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1. Summary
1.1 English summary
Herpesviruses are ubiquitous and opportunistic pathogens that have successfully co-evolved with
their respective hosts over millennia by acquiring species-specific survival strategies. They are
responsible for a wide range of clinical pictures, such as fever blisters caused by herpes simplex
virus 1, or Epstein-Barr virus provoked mononucleosis. Although the majority of herpesvirus
infections proceed mainly asymptomatically in immunocompetent and healthy hosts, thus being
of subclinical nature, immunocompromised individuals (e.g HIV patients or newborns) are at high
risk of developing severe clinical manifestations or future abnormalities. Hence, herpesvirus
infections represent a serious public health problem.
A hallmark of all herpesviridae family members is their ability to persist as a lifelong companion in
their respective hosts. In doing so, the immunological pressure drives the transition of the virus
from an initial continuous virus production into a nonproductive, "silent" or "dormant" state with no
active viral replication. This so-called latent state not only allows to be efficiently hidden from the
immune system, but also facilitates spontaneous reactivation events of the herpesvirus. In case
of cytomegaloviruses, deleterious reactivations occur during blood transfusions or solid organ
transplantations in immunosuppressed recipients.
Of importance, the high degree of species specificity precludes direct investigation of human
cytomegalovirus infection in mice. Hence, infection of mice with murine cytomegalovirus is the
current gold standard infection model to study and understand host-pathogen interactions in vivo.

Cytomegalovirus infection shows a remarkably broad cell and tissue tropism by infecting many
cell types and organs. Whereas primary acute infection is controlled in most organs within a couple
of days, the salivary glands depict a glandular tissue with sustained high viral loads over several
weeks (up to 10 weeks). Hence, this peripheral site represents the preferred mucosal niche for
prolonged viral replication, and further allows long-term horizontal transmission via viral shedding
into the saliva.
Despite the prominent role of cytotoxic CD8+ T cells and antibodies during various viral threats,
the CD4+ T cells occupy an unexpected, unique and indispensable protective function during
murine cytomegalovirus infection in this specific tissue. Initial studies conducted by Stipan Jonjić
and Pero Lučin in the late 80's and early 90's assigned a selective and central role of INF
producing CD4+ T cells to ultimate control of cytomegalovirus replication in the salivary glands.
However, the underlying mechanisms remained poorly characterized, leaving space for
1

speculations open. Continuing studies performed in our lab and by other research groups
identified functionally diverse effector functions of this T helper cell subset. In this regard, IFN
sensing by cells of non-hematopoietic origin was crucial for antiviral immunity. Moreover,
susceptible acinar glandular epithelial cells were not considered to present antigen, but rather
phagocytes, such as dendritic cells or macrophages, which had engulfed "apoptotic bodies" or
"remnants" of previously infected cells. Nevertheless, these assumptions were never proven nor
followed up. Furthermore, relevant spatiotemporal information regarding site of infection, or the
anatomical location of (antigen-specific) effector CD4+ T cells, to precisely understand antiviral
activities, were missing.
This work comprises several aspects of the CD4+ T cell-mediated immune response in
cytomegalovirus infected murine salivary glands, and should highlight its fundamental requirement
for antiviral protection. In a first part, we extended previous knowledge about M25-specific CD4+
T cells by in-depth profiling their kinetics, phenotypical features, spatial localization, and effector
functions. In doing so, we were able to demonstrate that these T cells rather located randomly in
the salivary glands during early acute infection, however, acquired an activated state, and were
able to produce considerable amounts of the pro-inflammatory cytokine IFN upon cognate (M25)
antigen encounter. In a second part, we used conventional 2D, but also whole slide imaging and
newly established advanced 3D confocal imaging approaches to visualize key events in antiviral
activities, such as T cell receptor signaling, IFN production, or the chemokine gradient-mediated
recruitment and clustering of T cells at site of antigen recognition. Our experimental date were
then used to build a mathematic simulation model, which revealed that the restricted diffusion
properties of IFN at sites of antigen encounter is only able to confer local protection, but allows
the virus to further replicate at yet non-protected areas. This implies that a spatio-temporal
integration of locally protected regions is required to eventually allow full protection in the salivary
glands.
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1.2 Deutsche Zusammenfassung
Herpesviren sind allgegenwärtige und opportunistische Krankheitserreger, welche sich über
Jahrtausende

lange

Koevolution

mit

ihren

Wirten

eine

spezifische

Aneignung

von

Überlebensstrategien erschaffen haben, die es ihnen erlaubt hat, sich erfolgreich an ihre
jeweiligen Wirte anzupassen. Sie sind verantwortlich für viele Krankheitsbilder, wie zum Beispiel
Lippenherpes verursacht durch Herpes-simplex-Virus Typ 1, oder das durch Epstein-Barr-Virus
ausgelöste Pfeiffersche Drüsenfieber. Obwohl die Mehrheit der Herpesvirus Infektionen
grösstenteils asymptomatisch verlaufen in immunkompetenten und gesunden Personen, also von
subklinischer Erscheinungsform sind, so sind immungeschwächte Individuen einem erhöhten
Risiko ausgesetzt, klinische Erscheinungsformen oder zukünftige Anomalien zu entwickeln. Daher
stellen Herpesviren Infektionen ein ernstzunehmendes, öffentliches Gesundheitsproblem dar.
Eine Besonderheit aller Herpesviren Mitglieder ist ihre Fähigkeit, sich als lebenslanger
Wegbegleiter im jeweiligen Wirt zu etablieren. Dabei führt der Druck des Immunsystems zu einem
Übergang des Virus-Lebenszykluses von einer anfänglichen, kontinuierlichen Virusproduktion, zu
einem unproduktiven, "ruhigen" oder "schlafenden" Zustand, bei welchem keine aktive
Virusreplikation auftritt. Dieser sogenannte latente Status erlaubt es nicht nur, sich effizient vor
dem Immunsystem zu verstecken, sondern ermöglicht zugleich auch spontane Reaktivierungen
des Virus. Im Falle vom Zytomegalovirus geschieht eine klinisch manifestierte Reaktivierung
häufig während Bluttransfusionen oder Organtransplantationen in immungeschwächten
Empfängern.
Von Bedeutung für die Forschung ist die hohe Arten Spezifität, welche die direkte Untersuchung
des humanen Zytomegalovirus in Mäusen verhindert. Deshalb ist die Infektion von Mäusen mit
dem

Maus-evolvierten Zytomegalovirus der

momentane Goldstandard,

um

die Wirt-

Krankheitserreger Interaktionen im lebenden Organismus studieren und verstehen zu können.

Zytomegalovirus Infektionen zeigen eine bemerkenswerte Variabilität und Vielfalt in den Arten von
Zelltypen und Organen, die sie infizieren können. Obwohl die primäre, akute Infektion in den
meisten Organen innerhalb weniger Tagen kontrolliert wird, so zeigt die Speicheldrüse einen
anhaltend hohen Virustiter über mehrere Wochen an (bis zu 10 Wochen). Dieses peripher
gelegene Drüsengewebe repräsentiert dabei die bevorzugte, zur Schleimhaut gehörende Nische
für eine verlängerte Virusreplikation, und ermöglicht des Weiteren eine langandauernde
horizontale Übertragung via Virussekretion in den Speichel.
Obwohl die zytotoxischen CD8+ T Zellen und Antikörper bei verschiedenen viralen Bedrohungen
eine bedeutende Rolle übernehmen, so haben die CD4+ T Zellen eine unerwartet, einzigartige
3

und unverzichtbar schützende Funktion während einer Zytomegalovirus Infektion in der
Speicheldrüse von Mäusen. Die in den späten 80'ern und frühen 90'ern ersten durchgeführten
Studien von Stipan Jonjić und Pero Lučin haben eine selektive und zentrale Rolle den IFN
produzierenden CD4+ T Zellen für die endgültige Viruskontrolle in der Speicheldrüse
zugeschrieben. Jedoch blieben die zugrundeliegenden Mechanismen nur unzureichend
charakterisiert, was Raum für Spekulationen schuf. Von uns und weiteren Forschungsgruppen
durchgeführte, darauf aufbauende Studien, haben funktionell unterschiedliche Effektor
Funktionen dieser T Helferzellen Untergruppe identifiziert. In diesem Zusammenhang war die
IFNErkennung auf Zellen nicht hämatopoetischen Ursprungs essentiell für die antivirale
Immunität. Ausserdem sprechen experimentelle Daten eher dafür, dass virusempfängliche
Epithelzellen nicht direkt von Virus-spezifischen T Zellen erkannt werden. Es sind vielmehr
ansässige Phagozyten, wie zum Beispiel dendritische Zellen oder Makrophagen, welche
abgestossenes "totes Zellmaterial" oder "Überbleibsel" einer zuvor infizierten Zelle aufnehmen
und dann in prozessierter Form an T Zellen präsentieren. Nichtsdestotrotz, diese Annahmen
wurden weder stichhaltig bewiesen noch weiterverfolgt. Zudem fehlten relevante, räumlichzeitliche Angaben bezüglich des Infektionsortes, oder der anatomischen Lage (Antigenspezifischer) T Zellen, um präzise die antiviralen Aktivitäten zu verstehen.
Diese Arbeit befasst sich mit verschiedenen Aspekten der CD4+ T Zellen basierenden
Immunantwort in der Speicheldrüse während einer Zytomegalovirus Infektion, mit dem Ziel, deren
schützende Funktion besser zu verstehen. Dazu haben wir in einem ersten Teil unser Wissen
bezüglich der M25-spezifischen CD4+ T Zellen erweitert, indem wir ihre Kinetik, die
phänotypischen Charakterzüge, die räumliche Lage, und die Effektor Funktionen ganz genau
untersucht haben. Wir konnten dabei feststellen, dass sich diese Zellen eher willkürlich in der
Speicheldrüse während der frühen, akuten Phase der Infektion aufhielten. Jedoch waren die
Zellen in einem aktivierten Zustand, und in der Lage, bei der Erkennung des passenden (M25)
Antigens, eine beachtliche Menge an IFN auszuschütten. In einem zweiten Teil haben wir
konventionelle 2D Mikroskopie, aber auch die auf einem Scanningverfahren basierende
Aufnahme eines gesamten Speicheldrüsenquerschnitts, und eine neu etablierte, fortgeschrittene
3D konfokale Mikroskopie angewendet, um wichtige Ereignisse in der antiviralen Aktivität, wie
zum Beispiel T Zell Rezeptor Signalübermittlung, IFN Produktion, oder die durch einen
Chemokin-Gradienten entstehende Rekrutierung und Anhäufung von T Zellen an Antigen
vorliegenden Orten zu bestimmen. Basierend auf unseren experimentellen Ergebnissen, haben
wir ein mathematisches Simulationsmodell etabliert, welches uns erlaubte zu definieren, dass die
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eingeschränkte Diffusionskapazität des IFN am Antigen-Erkennungsortes nur lokalen Schutz
gewährt, jedoch es dem Virus erlaubt, sich an noch ungeschützten Orten weiter zu vermehren.
Dies bedeutet, dass die räumlich-zeitliche Integration von geschützten Regionen eine
Voraussetzung dafür ist, dass schlussendlich ein umfänglicher Schutz der Speicheldrüse
gewährleistet werden kann.
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2. Introduction
2.1 Viruses
Viruses are highly complex, obligate intracellular microorganisms that rely on living cells to
reproduce and propagate. They are generally classified into seven groups based on the genomic
nature (RNA or DNA, double-stranded or single-stranded, and linear, circular or segmented), the
mode of genome replication, and the morphological features (enveloped vs. non-enveloped) (Fig.
2.1)1. Of note, they are nearly found in all organisms and can persist lifelong through longtime
acquired co-evolution with their respective hosts over millennia. In doing so, they are responsible
for multiple human diseases that can be life threatening in immunocompromised individuals, which
are unable to mount an effective antiviral immune response. The Acquired Immune Deficiency
Syndrome (AIDS) caused by human immunodeficiency virus (HIV), or infectious mononucleosis
provoked by Epstein-Barr virus (EBV), are well-known examples of persistent chronic and latent
infections causing severe clinical outcomes. Unfortunately, the therapeutic efficacy of antiviral
drugs targeting viruses such as HIV, herpesviruses including EBV, hepatitis B and C, or the novel
2019 emerging severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)2, is often limited
due to viral latency, a high mutation rate, or a missing precise molecular understanding between
virus-host interactions, illustrating further a fundamental epidemiological relevance. However, in
contrast to chronic/ latent viral infections that persist throughout the lifetime of a person, human
being can cope with most acute productive viral infections by triggering an appropriate, prompt
immune response, thus inducing virus elimination and control within a few days after exposure.
Generally, the life cycle of a virus consists of three stages: Entry, genome replication, and exit. In
this regard, acute and chronic viral infections demand the full life cycle for continuous production
of progeny viruses through either lytic or non-lytic properties, thereby representing productive
infections. Unlike, latent infections are types of nonproductive viral infections that are established
after incomplete clearance of primary infection, and are characterized by an intracellular “dormant”
or “silent” state of the viral genome with little to no transcriptional and translational activities. This
type of persistence is a prerequisite and responsible for recurrent active herpesvirus infections in
immunosuppressed HIV patients, or in bone marrow (BM) and solid organ transplant recipients
receiving immunosuppressive drugs3,4.
Persistent viral infections are a serious public health problem, as they are not fully eliminated after
primary infection, and hence consistently prove the body’s own defense system. Although they
are responsible for diverse clinical manifestations, their mode of infection provides crucial insights
6

into not yet resolved mandatory mechanisms to subvert otherwise functional virus-directed
immune responses, allowing the coexistence with their hosts over prolonged times.

Figure 2.1. Classification of viruses. Viruses
are classified by the nature of their genome (DNA
or RNA, ss or ds), their mode of replication (i.e.
presence reverse transcriptase in retroviruses
and hepadnaviruses), and their morphological
characteristics (enveloped or non-enveloped).
dsDNA; double-stranded DNA, ssDNA; singlestranded DNA, dsRNA; double-stranded RNA
and ssRNA; single-stranded RNA. Red framed
herpesvirus will be explained in the following
chapters.
Modified Figure from book “Molecular Virology of
Human Pathogenic Viruses”, page 11, chapter 1:
Discovery and Classification.

2.2 Herpesviruses
The herpesviridae family is exemplary for the generation of persistent latent viral infections after
resolution of the primary infection. Although the majority of the human population becomes
exposed with a least one herpesvirus family member at one moment during their life span,
immunocompetent, healthy individuals normally cope well, showing rarely symptomatic features.
Nevertheless, besides proceeding mostly clinically silent, herpesvirus infections are also
associated with clearly visible symptoms, such as oral or genital herpes caused by herpes simplex
virus 1 (HSV-1) – and 2 (HSV-2), respectively. Even more important, HSV-1 and HSV-2, and
varicella-zoster virus (VZV), are human neurotropic viruses, and thus causative agents for multiple
brain-related disorders such as encephalitis and corneal blindness5.
Herpesviruses are large (typically 100 - 200 nm big), enveloped, linear double-stranded DNA
viruses possessing a genome size of up to 240 kbp. Thus, they are capable of encoding over 200
7

open reading frames (ORFs), allowing the synthesis of 200 potentially antigenic proteins in case
of cytomegaloviruses (CMVs)6–9. The genomic DNA is densely packed within an icosahedral
capsid, surrounded by a proteinaceous layer called tegument, which in turn is bounded by the
outermost lipid bilayer that typically consists of glycosylated proteins10,11. According to these
impressive features, herpesviruses are among the largest and most complex mammalian viruses
that exist to date, with a genome size ranging between 124 kbp (simian varicella virus12) and 241
kbp (chimpanzee cytomegalovirus13). Their viral genome replication is temporally regulated and
proceeds in three sequential phases of gene expression: Immediate early (IE) gene, early (E)
gene, and late (L) gene expression. IE and E gene expression occurs within three to four, or five
to seven hours post infection (hpi), respectively, and include minor structural and nonstructural
proteins. L genes are expressed until 12 hpi and contain major structural proteins14.
Based on cell tropism, genetic organization, and replication properties, the current human
herpesviridae family is divided into three genera: Alpha (), beta (), and gamma ()
herpesviruses. Whereas -herpesviruses (i.e. HSV-1, HSV-2 and VZV) are fast-growing and
cytolytic viruses, establishing preferentially latent infections in neurons,  (human CMV (HCMV),
human herpesvirus 6 –and 7) -and -herpesviruses (EBV and Kaposi’s sarcoma-associated
herpesvirus (KSHV)) are rather slow-growing viruses, targeting non-neuronal lymphocytes,
myeloid lineage and epithelial cells for latency. EBV and KSHV are further referred to as tumor
viruses due to their ability to transform latently infected cells, and hence being associated with
various tumors1.

2.3 Epidemiological relevance of CMV infection
CMV, a prototypic member of the -herpesvirus family, is a ubiquitous and opportunistic pathogen
that infects the majority of the world’s population. Depending on the socioeconomic status, the
geographical location, and the population density, 60 – 90% of the human population carry the
virus15,16. Through a highly fine balanced co-evolution with their mammalian hosts, CMV acquired
strategies allowing them to persist lifelong following primary infection in susceptible hosts.
Although CMV infection is usually of subclinical nature in healthy and immunocompetent
individuals, it can lead to serious consequences in immunocompromised or immunosuppressed
people such as HIV patients, BM and solid organ transplant recipients. Furthermore, congenital
CMV (cCMV) infection is one of the leading viral causes of birth defects and fetal
maldevelopment17,18. In this regard, transplacental infection of the fetus can provoke major
implications and be a clinical risk of developing congenital abnormalities such as sensorineural
hearing loss, cerebral palsy, mental retardation, and visual impairments19,20. Further HCMV
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caused diseases, even in apparently immunocompetent individuals, include encephalitis,
hepatitis, pneumonitis, and a mononucleosis syndrome resembling the EBV induced infectious
mononucleosis21–23. In short, HCMV infection increases morbidity and mortality. Therefore, CMV
pathogenesis is of particular epidemiological relevance and subject to various research activities
worldwide. Despite the significant global health impact, there are until now no licensed vaccines
for antiviral prevention24–26. One major obstacle in the development of an efficient vaccine against
HCMV is the strict species specificity, a hallmark of all -herpesviruses, which precludes crucial
preclinical in vivo studies of HCMV infection in animals27. However, various rodent
cytomegaloviruses (e.g. mouse7, rat28 and guinea pig CMV29) served in the last decades as
valuable animal infection models to study the complex host-pathogen interactions27,30. Moreover,
the genetically more closely to HCMV related rhesus and chimpanzee CMV are advantageous for
a better understanding of CMV pathogenesis in rhesus monkeys and chimpanzees,
respectively13,31,32. Another promising tool for preclinical animal testing of potential vaccine
candidates are humanized mice (i.e. immune deficient mice that are engrafted with human tissue),
which enable the analysis of HCMV infection directly in mice33,34. These humanized mouse models
are commonly used for other human-restricted viruses such as EBV or HIV30,35,36. Of importance,
as viral evolution has paralleled mammalian speciation and hence acquired unique speciesspecific properties, CMV relatedness corresponds to species relatedness37. Thus, mice might not
be ideal from a phylogenetic point of view. Nevertheless, as infection of mice with murine CMV
(MCMV) is a well-studied and widely used animal infection model, it is currently the gold standard
for the investigation of in vivo CMV pathogenesis.

2.4 MCMV infection and in vivo Pathogenesis
HCMV naturally enters the human body via the epithelium of the upper alimentary, respiratory or
genitourinary tracts, and in less undesirable circumstances via blood transfusion or during solid
organ transplantation. The latter medical interventions are of particular importance as they
facilitate recurrent reactivation events of latent CMV in these immunosuppressed conditions,
which can become problematic for the recipients. Viral spreading of HCMV mostly occurs via
contact with primarily mucosal secretions containing infectious viruses. These include saliva,
semen, vaginal and cervical secretions, and breast milk. Depending on the dose of infection, the
route of inoculation, and the genetic background and health status of mice, the course of disease
during MCMV infection varies substantially in mice38. Besides, the selection of the MCMV mutant
and the source of the virus (tissue cultured vs. salivary gland-derived virus) strongly influences
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virulence and associated viral dissemination properties to peripheral organs such as the salivary
glands (SGs), and consequently the corresponding immune response39–41.

2.4.1 MCMV as mouse model for CMV infection
The above-mentioned high degree of species specificity by millions of years of co-evolution with
individual hosts, demands an appropriate animal model that greatly recapitulates the human
setting. Not least through the nowadays rather easy genetic manipulation of mice, or the various
recombinant MCMV mutants, together with the large availability of diverse reporter mouse lines,
infection of mice with MCMV is the preferred choice as it enables addressing fundamental
biological questions regarding viral pathogenicity and associated antiviral immune responses30.
Moreover, HCMV and MCMV share common features: Both behave nonpathogenic upon primary
infection in their respective immunocompetent hosts, establish lifelong latency with spontaneously
occurring reactivation events42, and can cause extensive viral histopathology with lethal outcome
in immunosuppressed conditions43–45. Therefore, mice of BALB/c or C57BL/6 (B6) strain are
suitable mouse models. Whereas BALB/c mice are referred to as “susceptible” strain, the C57BL/6
mice are considered “resistant”. The reason lies within the in innate immune recognition properties
of the virally-encoded m157 protein by natural killer (NK) cells38.

