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Zusammenfassung 

 

Pia-Katharina Tegtmeyer 

 

Analyse der Bedeutung verschiedener Mustererkennungsrezeptor-

Plattformen für die murine Zytomegalievirus-vermittelte Aktivierung der 

angeborenen Immunantwort 

 

Das humane Zytomegalievirus (HCMV) hat weltweit eine hohe Prävalenz. Nach einer 

meist asymptomatischen Primärinfektion mit HCMV bildet sich eine latente Infektion 

aus, so dass das Virus lebenslang im Körper verbleibt. Im Rahmen einer 

Immunsuppression, z.B. bei der Behandlung von transplantierten Patienten, kann 

das Virus reaktivieren und dann schwere Erkrankungen hervorrufen. Die Erkennung 

von HCMV durch Mustererkennungsrezeptoren (PRR) induziert eine schützende Typ 

I Interferon (IFN-I) Antwort. Diese IFN-I werden von plasmazytoiden dendritischen 

Zellen (pDC) und anderen myeloiden Zellen produziert. pDC erkennen HCMV durch 

Toll-ähnliche Rezeptoren (TLR), wohingegen Monozyten-abgeleitete dendritische 

Zellen und Makrophagen den im Zytoplasma lokalisierten DNA Erkennungsweg über 

die zyklische GMP-AMP Synthase (cGAS) und STING (stimulator of interferon 

genes) nutzen. Die Infektion von Mäusen mit dem murinen Zytomegalievirus (MCMV) 

ähnelt in vielen Aspekten der HCMV Infektion des Menschen. Ähnlich wie bei HCMV 

Infektionen erkennen in der Maus pDC MCMV über TLR, und TLR defiziente Mäuse 

zeigen eine stark erhöhte Anfälligkeit gegenüber letalen MCMV Infektionen. Welche 

Rolle zytoplasmatische RNA und DNA Rezeptoren während der in vivo Erkennung 

von MCMV und der daraus resultierenden Immunantwort spielen, ist weitgehend 

unbekannt. Deshalb haben wir eine Studie durchgeführt, in der die zeitliche und 

räumliche Aktivierung der PRR und der durch sie ausgelösten Immunantworten 

untersucht wurden. Wir konnten zeigen, dass das Zusammenspiel von TLR, RIG-I-

ähnlichen Rezeptoren (RLR) und STING, aber nicht die TLR Signalgebung alleine, 

eine schützende Immunantwort gegenüber MCMV Infektionen hervorruft. Dies gilt 

auch für die Infektion mit dem murinen Gammaherpesvirus-68. Nach systemischer 

MCMV Infektion erkennen Kupffer Zellen in der Leber MCMV über cGAS/STING und 

produzieren die erste Welle an IFN-β, die 4 Stunden nach Infektion (hpi) im Serum 
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messbar ist. Der Verlust der frühen STING-vermittelten IFN-β Antwort führt zu 

erhöhten initialen Virustitern in der Leber. Im Gegensatz dazu erkennen CD11c+ 

Zellen MCMV in der Milz, den inguinalen Lymphknoten (LN) und zervikalen LN über 

TLR und produzieren die zweite Welle IFN-β, die 36 hpi im Serum messbar ist. 

Zusätzlich zu der Reduktion der IFN-I Produktion führt der Verlust der TLR 

Signalgebung in der Leber sowie der Milz zur Herunterregulation von 

proinflammatorischen Zytokinen und Chemokinen, was zu einer verminderten 

Antwort durch natürliche Killerzellen und T Zellen führt. Folglich wird die MCMV 

Replikation weniger gut kontrolliert, sodass höhere Virustiter in den Organen von 

TLR defizienten Mäusen gemessen werden können.  

Die Verbreitung von HCMV im Körper ist die Grundlage für die Ausbildung von 

Erkrankungen in unterschiedlichen Organen. HCMV und MCMV nutzen myeloide 

Zellen als Transportvehikel für ihre Verbreitung. Ein besseres Verständnis davon, wie 

die Verbreitung von MCMV reguliert wird, kann daher auch Aufschluss über die 

Pathogenese von HCMV geben. Deshalb haben wir die Rolle von STING in der 

MCMV Verbreitung ausgehend von Hepatozyten oder myeloiden Zellen analysiert. 

Ausgehend von Hepatozyten verbreitet sich MCMV ausschließlich in die 

Speicheldrüsen (SG). Diese gerichtete Verbreitung ist abhängig von dem viralen 

Chemokin-Homolog MCK2, über das bereits bekannt ist, dass es für eine effiziente 

Verbreitung durch myeloide Zellen benötigt wird. Allerdings findet dieser Weg der 

Virusverbreitung unabhängig von STING statt. Jedoch ist in Abwesenheit von STING 

die Permissivität von Lysozym M+ myeloiden Zellen für eine MCMV Infektion erhöht, 

was zu einer erhöhten Viruslast in der Leber und den LN führt.  

Zusammengefasst konnten wir zeigen, dass eine gemeinsame Signalgebung über 

TLR, RLR und STING eine schützende Immunantwort gegenüber MCMV Infektionen 

auslöst. Die zeitlich und räumlich unterschiedliche und partiell redundante Aktivierung 

der PRR in verschiedenen Zelltypen garantiert die Kontrolle einer MCMV Infektion.
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Abstract 

 

Pia-Katharina Tegtmeyer 

 

Analysis of the role of different pattern recognition receptors in murine 

cytomegalovirus-mediated activation of innate immunity 

 

The human cytomegalovirus (HCMV) has a high prevalence worldwide. After a 

usually asymptomatic primary infection, HCMV is able to reside latently in the body 

throughout life. Under immunosuppression, e.g. during treatment of transplanted 

patients, HCMV can reactivate from latency and can cause severe pathologies. 

Sensing of a HCMV infection by pattern recognition receptors (PRR) results in a 

protective type I interferon (IFN-I) response. This IFN-I is produced by plasmacytoid 

dendritic cells (pDC) as well as by other myeloid cells. pDC sense HCMV in a Toll-

like receptor (TLR)-dependent manner, whereas in monocyte-derived dendritic cells 

and macrophages the virus is sensed by the cytoplasmic cyclic GMP-AMP synthase 

(cGAS)/stimulator of interferon genes (STING) DNA sensing pathway. Infection of 

mice with murine cytomegalovirus (MCMV) recapitulates major hallmarks of HCMV 

infections of humans. Similar to HCMV pDC sense MCMV in a TLR-dependent 

manner and TLR signaling deficient mice show enhanced susceptibility to lethal 

MCMV infection. Which role cytoplasmic RNA and DNA sensors play in vivo in the 

induction of anti-MCMV responses is widely unknown. Therefore, we performed a 

spatiotemporal analysis of the activation of PRR and their contribution to anti-MCMV 

immune responses. We unveiled that cooperative TLR, RIG-I-like receptor (RLR), 

and STING signaling, but not TLR signaling alone, mediates protection upon MCMV 

infection. This is similarly true for the infection with the murine gammaherpesvirus-68. 

After systemic MCMV infection Kupffer cells use cGAS/STING to sense MCMV in the 

liver and drive the first wave of serum IFN-β at 4 hours post infection (hpi). Lack of 

this STING-mediated IFN-β response results in higher initial MCMV titers in the liver. 

In contrast, CD11c+ cells sense MCMV in a TLR-dependent manner in the spleen, 

inguinal lymph nodes (LN), and cervical LN, and contribute the second wave of 

serum IFN-β at 36 hpi. Absence of TLR signaling reduces not only IFN-I production, 

but also downmodulates pro-inflammatory cytokine and chemokine levels in liver and 
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spleen that result in a diminished natural killer and T cell response. Consequently, 

MCMV replication is less well controlled and generally higher viral titers can be 

detected in the organs of TLR signaling deficient mice.  

Dissemination of HCMV through the body is the basis for disease manifestation in 

different organs. Myeloid cells have been reported to work as vehicles for HCMV and 

MCMV dissemination. Thus, by understanding the regulation of MCMV 

dissemination, we might better understand key elements of the HCMV pathogenesis. 

This is why we addressed the role of STING in hepatocyte- and myeloid cell-

mediated MCMV dissemination. MCMV disseminates from hepatocytes exclusively to 

the salivary glands (SG). This targeted dissemination is highly dependent on the 

presence of the viral chemokine homolog MCK2, which is known to be needed for 

efficient dissemination via myeloid cells, whereas it is independent of STING. 

However, in absence of STING the permissiveness of Lysozyme M+ myeloid cells for 

MCMV infection is increased resulting in higher viral titers in the liver and the LN.  

Taken together, concomitant TLR, RLR and STING signaling mediates protection 

upon MCMV infection. A spatiotemporally distinct and partially redundant activation of 

the PRR in different cell subsets guarantees efficient control of MCMV infection. 



  Table of Contents 

V 
 

Table of Contents 
 

Zusammenfassung ...................................................................................................... I 

Abstract ..................................................................................................................... III 

1. Introduction ............................................................................................................. 1 

1.1. The immune response triggered by pathogen encounter .............................. 1 

1.2. Sensing of virus infections by pattern recognition receptors .......................... 2 

1.2.1. Toll-like receptors in DNA virus infections ............................................... 3 

1.2.2. RIG-I-like receptors in DNA virus infections ............................................ 4 

1.2.3. The cGAS/STING axis senses cytoplasmic DNA .................................... 5 

1.2.4. Other DNA receptors that sense DNA virus infections ............................ 7 

1.3. Interferons in viral infections .......................................................................... 8 

1.4. Human cytomegalovirus, a member of the herpesvirus family .................... 10 

1.4.1. Murine cytomegalovirus as a model for HCMV infections ..................... 11 

1.4.2. The innate immune response elicited upon a MCMV infection ............. 12 

1.4.3. The adaptive immune response elicited upon MCMV infection............. 14 

1.4.4. Dissemination of MCMV ....................................................................... 15 

2. Aim ....................................................................................................................... 18 

3. Material and Methods ........................................................................................... 20 

3.1. Material .......................................................................................................... 20 

3.1.1. Machines ................................................................................................. 20 

3.1.2. Equipment and Consumables.................................................................. 21 

3.1.3. Reagents and Chemicals ........................................................................ 22 

3.1.4. Buffers and Media ................................................................................... 24 

3.1.5 Kits ........................................................................................................... 26 

3.1.6. Antibodies ................................................................................................ 27 

3.1.7. Software .................................................................................................. 27 



  Table of Contents 

VI 
 

3.1.8. Viruses .................................................................................................... 28 

3.1.9. Mice ......................................................................................................... 28 

3.1.10. Cell lines and primary cells .................................................................... 30 

2.2. Methods ......................................................................................................... 31 

2.2.1. MCMV working stock preparation ............................................................ 31 

2.2.1.1. Thawing of Dox-MEF ........................................................................ 31 

2.2.1.2. Culture of Dox-MEF .......................................................................... 31 

2.2.1.3. Infection of MEF with MCMV ............................................................. 31 

2.2.1.4. MCMV preparation ............................................................................ 32 

2.2.2. Primary mouse embryonic fibroblast preparation .................................... 32 

2.2.3. In vivo experiments .................................................................................. 33 

2.2.3.1. Intravenous infection with viruses ..................................................... 33 

2.2.3.2. Retroorbital blood collection .............................................................. 33 

2.2.3.3. Perfusion of mice for organ extraction and homogenization ............. 34 

2.2.3.4. Cytokine Analyses ............................................................................ 34 

2.2.3.5. Intracellular IFN-gamma staining ...................................................... 34 

2.2.3.6. ELISpot Assay .................................................................................. 36 

2.2.3.7. In vivo bioluminescence imaging ...................................................... 37 

2.2.3.8. In vitro bioluminescence assay ......................................................... 37 

2.2.3.9. Plaque Assay .................................................................................... 37 

2.2.4. Ethics statement ...................................................................................... 38 

2.2.5. Statistical analyses .................................................................................. 39 

4. Results .................................................................................................................. 40 

4.1. Spatiotemporal analysis of the contribution of different PRR to MCMV-

mediated activation of the innate immune response ............................................. 40 

4.1.1. The control of systemic MCMV infection is dependent on TLR, RLR, and 

STING signaling ................................................................................................ 40 



  Table of Contents 

VII 
 

4.1.2. Concomitant TLR/RLR/STING signaling controls systemic MHV-68 

infection, whereas control of VACV infection is mainly dependent on the 

cGAS/STING axis .............................................................................................. 42 

4.1.3. Upon MCMV infection the first wave of serum IFN-I depends on STING 

signaling ............................................................................................................ 44 

4.1.4. Upon systemic MCMV infection early hepatic IFN-β responses are STING-

dependent ......................................................................................................... 46 

4.1.5. STING-dependent signaling drives early hepatic IFN-β responses, 

whereas TLR signaling mediates splenic IFN-β induction ................................. 50 

4.1.6. cLN and iLN show a TLR dependent second wave of IFN-β responses .. 52 

4.1.7. Hepatic Kupffer cells sense MCMV in a STING-dependent manner and 

mount the first wave of IFN-β ............................................................................ 54 

4.1.8. TLR and STING signaling contribute to the hepatic and splenic IFN-I 

production .......................................................................................................... 57 

4.1.9. Although the early hepatic IFN-β induction is STING-dependent, absence 

of STING only leads to minor variations in the cytokine and chemokine profile in 

liver and spleen ................................................................................................. 59 

4.1.10. TLR signaling is crucial for efficient IFN-γ responses of NK and T cells 61 

4.1.11. TLR/RLR signaling is needed to restrict the overall MCMV replication .. 63 

4.1.12. STING is important for the control of early hepatic MCMV .................... 66 

4.2. Cell-type specific dissemination of MCMV ..................................................... 67 

4.2.1. Analysis of the cell type-specific dissemination of MCMV ....................... 68 

4.2.2. MCK2 determines the MCMV dissemination from hepatocytes to the 

salivary glands ................................................................................................... 69 

4.2.3. STING signaling controls the permissiveness of myeloid cells for MCMV 

infection ............................................................................................................. 72 

5. Discussion ............................................................................................................ 76 

5.1. Spatiotemporal analysis of the contribution of different PRR to the anti-MCMV 

immune response ................................................................................................. 76 



  Table of Contents 

VIII 
 

5.1.1. Cooperative TLR, RLR, and STING signaling protects from lethal MCMV 

infection ............................................................................................................. 77 

5.1.2. Organ-specific contribution of PRR to anti-MCMV immunity ................... 79 

5.1.2.1. PRR signaling in anti-MCMV immunity of the liver ............................ 80 

5.1.2.2. PRR signaling in anti-MCMV immunity in secondary lymphoid organs

 ....................................................................................................................... 83 

5.2. Cell-type specific dissemination of MCMV ..................................................... 88 

5.2.1. Hepatocytes support a MCK2-dependent MCMV dissemination to SG ... 89 

5.2.2. STING constrains MCMV replication in myeloid cells and dissemination of 

the virus via myeloid cells .................................................................................. 91 

5.3. PRR in MCMV pathogenesis ......................................................................... 93 

5.4. Implications for the human system ................................................................. 95 

6. Outlook ................................................................................................................. 96 

7. Appendix ............................................................................................................... 98 

7.1. List of Figures ................................................................................................ 98 

7.2. List of Tables .................................................................................................. 99 

7.3. List of Abbreviations and Acronyms ............................................................... 99 

8. References ......................................................................................................... 104 

Curriculum Vitae ..................................................................................................... 125 

List of own Publications .......................................................................................... 128 

Conference Presentations ...................................................................................... 129 

Danksagung ........................................................................................................... 130 

Eidesstattliche Erklärung ........................................................................................ 133 

 



  Introduction 

1 
 

1. Introduction 

 

 

1.1. The immune response triggered by pathogen encounter 

 

Throughout their lifetime humans are exposed to pathogens. To prevent infections by 

e.g. viruses, bacteria, or fungi the human body is equipped with different barriers. 

