaling has no impact on DC compartment during acute mCMYV infection.
Control (white) and IL-10R*“P!¢ (teal) mice were infected i.n. with 2x10° PFU of mCMV-Am157 for
14 days. (A) Shown are representative flow cytometry dot plots with average frequencies of
CD45" CD11¢" MHC-II" DC in lung, CD45" CD11™ MHC-II" migratory and CD45" CD11c" MHC-I™
resident DC in dLN, and splenic CD11¢" MHC-II" DC of control versus IL-10R*“''* mice. (B) Bar
graphs show absolute cell numbers normalized to 1x10° cells of CD45" CD11¢" MHC-II" DC in lung,
CD45" CD11™ MHC-II" migratory and CD45" CD11c¢" MHC-I™ resident DC in dLN, and splenic
CD11c¢" MHC-II" DC of control versus IL-10R*“P''¢ mice. (C) Frequencies of CD103" ¢DC1 and
CD11b" ¢DC2 in the lung, dLN (migratory or resident) and spleen in control and IL-10R*“"''¢, Data are
representative of two independent experiments (n=4-5). Values are the mean +SEM (unpaired Student’s
t test).

To investigate the impact of IL-10R signaling in DC on the protective mCMV-specific
CD8" T cells, we determined the kinetic of the virus-specific CD8" T cell response in blood in
IL-10RACP!e compared to control mice during the whole acute infection. Starting from day 10
p.i., we detected M38 Tetramer” CD8" T cells, which showed an increased frequency of 10.3%
in IL-10RACP!¢ and 13.1% in control mice (p = 0.461) 14 days p.i. (Fig. 11 A). Additionally,
we observed that M38-specific CD8" T cells in IL-10RA“P!!¢ and control mice showed similar
MFT on both time points, indicating similar levels M38 Tetramer binding (Fig. 11 B). For the
corresponding M38-specific CD8" T cell subpopulations, we obtained mainly comparable
frequencies in IL-10RAP!!¢ and control mice over the whole infection period in blood (Fig. 11
C). After 10 days of infection, we saw predominantly DPEC (24.9% in IL-10RA¢P!!¢ and 40.6%
in control mice) and a trend toward less DPEC in IL-10RA¢P!!¢ mice, which increased up to

53.1% in IL-10RA°P!I¢ and 54.8% in control mice 14 days p.i. (p =0.662). A second M38
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Tetramer” CD8" T cell subset, which was already strongly induced after 10 days of infection,

was iTEM (17.3% in IL-10RAP'lc and 35.2% in control mice; p=0.0731), which also

expanded during the course of infection (p = 0.799). In contrast, we detected low frequencies

from 1.4 — 13.3% of EEC, ¢cTEM and TCM in IL-10RA“P!¢ and control mice, which further

decreased during the course of infection (0.3% - 5.6%) (Fig. 11 C). Overall, these results

display no effect of the CD11c"-specific deletion of IL-10 receptor on the total virus-specific

CD8" T cell response and subpopulations in blood during the whole infection period.
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Figure 11: Kinetic of the M38 Tetramer” CD8" T cell response during the acute infection.

At the indicated times after i.n. infection with 2x10° PFU of mCMV-Am157, blood samples were
collected from control (white) and IL-10R*“P''® (teal) mice and cells were stained with the
M38 Tetramer to analyze the virus-specific CD8" T cell response. (A) Time course of M38-specific
CD8" T cells and (B) M38 Tetramer response was measured by geometric MFI in CD8" T cells of
control and IL-10R*“°''® mice. (C) Corresponding frequencies of M38 Tetramer” CD8" T cell
subpopulations CD127- KLRG-1" CD62L" iTEM, CDI127" KLRG-1" CD62L" DPEC, CDI127"
KLRG-1" CD62L" EEC, CD127" KLRG-1" CD62L" ¢TEM and CD127" KLRG-1" CD62L" TCM of
control versus IL-10R*“®''® mice 10 and 14 days p.i.. Data are representative of one experiment (n=5).
Values are the mean +SEM (unpaired Student’s t test).

Systemic characterization of the virus-specific CD8" T cells in blood revealed no impact of the
M38 Tetramer® CD8" T cell response and showed a trend toward less DPEC in IL-10RACP!I¢
mice (10 days p.i.). Therefore, we went one step further and analyzed the organ-specific

M38 Tetramer® CD8" T cell response in lung, dLN and spleen 14 days p.i..

Hence by interfering with CD11c*-specific IL-10R signaling, we expected a boost of the
anti-viral immunity in the IL-10R signaling, but the comparison of knock-out and control mice
resulted in comparable M38-specific CD8" T cell responses. At this point, we detected the
highest frequencies of M38 Tetramer® CD8" T cells in lung, the major target of the i.n. infection
(with 22.3% in IL-10R*“P!¢ and 21.9% in control mice) (Fig. 12 A). In contrast, in dLN about
1,7% CDS8" T cells in IL-10R*“P'!¢ and in control mice were specific for the M38 Tetramer,
these results were consistent with the absolute cell numbers in both organs (Fig. 12 B). The
lymphoid organ, i.e. the spleen, showed three times less virus-specific CD8" T cells (7.8% in
IL-10RACP!e and 9.9% in control mice) than in lung, and was equally unaffected by the IL-10
receptor deletion on DC (Fig. 12 A, B). Moreover, we further fractionated these virus-specific
CD8" T cells based on the differential expression of CD127, KLRG-1 and CD62L in five
subpopulations (Fig. 12 C). In lung and lymphoid tissue, frequencies of DPEC (33.1% - 46.8%)
and 1TEM (29.9% - 45.6%) dominated over cTEM (5.0% - 20.5%), EEC (2,73% - 17,20%) and
TCM (0.2% - 7.8%) in IL-10RA“P'lc and control mice. Compared to lung and spleen, the
dominating subpopulations DPEC and iTEM resulted in lower percentages in the dLN. By
contrast, the KLRG-1"°¢ subpopulations cTEM, EEC and TCM were higher frequented than in
lung and spleen (Fig. 12 C). By investigating the viral replication in IL-10RAP!!¢ and control
mice, we detected similar viral genome levels (p = 0.265) (Fig. 12 D). To sum up, these data
indicate that IL-10 signaling in DC cells did not influence the regulation of the anti-viral
CD8" T cell response but showed a tissue-specific pattern of this virus-specific

CD8" T cell response.
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Figure 12: Specific IL-10 receptor-deletion of DC results in similar virus-specific CD8" T cell
response compared to control mice.

Both control (white) and IL-10R*“P'¢ (teal) mice were infected i.n. with 2x10° PFU of mCMV-Am157
for 14 days. (A)Representative flow cytometry plots showing frequencies of M38 Tetramer"
CDS8" T cells and (B) absolute cell numbers (normalized to 1x10° cells) in lung, dLN and spleen were
determined by flow cytometry (pregated on living CD8" cells) of control versus IL-10R*“P!'¢ mice.
(C) Frequencies of M38 Tetramer” CD8" T cells further fractionated in CD127- KLRG-1" CD62L~
iTEM (green), CD127" KLRG-1" CD62L" DPEC (red), CD127 KLRG-1- CD62L" EEC (yellow),
CD127" KLRG-1~ CD62L" ¢TEM (blue) and CD127" KLRG-1- CD62L" TCM (orange) in lung, dLN
and spleen of control and IL-10R*“P''* mice. (D) Lung DNA was isolated and subjected to quantitative
PCR to measure viral genomes. The number of viral genomes was normalized to 1x10° (logjo) cells and
compared from control and IL-10R*“P''* mice. Each point represents the viral genomes of one individual
lung, the black line represents the median. Data are representative of two independent experiments
(n=4-5), except D which is representative of one experiment (n=5). Values are the mean +SEM
(unpaired Student’s t test).

The specific deletion of IL-10 receptor resulted in an enhanced Tu1/Tu17 response to intestinal
bacterial antigens and induced a stronger colitis. Therefore, we expected in the IL-10RACP!I¢
mice an enhanced pro-inflammatory response accompanied with a reduced Treg differentiation
during acute mCMYV infection. To test our hypothesis, we analyzed the CD4 and CD8 Treg in
lung, dLN and spleen 14 days p.i..

A comparison in IL-10RACP!¢ and control mice showed similar frequencies (Fig. 13 A) and
absolute cell numbers (Fig. 13 C) in the tested organs. In lung and dLN, we discovered
frequencies about 6.2% and 6.6% of FoxP3* CD4 Treg in IL-10R*“P!!¢ mice, respectively, in
the spleen the frequency was almost doubled with 10.7%. Similarly, absolute cell numbers of
FoxP3* CD4 Treg were in the same extent of frequencies (Fig 13 C). Additionally, CD4 Treg
expressed comparable levels of FoxP3 in knock-out and control mice of all investigated organs
(Fig. 13 B). Helios is a marker of thymic-derived Treg (tTreg), while Helios™ Treg are
mentioned as periphery Treg (pTreg). In lung and lymphoid tissue, mainly Helios" tTreg were
detected with no significant difference in both populations (Fig. 13 D). Moreover, frequencies
(Fig. 13 E) and absolute cell numbers (Fig. 13 F) of CD8 Treg were not affected by a missing
IL-10 signaling during acute infection. In all organs, 0,30% - 0,93% of CD8 Treg were detected
by flow cytometry in IL-10R“P'l'c and control mice (Fig. 13 E). Compared to
FoxP3* CD4 Treg, CD8 Treg were mainly Helios™ pTreg in IL-10RAP!!¢ and control mice
(Fig. 13 G).

In conclusion, the missing IL-10 signaling showed neither an effect on the DC compartment

nor the virus-specific CD8" T cells during acute mCMV infection. Furthermore, the
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CDl11c*-specific deletion of the IL-10 receptor has no impact and the CD4 and CD8 Treg

differentiation in lung and lymphoid organs.
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Figure 13: Lack of IL-10R in DC shows similar FoxP3 expression of CD4" T cells during acute
mCMYV infection.

Control (white) and IL-10R*“P!¢ (teal) mice were infected i.n. with 2x10° PFU of mCMV-Am157 for
14 days. (A) Frequencies (representative dot plots) of FoxP3" CD4 Treg in lung, dLN and spleen of
control compared to IL-10R*“P"'® mice (pregated on living TCR-B"CD4" cells). (B) FoxP3 expression
as measured by geometric mean fluorescence intensity (MFI) in CD4 Treg of lung, dLN and spleen of
control versus IL-10R*“P"'* mice. (C) Absolute cell numbers were normalized to 1x10° cells (bar graphs)
of FoxP3" CD4 Treg in lung, dLN and spleen of control and IL-10R*“''* mice. (D) Frequencies of
CD4" FoxP3" Helios™ tTreg or Helios™ pTreg in lung, dLN and spleen of control versus IL-10RA“P!'¢
mice. (E) Representative flow cytometry plots showing frequencies of CD122" PD-1" CD127-
CDS8 Treg in lung, dLN and spleen of control mice versus IL-10R*“"''* mice (pregated on living TCR-B"
CDS8" cells). (F) Absolute cell numbers were normalized to 1x10° cells (bar graphs) of CD8 Treg in
lung, dLN and spleen of control and IL-10R*“P''® mice. (G) Frequencies of CD8" Helios™ tTreg or
Helios™ pTreg of control compared to IL-10R*“®''¢ mice in lung, dLN and spleen. Data are representative
of one experiment (n=5), except E which is two independent experiments (n=4-5). Values are the mean
+SEM (unpaired Student’s t test).

3.3 The role of B-catenin in DC during mCMYV infection

Another pathway associated with a tolerogenic DC function is B-catenin signaling, although
controversial data have been published. On the one hand, the activation of -catenin signaling
in bone marrow-derived DC induces IL-10-producing T cells in vitro and protects mice from
EAE induction in vivo (Jiang et al., 2007). Moreover, the specific deletion of B-catenin
CDl1l1c" cells resulted in a stronger Tyl/Tu17-mediated colitis, which was associated with
reduced CD4 Treg responses (Manicassamy et al., 2010; Suryawanshi et al., 2015). On the other
hand, stabilized, constitutively active [-catenin signaling in DC can mediate a
pro-inflammatory function and promote the development of an effective CD8" T cell response

in the context of viral infection (Cohen et al., 2015).

Since controversial data exist on this pathway, we want to investigate the role of B-catenin
signaling in DC during acute mCMYV infection. We therefore investigated the mCMV-specific
CD8" T cell responses in mCMV-infected mice (2x10° PFU of mCMV-Am157, i.n.) with a
CD11c*-specific deletion (B-cat®“P!¢) or expression of a stabilized form (B-cat®cP!1/EX3) of
-catenin. We focused on the DC compartment, virus-specific CD8" T cell response as well as
the CD4 and CD8 Treg differentiation in lung, dLN and spleen 14 days p.i.. To determine the
viral load of these infected mice, DNA of lung tissue was isolated and quantitated by qPCR.
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3.3.1 Deletion of B-catenin in DC does not play a crucial role during acute mCMV

infection

[-catenin signaling was suggested to promote a tolerogenic DC phenotype (Jiang et al., 2007),
while the specific deletion of B-catenin in CD11c" cells resulted in an enhanced Teff response
(Manicassamy et al., 2010). To determine whether B-catenin-deficient DC enhance the mCMV
response and interfere the Treg induction during acute mCMV infection, we infected
B-cat*“Plc mice with 2x10° PFU of mCMV-Am157. First, we investigated the DC in lung and
lymphoid organs by flow cytometry. In lung and dLN, DC were pregated on living
CD45" F4/80 cells and in the dLN the DC were further differentiated between migratory and
resident DC (Fig. S2, S4).

B-cat*“P!!e mice exhibited no differences in total DC frequencies (Fig. 14 A) and absolute cell
numbers after acute infection (Fig. 14 B). We detected in lung 0.3% DC in B-cat*“P!!c and
0.4% DC in control mice (p = 0.169). Moreover, in B-cat*“P!'¢ and control mice only minor
frequencies of migratory and resident DC in dLN were identified despite virus infection. The
highest frequency of DC was detected in spleen with 0.9% in B-cat*“P!!¢ and in control mice
(Fig. 14 A). Further analysis of DC subsets in B-cat*“P!'¢ showed unaffected frequencies until
day 14 days p.i. (Fig. 14 C). Both, lung and migratory dLN, showed the highest frequencies of
cDCI1, but they were not impaired by the specific deletion of B-catenin and showed similar
frequencies (Fig. 14 C). Taken together, these data indicate that the deletion of B-catenin in DC

does not have a crucial influence on the DC compartment during acute mCMV infection.
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Figure 14: Deletion of -catenin in DC does not impact the DC numbers during acute mCMV
infection.

Control (white) and B-cat*“®''¢ (blue) mice were infected i.n. with 2x10° PFU of mCMV-Am157 for
14 days. (A) Shown are frequencies (flow cytometry plots) of CDI1l¢" MHC-II" DC in lung,
CD11c¢™ MHC-II™ migratory and CD11c" MHC-I™ resident DC in dLN (pregated on living
CD45" F4/80~ cells) and splenic CD11c¢" MHC-II" DC in control and B-cat*“®''® mice. (B) Absolute cell
numbers of DC (bar graphs) were normalized to 1x10° cells in lung, dLN and spleen of control versus
B-cat* P! mice. (C) Frequencies of XCR-1" ¢cDC1 and CD1720." ¢DC2 in the lung, dLN and spleen of
control compared to B-cat*“''® mice. Data are representative of two independent experiments (n=5-6).
Values are the mean +SEM (unpaired Student’s t test).

To assess whether CDI11c*-specific deletion of p-catenin has an influence of the
M38 Tetramer-specific CD8" T cells and their subpopulations, blood was analyzed over the
acute infection. The deletion of B-catenin did not affect the virus-specific CD8" T cell response
(Fig. 15 A). Ten days p.i. about 2.4% in B-cat*“P!!¢ and 2.8% in control mice of M38 Tetramer®
CD8" T cells were measured, which expanded up to 13.9% in B-cat*“P''¢ and 11.2% in control
mice at day 14 p.i.. At the same time, we detected higher M38 Tetramer levels in CD8" T cells
during the course of infection, but were unaffected by the 3-catenin signaling in DC (Fig. 15 B).
Further analysis of virus-specific CD8" T cell subpopulations revealed comparable frequencies
of these subpopulations in B-cat*“P!¢ and control mice (Fig. 15 C). After 10 days of mCMV
infection, mainly DPEC (32.5% in B-cat*“P!'¢ and 40.5% in control mice) and iTEM (23.6% in
B-cat*“P'c and 30.0% in control mice) were detectable. The DPEC further rose up to 54.3% in

B-cat*“P'c and 52.9% in control mice and iTEM to 35.3% in B-cat*“P'!'¢ and 37.9% in control

54



Results

mice. In comparison, EEC, cTEM and TCM were low frequented during the acute infection
and continuously decreased with the infection time (Fig. 15 C). These data indicate that
B-catenin signaling in DC leads to a comparable CD8" T cell response in the blood of both

B-cat*“P!!c and control mice in blood during acute mCMV-infection.