2.4.2 Cell tropism & viral dissemination
As previously mentioned, primary infection of humans with HCMV can occur at different stages of
life; Prenatal (transplacental or intrauterine transfusion), perinatal (cervical secretions), or
postnatal (body fluids such as urine, saliva or breast milk, and iatrogenic (blood transfusions and
organ transplantations))18. However, the exact route is difficult to identify in epidemiological studies
and thus remains mostly uncertain. Nevertheless, based on the low prevalence of cCMV (around
one percent), most individuals acquire primary CMV infection postnatal, presumably during
infancy and adolescence20.
CMV shows a remarkably broad cell tropism by infecting many cell types. In this regard, myeloid
cells such as monocytes, macrophages and dendritic cells (DCs), and non-hematopoietic smooth
muscle, stromal, endothelial or epithelial cells, are common targets. In case of HCMV, cells of the
monocyte/ macrophage lineage preferentially contain viral DNA in their genome, and thus provide
an appropriate cellular reservoir for the virus46–48. However, if the virus actively replicates within
these cells, or if they rather provide a latent niche, cannot be explained by this observation.
Earlier studies focused on the analysis of blood samples from seropositive, healthy donors. In
doing so, they frequently detected HCMV DNA in peripheral blood mononuclear cells (PBMCs),
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however, with little or no accompanying lytic gene transcription (i.e. IE gene transcription)49.
Furthermore, only a limited number of isolated PBMCs from healthy carriers were expressing IE
genes following in vitro HCMV exposure, but distinct more upon the differentiation of monocytes
to macrophages (= monocyte-derived macrophages). This highly suggests that monocytes rarely
support infectious virus production and that only differentiated macrophages show increased
permissiveness to HCMV infection with subsequent viral replication in vitro50,51. Consistent with
this hypothesis, ex vivo differentiation of myeloid DC progenitors into mature DCs is associated
with increased reactivation events of the infectious virus52. In this regard, immature DC progenitors
are mostly occupied by latent HCMV during natural infection, whereas enhanced IE promoter
activation of the virus is directly linked to the differentiation state of these cells. Next, the fact that
monocytes are only transiently in circulation and that free virus particles in blood of healthy people
are usually not observed, argues that the acquisition of HCMV already happens in BM progenitor
cells53,54. In this regard, CD34+ hematopoietic progenitor cells are likely targeted by HCMV in
immunosuppressed patients, whereas these cells were not identified as major viral reservoir in
healthy, HCMV-seropositive individuals55. Of importance, polymorphonuclear leukocytes (also
known as granuloytes) do not harbor persistent HCMV in asymptomatic hosts as PBMCs do56.
Moreover, a rarely detectable portion of OKT4+ and OKT8+ lymphocytes (nowadays known as
CD4+ and CD8+ T cells, respectively) provide latent viral niches of HCMV in PBMCs of naturally
infected individuals47. Generally, infectious virus cannot be isolated from the blood of healthy
seropositive carriers51. Moreover, these observations indicate that BM-derived mononuclear cells
such as monocytes, macrophages or dendritic cells are major cellular sites permissive to viral
entry in vivo, and that the establishment of viral latency in various PBMCs depends on the immune
state of the host. Regarding the clinical aspect, leukocyte depletion is known to dramatically
reduce the risk of occurring reactivation events of HCMV during blood transfusions in
immunosuppressed recipients, highlighting the importance of latent viral genome in PBMCs as
potent source for horizontal transmission57,58.
Similar to the human setting, various peripheral blood leukocytes are implicated in viremia of
MCMV in mice59,60. Thus, MCMV not only targets various myeloid cells for viral dissemination to
peripheral organs, but also establishes latency within these cells61. Notably, CX3CR1hi patrolling
monocytes (PMs) provide immune-privileged vehicles for MCMV dissemination to distal sites62.
Interestingly, the necessity of PMs was only required upon local footpad (f.p.) administration, as
systemic intraperitoneal (i.p.) inoculation bypassed the CX3CR1-dependent process, and cell-free
virus accessed many organs within the first hours after entrance into the peritoneal cavity. CD169+
subcapsular sinus macrophages in the mediastinal lymph nodes (LNs), ER-TR7+CD29+ reticular
fibroblasts in the spleen, and hepatocytes in the liver, are general first cellular targets of MCMV
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upon i.p. inoculation63. However, if CX3CR1 is a specific lineage marker for PMs, remains
questionable64.
Although i.p. and f.d. inoculations are widely-accepted routes of administration, they do not reflect
the natural transmission portal. On the contrary, entrance of MCMV via the olfactory epithelium is
a more likely occurring infection process. Hence, olfactory neurons are reasonable initial targets
by MCMV upon nasal infection. In fact, the nasal route provides an ideal entrance, with rapid
systemic spread and long-term persistence in the SGs65. In this regard, Farrell et al. have recently
shown that MCMV disseminates sequentially via CD11c+ DCs from infected lungs to the LNs,
blood, and finally to the SGs. Moreover, dispersion to the SGs was greatly facilitated by the viral
M33 chemokine receptor, thus identifying a possible target to limit CMV spread66. In summary,
route of inoculation dictates which cell type gets targeted by the virus and how the virus is spread
within the organism67.

2.4.3 NK cell response in BALB/c vs. C57BL/6 mice
Most mouse studies are performed in the BALB/c and B6 mouse strain. Hence, both are approved
as convenient mouse models to study CMV infection a nonhuman setting68.
One major difference between these two mouse strains is the ability to mount an early, effective
NK cell response. These cells belong to the innate cell compartment and are the first responders
among lymphocytes to viral threats, tumors and stressed cells. Rather than expressing rearranged
antigen receptors, NK cells and express a set of activating and inhibitory receptors on their cell
surface. Whether a NK cell will attack or tolerate a virally infected, malignant, or unhealthy cell,
depends on the net balance of signals they are receiving through these receptors69,70. Therefore,
this fine-tuned system regulates NK cell response. NK cells are highly implicated in the
susceptibility to CMV infection. Although an impaired NK cell functionality, a NK cell deficiency, or
even a complete lack of NK cells are quite rare in humans, affected individuals unusually suffer
severely71,72. In this line, NK cell-depleted mice, or mice harboring nonfunctional NK cells with
reduced interferon gamma (IFN production and cytotoxic properties, are more susceptible to
MCMV infection and reveal significantly increased viral titers73–76. Furthermore, adoptive
reconstitution of NK-cell deficient mice with NK-enriched leukocytes demonstrated a potent
antiviral role for NK cells during MCMV infection77. Interestingly, the susceptibility to lymphocytic
choriomeningitis virus (LCMV) infection remained unchanged upon these interventions, assuming
a rather virus-specific protection capacity than a general effect. Nevertheless, these observations
indicate a central role of NK cell-mediate immunity against various pathogenic triggers. Especially
the production of IL-12 and IFN is crucial against various infectious viruses78–80.
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The Ly49 receptor family encodes for activating and inhibitory NK cell receptors, which typically
bind to MHC class I molecules81. Ly49H, a member of the Ly49 family, is an activating NK cell
receptor, recognizing the m157 glycoprotein on MCMV-infected cells in inbred B6 mice82. In doing
so, they can directly target and eliminate virus harboring cells and thus contribute to crucial MCMV
control83,84. Interestingly, NK cells can exert certain immunological pressure on MCMV, in the way
that the virus undergoes rapid and specific mutation within the m157 gene locus to efficiently
evade NK cell recognition by not engaging with the Ly49H receptor (escape mutants)85. However,
the Ly49 receptor family is polygenic and polymorphic, revealing considerable variabilities in the
different mouse strains86. In this regard, 129/J and BALB/c mice lack the Ly49H molecule. Instead,
the virally-encoded m157 protein interacts with another allelic version in 129/J mice, with the
inhibitory Ly49I receptor, whereas BALB/c mice do not even recognize the expression of m157 on
MCMV infected cells83. Therefore, based on the absence of Ly49H positive NK cells, the two latter
mouse strains are referred to as “MCMV susceptible” strains. In contrast, the B6 mice are
“resistant” to MCMV infection, as they do not express the Ly49I allele but provide Cmv1-mediated
resistance87.

2.5 Viral pathogenicity & lifelong survival strategies
Along with the previously described evolutionary loss of a functional m157 glycoprotein in most
wild type (WT) MCMV strains, which enables the virus to evade specifically NK cell recognition
and NK cell-mediated elimination, MCMV has acquired additional beneficial characteristics that
facilitate lifelong coexistence with their hosts.
First, the establishment of a latent state where the full genome of the virus remains present within
the susceptible cell, however, the virus does not actively replicate and hence produce new virus
progenies (= virions), is one prerequisite not to evoke a presumably virus-clearing immune
response. Next, the colonization of specific “privileged” sites that not only provide perfect
conditions for viral replication and have a less striking immune surveillance (i.e. general low MHC
class I expression on epithelial cells and rarely present immune cells), but also possess ideal
shedding options of infectious viruses into body fluids, is mandatory for a long-term settlement
and transmission of this -herpesvirus family member. Lastly, MCMV impairs and manipulates the
host’s immune system by interfering with cellular processes that allow the pathogen to bypass or
silence otherwise potent antiviral immune defense mechanisms. Therefore, it is not by accident
that CMV successfully established several strategies to simultaneously increase virulence and
limit immune control, which permit the virus to persist as lifelong companion of the mammalian
population.
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2.5.1 CC chemokine homolog MCK-2
Chemokines are chemoattractant molecules or signaling proteins secreted by a wide variety of
different cell types. Their main function is to guide the migration of cells. Some of these
chemotactic cytokines are released during homeostatic conditions, such as during tissue
maintenance, immune surveillance, and development, whereas others are known to be produced
upon pathogenic triggers such as during viral or bacterial infections, or cancer88,89. These latter
are known as pro-inflammatory chemokines and are of particular relevance in recruiting immune
cells to site of infection. In short, they represent a sophisticated communication system between
cells.
CMV carries several genes that are homologous to genes of the host organism. These genes,
including virally encoded chemokine homologs with almost identical functions, are hypothesized
to be hijacked from the host genome during millions of years well-adapted co-evolution90,91.
The MCMV ORF m131/129 encodes for a  31.4 kDa protein with homology to mammalian chemokines (also known as CC chemokines), and hence is referred to as MCMV-encoded
chemokine 2 (MCK-2)92–96. MCK-2 is a potent virulence factor that facilitates viral dissemination to
the SGs, the preferred mucosal niche for sustained viral replication and persistence, and the major
site of horizontal transmission using the saliva as vehicle. Although acute infection with genetically
manipulated MCMV strains equipped with a disrupted m131/m129 locus (referred to as MCK
mutants) was rarely impaired in the spleen and liver compared to WT MCMV strain, infection was
faster cleared due to a more vigorous immune response. Furthermore, these MCK mutants
revealed reduced replication in the SGs, highlighting a crucial role in organ-specific viral
spread40,94. Moreover, MCK-2 promotes the recruitment of mononuclear leukocytes, most likely
monocytes and macrophages, to the initial site of infection, in order to enable monocyteassociated dissemination of MCMV within the host82,97. In this regard, efficient viral spread was
mainly associated with immature, BM-derived myelomonocytic cells, and was independent of
CCR2 and MCP-1, suggesting a negligible role of mature macrophages98.
Along with the enhanced migration of leukocytes to the initial site of infection, MCK-2 increases
simultaneously inflammation83. More recently, MCK-2 was implicated in enhanced viremia by
facilitating the infection of CX3CR1+ patrolling monocytes62 and promoted SG colonization upon
nasal entry65. In addition, MCK-2 was shown to highly influence cell tropism99.
Nevertheless, the contribution of MCK-2, CCL2 and CX3CR1 in MCMV dissemination is currently
challenged100.
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2.5.2 MHC class I immune evasion
In addition to the virally encoded CC chemokine homolog MCK-2, a key characteristic of MCMV
is the huge repertoire of viral genes that interfere with antigen presentation (VIPRs) in MCMV
infected cells. To date, three immune evasion genes are known that successfully dampen the
MHC class I pathway, namely m04, m06 and m152101–103. The expression of these VIPRs
represents a highly sophisticated mechanism that allows MCMV to bypass specifically the antiviral
CD8+ T cell response. Since intracellular pathogens, including viruses, are prone to be detected
and processed into peptides by the immunoproteasome, which are then presented to these
cytotoxic T cells in the context of MHC class I molecules, the prevention of viral peptide-loaded
MHC class I complexes on the cell surface of infected cells represents an efficient process to
remain hidden. Whereas m06 redirects MHC class I molecules to the lysosome for degradation103,
m152 retains them in the ER-Golgi intermediate compartment104. In contrast to m06 and m152,
m04 does not lead to reduced MHC class I surface expression but presumably prevents antigen
recognition105,106. So far, it is still not fully understood how these immune evasion genes interact
with each other on a functional level, and if all three are required for complete inhibition of CD8+ T
cell-mediated lysis. In respect thereof, it was not only shown in vitro that VIPRs act synergistically
as well as antagonistically, but also that the extent of the respective effect depended on the MHC
class I haplotype107,108. Regarding the in vivo situation, MCMV mutants lacking only the m152 gene
were more susceptible to CD8+ T cell control, indicating that even the deletion of a single immune
evasion gene impacts the fitness of CMV109. Interestingly, the m152 gene product gp40 also
downregulates H-60, a high-affinity ligand for NKG2D receptors, thereby diminishing NK cell
response in BALB/c mice110. Consequently, the viral gp40 protein possesses a dual function in
inhibiting the innate and adaptive arm of the immune system.
However, the decreased expression or complete absence of MHC class I molecules on virally
infected cells would render them quite vulnerable to NK cell-mediated lysis. Since MHC class I
molecules on the surface of cells present inhibitory signals to NK cells by interacting with inhibitory
receptors, diminished expression of these molecules due to a reduced transport to the cell surface
would induce a “missing self” signal to the NK cells, which subsequently eliminate these cells111.
Therefore, MCMV encodes for a MHC class I homolog, known as m144, which mimics the host
version and hence potentially acts as a decoy for NK cells by engaging with inhibitory NK cell
receptors112. In doing so, m144 confers protection to NK cell-mediated elimination. Deletion of the
m144 gene was associated with reduced viral growth during acute infection in vivo. Moreover,
deletion of NK cells restored virulence of the m144 deletion mutant, indicating that this gene
interferes with NK-cell mediated clearance of MCMV infected cells.
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2.6 Adaptive immunity against CMV
MCMV infection proceeds in three distinct phases: A) acute infection in most visceral organs (e.g.
spleen, liver, lung or kidney), b) persistent infection, which mainly occurs at mucosal sites
(preferentially in the SGs), and c) latent infection in most organs, whereby the virus remains
primarily “dormant”, but sporadically reactivates42,113–115.
The acute phase is characterized by a strong innate NK cell and adaptive CD8+ T cell response,
whereby the virus peaks between day 3 and 5 pi, and is controlled within one to two weeks in most
organs with the exception of the SGs. Although being under control, CMV is incompletely
eradicated during this early stage of infection, and switches from a productive into a nonproductive
“silent” state, which is well-known as latency. However, ongoing high viral loads are still observed
in the SGs, which represents the preferred glandular tissue of sustained viral replication and
persistence, and an ideal mucosal niche for horizontal transmission by long-term virus shedding
into the saliva116. Here, it takes several weeks for the immune system to confer protection and
hence inhibit continuous infectious virus production and viral spread.

2.6.1 CD8+ T cell response to CMV
Despite the fact that cytotoxic CD8+ T cells are of particular relevance in fighting infectious
intracellular pathogens and neoplastic cells, they possess an unusual dispensable role during
MCMV infection in the SGs117–119. Nevertheless, their requirement for protective immunity during
MCMV infection was shown in various reports. In this context, CD8+ T cells mediated antiviral
protection against the major IE antigens of MCMV, pp89, during acute lethal CMV disease, thus
interfering with viral replication at the initial phase of its replication cycle120–122. Furthermore,
vaccination of mice with a recombinant vaccinia virus expressing the MCMV-specific pp89 protein
induced long-lasting protective immunity against otherwise lethal MCMV infection in BALB/c mice.
This antiviral immune response was assigned to CD8+ T cells, as depletion of these cells before
MCMV challenge extensively abolished the protective immunity. In addition, adoptive transfer of
MCMV-primed CD8+ T cells into sublethally irradiated mice limited viral replication, whereas CD4+
T cells had no impact on virus control123. Moreover, adoptive transfer of sensitized CD8+ T cells
into -irradiated mice developing interstitial pneumonia after CMV infection resulted in substantial
antiviral properties, even after establishment of the disease in the lung124.
Regarding the more relevant clinical setting, adoptive transfer of ex vivo stimulated pp65-specific
T lymphocytes (equivalent to the pp89-specific T cells in mice) from CMV seropositive donors, into
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allogeneic stem cell transplantation patients, which are highly immunosuppressed and refractory
to antiviral treatment, protected against CMV reactivation events and reduced viral burden
significantly125. A similar effect was observed in immunodeficient BM transplant recipients that
received ex vivo propagated CMV-specific cytotoxic CD8+ T cell clones126–128. This implies that the
adoptive transfer of CMV sensitized CD8+ T cells is an effective way to reconstitute cellular
immunity against CMV in BM transplant recipients129. Nevertheless, CD4+ T helper cells are crucial
assistants of effective CD8+ T cell responses. They are necessary for maintenance memory CD8+
T cells and enable heightened recall responses of this T cell subset to various viral and bacterial
infections. Therefore, CD4+ T cells are key components of a functional protective immunity130,131.
In case of MCMV, CD4+ T cells possess even a superior role in limiting infectious virus production
in the SGs. Cellular and humoral immunity by CD8+ T cells and antibodies, respectively, are
dispensable for terminating lytic viral replication during primary MCMV infection 132,133. In this
regard, it was shown that single deletion of one T cell subset (CD4+ or CD8+ T cells) resulted in a
slight increase of recurrent MCMV infection, whereas the ablation of both populations induced
enhanced reactivation events of MCMV, assuming a functional redundancy of both T cell
populations. Although not of prime importance during primary infection, reactivation from viral
latency upon immunosuppressive treatment resulted in higher viral titers in B-deficient mice
compared to WT B6 mice134. In summary, CD8+ T cells and B cells are dispensable during acute
MCMV infection, but are essential upon recurrent infection events in latently MCMV infected mice.

2.6.2 CD4+ T cell response to CMV
While the HCMV-specific CD8+ T cell responses have been extensively studied in the last
decades, the relevant contribution of CD4+ T cells was mostly neglected, and hence remained
less well understood. However, it is meanwhile accredited that their numbers (especially of those
secreting IFN) inversely correlate with various CMV-associated diseases, highlighting a crucial
antiviral component of the adaptive immunity135–137. Although originally thought to have rather a
supportive function, recent studies revealed their direct antiviral potential and further highlighted
their clinical importance138. In this regard, it was shown in vitro that HCMV-specific CD4+ T cells
displayed a polyfunctional phenotype, responding to various immunodominant HCMV epitopes
with a striking IFN response. Moreover, they produced a range of cytotoxic and secretory effector
functions when co-cultured together with HCMV infected dendritic cells and prevented viral
spread, thus revealing direct antiviral immunity139. Furthermore, blood frequencies of HCMVreactive CD4+ T cells are a prognostic indicator for the likelihood of viral reactivation events and
the presence of clinical symptoms during the first months after renal transplantation140.
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During MCMV infection, CD4+ T helper cells are essential for virus control in the SGs. Studies
conducted by Jonjić et al. showed that the depletion of the CD8+ T cell subset had no influence of
overall virus kinetics. In fact, CD8+ T cell-deficient mice cleared MCMV as good as WT B6 mice,
most likely because the CD4+ T cell subset replaced their function and provided virus control in
these mice132. In contrast, they convincingly demonstrated that the depletion of the CD4+ T cell
subset had remarkable selective consequences on virus control in the SGs. While CD8+ T cells
compensated for the loss of CD4+ T helper cells in most other organs, the SGs were very
susceptible to infectious virus production, and thus revealed increased viral burden over prolonged
periods compared to MCMV infected WT B6 mice141. Lučin et al. further showed that in vivo
neutralization of the pro-inflammatory cytokine IFN abolished the crucial contribution of type-1
helper (Th1) CD4+ T cells in effective antiviral immune control, primarily in the SGs, indicating a
predominant role of this cytokine in viral clearance142. However, since recombinant IFNalone did
not replace Th1 function in vivo, it was hypothesized that this pro-inflammatory cytokine is a crucial
component, but not the only determining factor. Interestingly, the absence of IFNeffector
functions did not negatively impact CD8+ T cell-mediated virus control in spleens and lungs,
assuming that its requirement is specifically SG related. Therefore, a subsequent study by the
same group identified tumor necrosis factor alpha (TNF) as another important signaling molecule
that in combination with IFN revealed synergistic antiviral functions on MCMV replication in
vitro143. In this regard, in vivo neutralization of TNFalso reduced severely the protective capacity
of CD4+ T cells in the SGs, comparable to a CD4+ depletion144. Of note, this synergistic effect of
IFNandTNFin inhibiting infectious virus production is also observed during other DNA virus
infections, such as during HSV145,146 or adenovirus infections147.
More recently, our lab demonstrated a direct antiviral effect of IFN producing CD4+ T cells on irradiation resistant non-hematopoietic cells, by using mixed bone marrow chimeras. In doing so,
IFN induced IFN receptor (IFNR) signaling on acinar glandular epithelial cells (AGECs),
endothelial cells, and stromal cells, conferred increased protection in the SGs against MCMV
compared to IFNR signaling on -irradiation susceptible hematopoietic cells148. This implies that
mainly cells of the non-hematopoietic lineage are crucial responders to IFNsecretion.
Furthermore, the absence of cross-presenting antigen presenting cells (APCs) and the extensive
MHC class I downregulation on AGECs by immune evasion genes render the CD8+ T cells
inefficient in virus control in this peripheral glandular tissue149 (Fig. 2.2). In summary,
IFNproductingCD4+ T cells are required for long-term antiviral protection in the SGs.
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Fig. 2.2. Organ-specific virus kinetics & reasons for a delayed immune control in the salivary glands. Whereas
MCMV is controlled in most organs (e.g. spleen, lung and liver) within one to two weeks, the salivary glands represent
the preferred mucosal site with sustained high viral loads over several weeks (up to ten weeks). Low immune
surveillance in naïve state, or the avoidance of NK and CD8+ T cell recognition, are key survival strategies of MCMV.
Created with BioRender.com.
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3. Aims
The salivary glands (SGs) are a unique mucosal site that is highly afflicted with replicating
cytomegaloviruses (CMVs) over several weeks upon primary exposure. Although the infection of
mice with murine CMV (MCMV) induces the prompt recruitment of antigen-experienced, virussensitized T cells to this peripheral tissue, a long-lasting heightened viral burden is still present at
times, where the immune system has already coped with the infection in most other organs.
Of note, a pivotal role has been assigned to CD4+ T cells that exert direct antiviral effector functions
by secreting large amounts of the key pro-inflammatory cytokines IFN and TNF These
cytokines are further able to induce an antiviral state in neighboring cellsIn this regard, it has
already been shown decades ago that the presence of a functional, effector CD4+ T cell pool in
the SGs corresponds directly to increased protection capabilities, and hence faster virus control.
Nevertheless, until now, it is not fully understood how exactly CD4+ T cells mediate crucial antiviral
protection. Furthermore, it is still an enigma why it takes months to finally cease viral replication
into this organ, despite substantial T cell infiltration. Finally, and of particular relevance, a precise
spatiotemporal understanding of critical steps in the antiviral activities, which might explain the
delayed protective immune response, was absent so far.