Tight epithelial layers on surfaces, which produce substances that inhibit or eliminate 

pathogens, such as lysozyme and antimicrobial peptides, make it difficult for 

pathogens to enter the body. When pathogens overcome this first barrier and invade 

the organism the second barrier, provided by the immune system, is in charge. The 

immune system is divided in a rapidly activated innate immune response and a 

slower established, but highly specific, adaptive immune response. Innate immune 

cells, such as dendritic cells (DC), macrophages, granulocytes, and natural killer (NK) 

cells detect the invading pathogens as first line of defense and activate an immune 

response. These patrolling cells recognize pathogen associated molecular patterns 

(PAMP) or danger associated molecular patterns (DAMP) via their pattern recognition 

receptors (PRR). Receptor ligation activates the innate immune cells and triggers the 

production and secretion of pro-inflammatory cytokines, such as type I-III interferons 

(IFN-I/-II/-III), interleukins (IL), or tumor necrosis factor-alpha (TNF-α). These 

cytokines alert and activate other immune cells. Additionally, the production and 

secretion of chemokines is promoted, which attract further immune cells to primary 

infection sites. Especially DC and macrophages build a link between the innate and 

adaptive immune system, as one of their main functions is to prime and boost 

adaptive immune responses. After endocytosis of or infection with a pathogen, DC 

and macrophages can present processed components of the pathogen (antigens) on 

major histocompatibility complex (MHC) molecules on their cell surface. Therefore, 

they are called professional antigen presenting cells (APC). T lymphocytes (T cells), 

which belong to the adaptive immune system, can bind with their antigen-specific T 

cell receptors (TCR) to the antigen-MHC complexes, which initiates maturation and 

proliferation of the T cells. T cells can be divided into cytotoxic T lymphocytes (CTL), 

which can directly kill infected or aberrant cells, and helper T (TH) cells, which 

stimulate macrophages to phagocytose pathogens and activate B cells. B cells 
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express, similar to T cells, a highly antigen-specific B cell receptor (BCR). Upon 

activation B cells undergo extensive proliferation and differentiation, which results in 

the development of antibody producing plasma cells. Antibodies can bind antigens 

and thereby neutralize pathogens, activate cascades that result in destruction of the 

pathogen, or they mark the pathogen for phagocytosis. After elimination of the 

pathogen, long-lived antigen-specific B and T memory cells persist in the body, which 

enable a faster elimination of the pathogen after a second encounter and build the 

basis for immunization. 

 

 

1.2. Sensing of virus infections by pattern recognition receptors 

 

To sense invading pathogens cells of the immune system as well as non-

hematopoietic cells are equipped with a variety of PRR. PRR bind to conserved 

microbial structures, the so called PAMP. These structures are shared by a broad 

range of microorganisms, which renders the innate immune system effective against 

a variety of pathogens. Additionally, molecules that are released from destroyed 

cells, so called DAMP, such as adenosine triphosphate (ATP), lipids, sugars, 

proteins, or nucleic acids, can similarly bind to PRR and activate an immune 

response. Specific molecular modifications, tertiary structures, and the localization of 

non-self nucleic acids facilitate their sensing and the discrimination from self nucleic 

acids. The sensing of pathogens by PRR is essential for the activation of the innate 

immune response, which controls infections until the delayed, but highly specific, 

adaptive immunity is fully established. Distinct families of PRR have evolved, which 

can be differentiated structurally. The PRR families comprise Toll-like receptors 

(TLR), cell surface located C-type lectin receptors (CLR), and in the cytoplasm 

located retinoic acid inducible gene I (RIG-I)-like receptors (RLR), nucleotide-binding 

oligomerization domain (NOD)-like receptors (NLR) and absent in melanoma 2 

(AIM2)-like receptors (ALR)1-3. Further receptors, which are important for the 

recognition of cytosolic deoxyribonucleic acid (DNA) are cyclic guanosine 

monophosphate-adenosine monophosphate synthase (cGAS) with its adapter 

stimulator of interferon genes (STING), DNA-dependent activator of IFN regulatory 

factors (DAI), DDX41, interferon‐γ inducible protein 16 (IFI16), as well as others4-6. 

By the interplay of these receptors a pathogen- and cell type-specific immune 
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response is induced. PRR are also expressed on cells of the adaptive immunity as B 

and T cells, whereby they conduct an important role in the induction and function of 

the adaptive immune response7,8. 

 

1.2.1. Toll-like receptors in DNA virus infections 

 

The first identified and best characterized group of PRR are the TLR. These typ-1 

transmembrane proteins share a cytoplasmic Toll-IL-1 receptor (TIR) domain. Until 

now 13 different TLR were identified, from which 10 are functional in humans and 12 

in mice9,10. The members of the family differ by their localization as well as by the 

ligands they bind. In summary, TLR1-2 and TLR4-6 are located in the plasma 

membrane on the cell surface, binding extracellular structures of pathogens, while 

TLR3 and TLR7-9 are located in endosomal membranes, detecting nucleic acids1. 

The less well characterized TLR11 and TLR12, which act as heterodimers, and 

TLR13, were reported to be localized in intracellular vesicles11,12. Following ligand 

binding, TLR interact with their adapter molecules myeloid differentiation primary 

response gene 88 (MyD88) or TIR-domain containing adaptor inducing IFN-β (TRIF). 

All TLR signal via MyD88, with the only exception of TLR3, which solely signals 

TRIF-dependent, and TLR4, which is able to induce responses through MyD88 and 

TRIF. Signal transduction via MyD88 mainly results in the activation of nuclear factor-

kappa B (NF-κB) and the subsequent expression of pro-inflammatory cytokines and 

chemokines. Plasmacytoid DC (pDC) are one exception, as the recruitment of 

MyD88 after TLR7 or TLR9 stimulation primarily results in the activation of the 

transcription factor IFN regulatory factor (IRF) 7, which initiates the induction of high 

amounts of IFN-I13-15. Signaling via TRIF leads to the activation of NF-κB and IRF3/7 

in parallel, whereby proinflammatory cytokines, chemokines as well as IFN-I are 

induced10,11.  

Especially the intracellular TLR as well as TLR2 and TLR4 are of special importance 

for sensing DNA virus infections. Before ligand binding precursors of TLR3, TLR7, 

and TLR9 are located in the endoplasmic reticulum (ER) and require processing in 

endolysosomal compartments to become functionally active11. The delivery from the 

ER to the endosomes is amongst others regulated by UNC93B16,17. The localization 

of TLR in endolysosomal compartments qualifies these receptors for the sensing of 

nucleic acids of endocytosed viruses or of replicating viruses that are taken up from 
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the cytosol by autophagy11,18. TLR3 is the receptor for double-stranded (ds) 

ribonucleic acid (RNA)19,20, and thus senses genomic RNA of dsRNA viruses or 

specific dsRNA structures of single-stranded (ss) RNA viruses21 or dsDNA viruses22. 

Mainly APC express TLR3, such as conventional DC (cDC) and macrophages23, but 

also non-immune cells, e.g. epithelial and endothelial cells24. TLR7 recognizes 

ssRNA and is predominantly expressed in mouse and human pDC25-27. TLR9, which 

is similarly highly expressed in pDC26-28, is activated by the encounter with 

unmethylated 2’-deoxyribo(cytidine-phosphate-guanosine) (CpG) motifs, which are 

found in bacterial and viral DNA29. Apart from the endosomal receptors, cell surface 

located TLR2 and TLR4 bind a variety of surface molecules of pathogens10,30 and are 

described to be expressed by several immune cell subsets, e.g. DC, macrophages, 

monocytes, B cells and T cells26,31-33.  

 

1.2.2. RIG-I-like receptors in DNA virus infections 

 

Unlike TLR, RLR are located in the cytoplasm of cells, and belong to the members of 

the DExD/H-box family of helicases. Three central members belong to the RLR 

family, namely RIG-I34, melanoma differentiation-associated gene 5 (MDA5)35, and 

laboratory of genetics and physiology 2 (LGP2)36. These receptors are ubiquitously 

and constitutively expressed on a low level in a variety of cell types, but as IFN 

stimulated genes (ISG) strongly induced in a positive feedback-loop after virus 

encounter. RIG-I and MDA5 contain two N-terminal caspase activation and 

recruitment domains (CARD) that mediate their interaction with downstream adapter 

molecules. The main adapter molecule is CARD-adaptor-inducing IFN-β (CARDIF)37, 

which is also known as mitochondrial antiviral signaling protein38, virus-induced 

signaling adaptor39, or interferon-β promoter stimulator 140. The activation of RLR 

triggers an aggregation of CARDIF, whereby an amplification of the signaling 

cascade is triggered, that channels into the activation of IRF3/7 as well as NF-κB, 

resulting in the expression of IFN-I and other antiviral genes41. Generally, the RLR 

family detects variable RNA molecules in the cytoplasm of cells. Ligands described 

for RIG-I are short dsRNA up to 1 kb with a 5’ tri- or diphosphate end42-45, while 

MDA5 can be activated by longer dsRNA (1-2 kb)46,47. In contrast to RIG-I and 

MDA5, LGP2 lacks a CARD and thus has no autonomous signaling capacity. 
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Nevertheless, it is described as both, positive48-50 or negative51 regulator of RLR 

induced IFN-responses.  

It was reported that also upon DNA virus infections RNA structures, e.g. Epstein-Barr 

virus (EBV)-encoded small RNA or pregenomic RNA of Hepatitis B virus (HBV), are 

present that can be sensed by RIG-I or MDA5 and result in the production of IFN-I 

and IFN-III52-54. Furthermore, the host cell derived DNA-dependent RNA polymerase 

III was described to promote DNA virus sensing by RLR. It was reported to transcribe 

AT-rich and herpesvirus DNA to 5’ triphosphate RNA, which is subsequently sensed 

by RLR55-57. Recently, an important role for RNA polymerase III was described upon 

infection with the herpesvirus varicella zoster virus (VZV), as mutations in the human 

RNA polymerase III gene increase the susceptibility to VZV infection58-60. These 

findings highlight that also RNA recognition pathways have important roles upon DNA 

virus infections. 

 

1.2.3. The cGAS/STING axis senses cytoplasmic DNA 

 

DNA is under normal conditions not present in the cytoplasm. Hence, cytoplasmic 

DNA sensing is assigned to identify foreign DNA. This mechanism seems to be 

especially important for DNA viruses replicating in the cytoplasm, such as 

poxviruses61, but also abortive infection of DNA viruses that normally replicate in the 

nucleus, results in the presence of genomic DNA in the cytoplasm62. Moreover, 

specialized cells such as macrophages have developed mechanisms to degrade the 

capsids of entering viruses and thereby expose viral DNA to the cytoplasm62. For a 

long time only TLR-dependent DNA sensing in endolysosomal compartments was 

known, until an expression screening system identified a new cytoplasmic IFN-β 

stimulating molecule that was named STING63. STING is also known as mediator of 

IRF3 activation64, endoplasmic reticulum IFN stimulator65, or MPYS66. STING is 

ubiquitously present as preformed dimer, forming a V-shaped binding pocket, and 

functions as direct PRR as well as adapter molecule for different DNA receptors67-69. 

Direct binding of prokaryotic cyclic dinucleotides (CDN), containing two 3′-5′-

phosphodiester linkages (3′3′-CDN), was reported for STING70-73. However, STING 

shows highest binding affinity for 2’3’-cyclic guanosine monophosphate-adenosine 

monophosphate (cGAMP), which has a more ordered conformation as the 3’3’ CDN, 

and binding to 2’3’-cGAMP elicits higher IFN-I responses73-75. 2’3’-cGAMP is a 
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secondary messenger that is formed by cyclization of adenosine triphosphate (ATP) 

and guanosine triphosphate (GTP)74. The enzyme that was identified to convert ATP 

and GTP into 2’3’-cGAMP is the DNA-sensing nucleotidyltransferase cGAS76,77. 

cGAS is activated upon binding of dsDNA in a sequence-independent manner78. The 

sequence independent interaction differentiates cGAS from classical PRR, because 

their sensing is based on pathogen-specific structural patterns that help to 

discriminate self from non-self78,79. Upon interaction with dsDNA, cGAS-dsDNA 

complexes are formed that condense into liquid like droplets, creating perfect 

conditions for cGAS dimerization, activation, and 2’3’-cGAMP production. Long 

dsDNA is more potent in liquid like droplet formation and the formation is DNA 

concentration dependent, which sets a threshold for cGAS activation68,80. Binding of 

two cGAS molecules to two molecules of dsDNA was reported, which can result in 

“ladder-like” networks that stabilize cGAS-dsDNA complexes81-83. The stabilization 

together with the higher potency of liquid like droplet formation might explain why 

long dsDNA is a very potent activator of cGAS. Binding of dsDNA rearranges the 

catalytic pocket of cGAS and 2’3’-cGAMP is formed in a two-step process with a 

linear dinucleotide as intermediate73-75,84. Also dsRNA and ssRNA can bind to cGAS, 

but neither of them can rearrange the catalytic pocket, underlining the specificity of 

cGAS for dsDNA68.  

The initial binding of 2’3’-cGAMP to STING is located on the membrane of the ER, 

which initiates an extensive conformational change in STING and ultimately triggers 

its translocation from the ER to the Golgi apparatus85-87. At the Golgi STING 

oligomerizes and is palmitoylated, which might promote the subsequent activation of 

TANK binding kinase 1 (TBK1)88. Phosphorylation of STING by TBK1 promotes the 

interaction of STING and the transcription factor IRF389. Following further TBK1 

mediated phosphorylation of IRF3, IRF3 dimerizes and translocates to the nucleus to 

drive IFN-I expression86,90. Triggering of the IFN-I receptor (IFNAR) results in the 

expression of ISG, to which cGAS itself belongs, resulting in the upregulation of 

cGAS level91. This leads to the reduction of the DNA sensing threshold.  

cGAS/STING signaling was also shown to activate the transcription factors NF-κB, 

which happens prior to STING translocation to the Golgi92, mitogen activated protein 

(MAP) kinases, and signal transducer and activator of transcription (STAT), but the 

molecular mechanisms regulating the activation of these is incompletely 

understood93,94. Very recently, the nuclear presence of cGAS has been unveiled95-98. 
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Whether cytoplasmic and nuclear cGAS act in concert or only one of them exerts a 

main function to recognize genomic DNA of viruses that replicate in the nucleus, e.g. 

herpesviruses, has to be addressed in future studies. 

Interestingly, the activation of STING by 2’3’-cGAMP might not be limited to the 

infected cell itself, as the transport of 2’3’-cGAMP via gap junctions to bystander cells 

was shown99. Additionally, activation of more distant cell types might be possible, 

because also viral transfer of 2’3’-cGAMP was reported100,101. Furthermore, the sole 

fusion of viral envelopes with cellular plasma membranes with or without subsequent 

recognition of viral nucleic acids in the cytoplasm, was described to trigger STING-

dependent immune responses102,103.  

The importance of cGAS/STING for the sensing of DNA viruses was shown in a 

variety of in vivo and in vitro studies. Higher susceptibility of cGAS-/- or STING-/- mice 

or a higher virus replication in these mice was observed for vaccinia virus (VACV)91, 

ectromelia virus (ECTV)104,105, murine gammaherpesvirus-68 (MHV-68)91, murine 

cytomegalovirus (MCMV)106, and herpes simplex virus (HSV)-185,107,108 infections. 

Likewise, cGAS was reported to recognize the DNA replication intermediates of 

retroviruses109, but the role of STING in other RNA virus infections is still under 

debate63,91. In the human system an important role of STING signaling for the 

antiviral defense was shown for human cytomegalovirus (HCMV)110 and VZV111 

infections. HCMV as well as a whole variety of other human pathogens encode 

negative modulators of the cGAS/STING axis112,113.  

 

1.2.4. Other DNA receptors that sense DNA virus infections 

 

Apart from cGAS additional receptors for cytosolic DNA have been described, but 

their importance and cell types of action are not well elucidated. In the following DNA 

receptors are summarized, which potentially use STING as adapter molecule.  

IFI16 and its murine ortholog p204 belong to the family of ALR. Receptors of this 

family  are part of the group of PYHIN proteins, which can interact with proteins, bind 

to DNA, and are induced by IFN-I/-II114. IFI16 was indicated to use STING as adapter 

molecule115 and might also act in concert with cGAS116,117. IFI16 was described as 

cytoplasmic sensor for dsDNA that induces IFN-I responses in primary human 

macrophages upon HSV-1/-2 and HCMV infection62. Likewise, p204 was reported to 

be essential for a DNA-dependent IFN-β expression in a mouse macrophage cell 
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line62,115,118. During the last years, it was unveiled that IFI16 is predominantly a 

nuclear protein that recognizes viral DNA in the nucleus and inhibits viral 

replication116,117,119-121. 

There is evidence that other DNA helicases of the DExD/H-box helicases protein 

family, to which RIG-I and MDA5 belong, interact with DNA and induce immune 

responses upon virus infections. DDX41 was shown to trigger the induction of IFN-I 

in cDC and THP-1 cells in a STING-TBK1-dependent manner122,123. Additionally, 

DDX41 was reported to bind directly CDN with higher affinity than STING123,124.  