Additionally, we investigated whether the absence of B-catenin in DC facilitated an enhanced
CD8" T cell response against mCMV measuring the organ-specific M38 Tetramer”
CD8" T cells were measured by flow cytometry. However, we discovered comparable
frequencies of virus-specific CD8" T cells in B-cat*“P!'¢ and control mice in all tested organs
after infection (Fig. 16 A). As in the previously tested IL-102P!¢ and IL-10RAP!lc mice, we
detected the highest frequencies (Fig. 16 A) and absolute cell numbers (Fig. 16 B) of
M38-specific CD8" T cells in the lung. In contrast, dLN showed low frequencies of about 0.7%
in B-cat®“P!'c and 0.5% in control mice (Fig. 16 A). Furthermore, the absolute cell numbers
were also minimal compared to the lung (Fig.16 B). Next, we characterized the
M38 Tetramer-specific subpopulations. After 14 days of infection, mainly DPEC and iTEM
were observed in lung and spleen (Fig. 16 C). While there was no difference between
B-cat’Pllc and control mice in lung and lymphoid organs, in dLN the dominating
subpopulations were DPEC and ¢cTEM. Additionally, TCM and EEC frequencies were higher
in dLN than in lung and spleen. Furthermore, the viral genomes remained unaltered by the
missing [-catenin signaling (p = 0.259) (Fig. 16 D). These findings reveal that the 3-catenin
deletion in DC does not play an essential role in regulation of anti-viral CD8 T cell responses

during acute mCMYV infection.
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Figure 15: Similar expansion of virus-specific CD8" T cells in B-cat*“''* mice in blood.

Control (white) and B-cat*“®''¢ (blue) mice were infected i.n. with 2x10° PFU of mCMV-Am157 for
14 days. (A) Frequencies of virus-specific CD8" T cell response in blood by flow cytometry with
M38 Tetramer (pregated on living CD8" cells). (B) M38 Tetramer expression as measured by geometric
MFI in CD8" T cells of control and B-cat*“®''® mice. (C) Corresponding dynamics of M38 Tetramer”
CD8" T cell subpopulations of CD127- KLRG-1" CD62L" iTEM, CD127" KLRG-1" CD62L- DPEC,
CDI127- KLRG-1- CD62L"- EEC, CD127" KLRG-1- CD62L" ¢cTEM and CD127" KLRG-1~ CD62L"
TCM 10 and 14 days p.i.. Data are representative of one experiment (n=5-6). Values are the mean +SEM
(unpaired Student’s t test).

56



Results

_catACD11:
R Control B 9 Contra
- - [} B—ca(ACDﬂC
3 3 5x10°-
19,49 + 6,90% 21,88+9,18% |
3 3 4x10%
Lung 3x10%-
E E 2x104-
1 1 ]
E E 1x104
TR Ty T TR 0-
.-e
3 0,53 +0,19% E ]
k| ] 2 1.5x103
- - = ]
E E 3 s
1.0x1034
-
dLN %
- - a 4
E Y
5 5.0x102
E 1 £
o
3 E g |
4 4 &
T Ty Ty Ty Ty Ty ?) 0.0-
=
*
E 4,35+1,91% E 6,32 +3,19%
3 E 1x10%
- 8"103'
Spleen ! 6x10%
o J
E E 4x103
g -
P 2x103
- ]
E L AL . . WAL L | 0_
CcD8
Lung dLN Spleen Lung
= Control
1 B-CatACD“c
g°] =
Control % 4] wm m
o
v
> 3
= [
| | L
Bl 3547% iTEM B 14.86% iTEM B 32.58% iTEM 2 2 -
Bl 55.55% DPEC B 30.10% DPEC Bl 48.20% DPEC H n
[ 2.14% EEC I 12.59% EEC [ 4.27% EEC S 1-
Bl 5.34% cTEM Bl 29.64% cTEM Bl 12.93% cTEM o
=1 151% TCM =1 12.81% TCM =1 2.03% TCM £ o0
>

B-cat“""‘

Bl 34.04% iTEM B 17.52% iTEM Bl 28.83% iTEM
Bl 55.85% DPEC Il 28.44% DPEC Bl 51.28% DPEC
[ 3.24% EEC [ 14.37% EEC [ 473% EEC
Il 6.07% cTEM Bl 30.47% cTEM Il 12.80% cTEM
3 0.79% TCM 3 9.20% TCM = 2.36% TCM

57



Results

Figure 16: B-catenin signaling in DC does not affect the M38-specific CD8" T cell response during
acute mCMYV infection.

Control (white) and B-cat*“®''¢ (blue) mice were infected i.n. with 2x10° PFU of mCMV-Am157 for
14 days. (A) Representative flow cytometry plots with average frequencies of M38 Tetramer"
CD8" T cells in lung, dLN and spleen were determined by flow cytometry (pregated on living
CDS8" cells). (B) In bar graphs absolute cell numbers (normalized to 1x10° cells; bar graphs) in lung,
dLN and spleen. (C) Frequencies of M38 Tetramer’ CD8" T cells fractionated in CD127- KLRG-1"
CD62" iTEM (green), CD127" KLRG-1" CD62L" DPEC (red), CD127- KLRG-1~ CD62L~ EEC
(yellow), CD127" KLRG-1~ CD62L" ¢TEM (blue) and CD127" KLRG-1- CD62L" TCM (orange) in
lung, dLN and spleen. (D) From lung DNA were isolated and subjected to quantitative PCR to measure
viral genomes. The number of viral genomes was normalized to 1x10° (logio) cells. Each point represents
the viral genomes of one individual lung. The black line represents the median. Data are representative
of two independent experiments (n=5-6), except D which is representative of one experiment (n=5).
Values are the mean +SEM (unpaired Student’s t test).

As reported previously, the specific deletion of -catenin in CD11c¢* cells resulted in aggravated
Tul/Tul7-mediated colitis accompanied by reduced numbers of Treg (Manicassamy et al.,
2010). In accordance with these findings, blunted Treg response were discovered
in CD11c"-specific deletion of B-catenin during collagen-induced arthritis (Alves et al., 2015).
Thus, we investigated whether the lack of -catenin in DC affects the induction of Treg during

acute mCMYV infection.

However, the deletion of B-catenin did not reduce FoxP3* CD4 Treg (Fig. 17 A, C) and does
not alter the FoxP3 expression compared to control mice (Fig. 17 B). Fourteen days p.i., we
detected 7.3% FoxP3" CD4 Treg in lung and 7.5% in dLN, whereas in spleen the frequency
was 11.3% in B-cat*“P!!'® mice (Fig. 17 A). The separation of FoxP3" CD4 Treg in lung, dLN
and spleen into tTreg and pTreg did not display any significant difference, but predominantly
Helios" tTreg were induced by the infection (Fig. 17 D). In addition, the B-catenin signaling
resulted in an unaltered CD8 Treg differentiation with observed frequencies of 0.4% and 0.5%
in B-cat*“P!¢ and control mice, respectively (Fig. 17 E). Figure 17 F rather shows that there is
no difference between in B-cat*“P!'¢ and control mice in absolute cell numbers in lung and
spleen after acute infection. The separation of tTreg and pTreg based on Helios expression
mainly displayed Helios™ pTreg. Nevertheless, B-cat*“P!'® mice displayed similar amounts of

both tTreg and pTreg compared to control mice (Fig. 17 G).

Collectively, these data demonstrate that the CD11c*-specific deletion of B-catenin does not
influence the differentiation of CD4 and CDS8 Treg as well as the DC numbers. Furthermore,
B-cat*“P'e mice occurred similarly virus-specific CD8* T cells compared to control mice in

blood and investigated tissues.
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Figure 17: B-cat*“®''* mice shows similar expression of FoxP3" CD4 and CDS8 Treg.

Control (white) and B-cat*“®''¢ (blue) mice were infected i.n. with 2x10° PFU of mCMV-Am157 for
14 days. (A) Frequencies (representative dot plots) of FoxP3" CD4 Treg in lung, dLN and spleen of
control and B-cat*“®''* mice (pregated on living TCR-B"CD4" cells). (B) FoxP3 expression as measured
by geometric MFI in CD4 Treg of lung, dLN and spleen of control compared to B-cat*“®''¢ mice.
(C) Absolute cell numbers were normalized to 1x10° cells (bar graphs) of FoxP3" CD4 Treg in lung,
dLN and spleen of control versus IL-10R*“P''® mice. (D) Frequencies of CD4" FoxP3" Helios" tTreg
and Helios™ pTreg in lung, dLN and spleen of control and B-cat*“®''* mice. (E) Frequencies (flow
cytometry plots) and (F) absolute cell numbers (normalized to 1 x 10° cells) of CD122" PD-1" CD127-
CDS8 Treg in lung and spleen of control compared to B-cat*“''* mice (pregated on living TCR-B" CD8"
cells). (G) Frequencies of CD8" Helios" tTreg or Helios™ pTreg in lung and spleen of control and
B-cat*“P!'® mice. Data are representative of two independent experiments (n=5-6) for lung and spleen,
whereas dLN is representative of one experiment (n=5-6), except D-G which is one experiment (n=5-6).
Values are the mean +SEM (unpaired Student’s t test).
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3.3.2 Intranasal mCMYV infection results in reduced splenic DC numbers in

B-catCPIYEX3 mice accompanied by an expansion of XCR-1* ¢DC1

Preliminary data of our lab indicate that stabilization of B-catenin in DC exhibit reduced
Tu2 responses after the induction of allergic asthma. Therefore, we examined whether the
stabilization of B-catenin signaling in DC will enhance the Treg differentiation and affect the

mCMV-specific CD8" T cell response during acute mCMV infection.

First, we analyzed the impact of B-catenin signaling on the DC compartment of B-catCP!!1¢/EX3
in comparison to control mice after acute infection. In the B-catP!!“EX3 mice, the frequencies
and absolute cell numbers of DC were similar to control mice in lung and dLN (Fig. 18 A, B).
Nevertheless, more detailed assessment of dLN demonstrated significantly altered DC
distribution towards more XCR-1" ¢cDC1 (p = 0.018) and less CD172a" ¢DC2 (p=0.018)
resident DC in B-cat®P!¢EX3 mice, whereas migratory DC seemed to be unaffected by B-catenin
signaling (Fig. 18 C). Intriguingly, splenic DC were reduced in PB-cat‘P!'“EX3 mice
(Fig. 18 A, B). Further analysis of DC subsets in B-cat“P!'“EX3 mice revealed a shift toward
increased XCR-1" ¢cDC1 (p=0.0002) and diminished CD172a." ¢cDC2 (p = 0.0001) frequencies
(Fig. 18 C), by unchanged absolute numbers of cDC (data not shown). Taken together, these
data demonstrate that the stabilization of B-catenin affects the splenic DC compartment and
resulted in reduced numbers of DC, which was accompanied by an expansion of XCR-17¢DCI1.
The shift toward elevated XCR-1" ¢cDC1 and reduced CD172a" ¢cDC2 were also observed for
resident dLN.
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Figure 18: CD11c"-specific stabilization of B-catenin results in reduced numbers of splenic DC
accompanied by an increase of XCR-1" ¢DCI1.

Control (white) and B-cat®*P!''“EX3 (red) mice were infected i.n. with 2x10° PFU of mCMV-Am157
for 14 days. (A) Frequencies (flow cytometry plots) of CD11¢" MHC-II" DC in lung, CD11¢™ MHC-II"
migratory and CD11c¢" MHC-I™ resident DC in dLN (pregated on living CD45" F4/80 cells) and
splenic CD11¢* MHC-IT" DC in control and B-cat*“®''“"*3 mice. (B) Absolute cell numbers of DC (bar
graphs) were normalized to 1x10° cells in lung, dLN and spleen of control versus B-cat*“®''“EX? mice.
(C) Frequencies of XCR-1"¢DC1 and CD172a" ¢DC2 in the lung, dLN and spleen of control compared
to B-cat*®!'“EX3 mice. Data are representative of two independent experiments (n=5-6). Statistical
significance (unpaired Student’s t test) is indicated as *p < 0.05, **p < 0.01 and ***p < 0.001. Values
are the mean +SEM.

Second, we analyzed the mCMV-specific CD8" T cell responses in B-cat®®!'“EX3 mice. During
acute infection, the kinetic of the virus-specific CD8" T cell response was measured in blood
and showed a similar expansion of M38 Tetramer® CD8" T cells (Fig. 19 A). Furthermore, the
stabilization of B-catenin did not alter the M38 levels of CD8" T cells (Fig. 19 B). Analysis of
the virus-specific CD8 T-cell subpopulation showed no influence of B-catenin signaling. The
tCDl 1c/EX3

dominating subsets DPEC and iTEM cells increased in -ca
course of infection (Fig. 19 C). On the other hand, EEC, cTEM and TCM had low frequencies

control mice during the
and decreased in the percentage during infection. These data indicate that 3-catenin signaling

does neither affect the magnitude nor the quality of the mCMV-specific CD8" T cell response
in blood.
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Figure 19: Stabilization of B-catenin does not compromise the CD8" T cell response in blood
during acute infection.

At the indicated times after infection i.n. with 2x10° PFU of mCMV-Am157, blood samples were
collected from control (white) and B-cat*“P"'“EX* (red) mice and cells were stained with the
M38 Tetramer to analyze the virus-specific CD8" T cell response. (A) Time course of the response to
M38 Tetramer frequencies and (B) M38 Tetramer expression as measured by geometric MFI in
CDS8" T cells of control and B-cat®*“P!"'“EX3 mice. (C) Shown are related frequencies of M38 Tetramer”
CD8" T cell subpopulations CD127- KLRG-1" CD62L" iTEM, CD127" KLRG-1" CD62L- DPEC,
CDI127- KLRG-1- CD62L" EEC, CD127" KLRG-1~ CD62L" ¢TEM and CD127" KLRG-1- CD62L"
TCM of control versus B-cat®*P'"'“E*3 mice 10 and 14 days p.i.. Data are representative of two
independent experiments (n=4-6). Values are the mean +SEM (unpaired Student’s t test).

Since B-catenin signaling promotes a regulatory DC phenotype inducing CD4 Treg (Jiang et
al., 2007), we explored whether the stabilization of B-catenin in DC affects the virus-specific

CD8" T cell response in the lung and lymphoid tissue. However, in B-cat®®!''EX3 mice we
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observed unaltered virus-specific CD8" T cells in all evaluated organs (Fig. 20 A, B). Although
there were reduced DC numbers in spleen, this did not appear to alter the CD8" T cell response
(p = 0.672). The virus-specific response of CD8" T cells in lung was about 21.4% in
B-catCPlIeEX3 mice, whereas only 0.7% of these cells were detectable in dLN (Fig. 20 A).
Additionally, virus-specific CD8" T cells resulted in similar absolute cell numbers of
B-catCPleEX3 compared to control mice (Fig. 20 B). Unexpectedly, further fractionation of
M38 Tetramer” CD8" T cells revealed a modification in the distribution of pulmonary
CD8" T cell subtypes. First, iTEM with 32.2% in B-cat‘P!'“EX3 mice (p = 0.045) are lower
compared to control mice (Fig. 20 C). Second, cTEM resulted in a higher frequency with 14.1%
in B-catP1EX3 mice (p= 0.039) compared to control mice after mCMYV infection (Fig. 20 C).
However, no influence of stabilized B-catenin in DC was detectable on the CD8" T cell
populations in the lymphoid organs (Fig. 20 C). Because 3-catenin signaling had no effect on
M38 Tetramer® CD8" T cells, it is not surprising that the number of viral genomes was similar
in B-catP!1YEX3 compared to control mice (Fig. 20 D). Taken together, these data reveal a shift
in the mCMV-specific CD8" T cell subpopulations toward reduced iTEM and increased cTEM
frequencies in B-cat“P!!9EX3 mice, which suggest that B-catenin in DC might affect the

induction of the effector memory T cell response in lung.
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Figure 20: Stabilization of B-catenin induces the effector memory T cells in lung.