In order to fill all these knowledge gaps, we set up a broad spectrum of various experimental
approaches. In doing so, the usage of various genetically modified reporter mouse strains, the
application of multicolor flow cytometry and advanced, cutting-edge imaging procedures, and the
incorporation of an elaborate mathematic modelling, allowed us to address the following aspects
of the CD4+ T cell-mediated immune response in MCMV infected SGs:
I.

II.

Characterization of M25-specific CD4+ T cells
o

Kinetics

o

Phenotype

o

Effector functions

o

Spatial localization

Spatiotemporal resolution of MCMV infection and antiviral effector functions
o
o

III.

T cell receptor signaling and IFN production
Chemokine-mediated recruitment of SG-infiltrating T cells

Mathematical modeling of the CD4+ T cell-mediated immune control
o

Simulation of viral replication, viral spread and the CD4+ T cell response
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Fig. 2.3. Structure of the duct system & cellular composition of a naïve salivary gland.
Created with BioRender.com
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4. Results
Locally confined IFN production by CD4+ T cells provides niches
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Fig. 4.1. Graphical abstract of the manuscript Locally confined IFN production by CD4+ T cells
provides niches for murine cytomegalovirus replication in the salivary gland.

23

4.1 Abstract
Cytomegalovirus (CMV) has evolved a unique virus-host relationship in the salivary glands (SGs)
to sustain prolonged viral replication and hence chances for horizontal transmission. Previous
reports have established a decisive role for IFN producing CD4+ T cells to control murine CMV
(MCMV) infection in the SGs; however, micro-anatomical information regarding their mode of
action is largely missing. Here, we provide a spatiotemporal analysis of defined antiviral immune
actions that eventually culminate in control of lytic MCMV replication in this preferred mucosal
niche. CXCR3-mediated guidance of CD4+ T cells towards CXCL9 and CXCL10 expressing cells
resulted in discrete clusters close to infection foci where they reported TCR engagement and
produced IFN. Of note, these clusters occasionally contained virus-associated remnants, most
likely apoptotic bodies derived from previously infected cells, in CD11c+ cells, enabling antigen
presentation to CD4+ T cells. The induced IFN production within these CD4+ T cell accumulations
triggered IFNR signaling in a confined perimeter, thereby inducing local, but not organ-wide
protection, and allowing MCMV replication to continue at not yet protected sites. Combining our
data with a mathematical modeling of the spatiotemporal dynamics of infection and CD4+ T cell
dynamics, reveals a scenario, in which ultimate MCMV control is achieved through accumulating
sites of regionally-confined tissue protection.
Key words: MCMV, salivary glands, CD4+ T cells, IFN
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4.2 Introduction
Cytomegalovirus (CMV), a member of the herpesvirus family, is an opportunistic pathogen causing
severe clinical outcomes in immunocompromised individuals1,2. According to many shared
similarities with human CMV (HCMV), including the genetic make-up, the high degree of species
specificity and the biological characteristics in their natural habitat such as the huge repertoire of
immune evasion mechanisms, infection of mice with murine CMV (MCMV) is a robust infection
model to study CMV pathogenesis in an animal setting3,4. Although primary MCMV infection is
controlled in most organs within a few days, the salivary glands (SGs) are a peripheral glandular
tissue where lytic viral replication is continuing for several weeks5. The sustained high viral loads
in the SGs facilitate horizontal transmission via saliva. While control of lytic MCMV replication in
most tissues is mediated by MCMV-specific CD8+ T cells, this is not the case for the SGs6–8.
MCMV-encoded MHC class I immune evasion genes (i.e. m04, m06 and m152) are particularly
potent in avoiding recognition of infected cells by cytotoxic CD8+ T cells9,10, as deletion of these
immune evasion genes restores CD8+ T cell recognition of MCMV harboring cells, consequently
leading to CD8+ T cell mediated immune control of MCMV infection in the SGs11. Therefore, under
normal circumstances, control of MCMV infection in the SGs completely relies on CD4+ T cells
that exert their protective effector functions primarily through the secretion of the pro-inflammatory
cytokines interferon gamma (IFN) and tumor necrosis factor alpha (TNF)12,13. In this regard, we
have previously shown that sensing of the CD4+ T cell produced IFN by non-hematopoietic cells
in the SGs is required for eventual control of lytic viral replication11. However, it remains unclear
how long-lasting productive virus infection is maintained in this peripheral organ in face of marked
infiltration of functional MCMV-specific CD4+ T cells early upon infection, and the prompt
generation of tissue-resident memory T cells14,15. One important aspect that has so far not received
much attention is information about micro-anatomical conditions and constraints in the SGs during
MCMV infection. This includes spatial information about infection foci, distribution of infiltrating
virus-specific CD4+ T cells, sites of antigen recognition and IFN production, and the range of IFN
sensing. In the current study, we used advanced microscopy methods to visualize key
components of the antiviral immune response with high spatiotemporal resolution. By combining
previous knowledge with our experimental data, we further generated a mathematical model that
simulates the CD4+ T cell mediated immune control of MCMV infected SGs. We propose a
scenario in which MCMV antigens in the SGs are sensed by virus-specific CD4+ T cells only in a
delayed and indirect manner, after remnants of previously infected cells had been engulfed by
local antigen presenting cells (APCs). This leads to a locally confined IFN secretion, affording
protection only in this restricted area. However, non-protected areas of the SGs continue to be
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permissive for infection and replication, evidenced by long-term maintenance of high viral loads in
the SGs. Eventual control occurs if local IFN-concentrations are sufficiently effective to allow
agglomeration of protected sites, and thus restriction of viral spread. Thereby, accumulation of
virus-specific CD4+ T cells by APCs potentiates IFNconcentrations of otherwise limited IFNrelease by individual CD4+ T cells, which enables prolonged protection of local areas and
eventually leading to viral control within the entire tissue.

4.3 Results
Virus-specific CD4+ T cells infiltrate MCMV infected SGs and show an
activated phenotype
In a first set of experiments, we set out to longitudinally analyze the abundance and phenotype of
MCMV-specific CD4+ T cells in the SGs upon MCMV infection. As opposed to SGs of naïve mice,
which hardly contain any T cells, MCMV infection leads to a substantial infiltration of CD4+ and
CD8+ T cells (Suppl. Fig. 4.1a). To specifically focus on antigen-specific CD4+ T cells, we
employed T cell receptor (TCR) transgenic (tg) CD4+ T cells that specifically recognize the
immunodominant MCMV-epitope M25aa411-425 in the context of MHC class II (referred to as M25
CD4+ T cells) in adoptive transfer experiments16–18. M25 CD4+ T cells were on a CD45.1
background, allowing the distinction from endogenous CD45.2+ cells (Suppl. Fig. 4.1b). M25
CD4+ T cells were adoptively transferred one day prior to infection with recombinant green
fluorescent protein (GFP)-expressing MCMV (MCMV-GFP), quantified and phenotypically
characterized 8, 14 and 30 days post infection (dpi) in the SGs, spleen and lung (Fig. 4.2a). M25
CD4+ T cells expanded and were present in all organs of infected mice, whereas adoptive transfer
(AT) of M25 CD4+ T cells into naïve or latently MCMV infected mice resulted in low M25 CD4+ T
cell counts in the SGs (Suppl. Fig. 4.1c). Systemic infection with MCMV-GFP resulted in expected
increasing viral loads in the SGs over time, but not in the spleen and lung where control happened
in the first week (Suppl. Fig. 4.1d). We detected the highest percentages and total numbers of
M25 CD4+ T cells at 8 dpi, followed by a successive reduction over time (Fig. 4.2b). The
continuous reduction of SG-resident M25 CD4+ T cells from day 8 onwards was accompanied by
increasing viral titers and stable numbers of endogenous CD4+ T cells (Suppl. Fig. 4.1e). SGinfiltrating M25 CD4+ T cells displayed an antigen-experienced CD44highCD62Llow phenotype and
expressed the surface markers LFA-1 (heterodimeric integrin composed of CD11a and CD18) and
CD49d, typical features that had been reported previously for MCMV-specific CD4+ T cells (Fig.
4.2c)19–21. Most of the endogenous CD4+ T cells were also CD44highLFA-1+CD49d+, suggesting
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that the majority of them were as well MCMV-specific. Moreover, a considerable fraction of SGlocated M25 CD4+ T cells expressed the surface markers CD69 and PD-1 8 dpi, associated with
an activated status (Suppl. Fig. 4.1f). Interestingly, CXCR3 (being associated with a Th1
phenotype) was almost completely absent in SG- and lung-residing CD4+ T cells compared to
those in spleen, submandibular lymph node and blood (Fig. 4.2d & suppl. Fig. 4.1g)22,23.
Next, we asked the question whether M25 CD4+ T cells sense their cognate antigen in the SGs.
To this end, M25 CD4+ T cells harboring a Nur77GFP reporter gene were used (referred to as
M25xNur77GFP CD4+ T cells) in which TCR engagement via cognate antigen results in GFP
expression24,25. M25xNur77GFP CD4+ T cells were adoptively transferred one day prior to MCMVGFP infection and GFP expression in the transferred cells was analyzed 8 and 14 dpi in SGs,
spleen and lung. Despite huge differences in viral loads between SGs, spleen and lung, we
observed large frequencies of Nur77GFP positive M25 CD4+ T cells at 8 dpi with a subsequent
decrease at 14 dpi in all organs (Fig. 4.2e & suppl. Fig. 4.1d). These data suggest that viral loads
are not a good proxy for the amount of antigen sensed by M25-specific CD4+ T cells. Similar
results were obtained when a recombinant mcherry-expressing MCMV strain (MCMV-3DR) was
used for the infection, which causes higher viral loads in the SGs within the first two weeks after
infection compared to the MCMV-GFP mutant (Suppl. Fig. 4.1h & i). Taken together, these results
indicate that SG-infiltrating M25 CD4+ T cells have an activated, antigen-experienced phenotype
with substantial exposure to cognate antigen during early stage of MCMV infection in the SGs.
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Figure 4.2. Kinetics and phenotypic characterization of M25 CD4+ T cells. a) Experimental approach. 9x105 MACS
purified M25 CD4+ T cells were adoptively transferred into naïve WT B6 mice one day prior MCMV-GFP infection and
analyzed in various organs at indicated time points. b) Percentage and total number of M25 CD4 + T cells in the SGs,
spleens & lungs at indicated time points. c) Upper row: Representative flow cytometry contour plot of CD44 highCD62Llow
M25 CD4+ T cells in the SGs (left) and percentage of CD44highCD62Llow CD4+ T cells in the SGs, spleens and lungs
(right). Lower row: Representative flow cytometry contour plot of CD49d +LFA-1+ M25 CD4+ T cells (left) and percentage
of CD49d+LFA-1+ CD4+ T cells in the SGs (right). d) Representative flow cytometry contour plot of CXCR3 + M25 CD4+
T cells in the SGs (left) and percentage of CXCR3 + CD4+ T cells in the SGs (right). e) Representative flow cytometry
contour plot of Nur77GFP+ M25 CD4+ T cells in the blood of naïve M25xNur77GFP mice and in MCMV-GFP infected
SGs (left). Percentage of Nur77GFP+ M25 CD4+ T cells and MFI of Nur77GFP on M25 CD4 + T cells in the SGs, spleens
and lungs (right). c and d) Representative flow cytometry contour plots and analyses from 8 dpi. Filled symbol = CD45.1 +
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M25 CD4+ T cells, open symbol = CD45.2+ endogenous CD4+ T cells. Data in b – e are shown as mean ± SD of n = 7
– 12 mice pooled from two independent experiments. Each symbol represents an individual mouse. Statistical
significance was determined using single (c: lower row and d) or multiple (c: upper row and e) unpaired two-tailed t
test. *P<0.05, ***P<0.001, ****P<0.0001, ns = not significant.

In vivo M25 peptide challenge leads to pronounced IFNγ production by SGlocalized M25 CD4+ T cells in a TCR-dependent manner
Previous studies investigated the pro-inflammatory cytokine secretion profile of MCMV-specific
CD4+ T cells upon ex vivo exposure to a defined pool of peptides or MCMV lysate16,18,19. To
evaluate the potential of SG-residing M25 CD4+ T cells to produce the pro-inflammatory cytokines
IFN and TNF, we systemically challenged mice that had received M25 CD4+ T cells with the
cognate M25 peptide at day 8 or 21 post MCMV infection and harvested the SGs and spleen three
hours later (Fig. 4.3a)20. The majority of M25 CD4+ T cells in both organs upregulated the early T
cell activation marker CD69 upon in vivo M25 peptide administration compared to the DMSO
control injection (Fig. 4.3b). Moreover, a considerable proportion of M25 CD4+ T cell expressed
IFN and a surprisingly low percentage co-expressed IFN and TNF in the SGs (Fig. 4.3c).
Additional experiments with six hours in vivo peptide exposure did not lead to an increase in the
frequencies of CD69 and IFN positive M25 CD4+ T cells in the SGs, excluding a potentially too
short incubation period (Suppl. Fig. 4.2a). Notably, comparable frequencies of M25 CD4+ T cells
produced IFN at 8 and 21 dpi (Fig. 4.3d). Next, we validated that IFN production was due to
TCR engagement. We used M25xNur77GFP CD4+ T cells for the AT, followed by MCMV infection
and M25 peptide challenge at 8 dpi. Over 90% of M25 CD4+ T cells in the SGs and spleen turned
Nur77GFP positive upon M25 peptide challenge (Fig. 4.3e). Furthermore, IFN+ cells were all
Nur77GFP+, revealing that indeed the IFN production is the result of TCR-based antigen
recognition and downstream signaling (Fig. 4.3f). Of note, the reduced percentage of Nur77GFP+
M25 CD4+ T cells at day 8 post MCMV infection in the SGs and spleen compared to results shown
in Figure 4.2 (Fig. 4.2e & suppl. Fig. 4.1i) is due to the paraformaldehyde (PFA)-based fixation
procedure. These data show that M25 CD4+ T cells can be locally triggered in the SGs after
systemic administration of the cognate peptide, and that 10 - 40% of M25 CD4+ T cells produce
IFN in a TCR-dependent manner.
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Figure 4.3. IFN production by SG-localized M25 CD4+ T cells. a) Experimental approach. 106 MACS purified M25
(Nur77GFP) CD4+ T cells were adoptively transferred into naïve WT B6 mice one day prior MCMV infection and
subsequently challenged for 3h with i.v. administered cognate M25 peptide or 0.5% DMSO as control at day 8 or 21
post MCMV infection. b) Representative flow cytometry contour plots (left) and quantification (right) of early activated
CD44highCD69+ M25 CD4+ T cells in the SGs and spleens 3h post M25 peptide or DMSO administration at day 8 post
MCMV infection. c) Representative flow cytometry contour plots (left) and quantification (right) of IFN and TNF
expression levels by M25 CD4 + T cells in the SGs 3h post M25 peptide or DMSO administration at day 8 post MCMV
infection. d) Percentage of CD44highCD69+ (left) and IFN+ (right) M25 CD4+ T cells 3h post M25 peptide or DMSO
administration at day 8 and 21 post MCMV infection. e) Representative flow cytometry contour plots (left) and
quantification (right) of Nur77GFP+ M25 CD4+ T cells in the SGs and spleens 3h post M25 peptide or DMSO challenge
at day 8 post MCMV infection. f) Representative flow cytometry contour plots (left) and quantification (right) of
Nur77GFP+IFN+ M25 CD4+ T cells in the SGs 3h post M25 or DMSO challenge at day 8 post MCVM infection. Data in
b – f are shown as mean ± SD of n = 4 – 14 mice pooled from two (b: spleen and d: 21dpi) or three independent
experiments. Each symbol represents an individual mouse. Statistical significance was determined using single (c & f)
or multiple (b, d & e) unpaired two-tailed t test. **P<0.01, ****P<0.0001.
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Entire cross section analysis of acutely MCMV infected SGs reveals microanatomical localization of early infiltrating CD4+ T cells
Next, adding another layer of information and resolution, we studied the micro-anatomical
localization of M25 and endogenous CD4+ T cells in acutely MCMV infected SGs. For this purpose,
we transferred traceable RFP-expressing M25 CD4+ T cells and subsequently infected mice with
MCMV-GFP. Eight days post MCMV-GFP infection, we harvested the SGs and performed whole
slide imaging (WSI), followed by in-depth spatial relation studies between SG infiltrating CD4+ T
cells and large actively infected (GFP+) cells (sites of infectious virus production) using the
quantitative image analysis software HALO® (Fig. 4.4a). To prevent tissue damage, we carefully
dissected, cut and imaged the tightly connected submandibular -and sublingual glands (SMGs
and SLGs, respectively) together. By applying four-color entire cross section (ECS) analyses, we
simultaneously visualized endogenous CD4+ and M25 CD4+ T cells, along with sites of viral
replication. M25 CD4+ T cells were readily identified by their co-expression of cytoplasmic RFP
and the cell membrane CD4 marker, whereas endogenous CD4+ T cells were only positive for the
latter. Sites of viral replication were identified by their "Owl's eye" appearance of well-known
inclusion bodies (large cells that are bright for the virus-encoded fluorescent reporter) (Fig. 4.4b
& suppl. Fig. 4.3a)26. Moreover, differences in structural features enabled the separation of the
SGs into SMGs and SLGs (Suppl. Fig. 4.3b). First, we analyzed total numbers of M25 CD4+ T
cells in the SMGs and SLGs and detected the majority of M25 CD4+ T cells in the SMGs. However,
this was not surprising since the SMGs encompasses an approximately six times larger surface
area than the SLGs (Fig. 4.4c & suppl. Fig. 4.3c). Nevertheless, further analyses normalizing for
the surface area also showed a higher density of M25 CD4+ T cells in the SMGs. Next, we
quantified the sites of viral replication across the sections and observed considerable
heterogeneity, ranging from one to twelve sites of viral replication per SMG cross section (Fig.
4.4d). As CD4+ T cell density and number of infected cells were higher in the SMGs, we focused
the ensuing spatial analyses to this part of the SGs. In this regard, we quantified distances
between sites of viral replication and endogenous or M25 CD4+ T cells by extracting data of
interest from raw images and employing nearest neighbor analysis. Based on the distribution of
measured distances, we quantified the frequencies of endogenous CD4+ and M25 CD4+ T cells
residing within a defined radius from the next site of viral replication (Suppl. Fig. 4.3d). Proximity
analyses revealed that most of the endogenous CD4+ and M25 CD4+ T cells were located 600 μm
and more away from the next site of viral replication. However, the percentage of M25 CD4 + T
cells in relative close proximity to these infection foci were significantly higher than the ones of the
endogenous CD4+ T cell compartment (Fig. 4.4e). Given the considerable differences in numbers
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of viral replication sites per SMG section and the rather random distribution of M25 CD4+ T cells
at 8 dpi, we expected a correlation between the proportion of M25 CD4+ T cells within a radius of
300 μm to the nearest site of viral replication and the total counts of sites of viral replication per
ECS. Indeed, we discovered a tendency that the number of infection foci strongly influenced this
frequency with opposite findings for those being located 600 μm or more away from the nearest
site of viral replication (Fig. 4.4f). We further quantified the Euclidean distance between two
endogenous CD4+ and two M25 CD4+ T cells and observed slightly shorter distances between
M25+ CD4+ T cells compared to the endogenous CD4+ T cells. Generally, both CD4+ T cell
populations appeared to be quite randomly distributed, not showing signs of accumulation close
to infection foci. Therefore, the variation in the average distances between two M25 CD4+ T cells
are mostly due to differences in cell densities, thus indicating that the total number of M25 CD4+
T cells per tissue section has a stronger impact on the distances between these cells than distinct
accumulation characteristics (Fig. 4.4g). However, a few tissue sections showed signs of virusassociated T cell clustering, noticeable by the high frequency of M25 CD4 + T cells within 300 μm
to a relative low number of sites of viral replication (Suppl. Fig. 4.4a & b). Finally, in vivo shortterm i.v. antibody labeling revealed that M25 CD4+ T cells do not reside in close proximity to the
blood circulation (Suppl. Fig. 4.4c). In summary, these results indicate that M25 and endogenous
CD4+ T cells are not preferentially found in close proximity to sites of infection, but rather distribute
randomly across the tissue of acutely MCMV-GFP infected SGs.
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Figure 4.4. Spatial localization of endogenous CD4+ and M25 CD4+ T cells in acutely MCMV infected SGs. a)
Experimental approach. 9x105 MACS purified RFP traceable M25 CD4+ T cells were adoptively transferred into naïve
WT B6 mice one day prior MCMV-GFP infection. 8 days post MCMV-GFP infection, 10μm thin tissue sections of the
SGs were sliced and subjected to whole slide imaging (WSI), followed by quantitative image analysis using the HALO ®
software. b) Example of an entire cross section (ECS) of the right SG lobe (upper left) with indicated magnified region
(upper right). Endogenous CD4+ T cells are shown in cyan (bottom left), M25 CD4 + T cells are shown in magenta
(bottom right, white arrowheads), and a site of viral replication is shown in green (bottom, yellow arrowhead). c) Total
M25 CD4+ T cell counts (left) and cell density (right) in the SMG and SLG. d) Number of sites of viral replications in the
SMG (left) with the percental distribution (right). e) Percentage of endogenous CD4+ and M25 CD4+ T cells located
within a defined distance to the nearest infection foci (left) and summarized average distances of the endogenous CD4+
and M25 CD4+ T cells to these sites (right). f) Correlation between the number of infection foci per ECS and the
percentages of M25 CD4+ T cells located within 300 μm (left) or more than 600 μm (right) away from the nearest infection
foci. g) Correlation between the cell densities of M25 CD4+ T cells and the average in between distances per ECS. Data
in c – g are shown as mean ± SD of n = 5 mice (2 -11 ECS per SG, total 28 ECS) from two independent experiments.
Each dot represents an individual ECS. Total 275’359 endogenous CD4 + and 6’218 M25 CD4+ T cells were analyzed.
Statistical significance was determined using single (e, right) multiple (e, left) unpaired two-tailed t test, or two-tailed
Pearson correlation (g and f). **P<0.01, ****P<0.0001, ns = not significant. SMG = Submandibular gland, SLG =
Sublingual gland. Scale bar in b = 1mm (upper left) or 100 μm.