Also protein kinases, such as the DNA-dependent protein kinase (DNA-PK), which is 

associated with the DNA damage response, were reported to promote antiviral 

immune responses upon DNA stimulation or DNA virus infections125,126. DNA‐PK 

consists of the subunits Ku70 and Ku80, as well as the DNA damage sensors Mre11 

and Rad50127,128. DNA-PK as well as Mre11 mediated responses were shown to be 

STING-dependent129,130. Furthermore, it was reported that VACV encodes for 

negative modulators of DNA-PK131,132. 

 

 

1.3. Interferons in viral infections 

 

A large family of genes encodes for the group of IFN, which is divided into the three 

major subtypes IFN-I, IFN-II, and IFN-III, depending on the receptors they bind133. 

IFN-I were identified in the 1950s, when Isaacs and Lindenmann described a 

supernatant factor that interferes with viral replication134,135. The IFN-I family 

comprises the members of the IFN-α family, IFN-β and various more genes for IFN-ε, 

-κ, -τ, -δ, -ζ, -ω and –ν133,136. In mice the IFN-α family is encoded by 14 genes and 

several pseudogenes, while only a single gene encodes IFN-β133,137. In contrast, IFN‐
γ is the only reported IFN-II, which is mainly produced by NK and T cells138. IFN‐γ 

promotes antiviral gene expression, thereby regulating the innate immune response. 

Additionally, it is an important link between the innate and adaptive immune response 

by supporting the activation of the adaptive immune system139. The human IFN‐III 
family consists of four members: IFN‐λ1 (IL‐29), IFN‐λ2 (IL‐28A), IFN‐λ3 (IL‐28B), 

and IFN‐λ4, whereas mice have two functional genes, encoding Ifnl2 and Ifnl3, and 

two pseudogenes, Ifnl1-P1 and Ifnl1-P2140-142. In humans the expression of the IFN‐III 
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receptor (IFNLR) is limited to epithelial cells, endothelial cells, and hepatocytes, while 

in mice responsiveness is restricted to mucosal epithelial tissue142.  

Members of the IFN-I family bind to a ubiquitously expressed IFNAR. This 

heterodimeric receptor is composed of two chains, IFNAR1 and IFNAR2. Binding of 

PAMP to PRR initiates IFN-I gene expression, which leads first to the induction of 

IFN-β and IFN-α4. The initial expression is IRF3-dependent, because this molecule is 

synthesized constitutively and thus rapidly phosphorylated. Binding of early IFN-β 

and IFN-α4 to the IFNAR results in endocytosis of the receptor and activation of 

janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2), who phosphorylate the 

cytoplasmic transcription factors STAT1 and STAT2. Subsequently, these two 

transcription factors dimerize and build a complex with IRF9 that is called IFN 

stimulated gene factor 3 (ISGF3). This complex translocates to the nucleus, binds to 

IFN stimulated response elements (ISRE), and thus induces ISG expression. This 

first round of IFNAR-dependent signaling results in the upregulation of IRF7, which is 

important to ensure sufficient IFN-I expression by a positive feedback regulation. 

Subsequent PRR stimulation results in IRF3 as well as IRF7 phosphorylation and the 

production of IFN-α subtypes143,144. pDC are one exception, because they 

constitutively express IRF7, which allows them to express IFN-I with a faster kinetic 

and in higher amounts than other cell types13,145,146. The classical signaling cascade 

leads to the formation of STAT1/STAT2 heterodimers, but homodimerization as well 

as activation and phosphorylation of other STAT molecules is possible, which leads 

to variations in ISG expression144. The antiviral effects induced by IFN-I are realized 

through the expressed ISG. ISG target conserved aspects of virus infections, e.g. 

nucleic acids (OAS/RNAse L), virus entry (IFITM3), protein translation (PKR) or virus 

egress (BST2/tetherin), to limit virus replication and infectivity91,147.  

The importance of IFN signaling and ISG induction is represented by both IFNAR 

knockout (IFNAR-/-) and STAT1 knockout (STAT1-/-) mice. Both genotypes are highly 

susceptible towards a whole variety of virus infections148,149. This is mainly due to a 

reduced antiviral state, which results from the lack of IFN-I signaling in infected as 

well as bystander cells. However, IFN-I also promote the differentiation and function 

of innate immune cells, e.g. APC and NK cells, and initiate and shape antigen 

specific T and B cell responses144. Due to the high potency of IFN-I responses the 

system has to be tightly regulated. Downregulation of cell surface IFNAR as well as 

ISG suppressors of cytokine signaling (SOCS)150 and ubiquitin specific peptidase 18 
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(USP18)151 were described as negative regulators of IFN signaling. These regulatory 

mechanisms shall prevent prolonged and overshooting IFN-I responses, which can 

lead to IFN-I-related pathologies152,153. 

 

 

1.4. Human cytomegalovirus, a member of the herpesvirus family 

 

Herpesviruses are enveloped viruses with a large, linear dsDNA genome that have a 

high prevalence worldwide154,155. All members of the herpesvirus family show a high 

species-specificity and share a lytic primary infection with subsequent establishment 

of lifelong latency in specific cell types. The primary infection, the latent stage and 

frequent reactivation under immunocompetent conditions are normally asymptomatic, 

but infection or reactivation under immunosuppressed conditions can cause diverse 

pathologies.  

The family of herpesviridae comprises the three subfamilies: alphaherpesviruses, 

betaherpesviruses, and gammaherpesviruses. These three subfamilies share low 

genetic similarities and their target cell types and clinical manifestations differ156. The 

alphaherpesviruses, to which HSV-1, HSV-2, and VZV belong, infect epithelial cells, 

but establish latency in sensory nerve ganglia157. The betaherpesviruses, of which 

HCMV is a member, show a broad cellular tropism, which is reflected by the finding 

of latent viral genomes in myeloid cells, lymphocytes and epithelial cells158,159. The 

gammaherpesviruses, which comprise Karposi’s sarcoma-associated herpesvirus 

(KSHV; MHV-68 as its mouse model) and EBV, infect lymphocytes, myeloid cells, 

and endothelial cells, but latency is primarily established in lymphocytes with a focus 

on B cells160. Overall, herpesvirus virions comprise a highly ordered nucleocapsid, 

which encases the dsDNA genome. The nucleocapsid is surrounded by a 

proteinaceous layer, called tegument. The tegument is enclosed within the envelope, 

which is a lipid bilayer that contains a number of glycoproteins important for virion 

attachment and entry161.  

Due to millions of years of co-evolution with its host, the genome of HCMV encodes 

for a plethora of immune evasion genes that manipulate the hosts immune response 

or hide from it162. The fact that HCMV primarily causes severe disease in 

immunocompromised patients, highlights how highly adapted the virus is to the 

human immune system. Nevertheless, if this balance is destroyed by an ineffective 
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immune control in immunocompromised patients, reactivation of HCMV can cause 

severe diseases, e.g. hepatitis and retinitis. Thus, in human immunodeficiency virus 

(HIV) positive individuals or transplant recipients HCMV infection or reactivation can 

severely increase morbidity and mortality. Furthermore, vertical transmission of 

HCMV can result in severe birth defects in newborns and is to date the leading cause 

of nonhereditary sensorineural impairments, such as hearing loss158,163. However, the 

awareness rate of cytomegalovirus (CMV) disease and its complications is low, thus, 

increasing the incidence rate. Despite great efforts, there is no effective vaccine 

available and the current treatment options are restricted, because they limit virus 

replication, but they are not able to eliminate latent viral reservoirs158,164. Therefore, it 

is of great importance to understand HCMV pathogenesis and to learn more about 

virus-host interactions. Studies about HCMV pathogenesis are restricted to cell 

culture systems. Nevertheless, it was unveiled with in vitro studies that HCMV is 

sensed in a TLR9-dependent manner by pDC, while monocyte-derived macrophages 

and DC use a STING-dependent pathway to produce protective IFN-I110,165. 

Unexpectedly, MyD88 signaling deficient patients do not show an increased 

sensitivity towards herpesvirus infections166,167, which indicates that other signaling 

platforms can compensate for the loss of MyD88. To address the question of 

cooperative PRR signaling and the subsequently induced immune response, animal 

models have to be exploited. The mouse as a natural host for MCMV is the best 

characterized CMV model168.     

 

1.4.1. Murine cytomegalovirus as a model for HCMV infections 

 

MCMV is a natural rodent pathogen, which recapitulates important characteristics of 

the HCMV infection. The genome of MCMV is ~230 kbp in size169. Especially the 

central region of the MCMV genome shows high similarity to the one of HCMV, but 

the left-hand and right-hand sides of the genome contain genes specific for MCMV. 

Most of these genes encode for immune evasion proteins, which developed during 

the years of co-evolution with its natural host. They result in the narrow species-

specificity observed for herpesviruses and explain the genomic differences of HCMV 

and MCMV169.  

Two main glycoprotein complexes have been identified for HCMV and MCMV. The 

glycoprotein complex gH/gL/gO of HCMV promotes entry into a restricted set of cells 
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by fusion at the plasma membrane170,171. The gH/gL/gO complex of MCMV is in vitro 

functionally homologue to the one of HCMV172. The second complex of HCMV 

gH/gL/pUL(128,130,131A) was reported to promote entry into endothelial, epithelial, 

dendritic cells and monocytes/macrophages by endocytic pathways173-177. Similar, the 

gH/gL/MCK2(m129-131) complex of MCMV, was reported to facilitate infection of 

myelomonocytic leukocytes and macrophages178,179. It was indicated that the 

abundance of the different glycoprotein complexes in viral progeny can impact  

further cellular tropism180. 

Different virus preparations and genetic backgrounds of mice have been used to 

study CMV disease. Both highly impact the severity of disease and have to be 

considered while choosing the model for experimental studies. Infection of mice can 

be performed with salivary gland (SG)-derived or cell culture-derived MCMV. While 

infections with cell culture-derived MCMV result in controlled infections in 

immunocompetent mice with prolonged virus replication in the SG, infections with 

SG-derived MCMV lead to high organ titers, tissue damage and mortality even in 

immunocompetent mice. SG-derived MCMV is prepared from SG homogenates and 

thus, cellular cytokines and hormones are potentially included in the preparation. This 

might account for the high virulence of SG-derived MCMV181,182. 

Mouse strains that are either resistant or susceptible to the MCMV infection exist and 

were both used in previous studies. The Cmv1 locus in the mouse genome was 

identified to mediate resistance to MCMV infections. Cmv1 encodes for the Ly49H 

receptor on NK cells that specifically binds to a protein encoded by the m157 gene of 

MCMV, which shows structural homology to MHC I molecules183-185. Balb/c mice do 

not express Ly49H, which renders them susceptible to MCMV, whereas resistant 

C57BL/6 mice possess Ly49H+ NK cells. Resistance to MCMV infection is limited to 

the minority of inbred and outbred mouse strains and MCMV is capable of acquiring 

mutations that help to escape the early NK cell control186-189. Thus, using susceptible 

mouse strains or a MCMV mutant with a m157 deletion seems to be the more 

physiologic choice for experimental studies.  

 

1.4.2. The innate immune response elicited upon a MCMV infection 

 

IFN-I and NK cells are described as key regulators of the innate immune response to 

MCMV infections. The IFN-I response is induced in two waves peaking between 4 – 
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8 and 36 – 48 hpi, which represents the primary host response to the virus inoculum 

and the subsequent response to the virus spread and continuous replication. Mice, 

which are deficient for IFNAR signaling succumb to MCMV infections, highlighting the 

important role of IFN-I signaling during the infection190,191. The first IFN-I wave was 

described to derive from splenic stromal cells, which induce the IFN-I response in a 

TLR-independent, but lymphotoxin-β receptor (LTβR)-dependent manner192. Only 

recently a contribution of the STING signaling pathway to the early systemic IFN-β 

response was reported92,106. The first wave of produced IFN-I was shown to already 

have an impact on NK cell cytotoxicity, as neutralization of IFN-α/β led to a 

substantial reduction of NK cell cytotoxicity193. The second wave of IFN-I is derived 

mainly from the spleen and produced by pDC in a TLR-dependent manner at 36 hpi 

as well as cDC at around 48 hpi194-196. The second wave contributes to the shaping 

of the anti-MCMV response of NK and T cells197-200.  

The important role of NK cells for the control of CMV infections has been shown for 

humans as well as mice. Rare deficiency of NK cells in humans results in unusually 

severe HCMV infections201. Similar, NK cell depletion increases the susceptibility of 

mice to MCMV infections202. Splenic anti-MCMV NK cell responses are best studied. 

Activation of an efficient NK cell response is stimulated by pro-inflammatory 

cytokines, such as IFN-I, IL-15, IL-12, and IL-18, which are secreted by pDC and 

cDC. It was reported that the IL-12/IL-18 production is more potent in triggering IFN-γ 

secretion by NK cells, while IFN-I/IL-15 stimulate cytotoxicity199,203,204. Especially at 

36 hpi IFN-α and IL-12 production by pDC and cDC is TLR signaling dependent, 

while already at 48 hpi TLR signaling and pDC were dispensable for the production 

of these cytokines194-196,198,203,205. The activation of DC influences priming of the 

adaptive immune response as mainly cross-presenting CD8α+ DC were shown to be 

important for efficient priming of CD8+ T cells upon MCMV infection204,206-208. Cross-

presenting DC are not infected by MCMV, but endocytose debris from e.g. apoptotic 

cells, process antigens, and present these on MHC I molecules to CD8+ T cells209. 

The upregulation of MHC I and co-stimulatory molecules on DC, which is required for 

T cell priming, was shown to be promoted by IFN-I210-213.  

In the liver, TLR-dependent IFN-I signaling was reported to promote the CCR2-

dependent egress of inflammatory monocytes from the BM and their entry into the 

liver. These monocytes subsequently recruit NK cells in a MIP-1α-dependent manner 

into the liver, where the NK cells restrict the MCMV replication in response to IFN-I 
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and IL-12190,214,215. Furthermore, IFN-γ, which is produced by NK cells, leads to the 

production of CXCR3 ligands, which in turn promote the recruitment of naïve CD8+ T 

cells216.  

Further innate immune cells contribute to the initial control of MCMV infection, but 

their roles are less well defined. CD169+ macrophages were reported to capture 

MCMV in LN and restrict the infection of fibroblastic reticular cells (FRC) in a IFN-I- 

and NK cell-dependent manner. This also restricts MCMV dissemination from 

LN217,218. Mast cells were shown to be activated early after MCMV infection in a TLR-

dependent manner and to secrete chemokines that promote CD8+ T cell recruitment 

to sites of infection219,220. Additionally, NK cell produced IL-22 was described to 

recruit neutrophils that kill MCMV infected cells in a TRAIL-dependent manner221. 

Especially in in vitro settings different myeloid cell subsets were shown to contribute 

to an anti-MCMV immune response, but their role in vivo is less well defined. Similar 

to HCMV infection, IFN-I production of bone marrow derived macrophages (BMDM) 

and bone marrow derived DC (BMDC) was shown to depend on STING 

signaling85,222, but which impact this has on the in vivo MCMV infection remains 

elusive. Mainly the role of TLR signaling was addressed in in vivo studies. These 

studies highlighted that TLR signaling is important for protection of mice against 

MCMV and for the control of virus replication194. Infection of STINGgt/gt mice with 

MCMV resulted in a higher body weight loss and higher splenic titers when compared 

with WT mice106.   

 

1.4.3. The adaptive immune response elicited upon MCMV infection 

 

Apart from IFN-I and NK cells, also T cells have a main function in resolving primary 

MCMV infection and controlling MCMV latency. T cell depleted mice die after MCMV 

infection even when an efficient NK cell response is present. This is due to the fact 

that MCMV can acquire mutations that help to evade the early NK cell control186,223. A 

robust and diverse epitope-specific CD4+ and CD8+ T cell response is primed in mice 

during the first week of infection, from which most T cells contract and establish a 

stable memory pool224-226. Selected populations of these T cells do not contract, but 

are maintained or even increase and were thus termed inflationary memory T cells227-

229. Despite their continued exposure to antigens, inflationary memory T cells do not 

show signs of T cell exhaustion230,231.  
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The main protective function against MCMV was attributed to CD8+ T cells. The 

adoptive transfer of MCMV-primed CD8+ T cells, but not CD4+ T cells, into γ-

irradiated mice limits virus replication in tissues, prevents histopathological damage 

and protects immunocompromised mice from a lethal outcome of MCMV 

infection232,233. Nevertheless, CD8+ T cell depleted mice are protected from lethal 

MCMV infection. It is indicated that in absence of CD8+ T cells, CD4+ T cells can 

compensate their loss and take over the majority of functions234,235. CD4+ T cells 

were shown to be especially important for the control of MCMV in SG. The antiviral 

activity of CD4+ T cells in SG is dependent on IFN-γ, as neutralization of IFN-γ 

abolished the CD4+ T cell function236,237. B cells are not required for the control of an 

acute MCMV infection, as B cell deficient mice clear MCMV with the same kinetics as 

WT mice and the load of latent viral genomes is also comparable. However, upon 

reactivation from latency B cells and antibodies are important to control viral 

titers238,239.  