Control (white) and B-cat®“P!'“FX3 (red) mice were infected i.n. with 2x10° PFU of mCMV-Am157 for
14 days. (A) Frequencies (representative FACS plots) and (B) absolute cell numbers (normalized to
1x10° cells) of M38 Tetramer” CD8" T cells in lung, dLN and spleen of control versus p-cat*“P!1<EX3
mice (pregated on living CD8" cells). (C) Frequencies of M38 Tetramer’ CD8" T cells further
fractionated in CD127 KLRG-1" CD62L iTEM (green) CD127" KLRG-1" CD62L" DPEC (red),
CDI127 KLRG-1- CD62LEEC (yellow), CDI127" KLRG-1- CD62L" c¢TEM (blue) and
CD127" KLRG-1" CD62L" TCM (orange) in lung, dLN and spleen of control and B-cat*“®''EX* mice.
(D) DNA of lung were isolated and subjected to real-time PCR to measure viral genomes. The number
of viral genomes was normalized to 1x10° (log10) cells and compared from control and B-cat*“P!!¢/EX3
mice. Each point represents the viral genomes of one individual lung. The black line represents the
median. Data are representative of two independent experiments (n=4-6). Statistical significance
(unpaired Student’s t test) is indicated as *p < 0.05, **p < 0.01 and ***p < 0.001. Values are the mean
+SEM.

Moreover, we also investigated the differentiation of FoxP3" CD4 in B-cat®P!'“EX3 mice after
mCMYV infection. Here, we observed increased absolute numbers of FoxP3" CD4 Treg in all
examined organs and a significant increase of cell frequencies in spleen and dLN
(Fig. 21 A, C). These expansion of FoxP3" CD4 Treg was already seen in steady state
(Fig. S9). After 14 days of infection, we measured higher frequencies of FoxP3" CD4 Treg in
B-catPleEX3 mice of in ALN (p = 0.0062) and spleen (p = 0.0012), whereas the expression
levels of FoxP3 stayed comparable to control mice (Fig.21 B). Moreover, the elevated
FoxP3* CD4 Treg numbers were due to higher numbers of Helios® CD4 tTreg, which we also
observed in non-infected B-cat‘P!'“EX3 mice (Fig S9). Lung and lymphoid organs exhibited
frequencies of Helios" tTreg about 76.7% - 83.6% in B-cat®P!'“EX3 and 63.8% - 75.3% in
control mice (Fig. 21 D). Interestingly, the stabilization of B-catenin did not affect the CD8 Treg
differentiation (Fig. 21 E, F). In all organs, only 0.2% - 0.5% of CD8 Treg were detected by
flow cytometry in B-cat“P!'EX3 and control mice (Fig. 21 E). Additionally, the differentiation
of tTreg and pTreg were unaltered in B-cat®®!'“FX3 mice during acute mCMYV infection

(Fig. 21 G).

Collectively, these data suggest that the CD11c¢"-specific stabilization of -catenin results in a
significant expansion of FoxP3" CD4 Treg. In addition, splenic DC numbers were significantly
reduced accompanied by an expansion of XCR-1" ¢DCI1. The shift toward elevated
XCR-1" ¢DCI and reduced CD172a." ¢cDC2 were also observed for resident dLN. In lung, the
mCMV-specific CD8" T cell response exhibits a modification in the distribution of

mCMV-specific CD8" T cell subpopulations to diminished iTEM and increased ¢cTEM in
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B-catPl1eEX3 mice. These results suggest a crucial role of B-catenin in DC for the induction

FoxP3* CD4" Treg and probably CD8" memory T cells during mCMYV infection.
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Figure 21: Acute mCMYV infection results in a strong CD4 Treg expansion in B-cat*“®"'“ X3 mice.
Control (white) and B-cat®“P!'“FX3 (red) mice were infected i.n. with 2x10° PFU of mCMV-Am157 for
14 days. (A) Frequencies (representative dot plots) of FoxP3" CD4 Treg in lung, dLN and spleen of
control versus B-cat*®''"“FX3 mice (pregated on living TCR-B* CD4" cells). (B) FoxP3 expression as
measured by MFI in CD4 Treg of lung, dLN and spleen of control and B-cat*“®''“E%3 mice. (C) Absolute
cell numbers were normalized to 1x10° cells of FoxP3" CD4 Treg in lung, dLN and spleen of control
versus B-cat*“P'“EX3 mice. (D) Frequencies of CD4" FoxP3" Helios" tTreg and Helios™ pTreg in lung,
dLN and spleen of control compared to B-cat*“®''“FX* mice. (E) Frequencies and (F) absolute cell
numbers of CD122" PD-1" CD127- CD8 Treg in lung, dLN and spleen of control compared to
B-cat*“P1YEX3 mice. (G) Frequencies of CD8" Helios" tTreg or Helios™ pTreg in lung, dLN and spleen
of control versus B-cat*“®''® mice. Data are representative of two independent experiments (n=5-6),
except E-G which are representative of one experiment (n=5-6). Statistical significance (unpaired
Student’s t test) is indicated as *p < 0.05, **p < 0.01 and ***p < 0.001. Values are the mean +SEM.

3.4 mCMYV latency

During mCMYV latency, viral genomes were maintained in the absence of infectious virus in
infected cells. The continuously accumulation of virus-specific CD8" T cells in latent mCMV
infection is a phenomenon which is known as memory inflation (MI) (Holtappels et al., 2020;
Holtappels et al., 2002; Karrer et al., 2003). This MI was firstly monitored as an age depend
increase of hCMV-specific T cell response (Northfield et al., 2005). These cells have an effector
memory phenotype and show no features of T cell exhaustion (Klenerman and Oxenius, 2016).
It has been described that the IL-10R blockade in latently infected wild-type mice led to an
increase of mMCMV-specific CD8" T cells and reduced viral DNA load in spleen and lung (Jones
et al., 2010). Moreover, in B-cat®P!'¢EX3 mice, we observed an expansion of FoxP3* CD4 Treg,
which was accompanied by a shift in the virus-specific CD8" T cell subpopulations during acute

mCMYV infection.

Based on these findings, we aimed to investigate whether IL-10 or B-catenin signaling in DC
affects anti-viral immune responses, including mCMV-specific CD8" T cells and Treg, during

mCMV latency and reactivation.

3.4.1 IL-10 signaling in DC reveals unaltered memory CD8" T cell inflation during
latent mCMYV infection

Our previous results in IL-10RAP!!¢ mice during acute mCMYV infection indicate that IL-10
signaling in DC might not play an essential role neither in DC nor T cell compartment and

function (see 3.2.2). The recent work by Jones and colleagues (Jones et al., 2010) has shown
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that the MI is dramatically amplified after latent mCMYV infection of IL-10 knockout (IL-107")
mice, which was accompanied by reduced latent viral loads in IL-107" mice. Moreover, these
results were confirmed by IL-10R blockade during latency in wild type mice. Based on both
findings, we asked for the role of IL-10 signaling in DC of IL-10RAP!¢ mice during latent
mCMYV infection. Therefore, IL-10R*“P!I¢ and control mice were infected i.n. with 2x10° PFU
of mCMV-Am157 and the kinetics of the virus-specific CD8" T cell response and their
subpopulations during the whole infection period in blood were examined. However, the
M38 Tetramer™ subpopulations were not shown after 1 week of infection, because the total
M38 Tetramer® CD8" T cell response revealed low frequencies and a further fraction of these
cells is not precise enough.

In Fig. 22 A frequencies of total M38 Tetramer® CD8" T cells were quantified up to 36 weeks
of IL-10RAP!I¢ compared to control mice. Surprisingly, we observed no MI in IL-10RACP11e
and control mice. We saw a maximum frequency (10.8% in IL-10RA“P!'¢ and 10.5 % in control
mice) of M38 Tetramer™ CD8" T cells 2 weeks p.i., i.e. during acute infection, which decreased
in the latent infection up to 2.8% in IL-10R*“P!'¢ and 3.8% control mice after 36 weeks of
infection. On the other hand, the CD8" T cell response for the M45 Tetramer was much weaker
for mCMV (Fig. 22 B), consistent with our previous observations in the establishment of
intranasal infection (Fig. 6). This Tetramer is generally used for the analysis of acute mCMV
infections and was therefore used as a control for non-MI (Fig. 22 B). For the corresponding
frequencies of M38 Tetramer® subpopulation, we detected comparable frequencies in
IL-10RACP!e and control mice over the whole infection course (Fig. 22 C). Predominantly
DPEC and iTEM with minimal contributions of EEC, cTEM and TCM were identified. No
significant change was observed in iITEM during infection, and the percentage remained stable
about 40% in IL-10RA“P!'¢ and control mice. On the other hand, for the DPEC population a
minimal reduction was detectable in latency phase, whereas TCM slightly increased with the
course of infection. (Fig. 22 C). These results show neither a MI nor an increase of

mCMV-specific CD8"* T cells in latently infected IL-10RAP!¢ mice.
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Figure 22: Latent mCMYV infection consists predominantly of DPEC and iTEM in blood.

At the indicated times after i.n. infection with 2x10° PFU of mCMV-Am157, blood samples were
collected from control (white) and IL-10R2“P''® (teal) mice. (A) Frequencies of M38 Tetramer” and (B)
M45 Tetramer” CD8" T cells in control and IL-10R*“''® mice. (C) Related frequencies of
M38 Tetramer’ CD8" T cell subpopulations CD127- KLRG-1" CD62L" iTEM), CD127" KLRG-1"
CD62L- DPEC, CD127- KLRG-1- CD62L~ EEC, CD127" KLRG-1- CD62L~ ¢TEM and CDI127"
KLRG-1~ CD62L" TCM of control versus IL-10R*“P''® mice of the whole infection course. Data are
representative of two independent experiments (n=5). Values are the mean +SEM (unpaired Student’s
t test).

Since we observed no effect on the virus-specific CD8" T cell response systemically, we
analyzed this response tissue-specific, in lung and lymphoid organs. A first cohort of animals
was analyzed after 26 weeks and a second cohort after 36 weeks of infection. The latent
CD8" T cell response in lung, measured 26 and 36 weeks p.i., showed similar results of
M38 Tetramer” CD8" T cells in IL-10RA“P!!¢ compared to control mice (Fig. 23 A, B), whereas
the study by Jones and colleagues (Jones et al., 2010) showed that IL-10 limited the memory
CD8" T cell inflation in lung and spleen during latent infection. In addition, our analysis
revealed that no MI and the frequencies of M38-specific CD8" T cells decreased during latency
(Fig. 23 A), which is also reflected in the absolute cell numbers (Fig. 23 B). The M38-specific
CD8" T cells consists predominantly of DPEC and iTEM, followed by TCM and ¢TEM
subpopulations (Fig. 23 C). The characterization of CD8" T cell subpopulations in latently
infected lungs showed no appreciable differences in the course of infection and achieved similar
frequencies in IL-10RACP!¢ versus control mice, yet revealed a slight increase of TCM in
IL-10RAP!le mice (Fig. 23 C). The non-inflationary M45 Tetramer was used as a control for
the latent infection and only a percentage 0f0.3% - 0.4% of CD8" T cells defined as background

were Tetramer positive (Fig. 23 D).
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Figure 23: IL-10 signaling does not affect the virus-specific CD8" T cell response in lung during
latent mCMY infection.

Both control (white) and IL-10R*“P!! (teal) mice were infected with 2x10° PFU of mCMV-Am157 for
26 and 36 weeks. (A) Representative flow cytometry plots showing frequencies of M38 Tetramer"
CDS8" T cells and (B) absolute cell numbers (normalized to 1x10° cells) in lung (pregated on living
CDS8" cells) of control versus IL-10R*“P''¢ mice. (C) Frequencies of M38 Tetramer” CD8" T cells
further fractionated in CD127 KLRG-1" CD62L" iTEM (green), CD127" KLRG-1" CD62L" DPEC
(red), CD127 KLRG-1"CD62L" EEC (yellow), CD127" KLRG-1- CD62L" c¢TEM (blue) and
CDI127" KLRG-1" CD62L" TCM (orange) in lung of control compared to IL-10R*“P''¢ mice. (D)
Frequencies of M45 Tetramer’ CD8" T cells as negative control for latent infection in control and
IL-10R*“P!'® mice. Data are representative of one experiment (n=5). Values are the mean +SEM
(unpaired Student’s t test).

In addition to the lung, virus-specific CD8" T cells and subpopulations were analyzed in the
lymphoid organs after 26 and 36 weeks of infection. Here, we found only low frequencies
between 0.5% - 1.3% (Fig. 24 A) and absolute cell numbers (Fig. 24 B) of M38 Tetramer”
CD8" T cells in the dLN. A comparison of IL-10RA¢P!'¢ and control mice revealed in a similar
M38-specific CD8" T cell response during latent infection. As described in the review by Torti
and Oxenius, TCM are localized in secondary lymphoid organs, whereas TEM are excluded
from LN because they cannot upregulate the cell-surface receptors CD62L and CCR7 and are
therefore restricted to peripheral tissues (Torti and Oxenius, 2012). The analysis of the
M38-specific CD8" T cells showed that TCM between 35.6% - 45.9% were the dominating
subpopulations in IL-10RAP!!¢ and control mice (Fig. 24 C). Unexpectedly, we detected also
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high frequencies of cTEM between 27.1% - 35.8% in IL-10RA“P!!¢ and control mice, whereas
DPEC and iTEM frequencies were reduced in dLN of latently infected mice. These data show
an exactly opposite distribution of the virus-specific CD8" T cell subpopulations compared to
the lung. However, they should be interpreted with caution because the characterization of
subpopulations in dLN is based on very low frequencies of total M38 Tetramer” CD8" T cell
response. Additionally, we analyzed as a control the response of the M45 Tetramer®
CD8" T cells and detected frequencies between 0.2% - 0,4% in latent infected IL-10RAP!1¢ and
control mice (Fig. 24 D). The spleen, the second investigated lymphoid organ, displayed lower
frequencies of M38 Tetramer™ cells (1.9% - 3.7% in IL-10R*“P'!¢ and control mice) (Fig. 25 A)
than in lung (6.6% - 13.0%% in IL-10RA“P!!¢ and control mice; see Fig 23 A). Furthermore,
the M38-specific CD8" T cells decreased from 3.7% to 2.4% between 26 and 36 weeks of
IL-10RACP!e mice and thus no MI was observed during latent infection. This decrease of
virus-specific CD8" T cells was also seen in absolute cell numbers during this period
(Fig. 25 B). The further fractionation of CD8" T cells into subpopulations resulted in
comparable distribution in IL-10RA¢P!!¢ and control mice (Fig. 25 C). As in lung, the DPEC
and iTEM were the main populations in spleen. Surprisingly, in spleen more cTEM were
detected with frequencies of 13.4% - 22.3% (Fig. 25 C) compared to lung with 5.4% - 9.8%
(Fig. 23 C) in latent IL-10RAP!!¢ and control infected mice. As control for the latent infection,
the virus-specific CD8" T cell response of the M45 Tetramer was determined and only 0.2% of
CD8" T cells were detected in spleen, which can be defined as background (Fig. 25 D). Taken
together, in lung and lymphoid tissue the specific deletion of IL-10 receptor in DC showed

neither a MI nor an impact on the virus-specific CD8" T cells response during mCMV latency.
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Figure 24: IL-10 receptor signaling has no impact of the virus-specific CD8" T cell response in
dLN during latent mCMY infection.

Control (white) and IL-10R*“P!¢ (teal) mice were infected i.n. with 2x10° PFU of mCMV-Am157 for
26 and 36 weeks. (A) Representative flow cytometry plots showing frequencies of M38 Tetramer"
CDS8" T cells and (B) absolute cell numbers (normalized to 1x10° cells) in dLN (pregated on living
CDS8" cells) of control versus IL-10R*“P''® mice. (C) Frequencies of M38 Tetramer”™ CD8" T cells
further fractionated in CD127- KLRG-1" CD62L" iTEM (green), CD127" KLRG-1" CD62L- DPEC
(red), CD127- KLRG-1~ CD62L" EEC (yellow), CD127" KLRG-1~ CD62L" ¢TEM (blue) and CD127"
KLRG-1~ CD62L" TCM (orange) in dLN in control versus IL-10R*“''® mice. (D) Shown are
frequencies of M45 Tetramer” CD8" T cells as negative control of latent infection in control and
IL-10RA“P!'® mice. Data are representative of one experiment (n=2-3). Values are the mean +SEM
(unpaired Student’s t test).
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Figure 25: Similar expansion of virus-specific CD8" T cells in IL-10R*“®"'¢ and control mice.