CD4+ T cells represent the major cellular source of IFNproduction in MCMV
infected SGs
The pro-inflammatory cytokine IFN was previously shown to be a crucial component of the
antiviral control mechanism in MCMV infected SGs12. Therefore, we evaluated next which immune
cell type present in MCMV infected SGs would preferentially produce the pivotal cytokine IFN.
To this end, we made use of the IFN reporter mouse GREAT, which expresses the enhanced
yellow fluorescence protein (EYFP) under the control of the IFN promoter27. In doing so, we
investigated cell-specific and spatial IFN production in MCMV-3DR infected SGs. We infected
GREAT mice with MCMV-3DR and determined which cell types were EYFP+ (i.e. IFN producing)
at 14 dpi. Compared to naïve GREAT mice, we observed significantly elevated EYFP signal levels
upon MCMV-3DR infection (Fig. 4.5a & suppl. Fig. 4.5a). We then characterized the cell types
within the EYFP positive cell fraction and identified CD3+ cells as primary cellular sources of IFN
production in MCMV infected SGs. A minor proportion was assigned to NK1.1 + natural killer (NK)
cells (Fig. 4.5b & suppl. 4.5b). Further classification of the EYFP+CD3+ cell population revealed
that ¾ of these cells were CD4+ T cells (Fig. 4.5c & suppl. Fig. 4.5c). Additionally, we measured
EYFP signal intensities in total CD4+, CD8+ and NK1.1+ cells. Again, CD4+ T cells showed the
highest percentage of EYFP+ cells, followed by NK cells and CD8+ T cells (Fig. 4.5d & suppl. Fig.
4.5d). Next, we aimed to study IFN producing cells in situ by applying confocal microscopy. We
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therefore performed microscopic analyses of MCMV-3DR infected SGs to reveal spatial relations
between IFN producing CD4+ and CD8+ T cells, and sites of viral replication. We simultaneously
recorded CD4+, CD8+ and EYFP+ cells in various field of views (FOVs) of MCMV-3DR infected
SGs containing at least one site of viral replication, and attributed each EYFP+ cell to its
corresponding cell type (Fig. 4.5e & f). In line with the flow cytometry analyses, CD4+ T cells were
the major cellular source of IFN production (Fig. 4.5g). Moreover, spatial analyses revealed that
CD4+ T cells tended to accumulate in dense clusters at 14 dpi, whereas CD8+ T cells showed a
more dispersed distribution. Of note, additional microscopic analyses of MCMV-3DR infected SGs
from Nur77GFP mice identified dense CD4+ T cell clusters in close vicinity to infectious virus
production. This implies that accumulations of CD4+ T cells close to sites of viral replication
represent primary sites of antigen recognition, identifiable by a remarkable fraction of GFP
expressing CD4+ T cells. (Suppl. Fig. 4.5f & g). Interestingly, we sometimes detected small
structures containing the mcherry signal from the MCMV-3DR strain within these CD4+ T cell
accumulations, congruent with a high abundance of mainly EYFP+ IFN producing CD4+ T cells
(Fig. 4.5h). In this regard, further microscopic analyses identified CD11c+ APC as primary cell
type carrying these small mcherry+ remnants of MCMV infected cells, whereas active lytic viral
replication was predominantly found within E-Cadherin+ epithelial cells (Suppl. Fig. 4.6a & b).
These results strongly confirm previous findings from our lab, that the presentation of
phagocytosed remnants (presumably apoptotic bodies containing viral proteins) from previously
infected cells by CD11c+ APCs leads to local CD4+ T cell activation11. Thus, CD4+ T cells recognize
apoptotic cell-derived viral structures within APCs rather than directly infected epithelial cells.
Taken together, these findings show that CD4+ T cells are the major cellular source of IFN
production in MCMV infected SGs, and that IFN producing CD4+ T cells are particularly found in
dense clusters, usually in close proximity to sites of active viral replication. Furthermore, local TCR
triggering and IFN production is often associated with the presence of CD11c+ cells containing
mcherry+ inclusions - most likely remnants from previously infected cells, serving as antigen
source for the activation of CD4+ T cells.
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Figure 4.5. IFN production by CD4+ T cells in MCMV infected SGs. a) Representative flow cytometry contour plots
of naïve and MCMV-3DR infected Great mice (left) and percentage of total EYFP + cells (right), b) percentage of CD3+
and NK1.1+ cells within EYFP+ cells, and c) percentage of CD4+ and CD8+ T cells within CD3+EYFP+ cells. d)
Percentage of EYFP+ cells within the indicated cell types (left) and the MFI of the EYFP signal (middle). Representative
histograms of the EYFP expression profile in the indicated cell types 14dpi (right). Dashed line defines threshold for
positive signal. e) Example of a four color FOV of a Great mouse-derived SG 14 days post MCMV-3DR infection (left).
Single color channel images (middle), merged two color CD4/EYFP (right, upper row) and CD8/EYFP (right, lower row)
images. f) Magnified IFN+ CD4+ T cell (cytosolic EYFP and cell membrane CD4 signal). g) Quantification of microscopic
analyses. Percentage of cell types within total counted EYFP+ cells (left) and the frequency of EYFP+ cells within CD4+
and CD8+ T cells (right) per FOV of MCMV-3DR infected SGs 14dpi. h) Magnified region split in four single color channel
images. Dashed line demarcates dense accumulation of preferentially IFN+ CD4+ T cells in close proximity to faint
mcherrry signal (yellow arrowhead). Data in a – d and are shown as mean ± SD of n = 3 naïve and n = 8 infected Great
mice pooled from 2 independent experiments. Data in g are shown as box and whiskers showing all points from Min. to
Max. (n = 42 FOVs with n > 6 per mice) of n = 3 mice from one independent experiment. Each symbol in a – d represents
one individual mouse and in g one individual FOV. Statistical significance was determined using single unpaired twotailed t test (a – c and g, right), or 2way Anova with post hoc Tukey’s multiple comparisons test (d and g, left).
***P<0.001, ****P<0.0001. Scale bar in e = 50 μm, in f = 5 μm and in h = 20 μm. White and yellow arrowheads in e and
h indicate infection foci and presumably cargo/ remnants of infected cells, respectively. FOV = Field of view.

3D confocal imaging provides a new level of information regarding the CD4 +
T cell - MCMV interaction
Classical FOV analyses along with the WSI approach allowed us to investigate antiviral immune
responses in MCMV infected SGs in two dimensions. However, organs are intrinsically build up in
three dimensions. Moreover, the considerable heterogeneity of number of sites of viral replication,
together with their anatomical location and complex interrelation with CD4+ T cells, required a
more profound three-dimensional (3D) examination of the tissue sample. Furthermore, dense
clusters of CD4+ T cells surrounding virus-associated small structures needed to be confirmed
and explored in more detail. For this purpose, we elaborated a clearing-based 3D confocal
microscopy pipeline for 200 μm thick tissue sections (Fig. 4.6a) 28,29. In doing so, PFA fixed MCMV3DR infected SGs were first embedded in agarose and subsequently sliced at appropriate
thickness using a vibrating microtome. Tissue sections were then stained, optically cleared, and
imaged using an inverted confocal microscope. Finally, 3D reconstructions composed of
sequentially acquired 2D-stacked images were processed and visualized, followed by in-depth
spatial analyses. As proof, tissue clearing with the histodenz-based refractive index matching
solution substantially increased imaging depth up to 200 μm, allowing the precise identification of
several sites of viral replication and the truthful evaluation of T cell counts (Fig. 4.6b). Furthermore,
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and in line with observations from the 2D images, specific FOVs at different z-planes revealed the
emergence and disappearance of accumulating CD4+ T cells around small virus-associated
structures, whereas closely situated large infection foci seemed to be ignored (Fig. 4.6c). Nearest
neighbor analysis further confirmed this observation that a relevant number of CD4+ T cells are in
close proximity to many of these small mcherry+ remnants, which presumably represent apoptotic
bodies released form previously infected cells (Fig. 4.6d & suppl. Fig. 4.7a). Image segmentation
of actively MCMV-3DR infected cells and small virus-associated structures derived from infected
cells revealed different morphological appearances with a volume of up to ~2800 µm3 (Suppl. Fig.
4.7b). However, most infected cells (~75 %) displayed a volume ranging from 200 to 1200 µm3
(Fig. 4.6e). Of note, these virus-containing (mcherry+) structures were frequently found in CD11c+
cells and were between 4 - 15 µm3 of size, and thus significantly smaller than the large actively
infected E-Cadherin+ epithelial cells (100 - 7500 µm3 big) (Fig. 4.6f & g). Furthermore, infectious
virus production was only detected in E-Cadherin+ epithelial cells, whereas remnants of previously
infected cells were observed in CD11c+ or CD11b+ cells, or remained unassigned (cell-free or in
other cells) (Fig. 4.6h, Suppl. Fig. 4.7c). In summary, 3D confocal imaging confirmed that dense
accumulations of CD4+ T cells are often associated with the presence of cargo from virus-infected
cells, likely remnants or apoptotic bodies.
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Figure 4.6. 3D Imaging of MCMV infected SGs. a) Schematic overview of our 3D imaging pipeline. b) Confocal
imaging depth of an optically cleared SG sample. c) 3D global view (450 µm x 450 µm x 200 µm) of a 200 µm thick SG
section (left, top) with magnified 2D sections at indicated z-positions from the outlined FOV (yellow frame). Yellow
arrowheads show MCMV-3DR-associated faint mcherry signal. Zoom-in scale bar = 30 µm. d) MCMV-3DR volume
plotted against the number of CD4+ T cells within 50 µm to the next mcherry signal. Dashed circle demarcates potential
remnants of previously MCMV-3DR infected cells with high abundance of CD4+ T cells (open dots) e) Relative frequency
of volumes of MCMV-3DR associated mcherry signal. Data in d are shown as dots of n = 54 MCMV-3DR reporting
mcherry signal pooled from 2 FOVs of one independent experiment. Data in e are shown as bars of n = 133 MCMV3DR reporting mcherry signals pooled from four FOVs from two independent experiments. f) Representative 3D two
color channel images showing phagocytosed mcherry+ remnant within a CD11c+ cell and a large actively infected ECadherin+ cell. g) Volume of mcherry signal in CD11c+ and E-Cadherin+ cells and g) percentage of signal found in these
cell populations. Data in g and h are from 9 and 4 FOVs, respectively, and from n = 3 mice. Each dot in g represents
one mcherry+ signal. Scale bar in b = 50 µm, in c = 50 µm (3D global view) and 30 µm (magnified 2D FOVs), in e = 50
µm (upper panel, 3D global view) and 10 µm (lower panel), and in f = 10 µm. FOV = Field of view.

The chemokines CXCL9 and CXCL10 act as chemoattractants in guiding
CXCR3-competent T cells to site of infection
In-depth confocal imaging analysis revealed a preferred clustering behavior of CD4+ T cells in
vicinity to sites of infection, and identified further remnants from virus infected cells as primary
antigenic source for IFN production. In order to determine the range in which secreted IFN would
be sensed in the tissue, we analyzed the expression of the known IFN inducible chemokines
CXCL9 and CXCL10 upon MCMV infection using the CXCR3-ligand reporter mouse Rex330. In
Rex3 mice, CXCL9 and CXCL10 positive cells can simultaneously be detected by concomitant
expression of the RFP and blue fluorescent protein (BFP), respectively. Firstly, we i.v. infected
Rex3 mice with MCMV-GFP. 60% of CD45.2+ hematopoietic cells expressed CXCL10 in naïve
SGs, which unexpectedly remained constant following viral infection (Fig. 4.7a). In contrast, only
CD31+ blood vessel constituting endothelial cells from the CD45.2- non-hematopoietic cell division
significantly upregulated CXCL10 in response to MCMV-GFP infection, whereas CXCL10
expression levels by CD326+ duct forming epithelial cells and CD31-CD326- stromal cells were
hardly affected by the infection (Fig 4.7a & suppl. Fig. 4.8a-c). Furthermore, 70-80% of SGresident and half of spleen-localized CD11c+MHCII+ APCs were single CXCL10 positive, and only
a minority co-expressed CXCL9 and CXCL10 (Suppl. Fig. 4.8d). Additionally, most cells of this
APC population in the SGs were positive for the macrophage-specific marker F4/80 (Suppl. Fig.
4.8e). Next, we performed microscopic analysis to uncover the spatial relationship between SGinfiltrating CD4+ T cells, sites of viral replication, and the presence of CXCL9 and CXCL10 positive
cells. Of particular importance, CD4+ T cells were frequently found in small discrete clusters along
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with CXCL9 and CXCL10 expressing cells. As observed before, these accumulations were not
localized in immediate vicinity to sites of viral replication, but rather at a short distance to them
(Fig. 4.7b). To elucidate if CXCL9 and CXCL10 serve as proxy for IFN downstream signaling or
as chemoattractants, or both, we followed two approaches. In a first experiment, we examined
CXCL9 and CXCL10 expression as potential readout for IFN sensing. For this purpose, we
adoptively co-transferred either IFN-competent (IFN+/+) CD4+ and CD8+ T cells or IFN-deficient
(IFN-/-) CD4+ and IFN-competent CD8+ T cells into T cell-deficient Rex3 mice (Rex3 x TCRKO)
one week prior MCMV-GFP infection and harvested the SGs and spleens 14 or 45 dpi (Suppl.
Fig. 4.9a). 14 days post MCMV-GFP infection, we observed similar numbers of SG-infiltrating
CD4+ and CD8+ T cells (Suppl. Fig. 4.9b). Although CD4+ T cells account for nearly 80% of all
IFN producing cells in MCMV-infected SGs (Fig. 4.5c & g), transfer of IFN-/- CD4+ T cells did not
significantly alter CXCL9 and CXCL10 expression levels in diverse non-hematopoietic cell types
in the SGs as well as in CD11c+MHCII+ APCs in the SGs and spleens (Suppl. Fig. 4.9c & d).
Moreover, IFN-/- CD4+ T cells still assembled together with CXCL9 and CXCL10 expressing cells,
developing distinct clusters (Fig. 4.7c). The lack of IFN+/+ CD4+ T cells resulted only in a slight
increase in viral loads 14 days post MCMV-GFP infection with no significant difference at 45 dpi,
shortly after the peak of the infection in the SGs (Fig. 4.7d, suppl. Fig. 4.1h). In a second
experiment, we explored the role of CXCL9 and CXCL10 as possible chemoattractants for CXCR3
expressing T cells. By using a competitive model, we investigated the infiltration capabilities and
localization properties of CXCR3-competent (CXCR3+/+) versus CXCR3-deficient (CXCR3-/-) CD4+
T cells in the SGs upon MCMV infection. For this purpose, we adoptively co-transferred
CD45.2+CXCR3-/- and CD45.1+CXCR3+/+ CD4+ T cells together with CD45.1+CXCR3+/+ CD8+ T
cells into Rex3 x TCRKO mice. Seven days post T cell transfer, we i.v. infected mice with MCMV
and examined the SGs in situ 14 dpi (Suppl. Fig. 4.10a). In line with previous results (Fig. 4.7b
and c), CD4+ T cells were predominantly found in clearly visible accumulations, showing further a
very strong colocalization with CXCL9 and CXCL10 expressing cells (Fig. 4.7e). However,
distinction between CXCR3+/+ and CXCR3-/- CD4+ T cells based on the congenic marker CD45.1
demonstrated that predominantly CXCR3+/+CD4+ T cells were present within these "CXCL9 and
CXCL10 hotspots", whereas CXCR3-/- CD4+ T cells appeared to be rather randomly distributed
(Fig. 4.7f). This highly suggests that CXCR3 enables migration of T cells towards CXCL9 and
CXCL10 positive cells within the SGs. Interestingly, CXCR3 expression was not a prerequisite for
the entry into MCMV infected SGs, and does not have an impact on the phenotype of CD4+ T cells
(Suppl. Fig. 4.10b & c). This latter observations confirm previous findings that indicate a
redundant role of CXCR3 expression for T cell infiltration into MCMV infected SGs 31. Together,
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these data indicate that CXCL9 and CXCL10 expressing cells in MCMV infected SGs possess a
crucial role in guiding and positioning CXCR3 expressing T cells, and that the presence of IFNdeficient CD4+ T cells neither compromise expression levels of these chemokines nor have an
impact on virus control around the peak of viral load in the SGs 45 dpi.
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Figure 4.7. CXCL9 and CXCL10 expression in MCMV infected SGs. a) Representative flow cytometry contour plots
of naïve and MCMV-GFP infected Rex3 mice (left) and percentage of CXCL10 + hematopoietic (CD45.2+) and nonhematopoietic (CD45.2-) cells at indicated days post MCMV-GFP infection. b) Example of a four color FOV of a Rex3
mouse-derived SG 15 days post MCMV-GFP infection (left). Four single color channel images (middle) and magnified
region (yellow frame) split in three single color channel images. c) Example of a four color FOV of a Rex3 x TCR-/mouse-derived SG harboring IFN-/- CD4+ T cells 14 days post MCMV-GFP infection (left) with magnified region (yellow
frame) split in three single color channel images (right). d) Virus loads in the SGs of TCR-/- mice harboring IFN
competent (IFN+/+) or IFN deficient (IFN-/-) CD4+ T cells 14 and 45 dpi. e) Example of a four single color FOV of a
Rex3 x TCR-/- mouse-derived SG harboring CXCR3 competent (CD45.1 +CXCR3+/+) and CXCR3 deficient
(CD45.2+CXCR3-/-) CD4+ T cells. f) Upper row: Image subtraction. Lower row:
CD45.1+CXCR3+/+/CXCL9/CXCL10
islets of

CD4+

(left) and

CD4+CXCR3-/-/CXCL9/CXCL10

Merged three color

(right) images. Dashed circle demarcates

T cells with CXCL9 and CXCL10 expressing cells. Data in a are shown as mean ± SD of n = 6 - 8 Rex3

mice pooled from two independent experiments. Data in d are shown as mean ± SD of n = 5 - 6 TCR-/- mice pooled
from two independent experiments. Each dot represents either the mean of pooled mice (a) or one individual mouse
(d). Statistical significance was determined using 2way Anova with post hoc Tukey’s multiple comparisons test (a) or
single unpaired two-tailed t test (d). *P<0.05, ns = not significant. Scale bar in b = 50 µm (left and middle) and 20 µm
(right), in c = 100 µm (left) and 50 µm (right), in e and f = 100 µm.

Mathematical modeling supports eventual viral control by confined local IFN
production of CD4+ T cells in the SGs
To determine if local confined IFN release by CD4+ T cells can eventually lead to area-wide
control of MCMV infection in the SGs, we combined experimental data with a mathematical model
that simulates interactive immune and infection processes. Using a cellular Potts modeling
framework that allows us to follow the dynamics and motility of individual cells over time, we
recapitulated the tissue structure and main cell types within the SMG. The multi-scale model
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considers the turnover and infection of epithelial cells, including intracellular viral replication and
extracellular viral spread, as well as the infiltration, migration and locally confined IFN production
by endogenous CD4+ and M25 CD4+ T cells (Fig. 4.8a & b). Depending on the IFN concentration
in their surrounding, viral replication of infected cells is inhibited and infected cells are lost.
Individual processes and model components were parameterized according to previous data from
the literature and adapted to the experimental data. Simulating a total area of 800×800 m2, our
model represents roughly 1/30 of a 2D cross section of the SMG.
Our simulations show that after an initial increase in the number of infected cells and total viral
load, peaking around 30-40 dpi, local IFN secretion by infiltrating CD4+ T cells can eventually
control viral infection in the SGs 45-55 dpi (Fig. 4.8c & d), similar to the experimental data. In this
regard, a model that includes attraction of CD4+ T cells to CXCL9 and CXCL10 positive tissue
areas populated with APCs, which engulf remnants of previously infected cells, contributes to
reduced pathology and faster immune control of the MCMV infection. In contrast, a scenario that
does not consider this chemical gradient-mediated migration behavior of CD4+ T cells, but rather
assumes an undirected motion of CD4+ T cells (i.e. w/o APCs), is associated with an elevated viral
burden. The former scenario leads to increased clustering properties of CD4+ T cells (Fig. 4.8e),
with the majority of M25 CD4+ T cells accumulating in close proximity (Fig. 4.8f). However, IFN
producing CD4+T cells are not directly located next to sites of active viral replication, which is in
line with the experimental observations (Fig. 4.5e and 4.8g). Of note, CD4+ T cells do not show
signs of clustering and are more heterogeneously distributed if the relevant contribution of APCs
is ignored (Fig. 4.8e). Next, clustering of CD4+ T cells by APCs enables a concerted release of
IFN by several CD4+ T cells, which leads to increased local cytokine concentrations (Fig. 4.8h).
In doing so, the accumulation of IFNprotected sites over time finally leads to viral control in the
entire simulated tissue section. As our model assumes a restricted range for IFN released by
CD4+ T cells, individual CD4+ T cells are less effective in controlling active viral replication.
Therefore, in case of not provoking accumulations of CD4+ T cells by APCs, IFN concentrations
are generally lower and more transient, mediating less efficient control of the infection (Fig. 4.8c,
d & h).
Thus, our model shows that accumulations of CD4+ T cells by CXCL9/CXCL10 chemotactic
gradients increases the efficiency of confined IFN release by individual CD4+ T cells, which
confers improved regional-confined tissue protection and eventual viral control.