 

1.4.4. Dissemination of MCMV 

 

The knowledge about HCMV dissemination in vivo is limited. HCMV sheds via bodily 

fluids, such as saliva, breast milk, urine and genital secretions in order to infect new 

hosts240. Thus, it was assumed for a long time that the physiological infection route is 

via the oral mucosa241,242. A recent study compared oral versus intranasal infection of 

mice with MCMV and shows that both routes result in upper respiratory tract 

infections of mice243. Therefore, acquiring MCMV via the intranasal route was 

postulated as physiological infection route. However, after low volume intranasal 

infection, which restricts viral particles to the nasal cavity and prevents direct entry 

into the lung, only pups show a profound lung colonization, whereas adult mice do 

not. Thus, the intranasal infection seems to represent the physiological infection route 

for pups with an immature immune system, but whether this is also true for adult mice 

needs further clarification.  

After crossing the first host barrier, CMV infects initial target cells at primary infection 

sites. Depending on the route of infection, primary infection sites and first hit target 

cells differ, but usually include epithelial and endothelial cells244-246. Within first target 

organs CMV spreads either as cell-free virus or via cell-to-cell transmission247-250. 

After activation, endothelial cells upregulate adhesion molecules, e.g. CX3CL1251,252. 
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Immune cells can bind to these adhesion molecules and get infected when they cross 

an infected endothelial barrier174. From these primary infection sites an immune cell 

mediated primary and secondary dissemination takes place. For HCMV and MCMV 

myeloid cells as well as polymorphnuclear cells, such as neutrophils, were reported 

as vehicles for dissemination253. After intra-footpad infection of mice two waves of 

CX3CR1+ cells are recruited to the footpad, peaking at 8 to 20 hpi and at 3 days post 

infection (dpi). The first wave mediates the primary dissemination of MCMV, for which 

CX3CR1 and the MCMV chemokine homolog MCK2 have redundant functions. The 

second wave mediates the secondary dissemination to distal organs, and lack of 

either CX3CR1 or MCK2 led to a high decrease in MCMV dissemination to SG. 

These data indicate that the dissemination of MCMV from primary infection sites to 

the SG is mediated by a CX3CR1+ cell type and is dependent on viral MCK2254. The 

MCK2 protein comprises the m131 transcript spliced with m129255,256. M131 contains, 

similar to its potential functional homologue UL128 of HCMV, a CC chemokine motif 

and is together with m129 part of the gH/gL/MCK2 entry complex of MCMV179,255. 

Thus, it is thought that MCK2 has a dual role: on the one hand it is recruiting 

CX3CR1+ immune cells via its chemokine function and on the other hand it is 

mediating entry into myeloid cells as part of the gH/gL/MCK2 entry complex. This 

dual function is also reported for the UL128 of HCMV175,179. The CX3CR1+ cell type 

that mediates dissemination of MCMV was identified as patrolling monocyte254. This 

is consistent with detected HCMV infected monocytes in blood, but the infection was 

described to be non-productive. However, when monocytes differentiate they support 

productive viral replication253,257-259.  

After intranasal infection of mice a CD11c+ cell type was reported to transport MCMV 

to the lung draining lymph nodes (LN) and to the SG244. This is consistent with the 

intra-footpad infection model, because patrolling monocytes and DC both express 

CX3CR1 and CD11c254,260. Whether both cell types or only one of them can transport 

MCMV needs to be addressed in future.  

After systemic MCMV infection of mice, cells in the liver are readily infected. A 

previous study showed that the infection of first target cells, e.g. hepatocytes, Kupffer 

cells, and endothelial cells, is dependent on the entry complex gH/gL/gO245, while 

subsequent intra-tissue spread depends on gH/gL/MCK2246. Infection of epithelial 

cells in the lung after intranasal infection is similarly dependent on gO245. 

Furthermore, upon infection with a MCK2 deficient MCMV, hepatocytes, in contrast to 
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endothelial cells, do not support a primary or secondary dissemination. This was 

eluted by specifically analyzing hepatocyte-derived MCMV particles. Between 1 and 

5 days after infection none of these hepatocyte-derived particles could be found in 

another organ apart from the liver261. This indicates that MCMV is trapped inside the 

liver after infecting hepatocytes, but which mechanism underlies this restriction is not 

known so far. 
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2. Aim 

 

The innate and adaptive immune response efficiently controls HCMV infections. This 

is why HCMV associated severe pathologies develop in immunocompromised 

individuals, and mostly are not found in immunocompetent subjects158. Immune 

responses are initiated after sensing of pathogens by PRR1,6. Activation of PRR 

signaling triggers IFN-I that are essential for protection against CMV165,190,191. IFN-I 

production via TLR signaling was long thought as determinant for protection in 

MCMV infections194. Surprisingly, amongst MyD88 signaling deficient individuals no 

enhanced incidence of HCMV infections was observed166,167, suggesting a redundant 

involvement of PRR platforms in HCMV sensing. Studies in primary human immune 

cells revealed that pDC sense HCMV via TLR9, whereas monocyte-derived DC and 

macrophages use the cGAS/STING pathway to induce IFN-I responses110. 

Therefore, the aim of this study was to analyze in vivo the role of TLR, RLR, and 

STING signaling in eliciting protective immunity against MCMV. To this end, infection 

experiments with mice lacking either TLR, RLR, or STING signaling alone, or 

combinations of these, were performed. This way, we addressed the protective 

capacity of single PRR platforms and furthermore, characterized their spatial and 

temporal involvement in distinct cell subsets for the IFN-β expression.  

PRR mediated activation of APC results also in the induction of inflammatory 

cytokines that in combination with IFN-I confer activation of cytotoxic NK and T 

cells203,262. Both these cell types are important for controlling local viral loads and 

thus controlling MCMV infections186,202. Since we hypothesized that TLR, RLR, and 

STING signaling is important in different APC subsets, we aimed for identifying their 

respective impact on NK and T cell activation and their role in the control of MCMV in 

different organs.   

CMV disseminates primarily in a cell-associated manner from primary sites of 

infection to subsequent target organs253. Especially infected myeloid cells are 

reported as vehicles for CMV dissemination254,257,259,263,264. Therefore, we 

hypothesized that defects in PRR signaling might enhance the dissemination of 

MCMV. By using a Cre inducible reporter MCMV261, we aimed for improving the 

existing knowledge about the role of PRR signaling in MCMV dissemination.  
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An efficient activation of innate immune cells is essential to prevent pathologies 

during CMV infection. Interestingly, these innate immune cells are also used as 

vehicles for CMV dissemination, which forms the basis of disease manifestation in 

different organs. Understanding the mechanisms regulating CMV dissemination will 

help us to understand CMV pathogenesis and might point towards new therapeutic 

strategies.          
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3. Material and Methods 

 

 

3.1. Material 

 

3.1.1. Machines 

 

Table 1: List of machines used in this thesis 

Name Company Head quarter 

Aesculap Exacta Rasor Aesculap Tuttlingen, GER 

Centrifuge 5417R Eppendorf Hamburg, GER 

Centrifuge MULTIFUGE 35+ Thermo Fisher Scientific Waltham, MA, USA 

Centrifuge Microfuge 16 BeckmanCoulter Brea, CA, USA 

Digital scale Atilon Acculab GmbH Göttingen, GER 

FastPrep®-24  MP Biomedicals 
Santa Ana, CA, 

USA 

Incubator Cytoperm Thermo Fisher Scientific Waltham, MA, USA 

Infra-red lamp Petra Electric Ense, GER 

IVIS Spectrum CT PerkinElmer Waltham, MA, USA 

LSR-II FACS device BD Biosciences 
Franklin Lakes, NJ, 

USA 

MACS MultiStand Miltenyi Biotec 
Bergisch Gladbach, 

GER 

Microscope Axiostar plus 
Carl Zeiss AG Oberkochen, GER 

Microscope Axiovert 40C 

Microscope Eclipse TS100 Nikon Minato, JPN 

NanoDrop 1000 

Spectrophotometer 
Thermo Fisher Scientific Waltham, MA, USA 

QuadroMACS Separator Miltenyi Biotec 
Bergisch Gladbach, 

GER 

Synergy 2 multi-mode 

microplate reader  
BioTek Winooski, VT, USA 

Ultracentrifuge Sorvall WX Thermo Fisher Scientific Waltham, MA, USA 
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Ultra 80 

Unimax 1010 
Heidolph Instruments GmbH 

& Co. KG 
Schwabach, GER 

Waterbath VWR International Radnor, PA, USA 

White light transilluminator UVP Upland, CA, USA 

XGI-8 Gas Anesthesia 

Chamber 
Caliper Life Sciences 

Hopkinton, MA, 

USA 

 

 

3.1.2. Equipment and Consumables 

 

Table 2: List of equipment and consumables used in this thesis  
Name Company Head quarter 

0.5, 1.0, 2.0 ml reaction tubes Eppendorf Hamburg, GER 

15, 50 ml BD Falcon  
BD Bioscience 

Franklin Lakes, NJ, 

USA 48-, 96- well plates  

Cell scraper 28 cm 
greiner bio-one Kremsmünster, AUT 

Cellstar® cell culture flasks 

Centrifuge Bottles with Sealing Cap 

250 ml 

Thermo Fisher 

Scientific 
Waltham, MA, USA 

Cryotubes 1ml greiner bio-one Kremsmünster, AUT 

Discofix® C Dreiwegehahn B.Braun Melsungen, GER 

Douncer Wheaton Millville, NJ, USA 

EASYSTRAINER 40, 70, 100 µm greiner bio-one Kremsmünster, AUT 

FastPrep® Lysing Matrix Tubes A/D MP Biomedicals Santa Ana, CA, USA 

Heidelberger extensions 75 cm B.Braun Melsungen, GER 

Hematocrit capillaries 
Hirschmann 

Laborgeräte 
Eberstadt, GER 

Laboratory glassware Schott Mainz, GER 

MACS MS Columns Miltenyi Biotec 
Bergisch Gladbach, 

GER 

Metal Sieve Atechnik GmbH Leinburg, GER 

Microplate, 96 well, PS, F-Bottom, greiner bio-one Kremsmünster, AUT 
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Lumitrec 200 

Microtrainer™ SST Tubes BD Biosciences 
Franklin Lakes, NJ, 

USA 

MiniMACS Separator Miltenyi Biotec 
Bergisch Gladbach, 

GER 

Multichannel pipettes (100, 300 µl) Eppendorf Hamburg, GER 

MultiScreenHTS Filterplatten für 

Elispot 
Merck KGaA Darmstadt, GER 

Neubauer counting chamber 

(0.0025 mm2) 
Superior Marienfeld 

Lauda-Königshofen, 

GER 

Omnican F 1 ml 
B.Braun Melsungen, GER 

Omnifix® 10 ml 

Pipette tips (10, 20, 100, 200, 1000 

µl) 

 

Sarstedt 

 

Nümbrecht, GER 

Pipettes (10, 20, 100, 200, 1000 µL) Eppendorf Hamburg, GER 

Safety-Multifly-Kanüle Sarstedt Nümbrecht, GER 

Scissors and forceps 
Fine Science Tools 

GmbH 
Heidelberg, GER 

Thinwall Polypropylene Tube Beckman Coulter  Brea, CA, USA 

 

 

3.1.3. Reagents and Chemicals 

 

Table 3: List of reagents and chemicals used in this thesis  
Name Company Head quarter 

Ammonium chloride 
Carl Roth GmbH + Co. 

KG 
Karlsruhe, GER 

BCIP/NBT-plus substrate for 

ELISpot 
Mabtech AB 

Nacka Strand, 

SWE 

Bepanthen Bayer Leverkusen, GER 

β-mercaptoethanol Merck KGaA Darmstadt, GER 

Bright-Glo™ Luciferase Assay 

System 
Promega Madison, WI, USA 

Calcium chloride Merck KGaA Darmstadt, GER 
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Collagenase P Roche Basel, CHE 

Crystal violet Merck KGaA Darmstadt, GER 

D-(+)-Glucose Merck KGaA Darmstadt, GER 

D-Luciferin (potassium salt) for in 

vivo injection 
Intrace Medical SA Lausanne, CHE 

DMSO AppliChem GmbH Darmstadt, GER 

Doxycycline hyclate Merck KGaA Darmstadt, GER 

DPBS Gibco® Life Technologies 
Carlsbad, CA, 

USA 

EDTA Merck KGaA Darmstadt, GER 

Ethanol 70% 
Carl Roth GmbH + Co. 

KG 
Karlsruhe, GER 

FCS 
Merck KGaA Darmstadt, GER 

Folic acid 

Formaldehyd 36%, GPR 

RECTAPUR® 
VWR International Radnor, PA, USA 

Glutamax (2 mM) 
Gibco® Life Technologies 

Carlsbad, CA, 

USA HEPES 

IsoFlo® Albrecht Aulendorf, GER 

Ketamin 10% WDT eG Garbsen, GER 

MACS BSA Stock Solution Miltenyi Biotec 
Bergisch 

Gladbach, GER 

Methylcellulose, 300 - 560 mPa.s, 

Methocel® A4C 
VWR International Radnor, PA, USA 

MilliQ water Merck KGaA Darmstadt, GER 

Non-essential amino acids 

Gibco® Life Technologies 
Carlsbad, CA, 

USA 
PBS tablets 

Penicillin/Streptomycin 

Potassium bicarbonate 
Carl Roth GmbH + Co. 

KG 
Karlsruhe, GER 

Protein transport inhibitor 

(Containing Brefeldin A) 
BD Biosciences 

Franklin Lakes, 

NJ, USA 

Sodium azide Merck KGaA Darmstadt, GER 
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Sodium bicarbonate Gibco® Life Technologies 
Carlsbad, CA, 

USA 

Sodium chloride 
Th. Geyer Ingredients 

GmbH & Co. KG 
Höxter, GER 

Sodium pyruvate 
Gibco® Life Technologies 

Carlsbad, CA, 

USA Sucrose 

Synthetic MCMV peptides (m45, 

m139) 

JPT Peptide 

Technologies GmbH 
Berlin, GER 

RPMI 1640 

Gibco® Life Technologies 
Carlsbad, CA, 

USA 
Trypan blue 

Trypsin 

Tween 20 Merck KGaA Darmstadt, GER 

Veet hair removal lotion Reckitt Benckiser Slough, GBR 

Xylavet 20 mg/ml cp-pharma Burgdorf, GER 

 

 

3.1.4. Buffers and Media 

 

Table 4: List of buffers and media used in this thesis 
Buffer/Medium Composition/Source of supply 

1% Methylcellulose 

7,52 g Methylcellulose  

752 ml MilliQ water 

50 ml FCS 

100 ml DMEM 10x 

200 µl folic acid [20 mg/ml in sodium 

bicarbonate solution] 

17,5 ml D-(+)-Glucose solution 

10 ml Penicillin/Streptomycin  

49,32 ml Sodium bicarbonate 

ACK Lysis Buffer 

1 l MilliQ Water 

8.29 g Ammonium Chloride 

1.00 g Potassium Bicarbonate 

0.037 g EDTA 

Crystal violet staining solution MilliQ Water (ad 1 l) 
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5 g crystal violet (final 0.5%) 

8 g NaCl (final 0.8%) 

50 mL formaldehyde (final 5%) 

500 mL ethanol 96%, denatured (final 50%) 

DMEM 
4.5 g/l D-Glucose, w/o L-Glutamine, pyruvate 

Gibco® Life Technologies, Carlsbad, CA, USA 

DMEM 10× 

1000 mg/l glucose, w/o L-glutamine, sodium 

bicarbonate, folic acid 

Merck KGaA, Darmstadt, GER 

Dox-MEF medium 

DMEM 

10% FCS 

1% Glutamax 

1% non-essential amino acids 

0,0007% β-mercaptoethanol 

ELISpot Medium 

MEMα (500 ml) 

5 ml HEPES 

5 ml Penicillin/Streptomycin 

1.75 ml β-mercatoethanol 

37.5 ml FCS 

ELISpot Wash Buffer 
PBS 

0.01% Tween 20  

FACS Buffer 

1 l MilliQ Water 

20 g BSA  

20 mM EDTA 

0.2% sodium azide 

9.55 g PBS 

HBSS 
4.5 g/l D-Glucose, w/o Ca and Mg 

Gibco® Life Technologies, Carlsbad, CA, USA 

MACS Buffer 

MilliQ Water (ad 1 l) 