Control (white) and IL-10R*“P' (teal) mice were intranasal infected with 2x10° PFU of mCMV-Am157
for 26 and 36 weeks. (A) Representative flow cytometry plots with average frequencies of
M38 Tetramer” CD8" T cells and (B) absolute cell numbers (normalized to 1x10° cells) in spleen were
determined by flow cytometry (pregated on living CD8" cells). (C) Frequencies of M38 Tetramer"
CD8' T cells fractionated in CD127- KLRG-1" CD62" iTEM (green), CD127" KLRG-1" CD62L"
DPEC (red), CD127- KLRG-1~ CD62L" EEC (yellow), CD127" KLRG-1~ CD62L" ¢TEM (blue) and
CDI127" KLRG-1~ CD62L" TCM (orange) in spleen of control versus IL-10R*“?''* mice. (D) Shown
are frequencies of M45 Tetramer” CD8" T cells as negative control of latent infection in control and
IL-10RA“P!'® mice. Data are representative of one experiment (n=5). Values are the mean +SEM
(unpaired Student’s t test).

The mCMV latency is defined by a lifelong maintenance of viral genomes, but in the absence
of infectious virus. In a well-established HCT model by Griessl ef al., viral genomes remained
present in lung over 8 months p.i. with a significant decrease in organ load between 4 and
6 months (Griessl et al., 2021). Hence, we investigated the viral genomes in the lung, spleen
and liver from in. infected mice (2x10° PFU of mCMV-Am157), which are all known by a
long-term maintenance of viral genomes during latent mCMYV infection. We observed low viral
genomes after 26 weeks of infection, which were down to the limit of detection. Further, there
was a decrease between 26 and 36 weeks p.1 and more or less no viral genomes were detectable

in all evaluated organs (Fig. 26). These results display that IL-10 signaling does not affect latent

74



Results

mCMV genomes, which are also less detectable in latently infected mice by the i.n. infection

model.
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Figure 26: Viral genomes in latent infected IL-10R*“"''¢ mice.

Latent viral DNA load determined for lung, spleen and liver pieces of control (white) and IL-10RA“P!!
(teal) mice after 26 and 36 weeks of infection. The number of viral genomes was normalized to 1x10°
(log10) cells. Each point represents the viral genomes of one individual mice. The black line represents
the median. Data are representative of one experiment (n=5).

Furthermore, we investigated whether FoxP3" CD4 Treg differentiation is influenced in
IL-10RACP!e mice after 26 and 36 weeks of infection. As seen in Fig. 27 A and C, no
significant differences in FoxP3" CD4 Treg frequencies and absolute cell numbers in lung of
IL-10RACP!le in comparison to control mice can be found. After 26 weeks of infection, the
frequency of FoxP3* CD4 Treg was about 10.9% in IL-10R“P!!® mice and increased up to
13.1% after 36 weeks of infection, whereas the frequency in control mice was stable about
12.8% (Fig. 27 A). However, absolute cell numbers revealed a trend of an increase in
FoxP3* CD4 Treg in IL-10RACP!!¢ mice after 26 weeks of infection, but they did not reach
statistical significance (p = 0.099) (Fig. 27 C). In addition, the CD11c*-specific deletion of
IL-10 receptor demonstrated similar expression levels of FoxP3 compared to control mice, but
total the expression seemed to be elevated after 36 weeks of infection in both mice (Fig. 27 B).
The separation of FoxP3" CD4 Treg into tTreg and pTreg showed predominately Helios™ tTreg
during latent infection (Fig. 27 D). As in the lung, no effect of IL-10 signaling on CD4 Treg
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differentiation was detected in the spleen and resulted in similar frequencies (Fig. 27 E) and
absolute cell numbers (Fig. 27 G) in knock-out and control mice. However, we observed a
2.5 times higher frequency of FoxP3" CD4 Treg (~27%) in spleen than in the lung. In
accordance with the lung, expression levels of FoxP3 were higher after 36 weeks than 26 weeks
of infection (Fig. 27 F). Moreover, mainly Helios™ tTreg were induced during latent infection,
but there was difference for IL-10R*“P!!¢ compared to control mice (Fig. 27 H). Our results
showed a trend for

higher pulmonary FoxP3* CD4 Treg numbers in IL-10RACP!lc mice after 26 weeks of
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Figure 27: IL-10R2“*"'¢ mice show no significant impact on FoxP3* CD4 Treg differentiation.
Control (white) and IL-10R*“P'!¢ (teal) mice were infected i.n. with 2x10°> PFU of mCMV-Am157 CMV
for 26 and 36 weeks. (A) Frequencies (representative dot plots) of FoxP3" CD4 Treg in lung of control
compared to IL-10R*“P'' mice (pregated on living TCR-B" CD4" cells). (B) Shown are FoxP3
expression measured by geometric intensity MFI in CD4 Treg of lung of control versus IL-10RA“P!'
mice. (C) Bar graphs show absolute cell numbers (normalized to 1x10° cells) of FoxP3" CD4 Treg in
lung of control and IL-10R*“°'"* mice. (D) Frequencies of CD4" FoxP3" Helios" tTreg or Helios  pTreg
in lung of control versus IL-10R*“®''¢ mice. (E) Representative flow cytometry plots showing
frequencies of FoxP3" CD4 Treg in spleen of control versus IL-10R*“P''¢ mice. (F) FoxP3 expression
as measured by geometric MFI in CD4 Treg of spleen of control and IL-10R*“P''® mice. (G) Absolute
cell numbers of FoxP3" CD4 Treg in spleen of control compared to IL-10R*“P''¢ mice. (H) Frequencies
of CD4" FoxP3" Helios" tTreg and Helios™ pTreg in spleen of control and IL-10R*“®''¢ mice. Data are
representative of two independent experiments (n=5) after 26 weeks of infection, whereas data are
representative of one experiment (n=5) after 36 weeks of infection. Values are the mean +SEM
(unpaired Student’s t test).

In addition to the well-known CD4 Treg, we also investigated the impact of IL-10 signaling in
DC for the CD8 Treg differentiation during mCMV latency and reactivation. The
CDl11c*-specific deletion of IL-10 receptor resulted in unaltered CD8 Treg frequencies
(Fig. 28 A) and absolute cell numbers (Fig. 28 B) in lung compared to control mice. At both,
26 and 36 weeks after infection low frequencies between 0.7% and 1.3% of CD8 Treg in
IL-10RACPle and control mice were detected, but a small increase could be observed after
36 weeks of infection (Fig. 28 A). Nevertheless, IL-10R*“P!'¢ mice displayed comparable
amounts of Helios" tTreg and Helios pTreg as compared to control mice (Fig. 28 C). In contrast
to CD4 Treg (Fig. 27 D), predominantly Helios™ pTreg were fluorometrically analyzed in lung.
Similarly, the IL-10 signaling did not affect the CD8 Treg differentiation in spleen and resulted
in low percentages about 0.8% - 2.2% of IL-10R*“P!!¢ and control mice (Fig. 28 D). As in the
lung, elevated CD8 Treg were seen after 36 weeks of infection (Fig 28 D, E). During latent
infection, both tTreg and pTreg revealed unaltered frequencies in IL-10RAP!¢ compared to
control mice, and mainly pTreg (74.3% - 89.6% in IL-10RA“P!!¢ and control mice) were
observed (Fig. 28 F). These results display that the deletion of IL-10 receptor in DC has no
significant impact on the CD8 Treg differentiation in lung and spleen during latent mCMV

infection.
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Figure 28: Deletion of IL-10 receptor in DC has no effect on CDS8 Treg differentiation in latently
infected mice.

Control (white) and IL-10R*“P!¢ (teal) mice were infected i.n. with 2x10° PFU of mCMV-Am157 for
26 and 36 weeks. (A) Frequencies (flow cytometry plots) and (B) absolute cell numbers (normalized to
1x10° cells) of CD122" PD-1" CD127- CD8 Treg in lung of control compared to IL-10R*“P''¢ mice
(pregated on living TCR-B" CDS8" cells). (C) Frequencies of CD8" Helios™ tTreg or Helios” pTreg in
lung of control and IL-10R*“P''¢ mice. (D) Representative flow cytometry plots showing frequencies
and (E) absolute cell numbers of CD8 Treg in spleen of control and IL-10R*“P''* mice. (F) Frequencies
of CD8" Helios™ tTreg or Helios pTreg in lung of control versus IL-10R*“P''® mice. Data are
representative of one experiment (n=5). Values are the mean +SEM (unpaired Student’s t test).

Finally, we examined a possible role of IL-10 signaling in DC of IL-10R*P!!¢ mice during
latent infection. In lung, frequencies (Fig. 29 A) and absolute cell numbers (Fig. 29 B) of total
DC remain unaltered by the specific deletion of IL-10 receptor at 26 (p = 0.121) and 36 weeks

(p =0.194) p.i.. Moreover, no significant difference was observed in the mice even during the
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course of infection. Figure 29 C shows the XCR-1" ¢DC1 and CD172a" ¢DC2 subsets in lung,
which were also not impaired by the lost IL-10 signaling. After 26 weeks of infection,
frequencies of XCR-1" ¢cDC1 were 37.2% in IL-10R*“P!!¢ and 40.7% in control mice, and
decreased to 34.7% in IL-10RA“P!!c¢ and 30.5% in control mice after 36 weeks of infection.
Since spleen is an organ where the mCMYV latency establishes, we additionally studied the DC
in this organ after 26 and 36 weeks of infection. As in the previous experiments (Fig. 10), we
did not see an effect of the IL-10 signaling in terms of DC frequencies (Fig. 29 D) or absolute
cell numbers (Fig. 29 E) in spleen during viral latency. The DC populations were stable during
the infection period and their frequencies were about 2% in IL-10RA“P'!¢ and control mice
(Fig. 29 D). In contrast to the lung, only 3.9% - 5.9% of XCR-1" ¢cDC1 were observed in spleen

in IL-10RAP!!¢ and control mice during latent infection (Fig. 29 F).

In conclusion, the CD11c"-specific deletion of IL-10 receptor does not influence DC in lung
and spleen during latent mCMYV infection. Furthermore, IL-10 signaling in the tested organs
showed neither an influence nor an expansion of M38-specific CD8" T cells (MI), which was
accompanied by an unaffected CD4 and CD8 Treg differentiation. These results indicate that

IL-10 signaling in DC do not play an essential role during latent immune response.
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Figure 29: IL-10 signaling does not impair DC numbers during latent infection.

Control (white) and IL-10R*“P!¢ (teal) mice were infected i.n. with 2x10° PFU of mCMV-Am157 for
26 and 36 weeks. (A) Shown are frequencies (flow cytometry plots) of CD11¢” MHC-II" DC in lung
(pregated on living CD45" F4/80™ cells) in control and IL-10R*“P''¢ mice. (B) Absolute cell numbers of
DC (bar graphs) were normalized to 1x10° cells in lung of control versus IL-10R*“P''¢ mice.
(C) Frequencies of XCR-17 ¢DC1 and CD1720." ¢cDC2 in the lung of control compared to IL-10RAP!'¢
mice. (D) Frequencies (flow cytometry plots) of CD11¢” MHC-II" DC in spleen of control versus
IL-10R*“P!'¢ mice. (E) Absolute cell numbers of DC in spleen of control compared to IL-10RA“P!
mice. (F) Frequencies of XCR-1" ¢DC1 and CD1720" ¢DC2 in the spleen of control compared to
IL-10R*“P!'¢ mice. Data are representative of two independent experiments (n=5) after 26 weeks of
infection, whereas data are representative of one experiment (n=5) after 36 weeks of infection. Values
are the mean +SEM (unpaired Student’s t test).

80



Results

3.4.2 B-catenin signaling impacts the virus-specific memory CD8" T cell response

accompanied by an expansion of Treg during latent infection

During acute mCMYV infection, our findings showed that the stabilization of B-catenin in DC
resulted in a reduction of DC and a shift toward increased XCR-1* ¢cDC1 in spleen (Fig. 18).
Furthermore, in the B-cat®®'“FX3 mice we detected a significant expansion of
FoxP3* CD4 Treg in total numbers, which was accompanied by a higher Helios® tTreg
proportion (Fig. 21). For the mCMV-specific CD8 T cell response, we observed similar
expansion of M38 Tetramer” cells after 14 days p.i. in lung and lymphoid tissue, but in lung we
detected changes in the virus-specific CD8" T cell subpopulations (Fig. 20). Based on these
results, we decided to investigate the role of B-catenin signaling in mCMV latency and
reactivation and expected an influence on the formation of effector memory T cells in latently
infected B-cat®P!1EX3 mice. For this purpose, B-cat®®!'“EX3 and control mice were infected i.n.

with 2x10° PFU of mCMV-Am157.

First, the anti-viral CD8" T cell response was determined during the course of infection in
blood. As with the IL-10RA¢P!!¢ mice, the M38 Tetramer' subpopulations were not shown after
1 week of infection in B-cat®P!'“EX3 mice because the total M38 Tetramer' CD8" T cell
response revealed low frequencies and a further fraction of these cells were not precise enough.
In the latently infected mice we observed no expansion of the M38-specific CD8" T cells (MI)

and a comparable response in B-catCP!1e/EX3

compared to control mice (Fig. 30 A). After
2 weeks of infection, we observed the maximum frequency of 15% of M38-specific
CD8" T cells, which decreased to 1.5% after 36 weeks of infection. In Fig. 30 B the response
of M45 Tetramer resulted in a low CD8" T cell response with 1.4% in B-cat®®!'EX3 mice and
the non-inflationary Tetramer was used as control for the latent infection. Further analysis of
the M38 Tetramer" CD8" T cells revealed comparable frequencies in B-cat®®!!vEX3 in
comparison to control mice. Mainly DPEC and iTEM were observed during the latent infection
(Fig. 30 C). Whereas the iTEM proportion remained stable about 25% of M38-specific
CD8" T cells in B-cat®P!!¥/EX3 and control mice, the DPEC fraction decreased from 57% to 30%
during the course of infection. On the other hand, the cTEM, TCM and EEC possessed low
frequencies and were unaltered during infection, with only TCM increasing slightly up to 25%
towards the end of infection (Fig. 30 C). These data display that the M38-specific CD8" T cells
undergo no MI and predominantly DPEC and iTEM are detected in latently infected

B-catCPlIeEX3 mice, suggesting that B-catenin signaling in DC does not play a crucial role.

81



Results

M45 Tetramer*

+

M38 Tetramer

CD8* T cells

T cells

cD8*

- ©
™
ol
o
|~
~N
N
~N
Iv)
o |~
d -
B Q2
5 % | o
c [ -
Q 9
O
+ [~
- <
[~ N
=
| ' 1 ' | ' 1 '
< ] < ] <
~N - - o o

S[I®3 1 +8QD +19wed3a] SN 30 %

- (O
™
)
2]
N~
~N
| o~
~N
©
n] ~
=} -
b
(=]
© O
s = N
c @ -
Q 9
O
|- o
|- <
- o~
-
I T
[=] n o n o
~N - -

S|I®> 1+80D +1dwel33] 8 30 %

weeks post infection

weeks postinfection

Y

DPEC

iTEM

L ©
(]
|
(e}
L~
N
| o~
N
-
=
| o~
o
_—
- <
— N
I T T T T
(= (=] o
o ©
=]
suonejndodqns ||9> 1 .8dD
,dawena] 8EN 30 %
. ©
2]
]
o]
I~
~N
o~
N
|~
=
N
o
d
- <
- o
T 1 1 T
(= (=3 (= = (< o
AOI © © < N

suonejndodqns ||3> 1 .8AD
+Aswens] 8N 30 %

weeks post infection

weeks post infection

<TEM

EEC

_©
2]
)
2]
LI~
N
[~
N
N~
=
L. N
o
—
- <
=N

T T 1 "1

(= =3 (= = (=] o

o © ©o < ~N

e

suone|ndodqns |23 | .8aD

+dawel3a] 8EW Jo %

©0
)
[
o]

17 22 27

12

©
<
N
LU N B BN B BN N
= (=] o
< ~N

w (=3 (=3

AOI © ©o

suone|ndodqns ||2> 1 .8AD
+Aswena] 8€N 30 %

weeks post infection

weeks post infection

M

L |
(=3 [=
© ©

100

suonejndodqns |92 1 .8AD
Ldowen3a] 8EN J0 %

weeks post infection

82



Results

Figure 30: Similar expansion of virus-specific CD8" T cells in B-cat“®''“**3 and control mice
during latent infection.