45

Figure 4.8. Mathematical modeling of viral-immune interactions in the SG. a) Sketch of the main processes
considered within the mathematical model. b) Snapshot of the modeled SMG tissue area of 800×800 m2 at 21 days
post infection considering APC related guidance of CD4 + T cells. The plot indicates the duct structure with uninfected
(grey) and MCMV harboring (red) epithelial cells, as well as endogenous CD4 + (blue) and M25 CD4+ T cells (light blue).
CD4+ IFN+ T cells are shown in magenta. c and d) Dynamics of the number of infected (MCMV+) cells (c) and viral
load (d) for scenarios with (red) and without (blue) APC-associated CXCL9/CXCL10 attraction of CD4 + T cells.
Experimental data show the viral load for the whole SMG (n= 8-9 mice, mean+/-SD). e) Clustering of CD4+ T cells
indicated by the average distances between two CD4+ T cells. f) Distances of M25 CD4+ T cells to MCMV infected cells.
g) Distances of CD4+IFN+ T cells to MCMV infected cells. h) Dynamics of the IFN concentration within the simulated
tissue section of 800×800 m2 over the progression of infection. For each scenario, i.e. w./o. and with APC, one
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representative simulation out of seven replicates is shown. All simulations were run over 60 days in total. Results in
panel (c-g) are based on seven replicates for each scenario, with the mean and standard deviation (error bars) indicated.
Please note that simulations are generally run with higher infection dynamics than observed experimentally for
computational efficiency to account for the small simulated grid size (see Materials & Methods). Therefore, viral loads
can only be qualitatively compared to experimental data.

4.4 Discussion
Infection of mice with MCMV induces an acute infection with lytic viral replication, followed by
persistence of latent viral genomes from which sporadic reactivation events can occur. While acute
infection is controlled in most organs within one to two weeks, the SGs represent a unique mucosal
niche with sustained viral replication and hence persistence over several weeks32. Despite the
marked infiltration of functional T cells, latency in this peripheral glandular tissue is only achieved
two months post viral trigger. One key contribution to this delayed immune control is CMV's
interference with antigen presentation that prevents primarily the recognition of infected cells by
CD8+ T cells, and in less documented circumstances by CD4+ T cells too33–39. Since the decreased
expression or the complete lack of MHC class I on affected cells would induce a “missing self”
signal, and hence render virally infected cells susceptible to NK cell-mediated killing, CMV
encodes for a MHC class I homolog, serving as surrogate MHC class I molecule preventing NK
cell attack40. Moreover, MCMV mutants lacking the m157 gene and having a functional version of
MCK2 gene product, reveal enhanced dissemination and virulence properties41–47. Therefore, the
acquisition of beneficial virus-specific in vivo characteristics, that allow MCMV to persist
preferentially in the SGs, are responsible for the negligible role of NK and CD8+ T cells to control
MCMV infection in the SGs, and further highlight a superior contribution of CD4+ T cells in viral
control7,8.
In the present study, we investigated the crucial antiviral effector functions by CD4 + T cells upon
CMV infection in murine salivary glands. Although previous studies have already identified an
indispensable role of IFN producing CD4+ T cells in controlling MCMV infection in the SGs,
relevant spatiotemporal information was missing that might help to explain the overall slow
process of CD4+ T cell-mediated viral control12,13.
Here, we combined experimental data together with mathematical models to provide a
mechanistic understanding of the dynamics of viral spread and immune protection on a cellular
level. By generating detailed micro-anatomical information about the tissue localization of infected
cells, CD4+ T cells, sites of antigen recognition and IFN production, and inclusion of these data
into mathematical models, we propose a scenario that explains the delayed control of MCMV
infection in the SGs.
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We found that M25-specific CD4+ T cells successfully infiltrated MCMV infected SGs early upon
infection, displayed an activated phenotype, and produced considerable amounts of the key proinflammatory cytokine IFNupon encountering the cognate M25 antigen. However, with gradually
increasing viral loads in the SGs, decreasing numbers of M25 CD4+ T cells, together with reduced
TCR signaling events over time, suggested a negligible contribution to early MCMV control.
Possible reasons might be the temporal shift from early dominant M25-specific CD4+ T cells to
M09-specific CD4+ T cells at later time points17, and possibly a role for CD4+ T cells with other
MCMV-specificities, given the large MCMV genome containing more than 200 open reading
frames with antigenic potential32,48. However, we have previously shown that the adoptive transfer
of in vivo activated M25 CD4+ T cells into sublethally irradiated mice conferred immune protection
in various organs in an IFN-dependent manner, indicating that M25-specific cells are able to
contribute to MCMV control in immunocompromised mice19. Focusing on the abundant
endogenous CD4+ T cell population within the MCMV infected SGs, we demonstrated that CD4+
T cells are the primary cellular source of IFN production, in accordance to elevated TCR
downstream signaling, indicative of antigen recognition. Moreover, in situ analysis of MCMV
infected SMGs revealed that IFN expressing CD4+ T cells were mostly found in vicinity to sites of
lytic viral replication, in dense clusters surrounding CD11c+ cells that contained small inclusions
of cellular cargo from previously infected cells. Clearly, these CD11c+ cells were not actively
infected with MCMV, as this would have resulted in presence of the reporter fluorochrome within
the entire cytoplasm and not within confined small areas as observed. We thus speculate that this
cargo represents apoptotic cell bodies from previously infected cells11. In this regard, Stahl et al.
made a similar observation in infected neonatal lungs, where infection with MCMV attracted
myeloid cells, leading to the generation of morphologically unique “nodular inflammatory foci (NIF)”
(multiple juxta-positioned MCMV infected cells and associated immune cell infiltrates). Within NIF,
which are required for efficient containment of the infection, they characterized few small mcherrycontaining apoptotic bodies within myeloid cells, revealing the possible uptake of cell debris
derived from previously infected cells by these cells49. As we observed discrete accumulations of
CD4+ T cells around CD11c+ APCs, with some of them revealing cargo of MCMV infected cells, in
combination with local TCR triggering and IFN production, we were wondering which signals are
required for the recruitment of these cells into regions of antigen presentation. We specifically
investigated the role of the CXC chemokines CXCL9 (MIG) and CXCL10 (IP-10) in this process.
These two chemokine ligands share the common receptor CXCR3, that is predominantly
expressed on effector T cells22,23. Whereas IFNsignaling strongly induces CXCL9 expression,
CXCL10 can also be upregulated by type I interferons (IFN/)50,51. CXCR3 is important for
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directional migration of CD4+ and CD8+ T cells in various infectious settings52–54. However, a clear
role of CXCR3 expression in MCMV-specific T cells has so far not been demonstrated. Although
this chemokine receptor promoted the recruitment of antigen-specific CD8+ T cells to MCMV
infected liver55, the lack of CXCR3 expression on CD8+ T cells did not interfere with their ability to
infiltrate into the SGs upon MCMV infection31. In our study, we confirmed that CXCR3 expression
on CD4+ T cells is dispensable for SG infiltration, however, it played a decisive role for the spatial
localization within MCMV infected SGs. We clearly show that CXCR3-competent CD4+ T cells are
specifically recruited to sites of CXCL9 and CXCL10 expression, leading to the formation of distinct
CD4+ T cell clusters surrounding APCs. In contrast, despite similar infiltration capacity and
phenotypic characteristics of CXCR3-deficient CD4+ T cells, these cells rather distributed
randomly. Since we identified TCR engagement and IFN production mainly within these dense
aggregations of T cells, this observation suggests that CXCR3-deficient CD4+ T cells might have
reduced chances for antigen encounter and hence ability to produce IFN. Interestingly, surface
expression of CXCR3 was almost completely absent on SG-residing CD4+ T cells, most likely due
to ligand engagement and receptor internalization, as shown in a recent publication56.
Finally, by feeding our experimental data into mathematical models, we developed a simulation
scenario of the CD4+ T cell-mediated MCMV control in the SGs. In doing so, we could show that
rather local than long-range protection capability of IFN producing CD4+ T cells leads to eventual
infection control in the SGs. Individual small areas, defined by IFNproducing andsensing cells,
provide site-specific antiviral protection, and allow MCMV to spread and replicate at spots that do
not have been yet exposed to IFN Furthermore, due to the indirect antigen recognition on CD11c+
APCs that have engulfed cargo of previously infected cells, effector CD4+ T cell responses occur
in a delayed manner, i.e. only after a virus-infected cells has already ceased to produce new
virions. This indirect antigen recognition enables ongoing viral replication over several weeks in
the SGs. However, the accumulation of effector CD4+ T cell responses by APC potentiates the
IFN concentration within local regions, leading to larger areas of IFN mediated protection and
faster viral control in comparison to scenarios without APC mediated clustering of CD4 + T cells.
Ultimate control of the lytic infection and the transition into a latent state would hence only happen
after continued accumulation of locally protected areas, finally resulting in an organ-wide
protection. Pursuing the idea of a short-range diffusion property of secreted IFN, Müller et al.
revealed a few years ago a confined action radius of IFNthat induced potent protection
mechanisms beyond the immunological synapse, in (bystander) cells located more than 80 µm
away from the T cell-APC interaction57. These would imply that within the vicinity of IFN producing
CD4+ T cells, depending on the number of IFN producing CD4+ T cells and the amount of per49

cell produced IFN, surrounding cells being maximally eight cell layers away from the IFN source
should be able to sense the secreted IFN and thus being protected from MCMV infection.
In this context, our mathematical model provides first mechanistic insights on the dynamics of
MCMV infection and clearance in the SGs by combining different types of experimental data and
measurements. Although the model only captures a small fraction of the SMG, and therefore
considers a higher infection level than observed experimentally, it provides a robust qualitative
representation of the observed infection dynamics, as well as quantitative analysis of the
spatiotemporal relationships of individual cells. More detailed and time-resolved measurements,
as e.g. on the stability and longevity of APC-formed CD4+ T cell clusters, or on the dynamics of
IFN secretion by individual CD4+ T cells, will help to improve the parameterization of the model
and validate previous parameter choices.
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4.6 Materials & Methods
Ethics Statement
This study was conducted in accordance to the guidelines of the animal experimentation law (SR
455.163; TVV) of the Swiss Federal Government. The protocols were approved by the Cantonal
Veterinary Office of the canton Zürich, Switzerland (animal experimental permissions: 146/2014
and 114/2017).

Mice
Eight to twelve-weeks old age -and sex-matched mice were used for each experiment described
in this study. C57BL/6J mice were purchased from Janiver Elevage and referred to as WT B6
mice. C57BL/6N-Tg(TCRaM25,TCRbM25)424 Biat (M25-III) (M25xLy5.1) mice harbor TCR tg
CD4+ T cells specific for the M25411-425 peptide on the CD45.1 congenic background. The congenic
CD45.1 WT B6 mice were bred in house. Nur77GFP (JAX stock # 016617), DssRed.T3 (JAX
stock # 006051), Great (JAX stock # 017580), IFNγ-/- (JAX stock # 002287) and TCRβ-/- (JAX stock
# 002118) mice were obtained from the Jackson Laboratory. CXCR3-/- (JAX stock # 005796) mice
were obtained from the Swiss immunological mouse repository (SwimmR). M25xNur77GFP and
M25xRFP CD4+ T cells were generated by crossing the M25xLy5.1 mice to the Nur77GFP -and
DssRed.T3 mice, respectively. Rex3 mice were kindly provided by Prof. Matteo Iannacone
(IRCCS San Raffaele Scientific Institute, Milan, Italy) in agreement with Prof. Andrew D. Luster
(Massachusetts General Hospital, Massachusetts, USA), and crossed to TCRβ-/- mice for the
development of the Rex3 x TCRβ-/- mice. CD11cYFP-Prox1mOrange2 mice were kindly provided
by Prof. Cornelia Halin Winter (Swiss Federal Institute of Technology Zurich, Zurich, Switzerland).
All mice were bred and housed under specific pathogen-free conditions in animal facilities at the
Swiss Federal Institute of Technology in Zurich, Hönggerberg. Mice were exposed to a 12:12 h
light-dark cycle with unrestricted access to water and food.
Viruses and infections
All recombinant MCMVs were deficient in m157 protein expression (Δm157) and had a functional
version of the MCK2 gene product (MCK2+). MCMV-GFP expresses green fluorescent protein
(GFP) under the m157 promoter and MCMV-3DR expresses the red fluorescent protein mcherry
under the major immediate-early promoter58–60. MCMV-3DR was obtained from Prof. Martin
Messerle (Hannover Medical School, Hannover, Germany) in agreement with Prof. Reinhold
Förster and Dr. Stephan Halle (Hannover Medical School, Hannover, Germany). The nonfluorescence encoding MCMV strain was kindly provided by Prof. Luka Cicin-Sain (Helmoholtz
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Centre for Infection Research, Braunschweig, Germany) in agreement with Prof. Stipan Jonjić
(University of Rijeka, Rijeka, Croatia) and referred to as MCMV. MCMV strains were propagated
on M2-10B4 cells and subsequently purified by ultracentrifugation on a 15% sucrose cushion as
previously described3. Viral titers were determined by standard plaque assay on M2-104 cells with
centrifugal enhancement. Mice were infected with 2x105 or 5x105 Pfu of the respective MCMV
mutant by i.v. tail injection.
Adoptive transfers
CD4+ T cells from naïve M25xLy5.1, M25xNur77GFP, M25xRFP, IFNγ-/-, CXCR3-/- or CD45.1 WT
B6 mice, and CD8+ T cells from naïve CD45.1 or CD45.2 WT B6 mice, were purified from spleens
by positive selection using anti-CD4 or anti-CD8 magnetic activated cell sorting (MACS) beads
(Miltenyi Biotech, Bergisch Gladbach, Germany) according to the manufacturer's instructions. Cell
viability was assessed by trypan blue exclusion and confirmed to be greater than 90%. Flow
cytometric cell analyses indicated >95% purity of the isolation procedures. 9x105 or 106 M25 CD4+
T cells were adoptively transferred into naïve recipient WT B6 mice one day prior MCMV, MCMVGFP or MCMV3DR infection. 3x106 or 3.5x106 CD4+, and 106 CD8+ T cells were adoptively
transferred into naïve recipient Rex3 x TCRβ-/- or TCRβ-/- mice seven days prior MCMV or MCMVGFP infection. Cell transfers were executed by i.v. tail injection.

In vivo M25 peptide stimulation & intravascular antibody labeling
9x105 MACS isolated M25 CD4+ or M25xNur77GFP CD4+ T cells were adoptively transferred one
day prior MCMV infection into naïve recipient WT B6 mice. M25 peptide (amino acid sequence:
NHLYETPISATAMVI) was purchased from EMC microcollections (Tübingen, Germany) and 20
μg of the M25 peptide in 0.5% DMSO in PBS solution were injected i.v. at day 8 or 21 post MCMV
infection. Three or six hours post M25 peptide challenge, SGs and spleens were harvest in
complete cell culture medium (RPMI1640 supplemented with 10% FCS, 2mM L-Glutamine, 1x
penicillin/streptomcyin) with additional 10 μg/ml Brefeldin A. Following digestion or meshing of
organs was performed in further presence of 5 μg/ml Brefeldin A.
Intravascular labeling was performed by i.v. administration of 3 μg of fluorophore-conjugated antiCD45.1 antibody 3 min prior euthanasia with CO2 as described previously61. Organs were
subsequently perfused with 10 ml of 1x PBS and harvested for subsequent lymphocyte isolation
and flow cytometric analysis.
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Lymphocyte isolation and Flow cytometry
Mice were euthanized by CO2 inhalation, and the SGs and lungs were subsequently perfused via
the right heart ventricle with 10 ml ice-cold 1x PBS to remove circulating blood. Single-cell
suspensions of spleens and lungs were prepared as previously described with slight
modifications62. Briefly, spleens were passed through metal grids using syringe plungers. The SGs
and lungs were cut into small pieces and digested in complete cell culture medium containing 2.4
mg/ml collagenase type I and 0.2 mg/ml DNaseI for 2 x 20 min at 37°C on a thermomixer.
Additionally, they were flushed through 18G and 21G needles in between and after the second
round of digestion, respectively, and subjected to centrifugation over a 30% Percoll gradient.
Prior to fluorophore-conjugated antibody labeling, cells were treated with a hypotonic ammoniumchloride-potassium lysis buffer for 5 - 10 min at RT to remove remaining erythrocytes. Cells were
washed and cell surface staining was executed for 20 min at RT in the dark. In case of continuing
intracellular cytokine staining, cells were fixed and permeabilized in 2x FACS BD Lysis Solution
(BD Biosciences) with 0.08% Tween20 in ddH2O for 10 min at RT in the dark. Subsequent
intracellular staining for IFN and TNF was performed for 35 min at RT in the dark. Dead cells
were excluded by applying a LIVE/DEAD fixable Near-IR staining (ThermoFisher Scientific). All
staining and washing steps were performed in FACS buffer (2% FCS and 5mM EDTA in 1x PBS).
Fluorescently labeled antibodies were purchased from Biolegend (Lucerna Chem AG) or BD
Biosciences, and are summarized in table 1. Multi-parametric flow cytometric analysis was
performed using LSRII flow cytometer (BD Biosciences, Allschwil, Switzerland) with FACSDiva
software. Data were analyzed using FlowJo software (Version 10.4.2, Tree Star).

Plaque forming assay
Viral loads in in organs were determined on M2-104 cells as described previously63. Briefly, 50'000
M2-10B4 were added to each well of a 24-well plate one day prior organ-derived virus exposure.
Freshly harvested or in -80°C stored organ in 1 ml complete cell culture medium was homogenized
using a metal bead at 25 Hz for 1 - 1.5 min by TissueLyser (Qiagen, Hilden, Germany). After
centrifugation at 3500g for 5 min, virus containing supernatant was taken and transferred to a new
Eppendorf tube. A 10x serial dilution of the supernatant in complete cell culture medium was
performed using round-bottom 96-well plates. Medium of the previous day cultivated M2-10B4
cells was aspirated and replaced by the diluted supernatant. The 24-well plates were centrifuged
for 30 min at 535g and subsequently incubated for 1h at 37°C. Medium was aspirated and
replaced by 2.2 % Methylcellulose (4000 centipoise) in ddH2O supplemented with 1x MEM, 10%
FCS, 2mM L-Glutamine, 1% penicillin-streptomcyin and 10mM HEPES/sodium bicarbonate
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solution. Plates were incubated for four days at 37°C. After four days of incubation, 500 μl of 25%
Formaldehyde solution in ddH2O was added on top of the methylcellulose layer and plates were
left for 3h at RT. Next, plates were inverted to remove viscous medium and carefully washed three
to four times with 1x PBS. Crystal violet solution was added to the wells and plates were incubated
for 20 min at RT. Finally, plates were washed with ddH2O, air-dried, and plaques were counted
using an inverted microscope. With the exception of the 1h incubation period at 37°C, all steps
were carried out at 4°C.
2D Immunohistochemistry - Tissue preparation & Staining
1x PBS perfused SGs were fixed in methanol-free 4% formaldehyde solution for 4 - 6 h at 4°C.
After a short wash in 1x PBS, organs were cryoprotected in 30% sucrose in 1x PBS overnight
(o/n) at 4°C, followed by embedding in optimal cutting temperature (O.C.T) compound and snapfreezing in liquid nitrogen. The SG samples were stored at -80°C until further usage. Frozen tissue
sections of 10 µm thickness were generated by a cryostat-microtome, 2 - 3 hours air-dried, and
stored at -20°C if not directly used. Completely air-dried thin tissue sections of the SGs were
washed with 1x PBS to remove remaining O.C.T compound and marked with an hydrophobic
barrier PAP pen (H-4000, Vector Laboratories). Tissue sections were blocked in 1x PBS
containing 10% normal goat serum (NGS), 1% Bovine serum albumin (BSA) and 0.1% TritonX100, for 1h at RT. Subsequent staining steps with unlabeled and/or fluorochrome-conjugated
antibodies were executed for 1h at RT or o/n at 4°C in the dark. Slides were washed in between
three times for 7 min in 1x PBS. Finally, sections were washed again in 1x PBS and carefully
rinsed with ddH2O, before counterstained with 4',6'-diamidino-2-phenylindole (DAPI) for 5 min at
RT and mounted in home-made Mowiol-DABCO solution (RI 1.45 - 1.52). Slides were stored at
RT for one to two days in the dark before microscopic investigation. Staining with the respective
antibodies were performed in 1x PBS containing 3% BSA and 0.1% TritonX-100 in a humidity
chamber. Antibodies were purchased from Biolegend (Lucerna Chem AG), Life Technologies
(Thermo

Fisher

Scientific),

BD

Biosciences,

Clontech

Laboratories

and

Rockland

Immunochemicals, and are summarized in table 2 & 2.1.