9.55 g PBS 

2 mM EDTA 

MEMα 
+L-Glutamine, w/o nucleosides, 

ribonucleosides 
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Gibco® Life Technologies, Carlsbad, CA, USA 

Primary MEF (pMEF) medium 

DMEM 

10% FCS 

1% Glutamax 

Virus standard buffer (VSB) 

50 mM TrisHCl 

12 mM KCl 

5 mM Na2EDTA 

pH 7.8 

X-VIVOTM 15 Serum-free 

Hematopoietic Cell Medium 
Lonza, Basel, CHE  

 

 

3.1.5 Kits 

 

Table 5: List of kits used in this thesis 
Name Company Head quarter 

Bio-Plex Pro Mouse Cytokine 23-Plex Assay Bio Rad 
Hercules, CA, 

USA 

CD8a+ T Cell Isolation Kit, mouse Miltenyi Biotec 
Bergisch 

Gladbach, GER 

Dynabeads™ Mouse T-Activator CD3/CD28 

for T-Cell Expansion and Activation 

Thermo Fisher 

Scientific 

Waltham, MA, 

USA 

Fixation/Permeabilization Solution Kit BD Biosciences 
Franklin Lakes, 

NJ, USA 

LIVE/DEAD™ Fixable Blue Dead Cell Stain 

Kit, for UV excitation 

Thermo Fisher 

Scientific 

Waltham, MA, 

USA 

VeriKine Mouse IFN Alpha ELISA Kit PBL Assay 

Science 

Piscataway, NJ, 

USA VeriKine Mouse IFN Beta ELISA Kit 
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3.1.6. Antibodies 

 

Table 6: List of antibodies used in this thesis 

Name Company 
Concentration – µl 

per sample 

APC anti-mouse CD335 (NKp46) 

Antibody (Clone 29A1.4) 
Biolegend 0.2 mg/ml – 1 µl 

APC/Cyanine7 anti-mouse CD4 

Antibody (Clone GK1.5) 
Biolegend 0.2 mg/ml – 0.5 µl 

Biotin Rat Anti-Mouse IFN-γ (Clone  

XMG1.2) 
BD Biosciences 0.5 mg/ml  

Brilliant Violet 421™ anti-mouse NK-

1.1 Antibody (Clone PK136) 
Biolegend 0.2 mg/ml – 2 µl 

CD3e Monoclonal Antibody (Clone 

145-2C11), FITC 
Affymetrix 0.5 mg/ml – 0.1 µl 

IFN gamma Monoclonal Antibody 

(Clone RMMG-1) 

Thermo Fisher 

Scientific 
5 µg/ml 

Purified Rat Anti-Mouse CD16/CD32 

(Mouse BD Fc Block™) 
BD Pharmingen 0.5 mg/ml – 1 µl 

PE rat anti-mouse IFN-γ Antibody 

(Clone XMG1.2) 
Biolegend 0.2 mg/ml – 2 µl 

PE/Cy7 anti-mouse TCR γ/δ Antibody 

(Clone GL3) 
Biolegend 0.2 mg/ml – 1 µl 

 

 

3.1.7. Software 

 

Table 7: List of software used in this thesis 
Name  

GraphPad Prism version 5/7 

IVIS Software (Living Image 4.5.4) 

ELISA reader (Gene5 1.08) 
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3.1.8. Viruses 

 

Table 8: List of viruses used in this thesis 
Virus mutant Origin 

MCMV Δm157 
Provided by S. Jordan (Icahn School of Medicine, 

Manhattan, NY, USA)265 

MCMV Δm157luc 
Provided by M. Mach (University Hospital Erlangen, 

Erlangen, GER)266 

MCMV Δm157-flox-egfp 

(MCK2-) 

Provided by Z. Ruzsics (University of Freiburg, 

Freiburg, GER)261 

MCMVrep Δm157-flox-egfp 

(MCK2+) 

Provided by Z. Ruzsics (University of Freiburg, 

Freiburg, GER), unpublished  

MHV-68 WUMS 
Provided by M. Brinkmann (HZI, Braunschweig, 

GER)267, ATCC No. VR-1465 

VACV Western Reserve Provided by B. Moss (NIH, Bethesda, MD, USA) 

 

 

3.1.9. Mice 

 

Table 9: List of mouse lines used in this thesis 

Mouse Line Nomenclature 

AlbCre+/- B6.Cg-Tg(Alb-cre)21Mgn268 

AlbCre+/-IFN-

βfloxβ-luc 
B6.Cg-Tg(Alb-cre)21Mgn x B6.Ifnb(tm2(luc))Gbf-Bruce4269 

AlbCre+/-STING-/- B6.Cg-Tg(Alb-cre)21Mgn x B6(Cg)-Tmem173tm1.2Camb/J 

C57BL/6 Envigo 

Ca-/- B6.STOCK-Mavs(tm1Tsc)270 

Ca-/-IFN-βwt/∆β-luc 
B6.STOCK-Mavs(tm1Tsc) x B6.Bruce4-IFNb(tm2.2(luc))Gbf-

Bruce 4271 

CD11cCre+/- B6.Cg-Tg(Itgax-cre)1-1Reiz/J272 

CD11cCre+/-IFN-

βfloxβ-luc 
B6.Cg-Tg(Itgax-cre)1-1Reiz/J x B6.Ifnb(tm2(luc))Gbf-Bruce4 

CD169Cre+/- C57BL/6-Siglec1<tm1(cre)Mtaka>273 

CD169Cre+/-IFN- C57BL/6-Siglec1<tm1(cre)Mtaka> x B6.Ifnb(tm2(luc))Gbf-Bruce4 
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βfloxβ-luc 

CD169Cre+/-

STING-/- 

C57BL/6-Siglec1<tm1(cre)Mtaka> x B6(Cg)-

Tmem173tm1.2Camb/J 

cGAS-/- Mb21d1tm1d(EUCOMM)Hmgu/J91 

CX3CR1Cre+/- B6.Cg-Cx3Cr1tm1.1(cre)Jung274 

CX3CR1Cre+/-

STING-/- 
B6.Cg-Cx3Cr1tm1.1(cre)Jung x B6(Cg)-Tmem173tm1.2Camb/J 

IFNAR-/- B6.129S2-Ifnar1tm1(Neo)Agt148 

IFN-βwt/∆β-luc B6.Bruce4-IFNb(tm2.2(luc))Gbf-Bruce 4275 

IFN-βfloxβ-luc B6.Ifnb(tm2(luc))Gbf-Bruce4275 

LysMCre+/- B6.129P2-Lyz2tm1(cre)Ifo276 

LysMCre+/-IFN-

βfloxβ-luc 
B6.129P2-Lyz2tm1(cre)Ifo x B6.Ifnb(tm2(luc))Gbf-Bruce4269 

LysMCre+/-

STING-/- 
B6.129P2-Lyz2tm1(cre)Ifo x B6(Cg)-Tmem173tm1.2Camb/J 

MyTr-/- B6.129P2-Myd88tm1Aki x C57BL/6J-Ticam1Lps2277-279 

MyTrCa-/- 
B6.129P2-Myd88tm1Aki x C57BL/6J-Ticam1Lps2 x B6.STOCK-

Mavs(tm1Tsc)271 

MyTrCaGa-/- 
B6.129P2-Myd88tm1Aki x C57BL/6J-Ticam1Lps2 x B6.STOCK-

Mavs(tm1Tsc) x Mb21d1tm1d(EUCOMM)Hmgu/J 

MyTrCa-/-IFN-

βwt/∆β-luc 

B6.129P2-Myd88tm1Aki x C57BL/6J-Ticam1Lps2 x B6.STOCK-

Mavs(tm1Tsc) x B6.Bruce4-IFNb(tm2.2(luc))Gbf-Bruce 4271 

MyTrCaSt-/- 
B6.129P2-Myd88tm1Aki x C57BL/6J-Ticam1Lps2 x B6.STOCK-

Mavs(tm1Tsc) x B6(Cg)-Tmem173tm1.2Camb/J 

MyTr-/-IFN-βwt/∆β-

luc 

B6.129P2-Myd88tm1Aki x C57BL/6J-Ticam1Lps2 x B6.Bruce4-

IFNb(tm2.2(luc))Gbf-Bruce 4271 

STING-/- B6(Cg)-Tmem173tm1.2Camb/J280 

STING-/-IFN-

βwt/∆β-luc 

B6(Cg)-Tmem173tm1.2Camb/J x B6.Bruce4-

IFNb(tm2.2(luc))Gbf-Bruce 4 

TRIF-/-IFN-βwt/∆β-

luc 
C57BL/6J-Ticam1Lps2 x B6.Bruce4-IFNb(tm2.2(luc))Gbf-Bruce 4 

 

B6.129P2-Myd88tm1Aki x C57BL/6J-Ticam1Lps2 x B6.STOCK -Mavs(tm1Tsc) 

(MyTrCa-/-)271 and B6(Cg)-Tmem173tm1.2Camb/J (STING-/-)280 or B6(C)-
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Mb21d1tm1d(EUCOMM)Hmgu/J (cGAS-/-)91 were intercrossed to generate 

MyTrCaSt-/- or MyTrCaGa-/- mice, respectively. Additionally, STING-/- and C57BL/6J-

Ticam1Lps2 (TRIF-/-) mice were intercrossed with IFN-βwt/∆β-luc mice275 in a manner 

that they carry one IFN-β∆β-luc allele. C57BL/6-Siglec1<tm1(cre)Mtaka> (CD169Cre+/-

)273 and B6.Cg-Tg(Itgax-cre)1-1Reiz/J (CD11cCre+/-) mice were intercrossed with 

B6.Ifnb(tm2(luc))Gbf-Bruce4 (IFN-βflox-βluc)275 to generate CD169- and CD11c-

specific IFN-β reporter mice. B6.Cg-Tg(Alb-cre)21Mgn (AlbCre+/-)268, B6.129P2-

Lyz2tm1(cre)Ifo (LysMCre+/-)276, B6.Cg-Cx3Cr1tm1.1(cre)Jung (CX3CR1Cre+/-), and 

CD169Cre+/- were intercrossed with STING-/- mice to generate AlbCre+/-STING-/-, 

LysMCre+/-STING-/-, CX3CR1Cre+/-STING-/-, and CD169Cre+/-STING-/- mice. All used 

mouse lines (Table 2.10) were bred under specific pathogen-free conditions in the 

central mouse facility of the Helmholtz Centre for Infection Research, Brunswick, and 

at TWINCORE, Centre for Experimental and Clinical Infection Research, Hanover, 

Germany. Mouse experimental work was carried out using 8 to 20 week old mice in 

compliance with regulations of the German animal welfare law.  

 

3.1.10. Cell lines and primary cells 

 

Table 10: List of cell lines and primary cells used in this thesis 
Cells Source of supply 

Dox-

MEF 

Immortalized mouse embryonic fibroblasts 

Provided by Martin Messerle (Hanover Medical School, Hanover, 

Germany) 

Developed by Tobias May (Helmholtz Centre for Infection Research, 

Brunswick, Germany) 

pMEF 
Primary Mouse embryonic fibroblasts 

Generated as described in 2.2.2. 

P815 
Immortalized murine mast cell line 

ATCC No. TIB-64™ 
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2.2. Methods 

 

2.2.1. MCMV working stock preparation 

 

2.2.1.1. THAWING OF DOX-MEF 

 

Frozen Dox-MEF aliquots were thawed in a water bath at 37°C for 2 minutes (min). 

The cell suspension was transferred into 30 millilitre (ml) of warm Dox-MEF medium 

in a 50 ml reaction tube. Cells were centrifuged for 6 min at 1200 rpm and 

resuspended in 10 ml Dox-MEF medium. The cell suspension was transferred into a 

10 centimetre (cm) cell culture petri dish and Doxycyclin (Dox) was added at a final 

concentration of 2 microgram (µg)/ml. The cells were incubated at 37°C, 5% CO2. 

 

2.2.1.2. CULTURE OF DOX-MEF 

 

Dox-MEF were cultivated at 37°C with 5% CO2. One day after thawing the medium 

was exchanged and fresh 2 µg/ml Dox added. The following day, the cells were 

passaged. The medium was removed and the cells were washed with 10 ml 

phosphate buffered saline (PBS). Afterwards 1 ml of Trypsin (0.25%) + 

ethylenediaminetetraacetic acid (EDTA, 1 millimolar [mM]) in PBS was added and 

incubated for 6 min at 37°C and 5% CO2. The trypsin reaction was stopped with 

10 ml of Dox-MEF medium and the cell suspension transferred into a 50 ml reaction 

tube. The cells were centrifuged at 1200 rpm for 6 min and afterwards resuspended 

in 8 ml of Dox-MEF medium. The cells were splitted to four 20 cm cell culture petri 

dishes and Dox-MEF medium was added up to 20 ml. Fresh Dox was added at a 

final concentration of 2 µg/ml and the cells were incubated at 37°C and 5% CO2. 

Depending on the following assay the cells were splitted every 3 days up to 1:10. 

 

2.2.1.3. INFECTION OF MEF WITH MCMV  

 

The medium was discarded and 20 ml Dox-MEF medium was added. Dox-MEF were 

infected with 1.5×10⁵ plaque forming units (pfu) MCMV. One day after infection the 
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medium was changed again. The infected cells were incubated for 7 days at 37°C 

and 5% CO2. 

 

2.2.1.4. MCMV PREPARATION 

 

The supernatants of the plates were transferred into 50 ml reaction tubes. Infected 

cells were removed from the cell culture petri dish with a cell scraper and the plates 

were rinsed with Dox-MEF medium. The cell suspension was centrifuged at 4490 × g 

and 4°C for 30 min. The supernatants were transferred into ultracentrifuge buckets 

and balanced out. The supernatants were centrifuged at 26000 × g and 4°C for 3 

hours (h). Afterwards, the supernatant was discarded and the pellet was 

resuspended in ice cold Dox-MEF medium. The cell pellet was transferred into ice 

cold glass-douncer and was dounced carefully 30 times. 2 ml of ice cold sucrose 

solution was added into pre-cooled ultracentrifuge tubes. The virus solution was 

pipetted carefully on the sucrose solution and the douncer was rinsed. The 

ultrcentrifuge tubes were filled up to 2/3 with Dox-MEF medium. The tubes were 

balanced out and the virus solution was centrifuged at 72000 × g and 4°C for 1 h. 

Afterwards, the supernatant was discarded and the pellet was resuspended in 1 ml 

ice cold sucrose solution. The solution was transferred into new ice cold douncer and 

the tube was rinsed with additional 1 ml of sucrose solution. The pellet was dounced 

carefully 30 times and the virus was aliquoted in 50 microlitre (µl) in 0.5 ml tubes. The 

tubes were frozen in liquid nitrogen and stored at -80°C. 

 

2.2.2. Primary mouse embryonic fibroblast preparation 

 

Day 14 pregnant female mice were killed by cervical dislocation. The peritoneum was 

opened and the complete uteri were placed in a 10 cm petri dish on ice. Embryos 

were pulled open and the liver was scraped out. Afterwards, the embryos were 

transferred to a new 10 cm petri dish on ice filled with 5 ml of PBS. The embryos 

were washed intensively and transferred to a second new 10 cm petri dish on ice 

filled with 3 ml of PBS. After that, the embryos were cut into small pieces using 

scissors. The small pieces were resuspended in 10 ml HBSS w/o calcium (Ca) and 

magnesium (Mg), centrifuged at 1200 rpm and 4°C for 6 min and were washed two 

more times with HBSS w/o Ca and Mg. The suspension was transferred into an 
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Erlenmeyerflask with solid-glass beads and 150 units (u)/ml Collagenase and 3 mM 

calcium chloride (CaCl). The glasspheres in Erlenmeyerflask were turned slowly 

using a magnetic stirrer at 37 °C for 30-45 min. The level of HBSS should not exceed 

the glasspheres. The embryo suspension was washed four times with DMEM (+10% 

FCS, +1% Glutamax, +1% P/S) and passed through a 100 µm cell strainer into a 50 

ml reaction tube. The residual tissue from the cell strainer was passed through a 

metal sieve and afterwards through a 100 µm cell strainer. The suspension was 

centrifuged at 1200 rpm and 4°C for 6 min. The pellets were pooled and washed with 

DMEM (+10% FCS, +1% Glutamax, +1% P/S). One to two 20 cm dishes were 

seeded per embryo. The next day the medium was discarded, the cells were washed 

with PBS and new medium was added. The following day the cells were splitted 1:2. 

pMEF were frozen in FCS + 20% dimethyl sulfoxide (DMSO) and stored at -150°C.  