Control (white) and B-cat*“P"'“FX3 (red) mice were infection i.n. with 2x10° PFU of mCMV-Am157 and
blood samples were collected at indicated time points. (A) Shown are frequencies of M38 Tetramer”
and (B) M45 Tetramer® CD8" T cells of control compared to B-cat*P''“FX3 mice. (C) Related
frequencies of M38 Tetramer’ CD8" T cell subpopulations CD127~ KLRG-1" CD62L" iTEM,
CD127" KLRG-1"CD62L- DPEC, CD127- KLRG-1-CD62L" EEC, CD127" KLRG-1- CD62L" ¢cTEM
and CD127" KLRG-1~ CD62L" TCM of control versus B-cat*“''“EX3 mice of the whole infection
course. Data are representative of one experiment (n=3-11). Values are the mean +SEM (unpaired
Student’s t test).

In the next step, we explored the influence of P-catenin signaling of the virus-specific
CD8" T cell response in lung and lymphoid organs after 17, 26 and 36 weeks of infection. We
observed no MI, but a trend for a lower M38-specific CD8" T cell response in lung of
B-catP1EX3 mice (Fig. 31 A, B). After 17 weeks of infection the CD8" T cell response reached
the highest frequencies about 6.8% and absolute cell numbers in B-cat®®'1“EX3 which decreased
to 2.7% after 36 weeks of infection. In addition, we found a comparable reduction in absolute
cell numbers during latency (Fig. 31 B). Moreover, the characterization of these virus-specific
CD8" T cells revealed that the DPEC subset, followed by iTEM, TCM, ¢TEM, and finally EEC
dominates in latently infected mice (Fig. 31 C). Only after 17 weeks of infection, we observed
significant differences in the CD8" T cell composition in lung. First, the cTEM (p = 0.00015)
and EEC (p = 0.001) subpopulations were increased in B-cat®®!'*EX3 mice. Second, the DPEC
(p =0.006) showed decreased percentage. Third, for iTEM and TCM no impact on -catenin
signaling was observed. As in blood, the TCM increased in the lung of B-cat®®!!¢EX3 mice after
26 and 36 weeks of infection, but these frequencies were not significantly higher than in control
mice. Additionally, we used the non-inflationary M45 Tetramer as control for the latent
infection and detected less frequency about 0.1% of M45-specific CD8" T cells, which can be
defined as background (Fig. 31 D).
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Figure 31: No memory inflation of M38-specific CD8" T cells in lung upon i.n. mCMYV infection.
Control (white) and B-cat*“®''“FX3 (red) mice were infected i.n. with 2x10° PFU of mCMV-Am157 for
17, 26 and 36 weeks. (A) Representative flow cytometry plots showing frequencies of M38 Tetramer”
CDS8" T cells and (B) absolute cell numbers (normalized to 1x10° cells) in lung (pregated on living
CDS" cells) of control and B-cat*“P''“EX3 mice. (C) Frequencies of M38 Tetramer” CDS" T cells further
fractionated in CD127 KLRG-1" CD62L iTEM (green), CD127" KLRG-1" CD62L" DPEC (red),
CDI127° KLRG-1- CD62L" EEC (yellow), CDI127° KLRG-1-~ CD62L ¢TEM (blue) and
CDI127' KLRG-1" CD62L" TCM (orange) in lung of control versus B-cat*®'“EX3 mice.
(D) Frequencies of M45 Tetramer” CD8" T cells as negative control for latent infection in control and
B-cat*“PHYEX3 mice. Statistical significance (unpaired Student’s t test) is indicated as *p < 0.05,
**p <0.01 and ***p < 0.001. Data are representative of one experiment (n=3-11 after 17 weeks of
infection; n=3-5 after 26 and 36 weeks of infection).

In parallel to the lung, we also analyzed the M38-specific CD8" T cell response in lymphoid
tissue, the dLN. In both B-cat®P''*EX3 and control mice, we found only low responses between
0.4% - 0.5% to M38 Tetramer” CD8" T cells during latent infection, which were also not
affected by B-catenin signaling (Fig. 32 A). Similarly, to frequencies, the absolute cell numbers
were comparable low in B-cat®®''*EX3 and control mice (Fig. 32 B). Comparable to the lung,
the latent T cell pool is predominantly composed by TCM between 45.5% - 54.7% and cTEM
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between 24.2% - 33.7% with low contributions of DPEC between 5.2% - 13.2%, EEC between
4.7% - 7.8% and iTEM between 4.7% - 6.8% of CD8" T cells in B-cat®P!'EX3 and control mice
(Fig. 32 C). As opposed to the lung, in dLN no significant differences in CD8" T cell
subpopulations during latency were detected. However, they should be interpreted with caution
because the characterization of subpopulations in dLN is based on very low frequencies of total
M38 Tetramer” CD8" T cell response. Figure 32 D shows that the M45-specific CD8" T cells
have a frequency of 0.1% in latently infected mice. In addition, we analyzed the anti-viral
immune response in the spleen. Contrary to our expectations, we did not observe an impaired
M38-specific CD8" T cell response in the spleen (Fig. 33 A, B) despite significantly reduced
DC numbers (Fig. 37 E). In comparison to lung, the frequency of M38-specific CD8" T cells
was much lower with 1.2% in B-cat®®!!EX3 mice after 17 weeks of infection and dropped to
0.7% after 26 weeks of infection (Fig. 33 A). Interestingly, with increasing infection time, the
response of CD8" T cells seemed to increase again up to 1.0% in B-cat®®!1¢EX3 mice. However,
the M38-specific CD8" T cells underwent no MI. Absolute cell numbers showed a similar range
in B-cat®P11¢EX3 and control mice (Fig. 33 B). Furthermore, we fractionated these virus-specific
CD8" T cells into the different subpopulations and observed an effect of the T cell formation
again only after 17 weeks of infection (Fig. 33 C). In B-cat‘P!'YEX3 mice the cTEM were
significantly elevated (p = 0.0016) at 38.7%, whereas DPEC decreased to 23.0% (p =0.0031)
(Fig. 33 C), similar to the lung (Fig. 21 C). In contrast, all other subpopulations showed no

significant differences in p-cat®P!!1¢/EX3

compared to control mice. In contrast to lung, iTEM
and DPEC further increased in spleen of latently infected B-cat“P!'“EX3 mice. As seen in
Figure 33 D, the virus-specific CD8" T cell response of the M45 Tetramer was about 0.1%.
Taken together, these data show a trend of a lower M38-specific CD8" T cell response in lung
of B-cat®P!¥EX3 mice. Moreover, an increase of mCMV-specific cTEM in lung and spleen

occurs only after 17 weeks of infection, whereas DPEC significantly diminishes.
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Figure 32: Latent infection results in low virus-specific CD8" T cell response in dLN.

Control (white) and B-cat*“®''*FX3 (red) mice were infected with 2x10° PFU of mCMV-Am157 for 17,
26 and 36 weeks. (A) Shown are representative flow cytometry plots with average frequencies of
M38 Tetramer” CD8" T cells and (B) bar graphs of absolute cell numbers (normalized to 1x10° cells) in
dLN (pregated on living CD8" cells) of control compared to B-cat*“®''“ %3 mice. (C) Frequencies of
M38 Tetramer” CD8' T cells further separated in CD127- KLRG-1" CD62L" iTEM (green),
CDI127" KLRG-1* CD62L~ DPEC (red), CD127- KLRG-1- CD62L" EEC (yellow), CD127° KLRG-1-
CD62L~ ¢TEM (blue) and CD127" KLRG-1~ CD62L" TCM (orange) in dLN of control versus
B-cat*“PHYEX3 mice. (D) Shown are frequencies of M45 Tetramer” CDS" T cells as negative control of
latent infection in control and B-cat*“®''“*3 mice. Data are representative of one experiment (n=3-11
after 17 weeks of infection; n=3-5 after 26 and 36 weeks of infection). Values are the mean +SEM
(unpaired Student’s t test).
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Figure 33: M38-specific CD8" T cells undergo no MI in spleen in latently infected
B_catACDllc/EXS mice.

Both, control (white) and B-cat*“''“*3 (red) mice were infected i.n. with 2x10° PFU of mCMV-Am157
for 17, 26 and 36 weeks. (A) Frequencies (flow cytometry plots) of M38 Tetramer” CD8" T cells and
(B) absolute cell numbers (bar graphs) were normalized to 1x10° cells in spleen (pregated on living
CDS" cells) of control compared B-cat*“®''“EX3 mjce. (C) Frequencies of M38 Tetramer” CD8" T cells
further fractionated in CD127 KLRG-1" CD62L iTEM (green), CD127" KLRG-1" CD62L" DPEC
(red), CD127 KLRG-1- CD62L" EEC (yellow), CD127" KLRG-1~ CD62L" ¢TEM (blue) and
CDI127" KLRG-1" CD62L* TCM (orange) in lung of control versus p-cat*®''“EX* mice.
(D) Frequencies of M45 Tetramer” CD8" T cells as negative control for latent infection in control and
B-cat*“PHYEX3 mice. Statistical significance (unpaired Student’s t test) is indicated as *p < 0.05,
**p <0.01 and ***p < 0.001. Data are representative of one experiment (n=3-11 after 17 weeks of
infection; n=3-5 after 26 and 36 weeks of infection).

Because we did not observe any influence of the virus-specific CD8" T cell response in latency
in either the lung or lymphoid organs, we expected equal viral genomes in the B-catCP!1¢/EX3
and control mice. As can be seen in Figure 34, the viral genomes were near the detection limit
or were not measurable. The significant difference after 26 weeks of infection in the lung was

due to the fact that minimal amounts of viral DNA load could be detected in only one of four
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control mice. In conclusion, the viral DNA loads were rarely measurable in latent infected mice,

making a statement about the influence of the B-catenin signaling pathway not possible.
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Figure 34: Viral genomes of latent mCMYV infected B-cat*“""'“ X3 mice.

From control (white) and B-cat*“®"'“F*3 (red) mice latent viral DNA load were determined for lung after
17, 26 and 36 weeks of infection. After 26 and 36 weeks of infection, viral loads were also determined
in spleen and liver. The number of viral genomes was normalized to 1x10° (log10) cells. Each point
represents the viral genomes of one individual mice. The black line represents the median. Data are
representative of one experiment (n=3-11 after 17 weeks of infection; n=3-5 after 26 and 36 weeks of
infection). Statistical significance is indicated as *p < 0.05, **p < 0.01 and ***p < 0.001.

In addition to the analysis of the virus-specific CD8" T cell response, we studied the
differentiation of CD4 and CDS8 Treg in B-cat“P!'*FX3 during latent infection. In lung,
FoxP3" CD4 Treg frequencies (Fig. 35 A) and absolute cell numbers (Fig. 35 C) were
significantly increased during acute mCMYV infection (Fig. 21 A, B) and also in non-infected

(Fig. S9) B-catP1EX3 mice.
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After 17 weeks of infection, the frequency of FoxP3" CD4 Treg was 12.1% (p = 0.0002) in
B-catPIeEX3 mice (p = 0.0002) and decreased to 10.2% after 26 weeks (p = 0.0011).
Interestingly, they increased again to 12.7% (p = 0.0438) in the further infection time
(Fig. 35 A). The absolute cell numbers of FoxP3" CD4 Treg were comparable to the

tCDIC/EX3 and control mice at the different infection time

corresponding frequencies in P-ca
points, but after 36 weeks, the numbers were slightly lower in the B-cat®®!'“EX3 mijce
(Fig. 35 C). In addition, the CD11c"-specific stabilization of B-catenin demonstrated similar
FoxP3 expression of CD4 Treg as compared to control mice and showed consistent levels
during infection (Fig. 35 B). The discrimination of FoxP3" CD4 Treg into tTreg and pTreg
showed predominately Helios™ tTreg, but a comparison of B-catP''“EX3 and control mice
exhibited similar tTreg and pTreg (Fig. 35 D). Furthermore, it is noticeable that tTreg elevated
from 68.8% to 79.3% in B-cat®P!'“EX3 mice during the course of infection, whereas pTreg
decreased from 30.1% to 20.7%. Additionally, we explored the differentiation of FoxP3* CD4
Treg in B-cat®P!“EX3mice in spleen and observed a substantial expansion after 17 and 26 weeks
of infection (Fig. 35). After 17 weeks of infection, in B-catP!'“EX3 we measured 22.0%
FoxP3* CD4 Treg (p = 0.0013) and decreased minimal to 20.3% (p = 0.0358) after 26 weeks.
In comparison to lung, these Treg did not expand after further infection time and were not
increased in B-cat®®!¢EX3 mice (p = 0.4919) (Fig. 35 E). Furthermore, absolute cell numbers
were similar in B-cat®®!'¢EX3 and control mice at the different infection time points, except after
36 weeks, the numbers were slightly elevated in the control mice and therefore not significantly
different could be detected (Fig. 35 G). As previously in the lung, comparable FoxP3

expression of CD4 Treg was detected in B-catP11e/EX3

and control mice (Fig. 35 F). In contrast
to acute mCMYV infection, we did not detect more tTreg in latent infected B-cat®P!vEX3 mice
despite significant increase in FoxP3" CD4 Treg. During the infection time, tTreg increased
from 75.4% to 81.2% in B-cat‘P!YEX3 mijce, while pTreg fall down from 16.1% to 13.6%
(Fig. 33 H), which we had already observed in lung (Fig. 33 D). In conclusion, the specific

stabilization of B-catenin in DC leads to a strong expansion of FoxP3" CD4 Treg in lung and

spleen during latent mCMV infection.
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Figure 35: B-catenin signaling induces expansion of FoxP3" CD4 Treg.

Control (white) and B-cat®“P!'“FX3 (red) mice were infected i.n. with 2x10° PFU of mCMV-Am157 for
17, 26 and 36 weeks. (A) Frequencies (representative dot plots) of FoxP3" CD4 Treg in lung of control
versus B-cat®*P!YEX3 mice (pregated on living TCR-B*CD4" cells). (B) FoxP3 expression as measured
by geometric MFI in CD4 Treg in lung of control and B-cat®*“''“F*3 mice. (C) Absolute cell numbers
(bar graphs) were normalized to 1x10° cells of FoxP3" CD4 Treg in lung of control compared to
B-cat*“P1EX3 mice. (D) Frequencies of CD4" FoxP3"* Helios" tTreg and Helios™ pTreg in lung of control
and B-cat®P!"FX3 mice. (E) Representative flow cytometry plots showing frequencies of
FoxP3" CD4 Treg in spleen of control compared to B-cat*®''“FX} mice. (F) FoxP3 expression in
CD4 Treg of spleen of control and B-cat®*“P''“F*%3 mice. (G) Absolute cell numbers of FoxP3* CD4 Treg
in spleen of control versus B-cat*“®''“FX3 mice. (H) Frequencies of CD4" FoxP3" Helios" tTreg and
Helios™ pTreg in spleen of control and B-cat*“''“"*3 mice. Data are representative of one experiment
(n=3-11). Statistical significance (unpaired Student’s t test) is indicated as *p < 0.05, **p < 0.01 and
*#*p < 0.001. Values are the mean +SEM.