2D Immunohistochemistry - Imaging & Analysis
Images of thin tissue slices were acquired with an inverted confocal microscope (Axiovert 200m
microscope, Carl Zeiss, Inc., Zurich, Switzerland), equipped with an CSU-X1 spinning-disk
confocal unit (Yokogawa), a 20x (Nummerical aperture: 0.5, Immersion: Air) or a 10x (Nummerical
aperture: 0.3, Immersion: Air) magnification phase contrast objective, a solid state laser unit with
4 laser lines (405, 488, 561, 647, Toptica) and two Evolve 512 EMCCD cameras (Photometrics).
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Detection and spectral separation of excited fluorophores were achieved through the usage of
specific emission bandpass filters (450/50, 525/50, 605/52 and 700/75). Images with sequential
fluorophore excitation and with z-stacks sizes of 1 µm were recorded and analyzed using
imageJ/Fiji software (Version 1.51). An initial brightness/contrast enhancement was performed
with subesequent quantitative analysis of IFN producing (EYFP+) cells using the cell counter
plugin.

Whole Slide Imaging & Analysis
10 µm thin frozen tissue sections of MCMV infected SGs were prepared and stained according to
the 2D immunohistochemistry part. However, only SG sections, which do not show any signs of
processing-mediated artifacts (e.g. tissue distortions, air bubbles or folds), were subjected to
whole slide scanning using Slide Scanner Pannoramic 250 Flash III (3D Histech, Budapest,
Hungary) to realize faithful data for further downstream analysis. Images with a z-stack size of 0.6
µm were acquired using a 20x magnification objective (NA: 0.8). Recorded mrxs files were directly
imported into the HALO® software (Version 3.0.311.373; Indica Labs, Albuquerque, NM, USA) for
quantitative image analysis. In doing so, we first applied tissue annotation to delimit our spatial
analysis to the SMG. We then performed a categorization of diverse tissue types (i.e. endogenous
CD4+ and M25 CD4+ T cells, sites of viral replication, duct cells, other cells and background) using
tissue classifier (Random Forest). We next exerted Highlex FL module (Version 3.1.0.0) for the
simultaneous detection of various cell types based on fluorescence marker intensities in the
different cellular compartments (i.e. nucleus, cytoplasm and cell membrane). In this regard, we
first identified and segmented all DAPI+ cells, irrespective of cell type (Nuclear contrast threshold
= 0.5, Minimum Nuclear Intensity = 0.1, Nuclear Segmentation Aggressiveness = 0.8 and
Minimum Nuclear Roundness = 0). Afterwards, endogenous CD4+ and M25 CD4+ T cells were
defined within DAPI+ cells based on fluorescence signal intensities in the previously mentioned
cellular compartments (see table below). In this regard, endogenous CD4+ T cells expressed only
cell membrane marker CD4 (= DAPI+CD4+ cells) whereas M25 CD4+ T cells were additionally
positive for the cytoplasmic RFP signal (= DAPI+CD4+RFP+ cells). Finally, quantitative spatial
tissue analysis was executed using nearest neighbor analysis in conjunction with proximity
analysis to determine the relative spatial distribution of cells and sites of viral replication across
the tissue section. Micro-anatomical localization of sites of viral replication was provided by the
tissue classifier.
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Tresholding (signal intensities):
Fluorescent label

Nucleus

Cytoplasm

Cell membrane

DAPI

1

-1

-1

AF568 (RFP)

40

40

0

AF647 (CD4)

35

35

0

(marker)

Signal range: 0 (= no signal) - 255 (= highest intensity)

3D Immunohistochemistry - Tissue preparation & Staining
1x PBS perfused SGs were fixed in methanol-free 4% formaldehyde solution for 4 - 6 h at 4°C.
After a short wash in 1x PBS, organs were embedded in 4% agarose in 1x PBS, and subsequently
cut in 200 µm thick tissue sections using a Compresstome® (Precisionary, Greenville, USA). Slices
were collected in 6-well plates pre-filled with 0.1% PBST and incubated for 24 h at RT. PBST was
aspirated and sections were incubated overnight in blocking buffer (1x PBS containing 10% NGS,
1% BSA and 0.1% TritonX-100) at 4°C. Blocking buffer was removed and sections were stained
in 6, 12 or 24-well plates with primary fluorophore-conjugated antibodies diluted in 3% BSA in 1x
PBS for three to four days at 4°C or RT (table 2 & 2.1). Next, slices were washed three to four
times with 1x PBS during a 24 h period at 4°C. 1x PBS was removed, and a home-made refractive
index matching solution (RIMS) with RI = 1.47 (45 g Histodenz in 30 ml 1x PBS) was added to the
sections. The samples were incubated in the dark on a rotator for 6 h at RT. Finally, SG sections
were mounted using fresh RIMS and appropriate 200 µm thick iSpacer® (SunJin Lab, Hsinchu,
Taiwan). Tissue samples were stored one to two days at RT in the dark prior confocal imaging.
3D Immunohistochemistry - Imaging & Analysis
Images of 200 µm thick tissue sections were acquired with an inverted confocal microscope (Leica
TCS SP8), using a 25x magnification objective (Numerical aperture: 0.95, Immersion: Water), a
laser unit with AOBS system (405, 488 (Argon Laser), 561, 633), and internal detection with 1
PMT detector and 2 Leica Hybrid detectors, operated by the Leica LAS X 3.5.5. Images were
acquired with sequential fluorophore excitation, z-stacks sizes of 2 µm and a scan format of
512x512 pixels.
Image analysis was performed using imageJ/Fiji software (Version 1.51), Imaris 9.5 (Bitplane,
Zurich, Switzerland) and RStudio (Version 1.1.463). Using Imaris, several processing steps were
applied to the images (table 4). The acquired signals were attributed to each individual cell
(surface creation), or its location was determined without accurate segmentation of cell bodies by
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the generation of spherical objects centered on any pixels with signal above a user set threshold
(spots creation) (suppl. Fig 4.7a). For the CD4 channel, gamma was adjusted to 1.35, and
Gaussian smoothing was used with a width of 0.32 µm. Finally, surfaces and spots were created
according to the parameters in table 4. Appeared extra-cellular and likely represented imaging
artefacts were not selectively removed from analysis to avoid introducing user bias.
Mathematical model of viral-immune interactions in the SGs
In brief, a multi-scale cellular Potts model (CPM) for the SMG was developed using the software
Morpheus (http://morpheus.gitlab.io; Starruss et al. Bioinformatics 2014, PMID: 24443380). The
modeling framework allows us to follow the dynamics and motility of individual cells while
accounting for intra- and extracellular processes. Recapitulation of the tissue structure was
achieved by segmenting microscopy images of cross sections of the SMG using Ilastik
Version1.3.3.pos3 (https://www.ilastik.org, Berg et al. Nat. Methods 2019, PMID: 31570887). Duct
structures extracted as binary masks were considered as background and populated by epithelial
cells within Morpheus. The model considers the cellular turnover and infection of immobile
epithelial cells, intracellular viral replication within infected cells, as well as export and diffusion of
extracellular virus. Endogenous CD4+ and M25 CD4+ T cells are able to infiltrate the tissue and
release IFN upon encounter of APC or infected cells dependent on the scenario, thereby inhibiting
viral replication within infected cells. All processes of cell proliferation, death, infection and
infiltration follow stochastic processes, which were parameterized according to experimental data
from the literature or current observations within this study. For some of the processes where
reliable measurements are missing, parameter sweeps were performed with model results
challenged against the experimental data to evaluate reasonable parameterizations. Sensitivity of
results with regard to selected parameter combinations were performed. For computational
efficiency, only a small section of 800×800 m2 of the SMG tissue was simulated, with the actually
observed 2D-tissue cross sections being 31-39-fold larger (e.g. ~20-25 mm2). Therefore, our
simulations generally provide a semi-quantitative representation of the experimentally observed
dynamics. Due to the relatively small tissue area simulated, higher infection rates were considered
in order to still be able to characterize spatial relationships of infected and immune cells.
Otherwise, approximately only 1 in XX simulations would contain one infected cell during the peak
of the infection.

61

Statistical analysis
Statistical significance was determined by two-tailed unpaired t test, 2way Anova with post hoc
Tukey’s multiple comparisons test, or two-tailed Pearson correlation using GraphPad Prism
(Version 8.2, La Jolla, CA, USA) with *P< 0.05, **P< 0.01, ***P< 0.001 and ****P< 0.0001.
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Table 1: Flow cytometry antibody list (Surface & Intracellular staining)
Marker

Fluorochrome

Manufacturer

Clone

Catalog #

RRID

Conc

B220

PE-Cy7

Biolegend

RA3-6B2

103222

AB_313005

0.4 μg/ml

B220

BV510

Biolegend

RA3-6B2

103247

AB_2561394

1 μg/ml

B220

FITC

Biolegend

RA3-6B2

103206

AB_312991

1 μg/ml

B220

PE

Biolegend

RA3-6B2

103208

AB_312993

0.4 μg/ml

B220

APC

Biolegend

RA3-6B2

103212

AB_312997

0.4 μg/ml

CD11a/CD18
(LFA-1)

PE-Cy7

Biolegend

H155-78

141011

AB_2564307

1 μg/ml

CD11c

FITC

Biolegend

N418

117306

AB_313775

2.5 μg/ml

CD279
(PD-1)

PE-Cy7

Biolegend

29F.1A12

135215

AB_10696422

1 μg/ml

CD3

PE-Cy7

Biolegend

145-2C11

100320

Ab_312685

1 μg/ml

CD3

FITC

Biolegend

145-2C11

100306

AB_312671

1 μg/ml

CD31

PE-Cy7

Biolegend

390

102418

AB_830757

0.3 μg/ml

CD326
(EpCAM)

AF647

Biolegend

G8.8

118212

AB_1134101

0.8 μg/ml

CD4

BV421

Biolegend

RM4-5

100544

AB_11219790

1 μg/ml

CD4

BV605

Biolegend

RM4-5

100548

AB_2563054

1 μg/ml

CD44

BV510

Biolegend

IM7

103044

AB_2650923

1 μg/ml

CD45.1

PE

Biolegend

A20

110708

AB_313497

0.4 μg/ml

CD45.1

APC

Biolegend

A20

110714

AB_313503

0.4 μg/ml

CD45.2

FITC

Biolegend

104

109806

AB_313443

0.4 μg/ml

CD49d

FITC

Biolegend

R1-2

103606

AB_313037

2.5 μg/ml

CD62L

PerCP

Biolegend

MEL-14

104430

AB_2187124

1 μg/ml

CD69

PE-Cy7

Biolegend

H1.2F3

104512

AB_493564

1 μg/ml

CD69

FITC

BD
Biosciences

H1.2F3

55326

.

2.5 μg/ml

CD8a

PerCP

Biolegend

53-6.7

AB_893423

1 μg/ml

CD8a

APC

Biolegend

53-6.7

100712

AB_312751

1 μg/ml

CXCR3

BV421

Biolegend

CXCR3-173

126521

AB_10900974

1 μg/ml

F4/80

AF647

Biolegend

BM8

123122

AB_893480

2.5 μg/ml

I-A/I-E
(MHCII)

PerCP

Biolegend

M5/114.15.2

107624

AB_2191073

0.4 μg/ml

NK1.1

PE

Biolegend

PK136

108708

AB_313395

1 μg/ml
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100732

NK1.1

PE-Cy7

Biolegend

PK136

108714

AB_389364

1 μg/ml

IFN

APC

Biolegend

XMG1.2

505810

AB_315404

1 μg/ml

TNF

FITC

Biolegend

MP6-XT22

506304

AB_315425

5 μg/ml

Table 2: Microscopy antibody list (primary antibodies)
Marker

Fluorochrome

Manufacturer

Catalog #

Clone

Concentration

CD4

AF647

Biolegend

100530

RM4-5

5 μg/ml

CD4

-

BD Biosciences

550280

RM4-5

2.5 μg/ml

CD8

BV421

Biolegend

100738

53-6.7

4 μg/ml

E-Cadherin

AF647

BD Biosciences

560062

36/ECadherin

n/a, 1/125
dilution

GFP/ EYFP

-

Clontech
Laboratories

632592

n/a

n/a, 1/200
dilution

RFP

-

Rockland
Immunochemicals

600-401-379

n/a

n/a, 1/200
dilution

CD45.1

AF647

Biolegend

A20

110720

5 μg/ml

Table 2.1: Microscopy antibody list (secondary antibodies)
Host, Target

Fluorochrome

Manufacturer

Catalog #

Clone

Concentration

Goat, anti-rat

AF488

Thermo Fisher
Scientific

A-11006

polyclonal

10 μg/ml

Goat, anti-rat

AF555

Thermo Fisher
Scientific

A-21434

polyclonal

10 μg/ml

Goat, anti-rat

AF647

Thermo Fisher
Scientific

A-21247

polyclonal

10 μg/ml

A-11034

polyclonal

10 μg/ml

A-21429

polyclonal

10 μg/ml

Goat, antirabbit
Goat, antirabbit

Thermo Fisher
Scientific
Thermo Fisher
Scientific

AF488
AF555

L5p2515a33a29o91
Table 3: General information to volumetric images
Dataset

Fig. 4.6b

Fig. 4.6c

Suppl. Fig. 4.7a

Suppl. Fig. 4.7b

FOV1 from SMG

FOV2 from SMG

FOV1 from SMG

FOV1 from SMG

0.0405

0.0405

0.0405

0.0405

2

2

2

2

Number of CD4+ T
cells

5534

5442

5534

5534

Number of MCMV
associated sites

31

55

31

31

Description
Total imaged
volume (mm3)
Number of
channels

64

L5

Table 4: Technical information to volumetric imageso91
Surface/ Spots creation paramaters
Surface/
Spots
name

Source
Channel

Smoothing:
Surface
details (μm)

Background
Subtraction:
Diameter of
largest sphere

Absolute
intensity
threshold

Split touching
objects: Split
seed diameter
(μm)

Quality
threshold

Voxel
number
threshold

Diamers
(spots)

Suppl. Fig. 4.7a
MCMV
surfaces

MCMV3DR

0.3

9.00

11.6

7

3.29

19-1160

-

CD4
spots

CD4
AF647

-

true

-

-

2

-

5.5
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4.7 Supplementary Figures
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Supplementary Figure 4.1: Kinetics and phenotypic characterization of M25 CD4+ T cells. a) Representative flow
cytometry contour plots showing frequency of SG-localized CD4+ and CD8+ T cells in naïve WT B6 mice and upon
MCMV-GFP infection (left) with total T cell counts (middle) and viral loads (right) in the SGs (n = 9 – 10 mice). b)
Representative flow cytometry contour plots of the SGs, spleens and lungs showing endogenous CD45.2 + CD4+ T cells
and adoptively transferred CD45.1+ M25 CD4+ T cells. c) Total numbers of M25 CD4+ T cell counts in the SGs and
spleens one week post transfer into naïve or four weeks-infected B6 mice (n = 9 – 10 mice). d) Viral loads in the SGs,
spleens and lungs at indicated time points post MCMV-GFP infection (n = 8 mice). e) Combined kinetics of SGsinfiltrating endogenous CD45.2+, adoptively transferred CD45.1+ M25 CD4+ T cells, and viral burden in the SGs (n = 7
– 9 mice). f) Percentage of PD-1+ and CD69+ CD4+ T cells in the SGs. g) Percentage of CXCR3+ CD4+ T cells in various
organs at day 8 post MCMV-GFP infection (n = 9 – 12 mice). h) Kinetics of viral loads in the SGs upon MCMV-3DR or
MCMV-GFP infection (n = 8 – 9 mice). i) Percentage of Nur77GFP+ M25 CD4+ T cells (left) and MFI of Nur77GFP on
M25 CD4+ T cells (right) in SGs, spleens and lungs at day 8 and 14 post MCMV-3DR infection (n = 9 – 10 mice). Data
in a and c – i are shown as mean ± SD and pooled from two independent experiments. Each symbol represents an
individual mouse. Statistical significance was determined using single (a and f) or multiple (c, g and i) unpaired twotailed t test. ****P<0.0001, ns = not significant.

a)

Supplementary Figure 4.2. IFN production by SG-localized M25 CD4+ T cells. a) Percentage of CD69+ cells (left)
and IFN+TNF- M25 CD4+ T cells (right) 3h or 6h post M25 peptide administration or DMSO control in the SGs at day
8 post MCMV infection.
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+

+

M25 CD4

Supplementary Figure 4.3. Spatial localization of endogenous CD4+ and M25 CD4+ T cells in the SGs. a) Example
of a four color field of view (FOV) (left, scale bar = 50 μm) of an entire cross section (ECS) with magnified region (middle,
top) split in 4 single color channel images (right, scale bar = 50 μm). CD4 +RFP+ M25 CD4+ T cells are indicated by white
and GFP+ sites of viral replication by yellow arrowheads. b) Example of the right SG lobe (left, scale bar = 500 μm) with
magnified region (right, scale bar = 100 μm); perimeters of the submandibular and sublingual gland, SMG and SLG
respectively, are indicated by dotted lines. c) Area of SMGs and SLGs. d) Image processing procedure: i) Tissue
Annotation (i.e. SMGs and SLGs), ii) unmodified, original FOV within the SMGs and iii) after applying cell segmentation
and phenotypic characterization (HighPlex FL module), iv) application of the HighPlex FL module to the whole
annotation layer (i.e. SMGs), v) “Reduced” image consisting of extracted endogenous CD4 + and M25 CD4+ T cells from
total cells together with infection foci, vi) Nearest neighbor analyses between endogenous CD4 + or M25 CD4+ T cells
and infection foci and vii) representative histogram of overall distances between endogenous CD4 + and M25 CD4+ T
cells and infection foci.
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Supplementary Figure 4.4. Spatial localization of endogenous CD4+ and M25 CD4+ T cells in the SGs a)
Correlation between the number of infection foci per ECS and the percentages of M25 CD4 + T cells being within 300
μm to these foci. Highlighted orange dot represents an ECS with an unusual high percentage of M25 CD4 + T cells
residing in close proximity to a relative small number of infection foci. b) FOV of the orange marked ECS showing M25
CD4+ T cells close to two of the total three of present sites of viral replication. c) I.v. labeling of M25 CD4+ T cells in
various organs. MACS purified, RFP expressing M25 CD4 + T cells were adoptively transferred into naïve WT B6 one
day prior MCMV-GFP infection. At day 8 post MCMV-GFP infection, 3 μg of anti-CD45.1 antibody was injected i.v. 3
min prior harvest. M25 CD4+ T cells were identified by the RFP signal. Upper row: Gating strategy, lower row:
Representative flow cytometry contour plots of SGs, SG draining LNs and blood. Plots are representative of n = 5 mice
from one experiment. Scale bar in b = 500 m (left) and 100 m (right).
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CD8
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Supplementary Figure 4.5. IFNγ production by CD4+ T cells in MCMV-3DR infected SGs. a – c) Representative
flow cytometry contour plots showing gating strategy. a) Frequencies of EYFP+ cells in naïve WT Great mice or upon
MCMV-3DR infection. b and c) Further subgating of the EYFP+ cell fraction. d) Representative flow cytometry contour
plots of MCMV-3DR infected SGs showing gating strategy to determine the percentage of EYFP + cells within CD4+,
CD8+ and NK1.1+ cells. e) Percentage of CD4+ and CD8+ T cells within CD3+ cells in naïve and MCMV-3DR infected
Great mice. f) Representative flow cytometry contour plots of Nur77GFP expression in CD4+ and CD8+ T cells in naïve
and MCMV-3DR infected Great mice. g) Example of a four color FOV of a Nur77GFP mouse-derived SG 14 days post
MCMV-3DR infection (left). Single color channel images (middle), merged two color CD4/GFP (right, upper row) and
CD8/GFP (right, lower row) images. Magnified region (yellow frame) region split in four single color channel images.
Data in e) are shown as mean ± SD of n = 3 and n = 8 infected Great mice pooled from 2 independent experiments.
Statistical significance in e) was determined using multiple unpaired two-tailed t test. ****P<0.0001, ns = not significant.
Scale bar in g = 50 μm or 20 μm.
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Supplementary Figure 4.6. Assignment of MCMV-3DR infected cells in the SGs. a) Example of a three color FOV
of a CD11cYFP-Prox1morange2 mouse-derived SG 14 days post MCMV-3DR infection (left, scale bar = 200 µm) with
magnified regions (right, scale bar = 20 µm (top) and 10 µm (bottom) ) at indicated z-positions. b) Magnified region of
a) at sequential z-planes without (upper row) or with (lower row) MCMV-3DR encoding mcherry signal (scale bar = 20
µm). Yellow and white arrowheads in a) and b) indicate incorporation of possible remnants of previously infected cells
in CD11c+ cells and large actively infected E-Cadherin+ cells, respectively. Yellow asterisks in b) show two neighboring
MCMV-3DR infected E-Cadherin+ cells.
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Supplementary Figure 4.7. 3D confocal imaging of MCMV-3DR infected SGs. a) Segmentation process for spatial
analysis. From left to right: Unprocessed 3D reconstruction, post-segmentation of MCMV signal as surfaces, postsegmentation of CD4 signal as spots and CD4+ T cells within 50 um to next site of viral replication. Scale bar = 50 µm.
b) Morphological variability of MCMV-3DR-associated mcherry signal, ordered by size from top left to down right (scale
bar = 10 µm), and including remnants as well as actively infected cells. c) Representative two color channel image of a
CD11b+ cell with phagocytosed virus-associated cargo.
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Supplementary Figure 4.8. CXCL9 and CXCL10 expression in MCMV infected SGs. a and b) Representative flow
cytometry contour plots showing gating strategy of (a) and CXCL9 and CXCL10 expression levels (b) in defined nonhematopoietic cell compartments 15 days post MCMV-GFP infection c) Percentage of CXCL10+ non-hematopoietic
cells at indicated time points. d) Representative flow cytometry contour plots (left) and percentages (middle & right) of
CXCL9 and CXCL10+ CD11c+MHCII+ cells at indicated time points post MCMV-GFP infection in the SGs and spleen.
e) Representative histogram of F4/80 expression levels in CD11c +MHCII+ cells. Data in c and d are shown as mean ±
SD of n = 6 - 8 Rex3 mice pooled from two independent experiments. Each symbol in c and d represents the mean of
pooled mice. Statistical significance was determined using 2way Anova with post hoc Tukey’s multiple comparisons test
(c) or multiple unpaired two-tailed t test (d). ****P<0.0001, ns = not significant.
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Supplementary Figure 4.9. Impact of IFN-deficient CD4+ T cells on the expression CXCL9 and CXCL10 in MCMV
infected SGs. a) Experimental approach. T cells from spleens of naïve WT B6 (IFN+/+) and IFNKO (IFN-/-) mice were
purified using anti-CD4 or anti-CD8 MACS beads. 3.5x106 IFN competent (IFN+/+) or IFN deficient (IFN-/-) CD4+ T
cells and 106 IFN competent CD8+ T cells were adoptively co-transferred into naïve Rex3 x TCR-/- or TCR-/- mice
seven days prior MCMV-GFP infection. Flow cytometric and microscopic analyses of CXCL9 and CXCL10 expression
were performed 14 dpi, viral burden was evaluated 14 and 45 dpi. b) Total numbers of CD4+ and CD8+ T cells in the
SGs 14 dpi. c) Percentage (upper row) and MFI (lower row) of CXCL9 and CXCL10 expression in indicated nonhematopoietic cell types in the SGs 14 dpi. d) Percentage of CXCL9+ and CXCL10+ CD11c+MHCII+ cells in the SGs
and spleen 14 dpi. Data in b - d are shown as mean ± SD of n = 5 - 8 Rex3 x TCR-/- mice pooled three independent
experiments. Each symbol represents an individual mouse. Statistical significance was determined using multiple
unpaired two-tailed t test (b), or 2way Anova with post hoc Tukey’s multiple comparisons test (c & d). *P<0.05, ns = not
significant.
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Supplementary Figure 4.10. CXCR3-mediated recruitment of T cells to sites of CXCL9 and CXCL10 expression
in MCMV infected SGs. a) Experimental approach. T cells from spleens of naïve WT B6 (CD45.1 +, CXCR3+/+) and
CXCR3-/- mice (CD45.2+) were purified using anti-CD4 or anti-CD8 MACS beads. 3x106 CXCR3 competent
(CD45.1+CXCR3+/+) and CXCR3 deficient (CD45.2+CXCR3-/-) CD4+ T cells, together with 106 CXCR3 competent CD8+
T cells, were adoptively co-transferred into naïve Rex3 x TCR-/- mice seven days prior MCMV infection. Flow cytometric
and microscopic analyses were performed 14 dpi. b) Representative flow cytometry contour plots of CD45.1 +(CXCR3+/+)
and CD45.2+ (CXCR3-/-) CD4+ T cells and c) CD49d+LFA-1+ CD4+ T cells in the SGs 14 dpi. Graphs in b) and c) are
representative of n = 4 mice from one independent experiment.
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5. Discussion
5.1 Versatile facets of CMV
CMV, a prototypic member of the herpesviridae family, is a ubiquitous pathogen that has coevolved with its respective hosts over thousands of years to establish successfully a lifelong
persistence. Depending on age, sex, ethnicity, socioeconomic status, and geographic area, over
90% of the human population is seropositive for HCMV. In this regard, control of acute primary
CMV infection, which represents the productive state of continuous infectious virus production, is
not considered as eliminated. Quite in contrary, this large double-stranded DNA virus has acquired
various species-specific, sophisticated strategies to remain indefinitely in mammals. The transition
into viral latency after acute infection is one key characteristic for all herpesviruses that follows the
resolution of the primary infection, allowing them to survive in absence of lytic viral replication.
This nonproductive condition is known to be “dormant” or “silent”, as full viral genome generation
of new viral particles is abandoned due to a transient transcriptional and translational stop of viral
gene expression. This type of persistent infection differs from chronic viral infections such as HIV
or Hepatitis C infection, which are characterized by active viral replication, thereby allowing
antigen exposure that challenges the immune system daily. Nevertheless, CMV reactivation
events from viral latency are commonly observed in immunocompromised HIV patients, and in
BM or solid organ transplant recipients that receive immunosuppressive agents, thereby
potentially causing severe clinical manifestations in these individuals. In case of the latter, the
virus may originate from the donor, recipient, or both, and can induce three types of infection:
primary, reactivation or reinfection, which cause high viral load and potential end-organ diseases
with the highest risk in primary infections and the lowest upon reactivation. Although there are
currently four clinically approved and licensed antiviral drugs for the treatment/ prevention of CMV
infections/ reoccurrence available, namely ganciclovir, valganciclovir, foscarnet, and cidofovir,
these medicaments are associated with toxicity (e.g. neutropenia and nephrotoxicity), poor
bioavailability, and have the potential to develop resistance150,151. Hence, new safe, preventive
and effective solutions are required that address current unmet medical need. Maribavir,
brincidofovir and letermovir are promising new drug candidates in clinical phase studies for preemptive therapy against HCMV in allogeneic stem cell transplant recipients152–156.
Compared to susceptible people with weak immune functions, HCMV infection in healthy,
immunocompetent individuals proceeds mostly asymptomatically, hence being of subclinical
nature.
78