 

2.2.3. In vivo experiments 

 

2.2.3.1. INTRAVENOUS INFECTION WITH VIRUSES 

 

Mice were warmed up in their cages for 1 min by an infra-red lamp. Subsequently, 

mice were introduced into restrainers and injected intravenously (i.v.) with 5×10⁵ pfu 

MCMV Δm157, MCMV Δm157luc, MCMVrep Δm157-flox-egfp (MCK2+), MCMV 

Δm157-flox-egfp (MCK2-), or with 1×10⁶ pfu MHV-68 or with 2×10⁶ pfu VACV in a 

total volume of 100 or 200 µl PBS into the lateral tail vein using an injection syringe. 

 

2.2.3.2. RETROORBITAL BLOOD COLLECTION 

 

Mice were anesthetized shortly with isoflurane and gripped firmly in the neck to stem 

the blood flow. A haematocrit capillary was introduced behind the emerging eye 

entering from the side and by slight rotation a lesion was set to the eye vein 

epithelium. Blood was collected in Microtrainer SST™ Tubes for serum sampling. By 

releasing the grip the eyeball sealed the lesion of the vessel. Tubes for serum 

sampling were centrifuged at 14000 × g for 1.5 min and stored at -20°C until further 

usage. 
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2.2.3.3. PERFUSION OF MICE FOR ORGAN EXTRACTION AND 

HOMOGENIZATION 

 

In order to determine the viral load in mouse organs they had to be freed of 

circulating blood to prevent a falsification of the results by virus particles from the 

blood. Therefore, mice were anesthetized with 100 milligram (mg)/kilogram (kg) body 

weight Ketamin and 10 mg/kg body weight Xylazin and horizontally pinned to a 

preparation block. The thorax was opened up and an incision was made to the 

diaphragm. The right lobe including the ribs was removed and a butterfly cannula 

was placed into the lower right ventricle. An incision was made to the lower left 

ventricle to allow blood draining from the circulation system. PBS was flushed 

through the blood circulation system by gravitation and preferably the heartbeat of 

the mouse. Perfusion was completed within approximately 5 min. Afterwards, the 

following organs were extracted: spleen, liver, lung, kidney, heart, salivary glands, 

inguinal LN, and cervical LN. The extracted organs were stored in lysing matrix tubes 

A or D in pMEF medium at -80°C for at least 24 h before further usage. To generate 

organ homogenates, the frozen organs were thawed on ice for approximately 1 h. 

Afterwards organs were homogenized three times at 4 meter (m)/second (s) for 20 s 

with a FastPrep®-24 tissue homogenizer.  

 

2.2.3.4. CYTOKINE ANALYSES  

 

Serum or organ homogenates of infected mice were analyzed for IFN-α or IFN-β 

amounts with VeriKine Mouse Interferon enzyme-linked immunosorbent assay 

(ELISA) kits following the manufacturer’s instructions. The absorbance was read at 

450 nanometer (nm) and 620 nm with a Synergy 2 multi-mode microplate reader. 

Multiplex cytokine array was performed using the Bio-Plex Pro Mouse Cytokine 23-

Plex Assay following the manufacturer’s instructions. Cytokine array was performed 

in collaboration with Prof. Dr. Christine Falk (Hannover Medical School, Hanover).  

 

2.2.3.5. INTRACELLULAR IFN-GAMMA STAINING 

 

Mice were euthanized and spleens were removed. Extracted spleens were mashed 

through 70 µm filters with 5 ml of X vivo medium. Cell suspensions were centrifuged 
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at 1200 rpm for 10 min. Supernatants were discarded and red blood cells lysed with 5 

ml of ACK lysis buffer for 1-2 min, depending on pellet size. Lysis was stopped by 

addition of 5 ml X vivo medium. The cell suspension was centrifuged at 1200 rpm for 

10 min. Supernatants were discarded and cell pellets were resuspended in 5 ml X 

vivo medium. Cells were counted after serial dilution with trypan blue in a Neubauer 

counting chamber under a light microscope. Total cell numbers were determined 

using the following formula: 

 

Total cell number = n/4 × dilution × 104 × volume (ml) of total suspension  

n = counted cells in four squares 

 

1×10⁶ splenocytes were left untreated (NK cells) or re-stimulated with Dynabeads® 

Mouse T-Activator CD3/CD28 (T cells) following the manufacturer’s instructions in 

the presence of 1 µl BD GolgiPlug™ for 4 h at 37°C and 5% CO2. After 4 h cells were 

transferred into 1.5 ml reaction tubes and T cell activation beads were removed by 

magnetic separation. Supernatants were centrifuged at 300 rcf and 4°C for 6 min. 

Cell pellets were resuspended in 100 µl PBS and transferred into a 96 well plate. The 

plates were centrifuged at 1200 rpm and 4°C for 6 min. The supernatants were 

discarded and the cells were stained with LIVE/DEAD® fixable blue stain kit following 

the manufacturer’s instructions and with fluorochrome-conjugated antibodies (Table 

6). Labelled cells were incubated for 30 min at 4°C. After addition of 100 µl PBS, cells 

were centrifuged at 1200 rpm and 4°C for 6 min. Supernatant was discarded and 

cells were resuspended in 100 µl Cytofix/Cytoperm. Cells were incubated for 20 min 

at room temperature in the dark. Afterwards 100 µl of 1:10 diluted (distilled water) 

Perm/Wash was added and cells centrifuged at 1200 rpm and 4°C for 6 min. 

Supernatants were discarded and cells resuspended in 50 µl Perm/Wash. 1 µl of Fc-

Block and 2 µl of IFN-γ staining antibody were added per sample and incubated for 

20 min at room temperature in the dark. Afterwards 100 µl of Perm/Wash was added 

to the cells and cell suspensions were centrifuged at 1200 rpm and 4°C for 6 min. 

Supernatants were discarded and cells were washed again with 100 µl Perm/Wash. 

Supernatant was discarded and cells were resuspended in 100 µl fluorescence 

activated cell sorting (FACS) buffer. Afterwards, cells were analyzed with a LSR II 

Sorb FACS analyzer.     
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2.2.3.6. ELISPOT ASSAY 

 

20 µl of 35% Ethanol was added to ELISpot plates and left for 1 min. Afterwards, 

plates were washed three times with PBS and coated with the primary anti-mouse 

IFN-γ antibody. The plates were incubated over night at 4°C. The next day, the plates 

were washed two times with distilled water. 200 µl of MEMα was added per well to 

block unspecific binding and the plates were incubated at 37°C for 2 h.  

Spleens of infected mice were prepared and mashed through a metal sieve. The 

sieve was rinsed with 3 ml magnetic-activated cell sorting (MACS) buffer and the 

splenocytes were resuspended with a 1000 µl pipet tip. The splenocytes were filtered 

through a 100 µm filter into a 50 ml reaction tube and the filter was rinsed with 3 ml 

MACS buffer. The reaction tube was filled up to 20 ml with MACS buffer. The cell 

suspension was centrifuged at 1400 rpm for 5 min, the supernatant was discarded 

and the pellet was resuspended in 3 ml MACS buffer. The splenocytes were filtered 

again through a 40 µm filter. Afterwards, the cells were counted after trypan blue 

staining and 5×10⁷ cells were mixed with 50 µl of CD8a+ microbeads. The cells were 

incubated for 15 min at 4°C. Afterwards, the reaction tube was filled up to 20 ml with 

MACS buffer and the cells were centrifuged at 300 × g for 10 min. The supernatant 

was discarded and the pellet was resuspended in 500 µl MACS buffer. Manual 

MACS columns were washed with 500 µl MACS buffer and after that the cell 

suspension was loaded onto columns. MACS columns were washed three times with 

MACS buffer. The retained cells were eluted with plunger and 500 µl MACS buffer 

into a 15 ml reaction tube. 5 ml ELISpot medium was added to the cells and cells 

were centrifuged at 1400 rpm for 5 min. The supernatant was discarded, the cells 

were resuspended in 1 ml ELISpot medium and counted after trypan blue staining. 

2×10⁵ P815 cells/well were loaded onto prepared peptide plates, pre-coated with 10-⁶ 
M peptides (m45, m139) per well. P815 cells with peptides were incubated for 1 h at 

room temperature.  

MEMα was removed from ELISpot plates. 5×103, 1×104, or 1×104 CD8+ T cells were 

added per well into ELISpot plates and 1×10⁵ P815 cells with peptides were loaded 

on top. The plates were incubated for 18 h at 37°C. After 18 h, plates were aspirated 

and washed ten times with 200 µl PBS + 0.01% Tween 20. 55 µl of biotin-coupled 

secondary anti-IFN-γ antibody was added to ELISpot plates and the plates were 

incubated for 2 h at 37°C. After 2 h, plates were washed six times with 200 µl PBS + 
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0.01% Tween 20 per well. 100 µl of Streptavidin-Alkaline phosphatase conjugate was 

added per well and the plate was incubated for 45 min at room temperature. 

Afterwards, the plate was aspirated, washed three times with PBS + 0.01% Tween 

20 and another three times with PBS. Thereafter, 100 µl BCIP/NBT was added per 

well and plate was incubated for 30 min at room temperature. The plate was washed 

with water, the foil was removed, dried and analyzed. ELISpot assay was performed 

in collaboration with Franziska Blaum and PD Dr. Niels Lemmermann (University of 

Mainz, Mainz).        

 

2.2.3.7. IN VIVO BIOLUMINESCENCE IMAGING  

 

One day prior to in vivo imaging, mice were shaved and residual hair was removed 

with Veet for better signal detection. Immediately following i.v. injection of 150 mg/kg 

D-luciferin diluted in PBS, mice were anesthetized using 2.5% isoflurane, and 

bioluminescence was measured in an IVIS Spectrum CT. Photon flux was quantified 

using the Living Image 4.5.4 software. 

 

2.2.3.8. IN VITRO BIOLUMINESCENCE ASSAY  

 

For ex vivo luciferase activity measurements, tissues were homogenized in BrightGlo 

lysis buffer using the FastPrep®-24 tissue homogenizer. 20 µl of lysates were mixed 

with 20 µl BrightGlo luciferase assay substrate, and luminescence was quantified 

using a Synergy 2 multi-mode microplate reader. 

 

2.2.3.9. PLAQUE ASSAY  

 

Plaque assays were performed on pMEF. One frozen pMEF aliquot was thawed in a 

water bath at 37°C for 2 min. The cell suspension was transferred into 30 ml of warm 

pMEF medium in a 50 ml reaction tube. The cells were centrifuged for 6 min at 1200 

rpm, the supernatant was discarded, and the cells were resuspended in 6 ml pMEF 

medium. 9 ml of pMEF medium was added to six 10 cm cell culture petri dishes and 

1 ml pMEF suspension per dish was added on top. The cells were incubated at 37°C 

and 5% CO2.  
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The next day the pMEF medium was exchanged against fresh medium. Two days 

after medium exchange, the pMEF medium was discarded and the plates were 

washed with 10 ml PBS. After washing, 3 ml of 0.25% Trypsin/1 mM EDTA in PBS 

was added per plate and the plates were incubated for 4 min at 37°C and 5% CO2. 

After incubation, 7 ml of pMEF medium was added per plate, the plates were rinsed, 

and the cell suspension was transferred into a 50 ml reaction tube. The cell 

suspension was centrifuged at 1200 rpm for 6 min, the supernatant was discarded, 

and the pellet was resuspended in 5 ml pMEF medium. The cells were counted after 

trypan blue staining and 3×104 cells/500 µl were seeded into 48 well plates.  

Three days after seeding into 48 well plates, plates were aspirated and organ 

homogenates were plated in serial log10 dilutions on pMEF. Afterwards, centrifugal 

enhancement was performed (2000 rpm, 15 min) and the cells were overlaid after 2 h 

of incubation at 37°C and 5% CO2 with 1% methylcellulose. Plaques were counted 

after 5 days of incubation at 37°C and 5% CO2 under a light microscope and a 

fluorescence microscope or following staining with 150 µl/well crystal violet staining 

solution.  

Plaques per gram (g) of organ were calculated as the following: 

 𝑚𝑒𝑎𝑛 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑙𝑎𝑞𝑢𝑒𝑠 × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛𝑜𝑟𝑔𝑎𝑛 𝑤𝑒𝑖𝑔ℎ𝑡 [𝑔]  

 

The detection limit (DL) was calculated with 1 as mean number of plaques and 10 as 

dilution factor, divided by an average weight of the specific organ.   

 

2.2.4. Ethics statement 

 

All animals were handled in strict compliance with regulations of the German animal 

welfare law (Tierschutzgesetz – TierSchG). The protocol was approved by the 

"Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit" 

(identification number: 12/1025 and 17/2635). The mice were checked daily for the 

criteria listed in Table 11. When a score of 3 was reached the mice were inspected 

twice daily. When the mice were classified under a score of 4, they were killed by 

cervical dislocation after open drop isoflurane anesthesia. 
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Table 11: Surveillance and cancellation criteria for animal experiments 

  

 

2.2.5. Statistical analyses 

 

Statistical analyses were carried out using Log-rank (Mantel Cox) test for survival 

analysis or a two-tailed Mann-Whitney test for all other comparisons. Values with 

p < 0.05 were considered statistically significant. Statistical analyses were performed 

using GraphPad Prism 5 software. Heatmaps were generated from mean values of 

each parameter using GraphPad Prism 7.  

Score Quality Criteria 

1 High activity Neat fur, curious and active discovery behavior, normal food 

uptake, normal posture 

2 Active Neat fur, active discovery behavior, normal breathing, normal 

reaction to external stimuli, infrequent activity breaks 

3 Reduced 

activity 

Activity breaks, normal reaction to external stimuli 

4 Slow tangled, unkempt fur, no food uptake, hunched back, walking 

on tiptoe, reduced reaction to external stimuli, normal flight 

behavior 

5 Lethargic tangled, unkempt fur, no food uptake, hunched back, walking 

on tiptoe, no flight behavior, tremble  
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4. Results 

 

4.1. Spatiotemporal analysis of the contribution of different PRR to 

MCMV-mediated activation of the innate immune response  

 

Previous studies showed that TLR signaling is of key relevance for the control of a 

MCMV infection, as TLR deficient mice are highly susceptible to systemic MCMV 

infections194. However, it was also demonstrated that STING, as part of the 

cytoplasmic DNA sensing pathways, contributes to the anti-CMV immune 

response92,106. Along the same line, a whole variety of studies showed the important 

role of the cGAS/STING axis during other herpesvirus infections, such as HSV-1 or 

MHV-6863,91,108. To assess the role of the different PRR platforms and their interplay 

in MCMV infection, in vivo infection studies were conducted with PRR deficient mice. 

We studied the protective capacity of the PRR platforms upon MCMV infection, 

performed a detailed spatiotemporal analysis of the role of the PRR platforms in the 

IFN-β induction and analyzed the importance of different PRR signaling platforms for 

MCMV replication over time. With these analyses we aimed to shed more light on the 

MCMV pathogenesis and the interplay of MCMV with the innate immune system.   

 

4.1.1. The control of systemic MCMV infection is dependent on TLR, RLR, and 

STING signaling 

 

The role of TLR signaling as an important factor in controlling a systemic MCMV 

infection is well known194, but recently it was demonstrated that also STING signaling 

contributes to the innate immune response by inducing systemic and splenic IFN-β 

responses92,106. To analyze the relevance of the different recognition platforms for 

protection against MCMV, we infected C57BL/6 (WT), IFNAR-/-, MyTr-/-, Ca-/-, 

MyTrCa-/-, STING-/-, MyTrCaSt-/-, cGAS-/-, and MyTrCaGa-/- mice with 5×10⁵ pfu 

MCMV Δm157 and determined survival as well as body weight loss. WT mice 

survived the infection with moderate signs of disease and a moderate body weight 

loss of maximum (max.) 10% at 6 dpi (Fig. 1A/B). Highlighting the relevance of IFN-I 

signaling, IFNAR-/- mice succumbed to the MCMV infection until day 5 post infection 

(pi) with a body weight loss of almost 20% (Fig. 1A/B). 
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Figure 1: Concomitant TLR, RLR, and STING signaling is needed to protect 
mice from lethal MCMV Δm157 infection.  