Next, we analyzed the CD8 Treg differentiation in B-cat®®''*EX3 mice and observed that the
stabilization of B-catenin neither affected CD8 Treg frequencies nor absolute cell numbers in
lung. Throughout the course of infection, the frequencies of these CD8 Treg were less than 1%
and slightly increased after 26 weeks of infection (Fig. 36 A). Consistent with the frequencies,
we recognized low absolute cell numbers (Fig. 36 B). Both, 26 and 36 weeks of infection
revealed only a trend for higher CD8 Treg numbers in B-cat®®!'*EX3 mice, but this was not
significant. Furthermore, B-cat®®!!“EX3 mice displayed comparable amounts of Helios" tTreg
and Helios™ pTreg as compared to control mice. In comparison to CD4 Treg, we saw mainly
Helios pTreg in lung (Fig. 36 C). Comparable to lung, the stabilization of B-catenin in spleen
resulted in an unaltered CD8 Treg differentiation and only low percentages between
0.4% - 0.7% were measured in B-cat®®!'FX3 and control mice (Fig. 36 D). At 36 weeks of
infection, CD8 Treg appeared to increase slightly. In addition, the absolute cell numbers might
be elevated in B-cat®P!'¢EX3 mice, but a significant increase were not detectable (Fig. 36 E). As
seen in Figure 36 F, predominantly pTreg (75.4% - 88.3%) were observed in latent infected
B-cat®PII¢EX3  and  control mice. Taken together, these results demonstrate that the
CDl1l1c"-specific stabilization of B-catenin might affect the CD8 Treg differentiation in

B-catPleEX3 mice during latent mCMYV infection.
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Figure 36: Latent mCMYV infection shows no significant impact on CD8 Treg differentiation.
Control (white) B-cat®*“P''“EX3 (red) mice were intranasal infected with 2x10° PFU of mCMV-Am157
for 17, 26 and 36 weeks. (A) Frequencies (flow cytometry plots) and (B) absolute cell numbers
(normalized to 1x10° cells) of CD122" PD-1" CD127- CD8 Treg in lung of control and B-cat*“P!1<EX3
mice (pregated on living TCR-B" CD8" cells). (C) Frequencies of CD8" Helios" tTreg or Helios™ pTreg
in lung of control compared to B-cat*“®"'“EX* mice. (D) Representative flow cytometry plots showing
frequencies of CD122" PD-1" CD127- CDS8 Treg in spleen of control mice versus B-cat*“®''“EX* mice.
(E) Absolute cell numbers of CD122" PD-17 CD127- CD8 Treg in spleen of control versus
B-catAPEXS mice. (F) Frequencies of CD8" Helios® tTreg or Helios™ pTreg of control compared to
mice spleen. Data are representative of one experiment (n=3-11). Values are the mean
+SEM (unpaired Student’s t test).

B_CatACD] 1¢/EX3

Furthermore, we explored the role of B-catenin signaling on the DC compartment in latently
infected mice and therefore analyzed the total and DC subsets after 17, 26 and 36 weeks of
infection. The lung as main target organ of the i.n. infection remained unaffected by the
stabilization of -catenin and showed similar DC frequencies about 1% (Fig. 37 A) and absolute
cell numbers (Fig. 37 B) during the different time points after infection. Further analysis of DC
subsets revealed no significant difference between B-cat“P!!“EX3 and control mice after 17 and
26 weeks of infection (Fig. 37 C). However, we detected significantly lower frequencies of
CD172a." ¢DC2 in the lung after 36 weeks of infection (p = 0.008), but not for absolute cell
numbers (data not shown). In addition to the lung, we analyzed the DC compartment of
B-catCPleEX3 in spleen during latency infection. In B-cat®P!1¢EX3 mice, splenic DC frequencies
(Fig. 37 D) and absolute cell numbers (Fig. 37 E) were significantly reduced in the same ratio
during the latent infection. Already after 17 weeks of infection, only 1.0% DC (p= 0.0052) are
still present in B-cat®P!1EX3 mice and achieved percentages similar to those in lung (Fig. 37 D).
Further discrimination of DC into XCR-1" ¢DC1 and CD172a" ¢cDC2 revealed a shift toward
increased XCR-1" ¢DC1 and diminished CD172a" ¢DC2 frequencies (Fig. 37 F) in
B-cat®P1EX3 after 17 and 36 weeks of infection, which we had observed previously during
acute mCMV infection (Fig. 18). In contrast, the infection after 26 weeks resulted in similar
XCR-1" ¢DCI (p =0.630) and CD172a." ¢cDC2 (p = 0.255) percentages (Fig. 37 F). However,

it should be considered that the experiment was only performed once.
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Figure 37: Latent infected B-cat*“®"'“**3 mice shows reduced DC accompanied by an increase of
XCR-1" ¢DC1 in spleen.

Control (white) and B-cat*“®''“FX3 (red) mice were infected i.n. with 2x10° PFU of mCMV-Am157 for
17, 26 and 36 weeks. (A) Representative flow cytometry plots with average frequencies of
CDI11c¢" MHC-IT" DC in lung (pregated on living CD45" F4/80~ cells) in control versus B-cat*cP!!¢/EX3
mice. (B) Absolute cell numbers of DC (bar graphs) were normalized to 1x10° cells in lung of control
compared to B-cat®*P!"“EX3 mice. (C) Frequencies of XCR-1" ¢DC1 and CD1720." ¢DC2 in the lung of
control versus B-cat*®''“EX3 mice. (D) Frequencies of CD11¢” MHC-IT" DC in spleen of control and
B-cat*“PYEX3 mice. (E) Absolute cell numbers of DC in spleen of control compared to B-cat*“PH<EX3
mice. (F) Shown are frequencies of XCR-1" ¢DC1 and CD172a." ¢DC?2 in the spleen of control versus
to B-cat*®!'“EX3 mice. Data are representative of one experiment (n=3-11). Statistical significance
(unpaired Student’s t test) is indicated as *p < 0.05, **p < 0.01 and ***p < 0.001. Values are the mean
+SEM.

Collectively, these results demonstrate that 3-catenin signaling in spleen induces a reduction of
DC and a shift toward elevated XCR-1* ¢cDC1 and reduced CD172a" ¢cDC2 in B-catCP!1e/EX3
mice after 17 and 36 weeks of mCMYV infection, while the lung, as the main target organ of i.n.
infection, appears mainly to be unaffected. Furthermore, the mCMV infections displays an
increase of virus-specific memory cTEM and lower DPEC in lung and spleen after 17 weeks
of infection, which is associated by elevated FoxP3" CD4 Treg numbers. These data suggest an
important role of B-catenin in DC for the induction of FoxP3" CD4 Treg and possibly the
CD8" memory T cell response during mCMYV infection.
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4 Discussion and Outlook

During the early phase of CMV infection, DC are critical regulators of the anti-viral immune
response by initiating the effector T cells and the induction of Treg. After primary infection,
CMV establishes lifelong latency in specific cells of its natural host. However, the reactivation
of latent CMV can lead to life-threatening complications in immunocompromised patients such
as HCT recipients. The CD8" T cells provide the main contribution to immune control of CMV
infections and were initiated by DC. Moreover, DC play an important role in shaping the Teff
response by affecting the differentiation of naive T cells into Treg. Simultaneously, DC are also
important targets for Treg-mediated suppression of immune responses, leading to
downregulation of co-stimulatory molecules and pro-inflammatory cytokine production. Both
IL-10 and B-catenin signaling in DC have been reported to play an important role in severe
disease models. Hence, the aim of this work was to establish an i.n. infection model to analyze
the impact of IL-10 and B-catenin signaling in DC on the virus-specific CD8+ T cell response
and the Treg differentiation in blood, lung and lymphoid organs during acute and latent mCMV

infection using IL-102CP1e TL-10RACPIe B_cat®CPllc mice and B-catP!eEX3 mice.

4.1 Intranasal infection route

At the beginning of this work we established an i1.n. infection model to investigate the impact
of IL-10 and B-catenin signaling in DC during acute and latent mCMV infection. The
pathogenesis of mCMYV infection is studied using different inoculation routes such as systemic
infection by the intraperitoneal (i.p.) (Katzenstein et al., 1983; Munks et al., 2006) and
intravenous (1.v.) route (Handke et al., 2013; Karrer et al., 2003), the i.n. route (Oduro et al.,
2016; Zhang et al., 2019) or the infection via intraplantar (footpad) (Reddehase et al., 1984;
Saederup et al., 2001; Sinickas et al., 1985) in adult mice. The 1.n. route of entry has been
suggested as a natural route of infection (Oduro et al., 2016). It is assumed that the infection
after birth likely occurs via mucosal surfaces which are exposed to infectious secretions. The
1.n. inoculation allows mCMYV infection and dissemination throughout the body (Jordan, 1978;
Oduro et al., 2016; Shanley and Pesanti, 1985). mCMYV targets the olfactory epithelium in the
nasal mucosa but not the respiratory epithelium (Farrell et al., 2016; Zhang et al., 2015). This
might be explained by the presence of heparan sulfate, which is expressed apical and basolateral
on the olfactory epithelium (Gillet et al., 2015). Both hCMV and mCMYV infect cells by binding

to heparan and thus allow the virus to enter the host (Price et al., 1995). The infection of the
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olfactory epithelium through binding of heparan sulfate has been identified for murid
herpesvirus-4 (MuHV-4) or herpes simplex virus 1 (HSV-1) (Milho et al., 2012; Shivkumar et
al., 2013). The i.n. mCMV infection resulted in a sufficient infection of the nasal mucosa
(Zhang et al., 2019). Lungs were reported as a primary target organ of i.n. infection and mCMV
was detected after 48 h of inoculation (Jordan, 1978). Subsequently, mCMYV disseminated via
bloodstream to other organs such as spleen and SG. A study used reporter mutants of mCMV
and identified transgenic virus in lungs of neonates (laryngopharyngeal infection) and adult
mice (i.n. infection), which implies that the respiratory mucosa may serve as a major site of
virus entry to the host (Stahl et al., 2013). Analysis of neonates and adult mice revealed delayed
control of viral replication in neonatal lung characterized by a delayed expansion of neonatal
CD8" T cell clones. A subsequent study by this group showed that the viral protein Mck-2
determines viral pathogenicity in the lungs of laryngopharyngeal infected newborn mice (Stahl
et al., 2015). The 1.n. infection of adult BALB/c mice revealed a robust and long-termed viral
replication in the lung during primary infection, with secondary dissemination to the SG (Oduro
etal., 2016). Additionally, the infection induces a strong mCMV-specific CD8" T cell response
and underwent MI with similar kinetics after i.p. infection. In C57BL/6J mice T cells were
primed in the mandibular, deep-cervical and mediastinal LN within 3 day of i.n. infection and
also induced a MI (Zhang et al., 2019). Interestingly, only the i.n. infection, but not 1.p. and
footpad infection, displayed a prolonged viral replication in the lung. Collectively, these data
imply that the i.n. infection reflects the natural entry of mCMV into the host and provides a
robust model to study the short- and long-termed biology of mCMYV infection.

In this work, we established the i.n. infection route in C57BL/6J wild type mice and determined
the mCMYV specific CD8" T cell responses over 3 weeks. After 14 days of infection, we detected
maximal M38-specific CD8" T cell response in lung and spleen, whereas the M38-specific
CD8" T response in dLN increased until 21 days post infection (Fig. 6). On the other hand, the
M45-specific CD8" T cells showed a much weaker response and peaked after 7 days of
infection in lung and spleen. Previous study showed comparable frequencies of M38-specific
CD8" T cells in lung and spleen to our results (Torti et al., 2011). However, the maximal
M38-specific CD8" T cell response peaked at 28 days, which may be due to of i.v. infection
route. In accordance with our results, the M45-specific CD8" T cell response peaked 7 days of
infection and contracted thereafter in lung and spleen. In LN both M45-and M38-specific
CD8" T cells were present at much lower frequencies than in lung and spleen, as also shown by

our data. Based on these results, we decided to investigate the influence of DC on the
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M38-specific CD8" T cell response in the context of the IL-10 and B-catenin signaling after
14 days of i.n. mCMYV infection.

4.2 The role of IL-10 in DC during mCMY infection

4.2.1 1L-10 production during acute mCMYV infection

During the early phase of viral infections, DC play a crucial role as they initiate the adaptive
immune response through antigen-specific activation of naive T cells (Steinman, 1991). After
1.n. mCMV infection, lung DC migrate to the mediastinal lymph nodes (mLN), then entered the
blood and reached the SG (Farrell et al., 2019). In the study by Farrell ez al., they demonstrated
a virus-driven DC recirculation. Both, pDC and cDC subsets are activated through
MyD88-dependent TLR-9 signaling after mCMYV infection and produce 1L-12 (Alexandre et
al., 2014; Dalod et al., 2013). While pDC are not infected by mCMV in vivo, both ¢cDCI1 and
cDC2 can be infected by mCMV (Dalod et al., 2013). In the literature the mCMYV interactions
with DC have been mainly focused on pDC. pDC are known as the main producers of IFN-o/f
which limits mCMYV replication during early stages of infection (Dalod et al., 2002). IFN-o/
regulates various DC responses, e.g. limiting the viral replication in all DC subsets or inhibiting
IL-12 production especially in cDC2, which enhance their maturation (Dalod et al., 2003). In
other systems, cDC2 have been reported to be efficient in CD4" T cell priming (Pooley et al.,
2001). Therefore, the IFN-a/pB-mediated regulation of ¢cDC2 could influence the CD4" T cell
responses during viral infections. Simultaneous, IFN-o/p promotes pDC accumulation and is
required for the maturation of cDC1 in vivo (Dalod et al., 2003). This subset is preferentially
infected by mCMYV after 36-48 h of infection. However, after 18 h of infection, splenic cDC1
do not produce infectious virus in contrast to cDC2 (Busche et al., 2013). The expression of
mCMYV antigens is mainly restricted to cDC1 in vivo (Dalod et al., 2003). This subset of DC
cross-presents exogenous antigens via MHC-I (Alexandre et al., 2014). Hence, cDC1 are most
sufficient in the activation of mCMV-specific CD8" T cells. In an asthma model with
intratracheal mCMYV infection, cDC1 and cDC2 were already activated in the airway mucosa
one day post infection, which have been associated with a Tu2-driven response and antigen
cross-presentation (Reuter et al., 2019). The activated cDC migrated into the draining LN and
induces strong anti-viral CD8" T cell response.

In the here presented work, we investigated DC and ¢DC subsets in the intermediate stage of

mCMYV infection around 14 days p.i.. Mice were 1.n. infected with mCMV-Am157 preventing

98



Discussion and Outlook

the activation of NK cells by the Ly49H. Thus, the mCMV immune control was primarily
mediated by CD8" T cells and not by broad activation of NK cells (Bubic et al., 2004). After
14 days of infection, the CD11c¢*-specific deletion of IL-104P!le and IL-10RACPe mice did
not impact the DC compartment in lung and lymphoid organs (Fig. 7, 10), although it has been
proposed that IL-10 inhibits T cell responses by suppressing the function of APC and the
expression of MHC-II and co-stimulatory molecules by APC (Moore et al., 1993; O’Garra et
al., 2008). However, some reports showed contradictory functions for IL-10 upon viral
infections. On the one hand, IL-10 limits the immunopathology during acute influenza and
herpes simplex infection (Sarangi et al., 2008; Sun et al., 2009). On the other hand, excessive
IL-10 production inhibits the pro-inflammatory response and results in prolonged viral
replication during LCMV infection (Brooks et al., 2006). To explore the role of IL-10
production by DC and IL-10 signaling in DC after in. mCMV infection, DC should be
investigated 1-2 days post infection in IL-102¢P!!¢ and the IL-10RACP!¢ mice. It will also be
interesting to study whether IL-10 differentially affects the maturation status of cDC during
mCMV infection. Previous in vivo studies showed the upregulation of MHC-I and
co-stimulatory molecules such as CD40, CD80 and CD86 in DC during mCMYV infections
(Alexandre et al., 2014). To evaluate the potential role of DC and IL-10 for activation of
mCMV-specific CD8" T cells, their accessibility to viral antigens for MHC-I presentation
should been investigated.