In order to lifelong coexist with their hosts, CMV acquired a variety of virus-beneficial properties
and pursued different strategies that are of paramount importance. In case of MCMV, targeting
the SGs as preferred mucosal tissue for prolonged viral replication, persistence, and site of
horizontal transmission using the saliva as vehicle, is one key factor for “the survival of the fittest”.
Due to the fact that the SGs represent a “privileged” site with rarely existing immune surveillance
(i.e. very low frequencies of immune cells in homeostasis) and with the majority of cells being nonmotile and of non-hematopoietic origin with general low MHC class I molecules on their surface,
provide an ideal environment for initial viral settlement. Moreover, MCMV possess an enormous
repertoire of genes that can either manipulate (e.g. expression of MHC class I homolog), dampen
(e.g. mutations within the m157 gene locus), or even completely evade immune recognition (e.g.
expression of MHC class I evasion genes m04, m06 and m152).
Generally, the broad cell tropism allows CMV to infect several different cell types, thereby
increasing the chances for sustained high viral genome copies in the hosts. Furthermore, the strictspecies specificity prevents the realization and interpretation of efficient pre-clinical in vivo mouse
studies in which gained knowledge might be translated into the clinical setting. This is because
MCMV and HCMV have evolved in phylogenetic rather diverse and non-related hosts, which
automatically influence their genome variability and relatedness, and thus being responsible for
host-adapted mutations. Regarding this matter, usage of humanized mouse models or more
closely related species such as rhesus macaques provide appropriate alternatives to overcome
this limitation.
Nevertheless, infection of mice with MCMV is a widely used and accepted animal model of HCMV
to investigate specific host-pathogen interactions in vivo.

5.2 Requirement of IFNsecreting CD4+ T cells during acute
MCMV infection in the SGs
The requirement of CD4+ T cells to support cytotoxic CD8+ T cell functions during viral infections
has been highly investigated over the last 30 years. First studies performed in the 80’s have shown
that the absence of CD4+ T cells to mount an appropriate CD8+ T cell response against various
intracellular pathogens had negligible consequences on virus control and elimination. In this
regard, depletion of CD4+ T cells by monoclonal antibodies had minor effects on virus-specific
cytotoxic T lymphocyte (CTL) responses against LCMV infection and associated virus control,
however, caused a substantial reduction of the humoral antiviral antibody response157. In another
study, CD4+ T cell lacking B6 mice immunized with sheep red blood cells or infected with
mousepox causing ectromelia virus, revealed significant reduced levels of early immunoglobulin
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M as well as later emerging neutralizing antibodies, indicating extenuated antibody production.
However, CTL activities were neither impaired upon ectromelia virus infection in mice devoid of
functional CD4+ T cells nor did overall virus control kinetics alter signficantly158. In case of HSV,
virus-specific CTLs were induced in a CD4+ T cell-deficient environment and revealed even
increased cytotoxic properties that enable them to protect the central nervous system from
infection159. These observations demonstrated an underrated and dispensable function of CD4+ T
cells in various viral diseases, suggesting further a rather supportive and orchestrating role than
directly influencing the effectiveness of antiviral immune responses. Along with the depletion of
specific lymphocytes using rat monoclonal antibodies160, adoptive transfer of particular immune
cells into infected hosts represents an additional effective tool to study the impact of specific T
lymphocytes on virus control and clearance121,124. Regarding the latter, the reconstitution of
antiviral immunity in immunosuppressed patients post hematopoietic stem cell or solid organ
transplantation by the adoptive transfer of sensitized, virus-specific T cells or T cell clones, is not
only seen as promising approach to prevent and treat specifically CMV disease, but also as an
effective immunotherapy in multiple viral diseases and cancers126–128,161–164.
Jonjić et al. made use of adoptive transfer experiments by assessing the necessity of CD4+ and
CD8+ T cells during MCMV infection in mice132,141. By employing an experimental design of
“cytoimmunoprophylaxis” in which whole-body -irradiated mice serving as immunocompromised
animal model124,165 were restored with CD4+ T cell–deficient splenocytes from latently MCMV
infected mice, they aimed to address the potential requirement of CD8+ T cells in organ-specific
virus control. In doing so, they asked whether 1.) a functional CD8+ T cell response can be
generated in the absence of the CD4+ T cell population and 2.) if virally triggered CD8+ T cells are
able to maintain a long-lasting antiviral immune control141. Of note, whereas previous reports
assigned a pivotal role to the CD8+ T cell subset in substantially reducing viral burden in
immunocompromised mice, their protection radius was restricted to AGECs of the salivary glands.
Of importance, one key limitation of this study is that virus-exposed CD8+ T cells in absence of
CD4+ T cells might have developed phenotypically and functionally different compared to the ones
being formed during MCMV infection in presence of CD4+ T cells. This means that at the time
point of harvest and adoptive transfer, these cells might differ in their potential to execute an
appropriate immune response. A following study by this group used the same experimental
approach to investigate the antiviral properties and protection capacities of adoptively transferred,
virally-primed CD4+ T cells, in sublethally irradiated, MCMV infected mice132. Again, protection
occurred in most organs, even if mice were lacking CD8+ T cells, indicating that under certain
circumstances, CD4+ and CD8+ T cells can compensate for each other. This shows that control of
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MCMV infection in different visceral organs, such as the spleen or the lungs, proceeds with similar
kinetics if one of the two T cell populations is missing, assuming a rather redundant role of both T
cell subsets.
These two scientific articles belong to the first reports that ascribed a unique role of the CD4+ T
cells to MCMV control in the SGs. Although other tissues could compensate for the loss one T cell
subtype with the other, the SGs responded quite susceptible to a selective CD4+ T cell depletion.
Nevertheless, the underlying mechanism how CD4+ T cells confer protection and inhibit ongoing
infectious virus production remained unknown.
In this regard, Lučin et al. identified the pro-inflammatory cytokine IFN as a crucial component of
the antiviral immunity against MCMV. Although systemic neutralization of this key cytokine
remarkably hampered MCMV-directed effector functions and led to elevated viral loads in the SGs,
comparable to a CD4+ T cell depletion, it surprisingly hardly interfered with the antiviral activities
of the CD8+ T cells in the lungs and spleens. Of note, IFN-treated mice were not constricted to
generate a normal antibody response upon MCMV infection and showed a normal maturation
process of CD8+ T cells. However, systemically administered recombinant IFN could not rescue
this phenotype, indicating that IFN alone cannot substitute the broad spectrum and quality of
CD4+ T cell-mediated immune responses142. Together with a following study143, it was
hypothesized that IFN might only possess supportive properties, such as inducing the expression
of IFN-downstream signaling targets (e.g. MHC class I and I molecules) on IFN-sensing cells,
but not directly inhibit the production and spread of infectious virus per se.
More recently, the adoptive transfer of in vivo activated M25-specific CD4+ T cells, which recognize
the I-Ab-restricted immunodominant epitope M25aa411 – 425166,167, into immunocompromised mice
revealed substantial protection capacities during acute phase of MCMV infection. Viral loads were
significantly reduced in various organs, including the SGs, with improved efficiency by transferring
a larger number of M25 CD4+ T cells. Furthermore, a functional IFNsecretion and sensing
strengthened the protective effect, as M25 CD4+ T cells reconstituted IFNR-/- mice were unable
to control infection. This disproved previous assumption that CD4+ T cell released IFN owns “just”
a supportive and organizational role by having an impact on other immune cells, and contrariwise
demonstrated that it exerts direct antiviral effector functions. In this regard, we were able to show
that the recognition of the cognate M25 peptide by adoptively transferred M25 CD4+ T cells in the
SGs induced the secretion of considerable amounts of IFN in a TCR-dependent manner.
Furthermore, these TCR tg CD4+ T cells revealed an antigen-experienced, MCMV-specific
phenotype (see section 4.3).
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A few years before, Senta Walton et al. attributed crucial IFN sensing cells in the SGs to the nonhematopoietic compartment, using mixed bone marrow chimeras148. They could show that IFNRsignaling on hematopoietic cells is dispensable for virus control and that actively infected AGECs
have reduced surface expression levels of MHC class I and II molecules. This latter observation
is of particular importance since it suggests that rather a different mechanism than the direct
recognition of infected AGECs is responsible for the induction of antiviral immune responses. In
fact, they observed a faint reporter fluorescence signal of the virus, which they could partially
assign to CD11c+ APCs within infiltrates of T cells. Hence, they concluded that the engulfment of
these referred to as “apoptotic bodies” or “remnants” from previously infected, dying cells
represents a crucial phagocytic process that initiates potent adaptive immunity by allowing the
presentation of viral antigens on MHC class II complexes to CD4+ T cells. In line with this finding,
we demonstrated that antigens are indeed not directly recognized on actively infected AGECs, but
rather on closely located phagocytes, such as DCs and macrophages, which had engulfed virus
harboring cell debris. We observed a distinct clustering of primarily TCR signaling positive, IFN
producing CD4+ T cells around these “remnants”, demonstrating antigen recognition in short
distance to sites of active viral replication (see section 4.3). Interestingly, Felix Stahl et al. made a
similar observation by identifying virus containing cell debris derived from apoptotic cells within
unique “nodular inflammatory foci” (NIF) in MCMV infected neonatal lungs 168. These NIF
represented not only niches for prolonged viral replication, but also sites of antigen-mediated T
cell activation and subsequent virus eradication, and were mostly composed of CD11c+, CD11b+
and F4/80+ myeloid cells. Here, remnants of previously infected cells were found within the
different cells of myeloid lineage and thus assumed being the result of phagocytic activities.
Furthermore, these discrete inclusions of cargo derived from actively MCMV-infected cells would
provide an ideal antigen source, which in the context of MHC class I and II molecules, can trigger
a proper T cell response. Of note, the formation of NIFs is crucial to limit viral burden and spread,
and further constitutes an environment that curtails infection and enables protective antiviral
immune effector functions169. Moreover, IFN competent T cells were required for efficient virus
control, whereas perforin-deficient T cells had no noteworthy consequences on virus control
kinetics in MCMV infected adult lungs.
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5.3 IL-10 provokes organ-wide virus persistence
The MCMV-specific CD4+ T cell immune response is complex, functionally diverse, and exhibits
a wide specificity for various MCMV-related antigenic peptides with different kinetics. As in the
previous chapter mentioned, control acute MCMV infection is mediated by a pronounced proinflammatory IFN and TNF response of Th1 CD4+ T cells, peaking around day 8166,167.
Furthermore, within the huge pool of peptides with antigenic properties, the M25 peptide was
identified as immunodominant MCMV epitope, eliciting the strongest CD4+ T cell-specific immune
response in all organs. Whereas most induced antiviral immune effector functions by CD4+ T cells
displayed “classical” expansion and contraction kinetics, revealing fewer and more stable
frequencies of IFN and TNF producing CD4+ T cells over time, the m09aa133-147 peptide-specific
CD4+ T cell responses displayed unusual “inflationary” characteristics, comparable to those
observed in the CD8+ T cell counterpart170–172. However, most of these viral peptide-triggered CD4+
T cell immune responses are not only of pro-inflammatory nature, but also include immuneregulatory IL-10 responses, which facilitate virus persistence at mucosal site such as in the SGs.
In this regard, expression of this soluble, immunomodulatory protein is not only elevated on a
transcriptional level in MCMV infected SGs, as shown by quantitative real-time polymerase chain
reaction of SG-derived extracts, but is also elevated on a protein level as observed upon antigenunspecific ex vivo stimulation. Of note, CD4+ T cells are the predominant cellular source of IL-10
production, whereas CD8+ T cells and non-T cells do not produce notable amounts of this cytokine.
Interestingly, most IL-10 expressing CD4+ T cells are FoxP3 negative, thus representing rather
type 1 regulatory T cells than conventional regulatory T helper cells (Tregs)173–175. Moreover, the
gradually increasing IL-10 levels accompany viral replication in the SGs, assuming an actively
induced process by MCMV. Hence, blockade of IL-10 receptor signaling, or the usage of IL-10KO
mice, does not only result in increased numbers of CD4+ T cells in the SGs, but also in heightened
frequencies of IFN-secreting CD4+ T cells that account for the substantially reduced viral
burden176. However, the exact mechanism how IL-10 directly impinges on CD4+ T cell responses
is still not fully understood, as it exerts pleiotropic effects on many cell types. In this regard, we
have previously shown that virally triggered IL-10 production might interfere with the bidirectional
NK/ DC crosstalk, leading to an inefficient priming of MCMV-specific CD4+ T cells177. In contrast
to this, a recent report by Clement et al. identified specifically IL-10 deficient CD4+ T cells as key
contributors to improved virus control178. In this regard, major inducers of the IL-10 production in
the spleen were IL-27 (a member of the IL-12 family) and type I interferons, whereas ICOS costimulation was required for IL-10 expression in the SGs. This discrepancy between peripheral
and mucosal sites demonstrates that CMV exploits a variety of immune-regulatory signals and
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pathways to promote IL-10 production in different anatomical locations. Moreover, these findings
are in line with another publication by Wehrens et al., which further reveals different phenotypic
and cytotoxic effector properties between CD4+ T cells in IL-27RKO and WT B6 mice, highlighting
a novel important role of IL-27 signaling in CMV persistence179.
In general, the IFN/ IL-10 ratio is a key factor that determines virus control and pathology. A
balanced production of this anti-inflammatory cytokine during MCMV infection is of particular
interest for both parties, the host and the virus. In this regard, IL-10 is beneficial for continuous
production of infectious MCMVs in the SGs by inhibiting the release of pro-inflammatory cytokines
and the expression of MHC class I/II and costimulatory molecules on APCs, but it also prevents
immunopathology in the host, which can be triggered by an excessive IFN production180–182.
Therefore, MCMV-induced secretion of IL-10 by primarily infiltrating CD4+ T cells in infected SGs
represents an essential survival strategy of the pathogen with immune-suppressive properties,
and hence facilitates accelerated and prolonged viral replication in this glandular tissue. Its
significance is not least reflected by the presence of a viral IL-10 homolog in HCMV183. In case of
chronic persistent infection in mice such as LCMV, IL-10 is critical for maintaining organ-wide T
cell exhaustion and elevated viral burden184. A few years ago, Almanan et al. investigated the
tissue-specific contribution of Tregs in MCMV reactivation events185. Interestingly, Tregs executed
opposing effects in different anatomical locations harboring latent MCMV genomes. Whereas the
deletion of lineage defining FoxP3 positive Tregs resulted in increased MCMV reactivation events
in the SGs, it conferred enhanced virus control in the spleen by preventing reoccurring lytic viral
replications. In case of the former, this observation is quite unexpected since Tregs produce high
amounts of IL-10. However, we and others not only identified a low frequency of FoxP3 positive
CD4+ T cells within the total CD4+ T cell pool in acutely MCMV infected SGs, but also that half of
the FoxP3 negative CD4+ T cells produce IL-10 two weeks post infection (data not shown). This
assumes a rather negligible role of Tregs in the SGs during acute phase of MCMV infection. In
contrast, Tregs seem to be more important during MCMV latency in the SGs as they suppress the
IL-10 production from FoxP3 negative CD4+ T cells. However, the exact mechanism how Tregs
interfere with the IL-10 secretion remains elusive. Moreover, this finding raises the question if Treg
manipulation is a useful therapy in latent HCMV infection as it might illustrate a double-edged
sword.
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5.4 CXCR3 - CXCL9/CXCL10 axis
Chemokines (chemotactic cytokines) constitute a large family of signaling proteins that serve as
chemoattractants to guide the migration of cells. They mediate recruitment of particular immune
cells to sites of inflammation, are involved in T cell maturation and differentiation in the LNs, and
allow recognition of foreign antigens in order to initiate immune responses. Commonly, they are
divided into two separate groups: Inducible chemokines that are produced temporally and locally
during inflammation, and homing chemokines that are constitutively present in specific lymphoid
organs, such as BM, thymus, LNs and spleen. Moreover, based on the relative position of their
first two cysteine residues, CC-, CXC-, C- and CX3C chemokines represent four distinct
subfamilies88,186. In this regard, the first two cysteine residues in CC chemokines are adjacent to
each other whereas the CXC chemokines possess one amino acid (=X) in between187,188.
The chemokine receptor CXC motif 3 (CXCR3), a known member of the CXC chemokine receptor
family, is predominantly expressed on activated T helper CD4+ and cytotoxic CD8+ T cells189–191,
and to a minor extent also on innate NK and NKT cells192,193. Of note, the selective and restricted
expression of this seven transmembrane-spanning G protein-coupled chemokine receptor on cells
of the lymphoid lineage, primarily on Th1-polarized CD4+ T cells and effector CD8+ T cells194,195,
has already suggested decades ago its implication in various medical conditions, such as in
cancer, autoimmunity or infections196. CXCR3 binds to three IFN-inducible chemokines, namely
CXCL9197 (MIG: Monokine induced by -interferon), CXCL10198 (IP-10: Interferon-induced protein
of 10 kDa) and CXCL11199 (I-TAC: Interferon-inducible T cell  chemoattractant) with the strongest
binding affinity for the latter, followed by CXCL10 having intermediate affinity, and CXCL9 with the
lowest affinity199–201. Whereas IFNsignaling strongly induces CXCL9 expression (IFN>>>TNF),
CXCL10 can also be upregulated by type I interferons (IFN/) or TNF (IFN>IFN/>TNF)202.
Of importance, CXCL11 is not expressed on a protein level in B6 mice due to a frame shift
mutation203. CXCR3 expression is tightly regulated by T-bet (T-box expressed in T cells), the
master transcription factor directing Th1 and CTL lineage commitment, and gets upregulated in
vitro under Th1-polarizing conditions204,205.
Initial studies have shown that T cells recovered from inflamed peripheral tissues in human
autoimmune disease such as rheumatoid arthritis and multiple sclerosis (MS) were highly enriched
for CXCR3 positive cells relative to those found in the peripheral blood192,206. In doing so, elevated
protein levels of CXCL10 were detected in cerebrospinal fluids of patients with acute MS, and in
MS lesions of brains207,208. Furthermore, increased levels of CXCR3 ligands CXCL9 and CXCL10
were found within sites of autoimmunity, assuming a CXCR3-dependent and CXCL9 and
CXCL10-mediated recruitment of T cells to these inflamed regions. This hypothesis was supported
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in mouse models as CXCR3 blockage, CXCL10 deficiency or CXCL10 neutralization interfered
with the migratory behavior of T cells209–211. Moreover, immunohistochemically analysis of biopsy
samples from patients with end-stage hepatitis C cirrhosis undergoing liver transplantation
revealed that infiltrating lymphocytes were mostly CXCR3 positive, accompanying the increased
protein levels of CXCL9 and CXCL10 in hepatitis C infected livers212.
Of note, CXCR3 expression on T cells facilitates the access of these immune cells to immuneprivileged sites, for instance brains, which are otherwise restricted for T cell entry. In doing so, the
CXCR3 – CXCL9/10 axis is involved in various neurological diseases caused by pathogens such
as toxoplasma gondii213, simian immunodeficiency virus214, West Nile virus (WNV)215 or
Plasmodium berghei ANKA216. Interestingly, chemokine-mediated recruitment of specifically CTLs
into the inflamed brain can result in opposing effects. In this regard, the infiltration of CXCR3
positive CD8+ T cells into WNV infected brains implicates beneficial outcomes by controlling WNV
encephalitis, whereas their presence favors the development of murine cerebral malaria during
Plasmodium berghei ANKA infection215,216. These observations indicate that the CXCR3
chemokine axis is of particular relevance in brain-associated medical conditions and that it further
represents a double-edged sword.
In contrast to neurological diseases where the infiltration of immune cells into the brains is mainly
responsible for the pro-inflammatory environment, chemokines occupy multifaceted roles in
cancer research. Leukocyte infiltration, primary tumor growth, angiogenesis or metastasis are key
steps in the tumor development, which are highly influenced by the presence of various
chemokines217. Of particular relevance, the protein levels of CXCL9 and CXCL10 within the tumor
microenvironment (TME) directly correspond to the number of tumor-infiltrating CD8+ T cells,
revealing enhanced recruitment and retaining properties of CXCR3 expressing immune cells in
CXCL9/10 rich tumors through cancer-triggered chemotaxis218. In this regard, the presence of high
densities of CTLs within the TME is associated with decreased cancer metastasis and overall
improved survival rate and clinical outcome in patients with ovarian cancer and colon cancer219–
222