 

The single platform deficient MyTr-/- and Ca-/- mice survived similarly well as the WT 

mice. In addition, the Ca-/- mice also showed a comparable kinetic of their body 

weight loss to WT mice, whereas the body weight loss of MyTr-/- mice was prolonged 

until day 7 pi (Fig. 1A/B).  MyTrCa-/- mice, which harbor a combined deficiency of 

WT, IFNAR-/-, MyTr-/-, Ca-/-, MyTrCa-/-, STING-/-, MyTrCaSt-/-, cGAS-/-, and MyTrCaGa-

/- mice were infected i.v. with 5×10⁵ pfu MCMV Δm157 and (A, C, E) survival as well 
as (B, D, F) body weight was monitored daily. Survival and body weight of STING-/- 
and MyTrCaSt-/- (shown in C, D) as well as cGAS-/- and MyTrCaGa-/- (shown in E, F) 
mice were analyzed in the same experiments as the mice shown in (A, B). Therefore, 
the depicted WT control data are the same ones as in (A, B). Data represent at least 
two independently performed experiments. Error bars indicate mean ± SEM (n ≥ 5; ** 
p≤0.0078; *** p≤0.0001; Log-rank (Mantel Cox) Test). In case body weight decreased 
by more than 20% of the initial value, or when the overall health status was 
dramatically impaired, mice were sacrificed. 
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TLR and RLR signaling, showed increased susceptibility to MCMV infection and 60% 

of these mice died until day 8 pi (Fig. 1A). However, 40% of the MyTrCa-/- mice 

survived the MCMV infection, indicating compensation by another recognition 

platform. The body weight loss of the MyTrCa-/- mice was similarly prolonged as in 

the MyTr-/- mice (Fig. 1B). Surprisingly, STING-/- mice were as resistant to the MCMV 

infection as WT mice, surviving to 100% with a max. body weight loss of 10% at 6 dpi 

(Fig. 1C/D). However, the additional deletion of STING in the MyTrCa-/- mice 

(MyTrCaSt-/- mice) rendered the mice similarly susceptible as IFNAR-/- mice with 

100% of the mice succumbing to the infection until 6 dpi and a body weight loss of 

more than 20% (Fig. 1C/D). cGAS-/- mice were as resistant to the MCMV infection as 

STING-/- mice, showing moderate signs of disease and a max. body weight loss of 

12% (Fig. 1E/F). Similarly to MyTrCaSt-/- mice, MyTrCaGa-/- mice died to 100% until 6 

dpi with a body weight loss of almost 20% (Fig. 1E/F). Thus, lack of the cGAS/STING 

axis did not impair the control of a MCMV infection, because TLR/RLR signaling 

alone is capable to compensate the loss of the cytoplasmic DNA sensing platform. 

Nevertheless, the cGAS/STING axis contributed to the rescue of approximately 40% 

of mice when TLR/RLR signaling was missing.    

 

4.1.2. Concomitant TLR/RLR/STING signaling controls systemic MHV-68 

infection, whereas control of VACV infection is mainly dependent on the 

cGAS/STING axis 

 

Studies with the gammaherpesvirus MHV-68 indicated that the cGAS/STING axis 

plays an important role in controlling herpesvirus infections. Absence of cGAS 

increased MHV-68 organ titers in mice and decreased the capacity of BMDM to 

produce IFN-β91. To analyze whether primarily cGAS/STING or all signaling 

platforms, similarly to MCMV, contribute to the protection against MHV-68 infection, 

we infected WT, IFNAR-/-, MyTrCa-/-, STING-/-, and MyTrCaSt-/- mice with 1×10⁶ pfu 

MHV-68 and determined survival. Comparable to MCMV infection, WT mice were 

resistant to the MHV-68 infection and IFNAR-/- mice succumbed to 100% until day 6 

pi (Fig. 2A). Additionally, also MyTrCa-/- and STING-/- mice showed the same survival 

kinetics as observed after MCMV infection. 60% of MyTrCa-/- mice succumbed to the 

MHV-68 infection and 100% of the STING-/- mice survived (Fig. 2A). Finally, the 
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MyTrCaSt-/- mice showed a high susceptibility upon MHV-68 infection and 100% of 

these mice succumbed to the infection at 4 dpi (Fig. 2A).  

In contrast, upon poxvirus infection impaired cGAS/STING signaling was reported to 

have a severe effect as 100% of cGAS-/- mice were reported to die until day 8 post 

VACV infection91.  

 

 

 

Figure 2: The cGAS/STING axis protects mice from lethal vaccinia virus 
infection. 

 

To analyze whether the cGAS/STING axis plays an outstanding role in poxvirus 

infection, we infected WT, IFNAR-/-, STING-/-, and cGAS-/- mice with 2×10⁶ pfu VACV 

and determined survival. WT mice survived the infection with moderate signs of 

disease (Fig. 2B). IFNAR-/- mice were highly susceptible to the VACV infection and 

succumbed to the infection until 4 dpi (Fig. 2B). STING-/- and cGAS-/- mice showed a 

comparable high susceptibility to the VACV infection with 100% and 70% of the mice 

succumbing to infection until 9 dpi, respectively (Fig. 2B). In conclusion, cooperative 

TLR, RLR, and STING signaling initiates the protective immune response upon MHV-

68 infection. In contrast, after VACV infection TLR and RLR signaling is not able to 

WT, IFNAR-/-, MyTrCa-/-, STING-/-, and MyTrCaSt-/- mice were infected i.v. with 1×10⁶ 
pfu MHV-68 and (A) survival was monitored daily. Data represent at least one 
experiment. (n≥ 3). WT, IFNAR-/-, STING-/-, and cGAS-/- mice were infected i.v. with 
2×10⁶ pfu vaccinia virus and (B) survival was monitored daily. Data represent one 
experiment. (n ≥ 2). In case body weight decreased by more than 20% of the initial 
value, or when the overall health status was dramatically impaired, mice were 
sacrificed. 
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compensate the loss of cGAS or STING. Thus, the cGAS/STING axis plays an 

outstanding role in the induction of antiviral measures upon VACV infection.  

 

4.1.3. Upon MCMV infection the first wave of serum IFN-I depends on STING 

signaling 

 

Previous studies showed190,191 and we confirmed (Fig. 1A) that IFNAR triggering is 

essential for the induction of a protective immune response upon MCMV infection. It 

was reported that after MCMV infection the IFN-I response is induced in two 

waves192. To determine the time points of the two IFN-I peaks in the serum of 

C57BL/6 mice infected with 5×10⁵ pfu MCMV Δm157, we collected blood of infected 

WT mice and measured the systemic IFN-β level by ELISA. At 4 and 36 hpi IFN-β 

was detected in the serum of WT mice, whereas at the other analyzed time points 

IFN-β could not be detected (Fig. 3A). Thus, we could identify two peaks of serum 

IFN-β at 4 and 36 hpi.     

While it is not fully clear, which signaling axis mediates the first wave of IFN-I, the 

second wave is produced by pDC in a TLR-dependent manner195,196. To analyze 

whether RLR or STING signaling mediates the first IFN-I wave, we infected WT, 

IFNAR-/-, MyTr-/-, Ca-/-, MyTrCa-/-, STING-/-, and MyTrCaSt-/- mice with 5×10⁵ pfu 

MCMV Δm157 and determined serum IFN-β as well as IFN-α level by ELISA. The 

analysis of serum IFN-β at 4 hpi revealed increased amounts in the serum of IFNAR-/-

, Ca-/-, and MyTrCa-/- mice when compared with WT mice, whereas MyTr-/- mice 

showed similar IFN-β levels as WT mice (Fig. 3B). Surprisingly, at the same time a 

highly reduced amount of IFN-β was detected in the serum of STING-/- and 

MyTrCaSt-/- mice when compared with WT mice (Fig. 3B). In contrast to 4 hpi, at 36 

hpi increased level of IFN-β were measured in the serum of IFNAR-/- and STING-/- 

mice and normal level in the serum of Ca-/- mice when compared with WT mice (Fig. 

3B). Importantly, in mice with impaired TLR signaling, such as MyTr-/-, MyTrCa-/-, and 

MyTrCaSt-/- mice, serum IFN-β levels were undetectable at 36 hpi (Fig. 3B). By 

analyzing serum IFN-α responses at 4 hpi, significantly reduced level were measured 

in IFNAR-/-, MyTr-/-, MyTrCa-/-, STING-/-, and MyTrCaSt-/- mice when compared with 

WT mice (Fig. 3C). Solely Ca-/- mice mounted higher serum IFN-α responses than 

WT mice at 4 hpi (Fig. 3C). Comparable to IFN-β, also the IFN-α production at 36 hpi 

was dependent on TLR signaling as no IFN-α could be detected in the serum of 
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MyTr-/-, MyTrCa-/-, and MyTrCaSt-/- mice (Fig. 3C). IFNAR-/-, Ca-/-, and STING-/- mice 

showed significantly higher level of systemic IFN-α at 36 hpi in comparison with WT 

mice (Fig. 3C).  

 

 

Figure 3: STING signaling induces the first wave of IFN-α/β responses after 
MCMV Δm157 infection.  

 

WT mice were infected i.v. with 5×10⁵ pfu MCMV Δm157. Blood was analyzed at the 
indicated time points for (A) IFN-β level by an ELISA method. Similarly, WT, IFNAR-/-, 
MyTr-/-, Ca-/-, MyTrCa-/-, STING-/-, and MyTrCaSt-/- mice were infected and serum (B) 
IFN-β and (C) IFN-α level were analyzed 4 hpi and 36 hpi by an ELISA method. Data 
are from at least two independently performed experiments. DL= Detection Limit. 
Error bars indicate mean ± SEM (n ≥ 4; * p≤0.0253, ** p≤0.005, *** p≤0.0008; ns=not 
statistically significant; two-tailed Mann-Whitney test). 
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These data indicate that STING signaling plays an important role in mediating early 

IFN-I responses, whereas TLR signaling is essential for the second wave of IFN-I 

production.  

 

4.1.4. Upon systemic MCMV infection early hepatic IFN-β responses are STING-

dependent  

 

Serum IFN-I originate from local sources. To determine the organ origin of the 

systemically measured IFN-β and to address the contribution of the different 

signaling platforms, we used IFN-β reporter mice that carry a luciferase reporter gene 

under the control of the endogenous IFN-β promoter on one allele (IFN-βwt/Δβ-luc 275). 

We intercrossed these IFN-β reporter mice with the different PRR signaling deficient 

mice. These mice allow local analysis of the IFN-β induction in PRR deficient mice as 

bioluminescence imaging (BLI) signals after the application of luciferin.  

 

Figure 4: Early hepatic IFN-β is induced in a STING-dependent manner. 

 

To dissect the in vivo contribution of the PRR platforms to the local IFN-β induction 

we infected IFN-βwt/Δβ-luc, MyTr-/-IFN-βwt/Δβ-luc, Ca-/-IFN-βwt/Δβ-luc, MyTrCa-/-IFN-βwt/Δβ-luc, 

IFN-βwt/Δβ-luc, MyTr-/-IFN-βwt/Δβ-luc, Ca-/-IFN-βwt/Δβ-luc, MyTrCa-/-IFN-βwt/Δβ-luc, and STING-

/-IFN-βwt/Δβ-luc reporter mice were infected i.v. with 5×10⁵ pfu MCMV Δm157. At the 
indicated time points luciferin was injected i.v. and luciferase activity was monitored 
by in vivo imaging. Data represent at least two independently performed experiments. 
One representative mouse out of at least three similar ones is shown.  
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and STING-/-IFN-βwt/Δβ-luc mice with 5×10⁵ pfu MCMV Δm157 and analyzed BLI 

signals with an in vivo imaging system. To facilitate the description of the data the 

IFN-β reporter mice will be called in the following text: WT, MyTr-/-, Ca-/-, MyTrCa-/-, 

and STING-/- mice. In accordance with the IFN-I responses measured in serum (Fig. 

3), infected WT mice showed strong BLI signals already at 4 hpi on the ventral side of 

the abdominal region, which presumably corresponds to the liver (Fig. 4 and 5). At 24 

hpi a second signal detected on the left side of the mouse, where the spleen is 

located, appeared, peaking at 48 hpi. That signal was followed by signals in the area 

of the cervical LN (cLN) and inguinal LN (iLN) from 36 hpi on until 5 dpi (Fig. 4 and 

5).  
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Figure 5: The second wave of IFN-β is induced by TLR signaling. 

 

Compared with WT mice, MyTr-/- and MyTrCa-/- mice showed enhanced hepatic BLI 

signals at almost all time points analyzed (Fig. 4 and 5). Ca-/- mice showed enhanced 

IFN-βwt/Δβ-luc, MyTr-/-IFN-βwt/Δβ-luc, Ca-/-IFN-βwt/Δβ-luc, MyTrCa-/-IFN-βwt/Δβ-luc, and STING-

/-IFN-βwt/Δβ-luc reporter mice were infected i.v. with 5×10⁵ pfu MCMV Δm157. At the 
indicated time points luciferin was injected i.v. and luciferase activity was monitored 
by in vivo imaging. Ventral, left flank, cervical, and inguinal regions (presumably 
corresponding to liver, spleen, cLN, and iLN, respectively) were marked as regions of 
interest and bioluminescence imaging (BLI) signals were quantified. Data represent 
at least two independently performed experiments. Error bars indicate mean ± SEM 
(n ≥ 3; * p≤0.05, ** p≤0.01, *** p≤0.001; two-tailed Mann-Whitney test). 
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BLI signals in the liver between 4 and 48 hpi and in addition at 5 dpi, whereas the 

signal intensity was comparable to the one of WT mice at the other analyzed time 

points (Fig. 4 and 5). In contrast, the hepatic BLI signal was lacking between 4 and 

24 hpi in STING-/- mice, whereas the signal was similar to WT mice at the 

subsequently analyzed time points (Fig. 4 and 5).  

A similar BLI signal to the one of WT mice was detected in the spleen of MyTr-/- and 

MyTrCa-/- mice between 4 and 24 hpi, whereas it was significantly reduced at 36 and 

48 hpi (Fig. 4 and 5). Following that, between 4 and 6 dpi the splenic BLI signal of 

MyTr-/- and MyTrCa-/- mice was significantly enhanced when compared with WT mice 

(Fig. 4 and 5). Ca-/- mice showed comparable splenic BLI signals to WT mice at 

almost all analyzed time points (Fig. 4 and 5). Compared with WT mice STING-/- mice 

showed significantly reduced BLI signals in spleen between 4 and 24 hpi, whereas 

the signals were similar at the following analyzed time points (Fig. 4 and 5).  

The BLI signal in the cLN was significantly reduced in MyTr-/- and MyTrCa-/- mice 

between 4 hpi and 3 dpi when compared with WT mice, while it was similar to the 

one of WT mice between 4 and 6 dpi (Fig. 4 and 5). Ca-/- mice showed a comparable 

BLI signal to WT mice in cLN between 4 and 36 hpi and at 5 and 6 dpi, while the IFN-

β induction was significantly reduced between 2 and 4 dpi (Fig. 4 and 5).  STING-/- 

mice showed comparable BLI signals in cLN when compared with WT mice at almost 

all analyzed time points (Fig. 4 and 5).  

A comparable IFN-β induction with WT mice was measured between 4 and 24 hpi in 

iLN of MyTr-/- and MyTrCa-/- mice, while it was significantly reduced at 36 and 48 hpi. 

Subsequently, the response in the iLN of MyTr-/- and MyTrCa-/- mice was significantly 

enhanced between 4 and 6 dpi (Fig. 4 and 5). Ca-/- mice showed a similar IFN-β 

response to WT mice in iLN at all analyzed time points (Fig. 4 and 5). In the iLN of 

STING-/- mice BLI signals were significantly reduced when measured between 4 and 

24 hpi, whereas the IFN-β induction was enhanced in iLN between 2 and 5 dpi when 

compared with WT mice (Fig. 4 and 5). Conclusively, the early IFN-β induction in liver 

and iLN is driven in a STING-dependent manner, whereas the subsequent response 

in the spleen, as well as in the cLN and iLN, is dependent on TLR signaling.  
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4.1.5. STING-dependent signaling drives early hepatic IFN-β responses, 
whereas TLR signaling mediates splenic IFN-β induction  
 

To confirm the organ origin of the in vivo detected BLI signals, an additional ex vivo 

luminescence assay was performed. For that IFN-βwt/Δβ-luc, MyTr-/-IFN-βwt/Δβ-luc, Ca-/-

IFN-βwt/Δβ-luc, MyTrCa-/-IFN-βwt/Δβ-luc, and STING-/-IFN-βwt/Δβ-luc mice were infected with 

5×10⁵ pfu MCMV Δm157, the mice were perfused between 0 and 120 hpi and liver 

as well as spleen were removed. The ex vivo luciferin assay confirmed the liver as 

source for the BLI signal on the ventral side and the spleen as origin of the left signal 

(Fig. 5 and 6A/B). In accordance with the above described in vivo data, a significantly 

reduced bioluminescence signal was detected in the liver of STING-/- mice at 4 hpi 

when compared with WT mice, whereas the other analyzed genotypes showed a 

comparable signal to the WT mice (Fig. 6A/B). While at 36 hpi similar signals were 

measured in the liver of all analyzed genotypes, at 48 hpi an enhanced 

bioluminescence signal was detected for the MyTr-/- mice and a further reduced 

signal for STING-/- mice in comparison with WT mice (Fig. 6A/B). Ca-/- and MyTrCa-/- 

mice induced IFN-β similar to WT mice at 48 hpi (Fig. 6A/B).  