Additionally, we tested whether CD11c*-specific IL-10 production and IL-10R signaling
influence the anti-viral CD8" T cell response. For IL-102°P!l¢ and IL-10RAP!lc mice we
hypothesized an enhanced mCMV-specific CD8" T cells response. However, in both mouse
lines the acute mCMYV infection resulted in comparable M38-specific CD8" T cell responses
and did also not affect the M38-specific CD8" T cell subpopulations (Fig. 8, 12). The lymphoid
organs seemed to be poorly infected by mCMV after i.n. infection because the M38-specific
CD8" T cells responses were present at much lower frequencies compared to the lung. Similar
to our result, the weak mCMV-specific CD8" T cell response in dLN were also observed in i.n.
infected BALB/c mice (Oduro et al., 2016). This tissue-specific pattern of the mCMV-specific
CD8" T cell response was also reported in C57BL/6 mice after i.p. infection (Torti et al., 2011).
The second lymphoid organ, the spleen, showed three times less mCMV-specific CD8" T cells
than in the lung. The reduced mCMV-specific CD8" T cell response in spleen were also detected
in BALB/c mice (Oduro et al., 2016). As expected, the lung, as the main target organ of the
i.n. infection route, revealed the highest M38-specific CD8" T cell response 14 days p.i.
(Fig. 8 A, 12 A). Despite the strong mCMV-specific CD8" T cell response in lung, we detected

99



Discussion and Outlook

only low viral genome load (Fig. 8 D, 12 D). In Oduro ef al. they detected already one day post
infection virus in the lung of i.n. infected mice, which increased with the infection time (Oduro
et al., 2016). Fourteen days post infection, the viral loads in lung were significantly elevated
compared with our genome load after i.n. infection. One possibility for the differences in viral
genomes could be the use of different viruses. While, we used the mCMV-Am157 to avoid the
influence of the NK cell response, the study by Oduro et al infected their mice with
bacterial-artificial chromosome (BAC)-derived mCMV-BACYT (Oduro et al., 2016).
Moreover, they investigated the i.n. infection in BALB/c mice, which might also be a reason
for a different virus replication. Interestingly, it has been reported that the anesthesia affected
the viral loads in lung (Oduro et al., 2016). While the ketamine anesthesia resulted in high viral
loads, the anesthesia with isoflurane were inefficient in the 1.n. infection and viral loads were
mainly under the detection limit 4 days post infection. Since our mice were anaesthetized with
isoflurane, this could explain the lower levels of viral genomes present. Moreover, an efficient
immune control of acute infection results in low latent viral load, while an inefficient immune
control of acute infection reveals a high latent load (Jones et al., 2010; Redeker et al., 2014).
The effective immune control in IL-102CP¢ and IL-10RAP!!¢ mice could be a plausible
explanation for our low viral genomes during the acute phase of infection.

To clarify whether the lack of IL-10 and IL-10R expressing DC impairs the Treg differentiation,
we analyzed CD4 and CDS8 Treg in lung and lymphoid organs. Since we already observed no
effect on the anti-viral CD8" T cell responses, it was not surprising that Treg were also
unaffected (Fig. 9, 13). On the other hand, FoxP3" CD4 natural occurring Treg (tTreg) and
FoxP3~ CD4 IL-10-induced Treg (pTreg) impaired the immune response to mCMV (Jost et al.,
2014). The depletion of FoxP3" Treg from mCMV-infected mice displayed an enhanced T cell
activation in lung and spleen at day 7 p.i., which was accompanied by reduced viral loads in
SG. IL-10 has an important role during mCMYV infection (Redpath et al., 1999), but the cellular
source of IL-10 has not been identified. Although Treg impair an effective immune response
by secretion of IL-10 in various disease models (Betts et al., 2012; Cabrera et al., 2004;
Punkosdy et al., 2011), the Treg-specific IL-10 deletion in mice did not enhance the CD8" T cell
response to mCMV (Jost et al., 2014).

Taken together, our results reveal that the deletion of IL-10 and IL-10R in DC does induce a
stronger anti-viral immune response to mCMV because we observed neither an enhanced
mCMV-specific CD8" T cell response nor an impaired Treg induction. As IL-10 is also
produced by other innate and adaptive immune cells such as macrophages, B cells and T cells,

it is likely that the loss of IL-10 in DC is compensated by other cells in mCMV infected mice.
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4.2.2 1L-10R signaling during latent mCMYV infection

IL-10 1s a potent inhibitor of the memory T cell inflation during mCMYV infection (Jones et al.,
2010). Ninety days post mCMYV infection, the MI was dramatically amplified in IL-10”" mice
and the mCMV-specific CD8" T cells expressed higher levels of the anti-viral cytokines IFN-y
and TNF-a, which was associated with reduced latent viral genome load. Moreover, the
blockade of IL-10R signaling using mAb resulted also in an increased memory CD8* T cell
expansion and reduced viral genome loads in IL-10"" mice. Surprisingly, our i.n. infected
IL-10RAP!e mice showed no MI of M38-specific CD8" T cells in blood, lung and lymphoid
organs after 26 weeks and 36 weeks of infection (Fig. 22 — 25). However, it has been reported
that the i.n. infection initiated a robust mCMV-specific CD8" T cell response and underwent a
MI (Oduro et al., 2016; Zhang et al., 2019). The MI of virus-specific CD8" T cells was
accompanied by an induction of a robust and long-termed viral replication in lung and SG upon
i.n. infection. By contrast, both IL-10R*“P!!¢ and control mice revealed low viral genomes in
lung, spleen and liver after 26 weeks of infection (Fig. 26). Over the course of infection, viral
genomes decreased down to the detection limit in all tested organs. Compared to the literature,
the 1.n. infection led to high latent viral genomes in lung and spleen after 26 weeks of infection
(Oduro et al., 2016). It has been shown that a low-dose mCMYV infection resulted in a low viral
genome load and severely impaired inflation of memory CD8" T cells (Redeker et al., 2014),
so the amount of the applicated virus appears to be an influence factor for the MI. Furthermore,
the acute infection defines the load of latent viral genomes and risk to reactivate from latency
(Reddehase et al., 1994). A robust virus replication in the acute infection promotes high latent
viral load in the same organ (Bohm et al., 2009; Oduro et al., 2016). This was also shown by
Redeker et al. where a large dose of mCMV infection resulted in higher latent viral load
(Redeker et al., 2014). These results indicate that the dose of infection can modulates the viral
load and has impact on the MI during viral latency. It is likely that the i.n. infection diminishes
the antigen burden, resulting in reduced T cell priming and expansion. One reason for this could
be that the infection does not break through the barrier tissue in the lungs and the administered
virus is not inhaled deeply enough. Thus, the virus is partially washed away by nasal secretions
or swallowed into the stomach. Collectively, the CD11c"-specific deletion of IL-10R displays
no impact on the mCMV-specific CD8" T cell response and does not undergo a MI, which is
associated with low latent viral loads. However, it should be considered that the experiment
was only performed once and a repetition of the experiment should be performed with a higher

infectious dose. Moreover, it could be interesting to investigate the SG during latent infection
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because it has been reports that the blockade of the IL-10R enabled a better control of mCMV
in the SG (Humphreys et al., 2007).

4.3 The role of B-catenin in DC during mCMYV infection

4.3.1 P-catenin signaling during acute mCMYV infection

[-catenin signaling is involved in the DC maturation and promotes a tolerogenic DC phenotype
(Jiang et al., 2007). The activation of B-catenin signaling in BMDC by cluster disruption of
E-cadherin induced their phenotypic maturation. Matured DC upregulated MHC-II,
co-stimulatory molecules and chemokine receptors. In vitro, these cluster disrupted BMDC
induced IL-10 producing T cells and protected mice from EAE. Consistent with these findings,
specific deletion of B-catenin in DC revealed a higher susceptibility to DSS-induced colitis and
resulted in an increased Tu1/Twu17 differentiation accompanied by a reduced CD4 Treg response
(Manicassamy et al., 2010; Suryawanshi et al., 2015). This led us to the hypothesis that the
deletion in B-catenin in DC might enhance the CD8" T cell response by interfering with Treg
induction during acute mCMV infection. However, the i.n. infection in B-cat®*“P!'® mice
displayed comparable DC, mCMV-specific CD8" T cells and Treg frequencies und numbers
(Fig. 14 - 17) 1in all evaluated organs. Since we did not examine co-stimulatory molecules or
chemokine receptors of DC, we cannot draw conclusions about a phenotypic maturation of DC
in the mCMV infection model, which could be done in future studies in earlier stages of mCMV
infection. The mCMV-specific CD8" T cell response in B-cat*“P!!¢ mice appeared to be slightly
higher than in control mice. It is likely that this response can be enhanced by a higher infection
dose, as discussed previously (4.2.2). Therefore, it is possible that the infection dose also affects
the CD8" T cell response during acute infection, which could explain the low viral genomes in
B-cat*“P!c and control mice. Although the i.n. infection with 2x10° PFU of mCMV-Am157
induced a virus-specific CD8" T cell response, the immune control of acute infection appeared
to be effective and resulted in low viral loads (Fig. 16 D) compared to the literature (Oduro et
al., 2016). By contrast, the deletion of B-catenin in DC had no impact on the severity of the
collagen-induced arthritis (CIA) (Alves et al., 2015). However, in the absence of -catenin the
Treg frequencies were reduced in the CIA model, while we observed no reduction of Treg in
B-cat’Pl'c mice during mCMV infection (Fig. 17). Furthermore, in mice with a

CD11c"-specific deletion of B-catenin, stimulation of FoxP3" CD4 Treg was observed only in

102



Discussion and Outlook

the intestine, whereas Treg and their cytokine production in spleen were not affected by the
deletion of B-catenin (Manicassamy et al., 2010). Taken together, our data show no improved
mCMV-specific CD8" T cell response in B-cat*“P''® mice after 14 days of infection. The
reduction of Treg during inflammation as reported by Manicassamy et al. and Alves et al. could
not be observed during acute mCMYV infection. These results suggest that the deletion of
[-catenin signaling in DC does not have an impact on the anti-viral immunity and thus does not
enhance the immunopathology during mCMYV infection.

Moreover, we examined whether and to what extent an enhanced [-catenin signaling in DC
impairs the control of mCMYV infection. Hence, we i.n. infected B-cat!!“EX3 mice that exhibit
a stabilization of B-catenin in DC and analyzed them in comparison to control mice. After
14 days of mCMYV infection, splenic DC were reduced in B-cat®®!'EX3 compared to control
mice associated with a shift toward increased XCR-1" ¢cDC1 and diminished CD172a" ¢DC2
frequencies (Fig. 18). This finding is consistent with several studies that indicate a role for
¢DCI1 in Ag cross-presentation and activation of virus-specific CD8" T cells (Alexandre et al.,
2014; Ohata et al., 2016). Since we observed elevated cDCI1 in spleen but no enhanced
CD8" T cell response during acute mCMV infection, the Ag presentation by DC, in particular
cross-presenting cDCI1, should be investigated by measuring MHC-I and co-stimulatory
molecules such as CD40 and CDS86. It is likely that the unaltered virus-specific CD8" T cell
response is due to the lack of cross-presentation by cDC1 in mice with altered P-catenin
signaling. This consideration is supported by previous studies where the genetic activation of
B-catenin in DC or induced by tumors suppresses the CD8" T cell response by inhibiting the
cross-priming of cDC1 (Liang et al., 2014). The DC subsets, their maturation status and the
cytokines appear to affect their capacity of cross-priming (Melief, 2008; Joffre et al., 2012;
Wagner et al., 2012). Preliminary data of our lab showed that the stabilization of 3-catenin in
DC resulted in a spontaneous maturation of pulmonary DC during steady state, whereas splenic
DC and BMDC were not affected by altered B-catenin signaling (unpublished data). The
enhanced B-catenin signaling in DC attenuated the allergic asthma response by modulating DC
maturation and lower levels of Th2 cytokines. Based on these results, it could be useful to study
the DC maturation at early stages of mCMV infection (1-2 days p.i.) characterized by
co-stimulatory molecules such as CD40, CD80 and CD86, as well as chemokine receptor
CCR7, to determine whether stabilized B-catenin affects DC maturation. As mentioned before,

[-catenin in DC plays an important role in the regulation of the cytokine induction (Jiang et al.,
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2007; Manicassamy et al., 2010). Future studies might therefore examine the DC cytokine
profile of B-cat®P!'*EX3 mice in context of mCMYV infection.

Interestingly, previous data of our group showed that alveolar macrophages (AM) were reduced
in B-cat®P!'¢EX3 mice in steady state (unpublished data). AM are known to play an important
role for the protection against respiratory viral infections by the production of anti-viral
cytokines, phagocytosis of virus and infected cells, and their wound-healing function in lung
(Kumagai et al., 2007; Newton et al., 2016; Schneider et al., 2014). The activation of 3-catenin
inhibited AM proliferation but promoted their inflammatory activity (Zhu et al., 2021). During
influenza A virus infection (IAV), AM inflammatory activity mediated by B-catenin promoted
host morbidity. Already 1 day after i.n. mCMYV infection, AM were infected by mCMV and
they reduced the acute viral replication in the lung (Farrell et al., 2016). As a result, the impact
of AM in B-cat®P!“EX3 mice should be evaluated during mCMYV infection.

As mentioned above, the mCMV-specific CD8" T cell response resulted in similar frequencies

tCDl 1c/EX3

and numbers in [-ca and control mice in blood, lung, and lymphoid organs

(Fig. 19, 20). In line with our findings, Toxoplasma gondii infection resulted in equivalent

parasite-specific CD8" T cell response in B-cat®P!1/EX3

compared to control mice, while the
stabilization of B-catenin affected CD4 and NK cell IFN-y response (Cohen et al., 2015). By
contrast, vaccinia virus infection (VACV) revealed an increase of virus-specific CD8" T cells
in B-cat®P!YEX3 mice. A re-stimulation of splenocytes with viral peptides displayed elevated
IFN-y CD8" T cells. These results displayed that CD11c¢"-specific stabilization of -catenin
impact the development of virus-specific CD8" T cells. However, the altered B-catenin
signaling in DC did not affect the CD8" T cell response in B-cat®®''“EX3 mice and was
accompanied by low viral genome loads during acute mCMV infection (Fig. 19, 20). The
further fractionation of mCMV-specific CD8" T cells showed mainly iTEM and DPEC cells in
blood, lung and spleen, whereas in dLN DPEC and cTEM were the dominating subpopulations.
A comparison of mCMV-specific CD8" T cells in intraplantar infected BALB/c mice revealed
similar distribution of the subpopulations after one week of mCMYV infection (Holtappels et al.,
2020). In both spleen and lung, iTEM and DPEC dominated over ¢cTEM, TCM and EEC
subpopulations. In addition, this distribution of subpopulations was also observed in i.n.
infected mice in blood (Oduro et al., 2016; Zhang et al., 2019) and spleen (Oduro et al., 2016)
after 2 weeks of infection. In contrast to our data, the non-draining LN and dLN revealed a
TCM phenotype (Oduro et al., 2016). However, our data should be interpreted with caution
because the characterization of subpopulations in dLN is based on very low frequencies of total

M38 Tetramer® CD8" T cell response. To investigate these subpopulations in dLN, in future
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analyses mice numbers should be enhanced and isolated cells should be pooled to increase cell
numbers. Interestingly, comparison of B-cat®®!'EX3 with control mice of the virus-specific
CD8" T cell subpopulations displayed a modified distribution of pulmonary CD8" T cell
subpopulations. While iTEM decreased in B-cat“P!'9EX3 mice, cTEM were elevated after
14 days of infection. These data suggest that altered B-catenin signaling in DC might affect the
induction of CD8" memory T cells.