. Of note, increased infiltration of effector immune cells can further upregulate the intratumoral

concentrations of CXCL9 and CXCL10 as they are IFN-inducible chemokines, thereby inducing
an amplification loop that limits tumor growth. More recently, it was shown that a functional CXCR3
– CXCL9/10 axis favors successful checkpoint inhibitor therapy by eliciting a protective immune
response that induces tumor regression. Importantly, the cooperation between CXCR3 expressing
T cells and the local secretion of CXCR3 ligands in the TME was necessary for efficient initiation
of an antitumor T cell response223–225.
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One important aspect of the CXCR3 chemokine system and its relevance in multiple diseases is
the frequently neglected spatiotemporal localization of different cell types. As antigen recognition,
followed by activation and exertion of effector functions by T cells, requires direct cell-cell contact
with antigen-loaded cells, the positioning of these cells within the tissues determines if a protective
immune response is elicited or not. In this regard, Groom et al. have shown that CXCR3 receptorligand interactions guaranteed the generation of Th1 differentiated, IFN producing CD4+ T cells
by promoting stable T cell-DC interactions in the LNs upon cognate antigen exposure226. This
chemokine-mediated guidance of T cells in the LNs was further confirmed to happen in recall
responses to viral antigens, substantiating the necessity and non-redundant role of specific
chemotactic cues in the execution of crucial immune responses227,228. Moreover, the potent role
of CXCR3 in locating and eliminating virally infected cells was not only shown in secondary
lymphoid organs such as in the LNs, but also at peripheral sites, namely in the skin. Here, Hickman
et al. revealed that CXCR3 expression on CD8+ T cells enabled directed engagement with and
elimination of vaccinia virus (VV) infected cells, leading to improved protection properties
compared to the CXCR3-deficient counterpart, despite equal T cell numbers in VV-infected
skins229. Furthermore, a recent report by Stolp et al. pointed a role of CXCR3 in the formation of
clusters of tissue-resident memory T cells (TRMs) juxtaposed to macrophages in the SGs,
suggesting the existence of CXCL9/CXCL10 “hotspots” at these sites. In this regard, depletion of
the macrophage network or the lack of CXCR3 expression on T cells had profound consequences
on the ability of TRMs to form these islets, highlighting further the necessity of macrophages and
chemokine gradients for T cell accumulations in this peripheral glandular tissue230. Interestingly,
and in line with the findings from Stolp et al., we observed a preferred clustering of CXCR3competent T cells at sites of CXCL9 and CXCL10 expression in MCMV infected SGs. In contrast,
CXCR3 lacking CD4+ T cells were rather evenly distributed, not showing any signs of directed
migration to these “CXCL9/10 hotspots”. This highly suggests that CXCR3 specifically guides T
cells to CXCL9 and CXCL10 expressing sites within virally infected SGs, further allowing antigen
recognition and the initiation of critical antiviral immune responses (see section 4.3).
These observations demonstrate that CXCR3 occupies a critical role in the positioning of
infiltrating immune cells, namely CD4+ and CD8+ T cells, in pathogen housed regions, and that the
absence of this selectively expressed CXC chemokine receptor might implicate major implications
on the hosts immune surveillance and control properties.
Although multiple studies assign a major role of CXCR3 to clearance of various viral threats by
guiding the migration of T cells to sites of infection and antigen sources, its function during MCMV
infection was reported to be surprisingly negligible. For instance, a report by Caldeira-Dantas et
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al. has shown that a deficiency of CXCR3 expression on particular MCMV-specific CD8+ T cells
neither had an impact on T cell infiltration nor affected the formation of TRMs in MCMV infected
SGs. This observation is rather unexpected, since transcripts of CXCR3 ligands CXCL9 and
CXCL10 were considerably increased in the SGs two weeks post MCMV infection compared to
uninfected SGs, which is mostly due to a virally induced, predominant IFN response. Collectively,
this suggests a redundant role of CXCR3 in the recruitment of CD8+ T cells to MCMV-provoked
inflamed SGs231. In contrast, Hokeness et al. demonstrated that the CXCR3 chemokine system is
of the utmost significance for the recruitment of IFN producing CD8+ T cells, and in particular,
M45-specific CD8+ T cells, to MCMV infected livers. In this regard, virus-associated hepatic
damage was transiently higher in CXCR3KO mice compared to WT B6 mice. However, ultimate
virus control was not compromised in absence of CXCR3 expressing CD8+ T cells, indicating a
partial protective function of CXCR3 on inflammatory T cells in this organ232. Regarding the latter
observation, we also did not identify any difference in ultimate virus control between CXCR3KO
and WT B6 mice (data not shown).
Taken all together, there exists no universal description of CXCR3 during medical conditions. The
assumption that CXCR3 on T cells is necessary for a functional immune response by improving
the protection properties of the adaptive immune system, might be true for certain cancer and
infectious diseases, but can be as well secondary or even undesirable in case of MCMV and
Plasmodium berghei ANKA infections, respectively. Thus, the requirement of CXCR3 expressing
T cells depends on the pathogen and the site of inflammation.

5.5 IFN gradient-mediated protection
IFN is a pleiotropic signaling protein that was originally discovered by Alick Isaacs and Jean
Lindenmann 1957 during their studies with chick chorioallantoic membranes233. It is the only
member of the type I interferons and is named after its ability to interfere with the growth of live
viruses. It is a so-called signature cytokine of activated Th1 CD4+ T cells, and is further secreted
by effector CD8+ T cells and NK cells, thereby essential for both arms of the immune system. The
transcription factor T-bet represents the key regulator of an optimal IFNresponse, as specific
stimulation of naïve T-bet-deficient CD4+ T cells impairs their differentiation into activated, IFN
producing CD4+ T cells of the Th1 lineage234. IFN is well-known to be mandatory for the control
and elimination of most viruses, bacteria or cancer types by orchestrating a remarkable range of
various cellular programs. The upregulation of co-stimulatory and MHC I/II molecules on
APCs235,236, the formation of an immunoproteasome237–240, the induction of inducible nitric oxide
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synthase 2 (NOS2)241 and CXCL9/10202, or apoptosis, are a few results of the IFN signaling. In
doing so, it increases antigen processing and presentation, interferes with microbial replication,
recruits T cells to site of inflammation, and directly induces cell death in virally infected or
neoplastic cells. Overall, it improves antimicrobial and antitumoral activities242. Interestingly, the
lack of NOS2 causes higher viral burden in MCMV infected SGs and reduced antiviral activity of
macrophages, which are known to produce large amounts of NOS2243. Importantly, aberrant
production of IFN is associated with disease pathologies and can cause an immunosuppressive
TME by upregulating programmed death-ligand 1/2 on tumor cells, or increasing their genomic
instability. These features belong to the “dark side” of IFN244–246. Hence, the timing and the
amount of IFN secretionneed to be tightly regulated in order not to harm the host.
Once secreted, IFN binds to its cognate IFNR, a complex consisting of the two IFNR1 and
IFNR2 subunits, which is ubiquitously, but not uniformly expressed on all nucleated cells247. Upon
binding of IFN to its receptor, a conformational rearrangement of the IFNR initiates the Janus
kinase (JAK) – signal transducer and activator of transcription (STAT) signaling pathway that leads
to the transcription of so-called interferon-stimulated genes248–251.
The fact that IFN represents a soluble protein with pluripotent functions, encouraged various
research groups in the last decade to investigate and confirm the widespread and long-distance
diffusion properties of this cytokine in parasite infected regions and murine cancer models252–255.
Initially thought to be limited to the immunological synapse (IS), an organized clustering of specific
signaling and adhesion molecules between T cells and APCs or target cells (e.g. cancer cells) that
stabilizes signal transduction256,257, these newer reports demonstrate its potent signaling
capacities in bystander cells, which are not in direct contact with the activated, IFN secreting T
cells. This implies that by not only acting locally, but also exerting preventive responses in cells
that are located beyond site of antigen recognition in the neighborhood, would allow in cases of
viral infections to induce an antiviral state in more remote regions. This would further curtail viral
spread, leading to faster immune control. In this regard, Müller et al. have shown that CD4+ T cells
need to engage with only a minority of Leishmania major infected, MHC II expressing
macrophages in order to clear the infection. In doing so, CD4+ T cell-released IFNwas able to
induce a protective, antiviral immune response in bystander cells by triggering intracellular
defense mechanisms responsible for faster pathogen control. This gradient-mediated protection
reached cells that were located more than 80 μm away from site of antigen recogntion253.
Regarding cancer studies, two recent reports by Hoekstra et al. and Thibaut et al. described the
long-distance spreading characteristics of CD8+ T cell-secreted IFN within the TME254,255. CTLs
play a superior role in immune-mediated control of multiple cancer types and further represent a
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prognostic marker in the tumor mass. The discovery that IFN is not only secreted synaptically
(i.e. towards the antigen presenting target cell), but also multidirectionally, proves its sensing
potential in a wider population of cells. Of note, the ability of IFN to modify the behavior of
surrounding cells stays in strong contrast to the direct killing capacities of cytotoxic CD8+ T cells
by delivering perforin –and granzyme-containing lytic granules within the IS to the target cell259.
In summary, the secretion of the key pro-inflammatory cytokine IFN into the surrounding space
affects bystander cells by initiating various cellular programs. Among those, the induction of a nonpermissive, antiviral state, or cell death of remote tumor cells, are prominent effector functions
elicited by T cell-derived IFN upon cognate antigen encounter.
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6. Unmask the unseen
6.1 Evolution of fluorescence microscopy
In recent years, quantitative spatial analysis of diseased and healthy tissues has become a
powerful tool in biomedical research. The emergence of almost yearly-improved microscopes (i.e.
confocal, two-photon and light sheet microscopes) together with customer-friendly, artificial
intelligence-based image analysis softwares (inForm Tissue Finder® or HALO® software), allows
the precise and unbiased identification and location of multiple cell types in tissue sections within
a few seconds to minutes. The usage of these fluorescence microscopes revolutionized the field
of optical microscopy by filtering the out-of-focus light260. This technological milestone allows the
retrieval of spatial information of specific regions of a sample with high resolution, while missing
other parts. Furthermore, the ability to scan tissues not only overcomes the limitation of restricted
image analysis to specific fields of view (FOVs), but also facilitates in-depth cross-sectional
recording by incorporating increasing amounts of relevant anatomical information. This latter type
of image acquisition is commonly referred to as entire cross section (ECS) analysis or whole slide
imaging (WSI). Regarding ECS or WSI, the combination of microscopy with flow cytometry (known
as histo-cytometry) provides a smart analytical microscopy method to study the microanatomical
localization of specific cell populations261,262. Besides these two-dimensional (2D)-based imaging
techniques, three-dimensional (3D) confocal imaging procedures of thick tissue sections have
gained attention in the last years, indicating a demand of more complex, volumetric imaging
approaches to fully understand specific cellular and molecular processes, cell-cell interactions, or
immune responses to pathogens. In this regard, the appearance of steadily increasing, so-called
optical clearing techniques provide an efficient tool to visualize and reproduce the inherent 3D
structure of cells and organs263–268. For instance, a complete 3D understanding of the tissue
architecture is of particular significance in the nervous system, given that individual neurons
extend in multiple directions, or in developmental biology (e.g. in the morphogenesis of organs or
entire organisms). Of note, the main advantage of reconstructing volumetric information using
non-sectioning methods is the avoidance of “alignment problems” that frequently occur by
superimposing a series of consecutive thin sections (a process known as image registration). In
this respect, individual thin sections can become easily prone to tissue deformations (e.g. torn or
folded) during the sectioning or mounting process, especially by using cryostats, hence making
the reconstruction of a 3D image from multiple, individual 2D acquired data sets impossible.
However, one major obstacle in achieving high-resolution 3D renderings of thick tissue samples
is the limited imaging depth. As light travels as waves through the volumetric sample and
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encounters different surfaces (e.g. cellular constituents or extracellular matrix components), these
heterogeneous conditions will slow down or even bock light propagation through the material.
Therefore, all clearing-based 3D imaging approaches try to equilibrate the refractive index
(describes how fast light travels through a specific material, e.g. water) throughout the sample to
reduce these mentioned inhomogeneities in light scatter. Current, modern optical clearing
methods are grouped into either solvent – or aqueous-based (i.e. passive immersion,
hyperhydration and hydrogel embedding) clearing. In order to pick the right clearing method, it is
important to consider the following aspects: Is the method compatible with immunolabeling (i.e.
fluorescently-conjugated antibody labeling)? Is the reporter signal retained? Does the method
result in tissue alterations/ morphological changes (i.e. shrinkage or expansion)? How long does
the procedure take? How good are the clearing properties? Depending on the individual
requirements, the method of choice can easily change. In summary, optical clearing-based
procedures provide excellent tissue transparency and avoid otherwise time-consuming serial
sectioning of thin tissue sections, hence facilitating the imaging and subsequent 3D reconstruction
of thick tissue sections or whole organs.
Although the integration of multiple advanced imaging technologies into a wide range of areas of
research allows addressing fundamental biological questions, the majority of them are still used
for the recording of fixed cells or tissue sections. This implies that we only acquire a “snapshot” of
the current situation, but do not observe a dynamic process. However, to profoundly comprehend
the highly networked cell-cell interactions, or cell responses to certain threats or stressed
conditions, we need to follow their activities in real time. In this regard, intravital two-photon
microscopy has become the gold standard for live imaging procedures in the last decade.

6.2 Towards high-dimensional imaging
Only a few years ago, multispectral or multicolor imaging was usually restricted to four color
channels (i.e. blue, green, red and far red) using standard optical filters. One determining factor
for this limitation is the spectral spillover or overlap of fluorescent signals, which increases with
the number of fluorochromes, thus complicating the correct assignments of emitted fluorescence
to individual cells. However, the organ-specific microenvironment changes dramatically upon
facing pathogenic agents such as bacteria or viruses. Furthermore, the detailed histological
examination of tissue samples from cancer patients can serve as an important, diagnostic tool for
oncologist to identify prognostic or predictive biomarkers269, or to classify several tumor types270.
In doing so, the presence or absence of certain cell types constituting the TME can retrospectively
give the answer why certain cancer patients respond better to an immunotherapy, such as the
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administration of immune checkpoint inhibitors, while others respond poorly or not at all. Hence, it
was of particular interest for the scientific community to develop new approaches, which go
beyond the usage of four colors and allow the simultaneous detection of multiple cell types,
including their phenotype, activation state, and effector functions. In recent years, various new
technologies were developed that either employ repeated cycles of fluorescence tagging, imaging
and bleaching/ signal cleavage, such as (tissue)-cyclic immunofluorescence ((t)-CyCIF)271,272 and
CO-Detection by indEXing (CODEX)273,274, multicolor imaging kits such as the 7-color Opal
staining Kit (developed by PerkinElmer®), or the highly promising imaging mass cytometry (IMC)
technology275–277. In contrast to the (t)-CyCIF and CODEX approaches, IMC does not require
repeated rounds of staining, imaging and bleaching, due to a rarely existing spectral overlap. Quite
in contrary, all metal-tagged antibodies can simultaneously be applied to the tissue sample,
enabling fast image acquisition. Moreover, IMC was recently successfully implemented in 3D highresolution mapping of breast cancer tissue277. Nevertheless, (t)-CyCIF, CODEX and IMC are
generally able to detect dozen of biomarkers (up to 40 markers) simultaneously at subcellular
resolution.

6.3 MCMV triggered immune atlas of the SGs
The above-mentioned technological advances in fluorescence microscopy and quantitative image
analysis provide a sophisticated toolbox for profound in situ analysis of various tissue samples.
Whereas flow cytometric analysis of digested tissue samples allows crucial insights into the
characteristic traits of single cells, relevant microanatomical information are absent.
Since organs differ substantially in the arrangement and diversity of individual cell types, which
compose the building blocks and define the architecture of tissues, it is of prime importance to
unmask key cellular components and events that contribute to efficient control of pathogens in an
organ-specific manner.
Therefore, we aim to develop a “MCMV triggered immune atlas of the SGs” that reveals important,
spatially defined antiviral immune events by considering several immune cell types from the innate
and adaptive immune system. By tracing their location at specific time points post MCMV infection,
we hope to get an idea of how cells arrange and communicate to inhibit successfully viral
replication and spread. This spatiotemporal landscape of MCMV infected SGs will cover a broad
period, ranging from early acute phase of infection (day 8) to the finally established latent state of
MCMV (day 60). In doing so, it should contribute to a better understanding of the infection in this
particular organ.
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In order to generate the “MCMV triggered immune atlas of the SGs”, we will employ following
microscopic approaches to cover all levels of resolution:

I.

WSI using widefield microscopy (Slide Scanner) followed by HALO® software-based
quantitative image analysis

II.

3D imaging of optically cleared, thick SG sections (via passive immersion using refractive
index matching solution) using confocal microscopy followed by Imaris-based quantitative
image analysis

III.

Whole organ imaging of optically cleared SGs (via CLARITY method) using light sheet
microscopy followed by Imaris-based quantitative image

Fig. 6.1: Optically cleared SG using CLARITY

Fig. 6.2: Whole organ imaging of the

method (Credit: Nathan Zangger)

SG using light sheet microscopy
(Credit: Nathan Zangger)
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Schorer, M. et al. Rapid expansion of Treg cells protect from
collateral colitis following a viral trigger. Nat. Commun.11:1522
(2020)

110

Swiss German
Native
German
Native
English
Fluent
French
Good knowledge

IT skills
Save in Microsoft Office

Interests
Athletic sports
Tennis & Soccer
Running
Traveling
Cooking

Courses
Good Clinical Practice
Module 1 & 2
University Hospital Zurich
2015
Translational Science for
Health and Medicine
ETH Zurich 2015

Conferences
Poster presentation at
conference “Imaging the
Immune System” (Paris,
2018)

Oral and poster
presentations at
Wolfsberg Meeting
(Wolfsberg & Thun, 2017,
2018 & 2019 )

Poster presentation at
ETH D-BIOL Symposium
(Davos, 2018)

Poster presentation at
PhD Program Retreat
(Visp, 2018)