Next, we analyzed the differentiation of CD4 and CDS8 Treg in B-cat®®!'“EX3 mice after acute
mCMV infection because previous studies indicated that Treg impair the mCMV immunity (Li
et al., 2014; Lindenberg et al., 2014; Mayer et al., 2012; Pomie et al., 2008). In vitro, Treg
suppress the function of mCMV-specific CD8" T cells through the secretion of TGF-3 (Li et
al., 2010). During acute mCMV infection, Treg depletion displayed an enhanced
mCMV-specific CD8" T cell response and reduced viral loads in vivo (Jost et al., 2014). Based
on these findings, we hypothesized that the stabilization of B-catenin might promote Treg
induction and thus suppresses virus-specific CD8" T cell response in mCMYV infection. After
the acute infection, we discovered an increase of FoxP3" CD4 Treg in lung and lymphoid organs
of B-catPIeEX3 mice (Fig. 21 A - D). The expansion of FoxP3* CD4 Treg was due to higher
Helios" CD4 tTreg. However, this FoxP3" CD4 Treg expansion in B-cat“P!!*EX3 mice were not
only elevated after mCMYV infection but already visible in steady state (Fig. S9). In lung and
lymphoid organs, B-cat®®!'EX3 mice revealed elevated FoxP3" CD4 Treg frequencies, which
was also caused by a strong expansion of tTreg. A study by Ding et al. already reported that
B-catenin prolongs the survival of Treg and induced anergy in non-regulatory CD4" T cells
(Ding et al., 2008). These findings might explain in part that FoxP3* CD4 Treg were elevated
in our B-cat‘P!'“EX3 mice but did not impair the mCMV-specific CD8" T cell response. In
contrast to CD4 Treg, the function and phenotype of CDS8 Treg is still controversial and there
are few data available about their suppressive function. The secretion of IL-10 by CD8 Treg is
described as the main suppressive mechanism (Dai et al., 2010; Endharti et al., 2005; Li et al.,
2014; Rifa'i et al., 2008). CD8 Treg showed the ability to suppress the IFN-y production by
CD8" T cells through the production of IL-10 in vitro (Endharti et al., 2005). However, in
B-catCPleEX3 and control mice CD8 Treg resulted in low frequencies of less than 1% in all
analyzed organs (Fig. 21 E - G). These findings indicate that CD8 Treg do not appear to impair
the mCMV immune response and show no suppressive function of the mCMV-specific
CD8" T cell response. Both CD4 and CD8 Treg do not use a single suppressive mechanism,
but rather an arsenal of different mechanisms (Schmidt et al., 2012; Shevach 2009; Vieyra-
Lobato et al., 2018). Up to now, it is unclear when Treg use the different mechanisms and
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whether Treg switch from one to another mechanism or use multiple mechanisms
simultaneously (Schmidt et al., 2012). In addition, different CD8 Treg subgroups exist and
further research is needed to clarify the subgroup and function of the CD8 Treg and which
mechanisms are responsible for Treg-mediated suppression. To examine whether the
stabilization of B-catenin in DC and/or the mCMYV infection influences the function of
FoxP3* CD4 and CD8 Treg, future studies should examine their suppressive potential in vitro
using a Treg suppression assay in B-cat®P!'EX3 compared to control mice and during steady
state compared to mCMYV infection. To clarify which mechanisms are responsible for the
suppressive effect of Treg, cytokine secretion from supernatants of suppression assay cultures
should be determine in future experiments.

In conclusion, our data demonstrate that CD11c"-specific stabilization of B-catenin results in
unaltered immune control of mCMV infection, but exhibits a shift in mCMV-specific
CD8" T cell subpopulations toward reduced iTEM and elevated cTEM. It might be possible
that B-catenin signaling elicits an earlier memory T cell induction and contributes to viral
latency and reactivation. Although cross-presenting XCR-1" ¢cDC1 are reduced in spleen of
B-catCPleEX3 mice, the unaffected CD8" T cell response against mCMV may be due to the fact
that B-catenin in DC inhibits the cross-priming of cDC1 (Liang et al., 2014). On one side,
enhanced -catenin signaling in DC are useful to control inflammatory and autoimmune disease
(Jiang et al., 2007; Manicassamy et al., 2010). On the other side, the stabilization of -catenin
in DC resulted in an increased pro-inflammatory response in context of viral infections (Cohen
et al., 2015). It is therefore appropriate to examine the cytokine profile to identify the T helper
cell response and their activation status during mCMV infection. The expansion of
FoxP3* CD4 Treg numbers is observed after mCMYV infection and during steady state. Future

studies would be useful to study their suppressive capacity in context of mCMV infection.

4.3.2 B-catenin signaling during latent mCMYV infection

The acute mCMV infection in B-cat®®''EX3 mice displayed a shift in pulmonary
mCMV-specific memory T cell formation and increased FoxP3* CD4 Treg. Hence, we
investigated the impact of B-catenin signaling in DC during mCMYV latency in B-catCP!1e/EX3
mice. Surprisingly, the M38-specific CD8" T cells did not show MI after i.n. infection
(Fig.30 - 33). As previously described in detail (4.2.2), several studies showed that

mCMV-specific CD8" T cells underwent MI after i.n. infection and resulted in an induction of
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a robust and long-termed viral replication in lung and SG (Oduro et al., 2016; Zhang et al.,
2019), while only low levels of viral genomes were detectable or not measurable in the
investigated organs of B-cat“P!!¢EX3 and control mice (Fig. 34). Markedly more viral genomes
were detected in the lung of latent infected mice after intraplantar infection, suggesting that the
mCMV genomes may be dependent on the route of infection (Griessl et al., 2021). Moreover,
the TCR avidity is a factor that influences the CD8" T cell inflation during mCMV infection
(Baumann et al., 2019). High avidity interactions play an important role by the recognition of
mCMV-infected cells as the virus expresses immune evasion molecules, also known as vVRAP
(Bohm et al., 2009; Reddehase, 2002). These molecules affect the MHC-I surface expression,
resulting in reduced numbers of MHC-I molecules available for recognition by T cells
(Holtappels et al., 2006). CD8" T cells with a high avidity are more likely to become activated
and produce IFN-y even if low numbers of MHC-I complexes are present. Specifically, the
amount of cTEM and TCM were a determining factor for the overall magnitude of the
inflationary T cell pool (Baumann et al., 2019; Holtappels et al., 20220; Sydner at al., 2008;
Welten et al., 2020). The avidity maturation is not only addressed to the pool of iTEM, but also
to the pools of cTEM and TCM (Holtappels et al., 2020). The fractionation of the M38-specific
CD8" T cells in B-catP!“EX3 mice revealed that the CD8" T cell pool is predominantly
composed by iITEM and DPEC in lung (Fig. 31 C). These two subpopulations and also the
cTEM continuously decreased during viral latency, whereas the central memory pool expanded.
Intraplantar infection also resulted in a reduction of iTEM and expansion of TCM in lung
(Holtappels et al., 2020). The cTEM showed a similar kinetic like TCM and expanded during
latency. In parallel, the virus-specific CD8" T cell subpopulations were also examined in spleen
(Fig. 33). In B-cat“P!1¢EX3 and control mice, iTEM decreased upon 26 weeks post infection and
then expanded again. The TCM and cTEM subpopulation showed an opposite effect to iTEM
and increased after 26 weeks of infection followed by a decrease. In contrast to control mice,
the cTEM in B-cat®P!'¢EX3 mice did not increase during the course of infection and showed a
continuously decrease. Other analysis of mCMV-specific CD8" T cells showed an EM
phenotype in blood (Oduro et al., 2016; Zhang et al., 2019) and spleen upon i.n. infection
(Oduro et al., 2016). These results are in line with our data and we mainly observed iTEM and
cTEM (Fig. 30, 32). An intraplantar infection revealed the same trend of decreased iTEM and
increasing frequencies of cTEM and TCM in spleen, which was associated with a avidity
maturation in lung and spleen (Holtappels et al., 2020). The MI based primarily on the
expansion of high avidity memory T cells, and unexpectedly a loss of high avidity cells could

be detected after 70 weeks of infection. Moreover, the comparison of B-cat®P!!*EX3 and control
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mice showed a significant increase of cTEM and a reduction of DPEC in lung and spleen of
mice with stabilized B-catenin (Fig. 31, 33). It might be possible that the stabilization of
B-catenin resulted in multiple rounds of re-stimulation of TCM to generate cTEM and then
iTEM. Based on these findings, the latent i.n. infection in B-cat®®!'EX3 mice should be repeated
with a higher infection dose to induce a MI of virus-specific CD8" T cells and investigate the
avidity of the CD8" T cell pool by determining the IFN-y secretion after stimulation with
peptides.

Furthermore, we examined the FoxP3" CD4 Treg in i.n. infected in B-cat®P!!“EX3 to determine
the impact of the stabilization of B-catenin in DC during latent mCMYV infection. In lung and
spleen, FoxP3" CD4 Treg were increased in mice with enhanced B-catenin signaling, which
was due to higher Helios" CD4 tTreg (Fig. 35). FoxP3* CD4 Treg in B-cat‘P!'“EX3 mice were
also elevated after acute mCMV infection (Fig. 21 A, C) and already during steady state
(Fig. S9). Comparison of FoxP3" CD4 Treg in acute and latency infection revealed increased
Treg frequencies during the course of infection. A study by Almanan ef al. confirmed that
FoxP3* CD4 Treg increased during mCMYV latency (Almanan et al., 2017). The depletion of
Treg induced an increase of functional mCMV-specific CD8" T cells and reduced the viral
reactivation in spleen, which was accompanied by elevated levels of TNF-a and IFN-y.
Therefore, Treg promote viral persistence and suppressed mCMV-specific CD8" T cell
response in spleen, while in the SG the Treg prevent the IL-10 production and limit viral
replication and reactivation. However, the ablation of FoxP3" CD4 Treg does not influence
numbers of mCMV-specific CD8" T cell in SG, whereas the mCMV-specific CD4" T cell
response were increased. These data show that Treg suppress CD4" but not CD8" T cells in SG
during latent mCMYV infection. It might be possible that the elevated FoxP3* CD4 Treg do not
suppress the CD8" T cell response in B-cat“P!!¢EX3 mice or they do not have a suppressive
function during latent infection. Based on these findings, further studies should investigate the
mCMV-specific CD4" T cell response and the suppressive capacity of FoxP3* CD4 Treg as
well as cytokine levels in B-cat®®'!9EX3 mice. However, it should be considered that the study
by Almanan et al. used the i.p. infection with 5-fold higher higher dose of mCMV K181 strain.
The i.p. inoculation introduces virus systemically and the inflationary populations were
increased in comparison to i.n. infection (Oduro et al., 2016). Hence, the infection route of
mCMYV appears to be an important factor and could affect the mCMV-specific CD8" T cell
response or Treg.

Surprisingly, we observed reduced DC numbers in spleen of B-cat®P!'¢EX3 mice after 17 and

36 weeks of infection (Fig. 37). As in the acute infection (Fig. 18 C), the latently infected mice
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revealed a shift toward increased XCR-1" ¢DC1 and diminished CD172a" ¢DC2 frequencies.
The acute phase of infection is driven by the priming of mCMV-specific CD8" T cells response
which relies on the cross-presentation of DC (Snyder at el., 2010; Torti et al., 2011), whereas
the accumulation of CD8" T cells during latency is DC-independent and occurs even in the
absence of cross-presenting DC (Torti et al., 2011). These results indicate that the MI requires
different antigen presentation. During latency MI is dependent of the antigen presentation by
non-hematopoietic cells (Seckert et al., 2011; Torti et al., 2011). A minimal cross-presentation
of DC could partially explain the observation (Fig. 37), but is a disagreement with previous
results. However, it should be considered that the experiment was only performed once. More
biological replicates might shed light on the remaining questions.

Taken together, these data demonstrate that the stabilization of B-catenin in DC enhances the
FoxP3" CD4 Treg in latently infected PB-cat®®'!'“EX3 mice but does not affect the
mCMV-specific CD8" T cell response or viral genome load, and hence not the viral immune
response. In addition, the mCMV-specific CD8" T cells showed no MI after i.n. infection. For
a better understanding of B-catenin signaling in DC, the i.n. infection should be tested with a
higher infection dose or a different infection route, in particular i.p. infection, to induce a MI
of mCMV-specific CD8" T cells. Moreover, it would be necessary to investigate the
suppressive capacity of FoxP3" CD4 Treg and analyze their cytokine levels. Although we
observed an increase of cTEM and a reduction of DPEC in lung and spleen of p-cat®P!!¢/EX3
mice, we cannot draw a conclusion about their function since various factors such as infection
dose, the suppressive function of Treg, or the inhibitory function of [B-catenin on the

cross-presentation of ¢cDCI are still not clear.
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The following figures show the flow cytometric gating strategies used in this thesis with cells

isolated from i.n. mCMYV infected mice.
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Figure S1: First flow cytometric gating strategy of DC in the lung.

Lung cells analyzed with specific DC markers. All cells were gated by forward (FSC-A) against
sideward scatter (SSC-A). Single cells were gated with FSC-A against FSC-H. Living leukocytes were
identified with viability dye and CD45 marker. DC were characterized with high expression of CD11c¢c
and MHC-IIL. ¢DC in lung were identified by the expression of CD103 and CD11b.
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Figure S2: Second flow cytometric gating strategy of DC in the lung.

Lung cells were isolated and analyzed with specific DC markers. All cells were gated by forward
(FSC-A) against sideward scatter (SSC-A). Single cells were gated with FSC-A against FSC-H. Living
leukocytes were identified with viability dye and CD45 marker. DC were identified with high expression
of CDI1c and MHC-II, and were F4/80"°" cells. ¢cDC in lung were further characterized by the
expression of XCR-1 and CD172a..
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Figure S3: First flow cytometric gating strategy of DC in the dLN.

dLN were analyzed by specific DC markers. All cells were gated by forward (FSC-A) against sideward
scatter (SSC-A). Single cells were gated with FSC-A against FSC-H. Living leukocytes were identified
with viability dye and CD45 marker. DC were characterized with high expression of CD11c¢ and
MHCH-IIL. ¢DC in dLLN were further characterized by the expression of CD103 and CD11b.

112



4 Lymphocytes

FSC-H

L/D; CD45 subset

MHCI

Supplement

migratory DC + M

migratory DC

F4/80

XCR-1

Figure S4: Second flow cytometric gating strategy of DC in the dLNN.
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dLN were analyzed by specific DC markers. All cells were gated by forward (FSC-A) against sideward
scatter (SSC-A). Single cells were gated with FSC-A against FSC-H. Living leukocytes were identified
with viability dye and CD45 marker. DC and M® were characterized with high expression of CD11c
and MHC-II. Then macrophages were excluded by F4/80. ¢cDC in dLN were further characterized by
the expression of XCR-1 and CD172a.
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Figure S5: Flow cytometric gating strategy of DC in the spleen.

Spleen were analyzed by specific DC markers. All cells were gated by forward (FSC-A) against
sideward scatter (SSC-A). Single cells were gated with FSC-A against FSC-H. Living leukocytes were
identified with viability dye. DC were characterized with high expression of CD11¢c and MHC-II. ¢cDC
were identified by the expression of XCR-1 and CD172¢..
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Figure S6: Flow cytometric gating strategy of M38 Tetramer” CD8" T cells and subsets in the lung,
spleen, dLN and blood.

Organs and blood were analyzed by specific T cell markers. All cells were gated by forward (FSC-A)
against sideward scatter (SSC-A). Single cells were gated with FSC-A against FSC-H. Living leukocytes
were identified with viability dye and then CD4" and CD8" cells were distinguished. Next, virus-specific
CD8" T cells were identified by the M38 Tetramer and further differentiated in
CD127 KLRG-1" CD62L iTEM, CD127" KLRG-1" CD62L" DPEC, CD127 KLRG-1~ CD62L" EEC,
CDI127" KLRG-1" CD62L" ¢TEM and CD127" KLRG-1~ CD62L" TCM.
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Figure S7: Flow cytometric gating strategy of CD4 Treg in the lung, spleen and dLN.

Organs were analyzed by specific T cell markers. All cells were gated by forward (FSC-A) against
sideward scatter (SSC-A). Single cells were gated with FSC-A against FSC-H. Living leukocytes were
identified with viability dye against TCR-B and distinguished between CD4" and CD8" T cells. With
the use of FoxP3, CD4 Treg can be identified and further characterized by Helios in tTrg and pTreg.
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Figure S8: Flow cytometric gating strategy of CD8 Treg in the lung, spleen and dLN.

Organs were analyzed by specific T cell markers. All cells were gated by forward (FSC-A) against
sideward scatter (SSC-A). Single cells were gated with FSC-A against FSC-H. Living leukocytes were
identified with viability dye against TCR-B and distinguished between CD4" and CD8" T cells. The
CD8 Treg were characterized by CD122" PD-1" and CD127 markers. Next, CD8 Treg were further
characterized by Helios in tTrg and pTreg.
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Figure S9: Elevated CD4 Treg numbers in non-infected mice.

(A) Frequencies (representative dot plots) of FoxP3" CD4 Treg in lung, dLN and spleen of non-infected
control (white) and B-cat*“®"'“EX3 mice (red) (pregated on living TCR-B* CD4" cells). (B) FoxP3
expression as measured by MFI in CD4 Treg of lung, dLN and spleen of control versus B-cat*“P!!e/EX3
mice. (C) Absolute cell numbers were normalized to 1x10° cells of FoxP3" CD4 Treg in lung, dLN and
spleen of control and B-cat®*“P''“FX3 mice. (D) Frequencies of CD4" FoxP3* Helios" tTreg and Helios™
pTreg in lung, dLN and spleen of control compared to B-cat*“®''“FX> mice. Data are representative of
two independent experiments (n=5-6). Statistical significance (unpaired Student’s t test) is indicated as
*p < 0.05, **p < 0.01 and ***p < 0.001. Values are the mean +SEM.
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