In the spleen comparable bioluminescence signals were detected for all analyzed 

genotypes at 4 hpi, with the exception of MyTr-/- mice, for which a significantly 

reduced signal was detected when compared with WT mice (Fig. 6C/D). At 36 hpi a 

TLR-dependent IFN-β induction became obvious, as both MyTr-/- and MyTrCa-/- mice 

showed a significantly reduced bioluminescence signal in comparison to WT mice 

(Fig. 6C/D). In contrast, in the spleens of Ca-/- and STING-/- mice an enhanced IFN-β 

induction was detected when compared with WT mice (Fig. 6C/D). At 48 hpi MyTr-/- 

and MyTrCa-/- mice still showed a decreased splenic IFN-β induction, while similar 

bioluminescence signals were measured for WT, Ca-/- and STING-/- mice (Fig. 6C/D). 

Thus, the early hepatic IFN-β induction is STING-dependent, whereas the 

subsequent IFN-β response in the spleen is mediated by TLR signaling.  
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Figure 6: STING signaling mediates the early hepatic IFN-β induction 
independent of TRIF signaling. 

 

A recent publication, which conducted in vitro experiments with fibroblasts stimulated 

with synthetic STING ligands, showed that STING signaling is TRIF-dependent281. 

Therefore, we wanted to analyze whether this dependence can also be observed in 

vivo and infected IFN-βwt/Δβ-luc and TRIF-/-IFN-βwt/Δβ-luc mice with 5×10⁵ pfu MCMV 

Δm157. The above described ex vivo luminescence assay was performed on liver 

homogenates of WT and TRIF-/- mice at 0 and 4 hpi. In the absence of TRIF, a similar 

hepatic bioluminescence signal to WT mice was detected at 0 and 4 hpi (Fig. 6E). In 

conclusion, absence of TRIF does not abrogate the early STING-dependent IFN-β 

induction in the liver.  

 

4.1.6. cLN and iLN show a TLR dependent second wave of IFN-β responses 

 

Significant differences of the BLI signals were also detected in the cervical and 

inguinal area of the various PRR platform deficient mice during in vivo imaging. 

Therefore, we addressed whether these BLI signals indeed derived from the local 

cLN and iLN and which role the different PRR platforms play for the IFN-β induction 

in these LN. We infected IFN-βwt/Δβ-luc, MyTr-/-IFN-βwt/Δβ-luc, Ca-/-IFN-βwt/Δβ-luc, MyTrCa-/-

IFN-βwt/Δβ-luc, and STING-/-IFN-βwt/Δβ-luc mice with 5×10⁵ pfu MCMV Δm157 and 

performed the above described ex vivo luminescence assay on cLN and iLN 

homogenates. To facilitate the description of the data the IFN-β reporter mice will be 

called in the following text: WT, MyTr-/-, Ca-/-, MyTrCa-/-, and STING-/- mice.  

While at 4 hpi the IFN-β induction was reduced in cLN of all different PRR platform 

deficient mice, at 36 and 48 hpi only TLR signaling deficient MyTr-/- and MyTrCa-/- 

mice showed a significant reduction in the IFN-β induction when compared with WT 

mice (Fig. 7A/B). At 72 hpi the IFN-β induction was still reduced in absence of MyTr 

and MyTrCa signaling, but also Ca-/- mice showed a significantly lower IFN-β 

IFN-βwt/Δβ-luc, MyTr-/-IFN-βwt/Δβ-luc, Ca-/-IFN-βwt/Δβ-luc, MyTrCa-/-IFN-βwt/Δβ-luc, and STING-

/-IFN-βwt/Δβ-luc reporter mice were infected i.v. with 5×10⁵ pfu MCMV Δm157. 
Luminescence was quantified of (A, B) liver and (C, D) spleen homogenates in vitro. 
Mean values are depicted in the heatmaps. Data represent at least two 
independently performed experiments. (n ≥ 5; * p≤0.0496, ** p≤0.0082, *** p≤0.0008; 
two-tailed Mann-Whitney test). (E) IFN-βwt/Δβ-luc and Trif-/-IFN-βwt/Δβ-luc reporter mice 
were infected i.v. with 5×10⁵ pfu MCMV Δm157. Liver was removed and the 
luminescence was quantified in vitro. Data are from two independently performed 
experiments. Error bars indicate mean ± SEM (n ≥ 2). 
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induction when compared with WT mice (Fig. 7A/B). STING-/- mice induced normal 

level of IFN-β at 72 hpi in cLN (Fig. 7A/B). At 96 hpi only RLR signaling deficient Ca-/- 

and MyTrCa-/- mice induced significantly less IFN-β when compared to WT mice, 

while the level was normal in MyTr-/- and STING-/- mice (Fig. 7A/B).  

 

Figure 7: STING signaling contributes to the early IFN-β induction in lymph 
nodes, while TLR signaling induces the second wave of IFN-β. 
IFN-βwt/Δβ-luc, MyTr-/-IFN-βwt/Δβ-luc, Ca-/-IFN-βwt/Δβ-luc, MyTrCa-/-IFN-βwt/Δβ-luc, and STING-

/-IFN-βwt/Δβ-luc reporter mice were infected i.v. with 5×10⁵ pfu MCMV Δm157. 
Luminescence was quantified of (A, B) cervical lymph node (cLN) and (C, D) inguinal 
lymph node (iLN) homogenates in vitro. Mean values are depicted in the heatmaps. 
Data represent at least two independently performed experiments. (n ≥ 5; * p≤0.0496, 
** p≤0.0082, *** p≤0.0008; two-tailed Mann-Whitney test). 
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In contrast to the cLN, in iLN only STING-/- mice showed a significantly reduced BLI 

signal at 4 hpi, whereas for all other analyzed genotypes the signal was comparable 

to the one of WT mice (Fig. 7C/D). Similar to cLN, at 36 and 48 hpi a significantly 

reduced BLI signal was detected for MyTr-/- and MyTrCa-/- mice, whereas the other 

analyzed genotypes showed a comparable IFN-β induction to WT mice (Fig. 7C/D). 

At 72 hpi the IFN-β induction was still reduced in absence of MyTr and MyTrCa 

signaling, but also Ca-/- mice showed a significantly lower IFN-β induction when 

compared with WT mice (Fig. 7A/B). STING-/- mice induced normal level of IFN-β at 

72 hpi in iLN (Fig. 7A/B). At 96 hpi only Ca-/- mice showed a significantly decreased 

IFN-β induction when compared to WT mice, while the level was normal in MyTr-/-, 

MyTrCa-/-, and STING-/- mice (Fig. 7A/B). Conclusively, TLR/RLR and STING 

signaling control the early IFN-β induction in cLN, whereas STING alone is important 

for the early IFN-β response in iLN. In both LN solely TLR signaling controls the IFN-

β induction between 36 and 48 hpi, but following that also Ca signaling shows a 

significant contribution to the IFN-β induction between 72 and 96 hpi.     

 

4.1.7. Hepatic Kupffer cells sense MCMV in a STING-dependent manner and 

mount the first wave of IFN-β 

 

To further analyze which cell subsets mount the local IFN-β responses after MCMV 

infection, we made use of conditional IFN-β reporter mice. These mice express the 

Cre recombinase under the control of cell-type specific promoters and carry a loxP 

flanked IFN-β gene followed by a luciferase cassette on one allele. Recombination 

results in cell-type specific luciferase expression, as reporter for the IFN-β induction, 

which can be visualized by in vivo imaging. To dissect the contribution of different cell 

subsets to the local IFN-β induction, we infected IFN-βwt/Δβ-luc, AlbCre+/-IFN-βflox-βluc, 

CD11cCre+/-IFN-βflox-βluc, LysMCre+/-IFN-βflox-βluc, and CD169Cre+/-IFN-βflox-βluc reporter 

mice with 5×10⁵ pfu MCMV Δm157 and analyzed BLI signals at different time points 

with an in vivo imaging system. Experiments with Albumin (Alb)Cre+/-IFN-βflox-βluc 

mice, carrying a functional reporter only in hepatocytes, revealed that hepatocytes 

did not contribute to the IFN-β induction in the liver between 4 and 96 hpi (Fig. 8A 

and B). CD11cCre+/-IFN-βflox-βluc mice, carrying a functional reporter only in CD11c+ 

cells, such as DC, showed a reduced IFN-β expression from 4 to 96 hpi in the liver 

when compared with IFN-βwt/Δβ-luc mice (Fig. 8A and B). In contrast, experiments with 
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LysMCre+/-IFN-βflox-βluc and CD169Cre+/-IFN-βflox-βluc reporter mice, carrying a 

functional reporter mainly in macrophages, revealed that LysM+/CD169+ cells 

significantly contributed to hepatic IFN-β responses at 4 hpi, as both reporter strains 

showed a comparable BLI signal to the IFN-βwt/Δβ-luc mice (Fig. 8A and B). Between 

24 and 96 hpi the LysMCre+/-IFN-βflox-βluc and CD169Cre+/-IFN-βflox-βluc reporter mice 

showed similar to CD11cCre+/-IFN-βflox-βluc mice a decreased hepatic IFN-β induction 

when compared with IFN-βwt/Δβ-luc mice (Fig. 8A and B).  

Interestingly, analysis of the spleen showed that IFN-β signals in CD11cCre+/-IFN-

βflox-βluc mice were similar to IFN-βwt/Δβ-luc mice at all measured time points except for 

96 hpi when BLI signals were significantly decreased in CD11cCre+/-IFN-βflox-βluc mice 

(Fig. 8A and C). In contrast, LysMCre+/-IFN-βflox-βluc mice showed significantly 

decreased BLI signals early upon infection (4–36 hpi), whereas at later time points 

(48–96 hpi) IFN-β signals were similar to IFN-βwt/Δβ-luc mice (Fig. 8A and C). Similarly, 

BLI signals of CD169Cre+/-IFN-βflox-βluc mice were reduced at early time points post 

infection showing a significant reduction at 4 and 36 hpi, whereas at later time points 

(48 – 96 hpi) IFN-β signals were also similar to IFN-βwt/Δβ-luc mice (Fig. 8A and C).  

While at 4 and 24 hpi CD11cCre+/-IFN-βflox-βluc and CD169Cre+/-IFN-βflox-βluc mice 

showed a similar BLI signal as IFN-βwt/Δβ-luc mice in cLN, during the following 

measured time points the IFN-β induction was significantly reduced in both 

genotypes when compared with IFN-βwt/Δβ-luc mice (Fig. 8A and D). LysMCre+/-IFN-

βflox-βluc mice showed a significantly lower IFN-β induction in cLN at all analyzed time 

points, except for 72 hpi, when the IFN-β induction was similar to the one of IFN-

βwt/Δβ-luc mice (Fig. 8A and D).  

In iLN, CD11cCre+/-IFN-βflox-βluc mice showed similar BLI signals to the IFN-βwt/Δβ-luc 

mice at 4, 36 and 48 hpi, whereas at 24, 72 and 96 hpi their BLI signal was 

significantly reduced when compared with IFN-βwt/Δβ-luc mice (Fig. 8A and E). 

Surprisingly, at all analyzed time points a significantly reduced IFN-β induction was 

measured in iLN of LysMCre+/-IFN-βflox-βluc and CD169Cre+/-IFN-βflox-βluc mice when 

compared with IFN-βwt/Δβ-luc mice (Fig. 8A and E).  
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Figure 8: Liver-resident LysM+/CD169+ cells mount IFN-β responses in a STING-
dependent manner. 

 

Taken together, upon MCMV infection LysM+/CD169+ myeloid cells mount early IFN-

β responses in the liver, whereas mainly CD11c+ cells show IFN-β expression during 

the second wave in the spleen. At later time points, also LysM+ and CD169+ myeloid 

cells contribute to splenic IFN-β expression. In the cLN as well as iLN CD11c+, 

LysM+, and CD169+ cells seem to contribute equally to the local IFN-β induction.  

 

4.1.8. TLR and STING signaling contribute to the hepatic and splenic IFN-I 

production 

 

We could show above that TLR and STING signaling contribute spatiotemporally 

distinct to the IFN-β induction upon MCMV infection. To analyze whether similar 

contributions can be found on the level of protein production we determined IFN-I 

level in liver and spleen homogenates of MCMV infected mice with an ELISA method. 

We infected WT, MyTr-/-, Ca-/-, MyTrCa-/-, STING-/-, and MyTrCaSt-/- mice with 5×10⁵ 
pfu MCMV Δm157, perfused the mice at 4 and 36 hpi, and removed the liver as well 

as spleen. Similar level of IFN-β were found in liver homogenates of WT, MyTr-/-, Ca-/-

, MyTrCa-/-, and STING-/- mice at 4 and 36 hpi (Fig. 9A). Nevertheless, the tendency 

of a reduced IFN-β production could be observed in STING-/- mice at 4 hpi (Fig. 9A). 

Only in the liver of infected MyTrCaSt-/- mice significantly reduced amounts of IFN-β 

were detected at 4 and 36 hpi in comparison with WT mice (Fig. 9A). Likewise, a 

significantly reduced level of IFN-β was detected at 4 hpi in the spleen of MyTrCaSt-/- 

mice, whereas the IFN-β production was similar in all other analyzed genotypes (Fig. 

9B). At 36 hpi a comparable amount of IFN-β was measured in the spleen 

homogenates of all analyzed genotypes (Fig. 9B).  

The analysis of the hepatic IFN-α production upon MCMV infection indicated a 

contribution of TLR, RLR, and STING signaling, as the MyTrCaSt-/- mice showed a 

IFN-βwt/Δβ-luc, AlbCre+/-IFN-βfloxβ-luc, CD11cCre+/-IFN-βfloxβ-luc, LysMCre+/-IFN-βfloxβ-luc, 
and CD169Cre+/-IFN-βfloxβ-luc reporter mice were infected i.v. with 5×10⁵ pfu MCMV 
Δm157. (A) At the indicated time points luciferin was injected i.v. and luciferase 
activity was monitored by in vivo imaging. (B) Liver, (C) spleen, (D) cLN, and (E) iLN 
were marked as regions of interest and luminescence intensity was quantified. Data 
represent at least two independently performed experiments and one representative 
mouse out of at least four similar ones is shown. Error bars indicate mean ± SEM. 
(n ≥ 4; * p≤0.05, ** p≤0.01, *** p≤0.001; ns=not statistically significant; two-tailed 
Mann-Whitney test). 
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significantly reduced IFN-α level at 4 hpi when compared with WT mice, whereas the 

level were similar for all other analyzed genotypes (Fig. 9C). At 36 hpi a similar IFN-α 

production was observed in the liver of all analyzed genotypes (Fig. 9C). MyTr-/- and 

Ca-/- mice showed a significantly increased IFN-α production in the spleen at 4 hpi 

when compared with WT mice, while comparable level with WT mice were detected 

in the spleens of MyTrCa-/- and STING-/- mice (Fig. 9D). Only MyTrCaSt-/- mice lacked 

splenic IFN-α at 4 hpi (Fig. 9D). At 36 hpi all TLR deficient mice, MyTr-/-, MyTrCa-/-, 

and MyTrCaSt-/- mice, produced significantly less splenic IFN-α, whereas for Ca-/- and 

STING-/- mice similar amounts were detected as for WT mice (Fig. 9D).  

  

 

Figure 9: TLR, RLR, and STING signaling contribute to the local IFN-α/β 
production. 

 

WT, MyTr-/-, Ca-/-, MyTrCa-/-, STING-/-, and MyTrCaSt-/- mice were infected i.v. with 
5×10⁵ pfu MCMV Δm157. 4 and 36 hpi mice were perfused and liver as well as 
spleen were removed. (A) hepatic IFN-β, (B) splenic IFN-β, (C) hepatic IFN-α, and 
(D) splenic IFN-α level were determined by an ELISA method in the organ 
homogenates. Data are from two independently performed experiments. Error bars 
indicate mean ± SEM (n ≥ 4; * p≤0.05, ** p≤0.01, *** p≤0.001; two-tailed Mann-
Whitney test). 
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In conclusion, the first wave of IFN-I production in liver as well as spleen is 

dependent on TLR, RLR, and STING signaling, whereas especially in spleen TLR 

signaling mediates the second wave of IFN-α production. 

 

4.1.9. Although the early hepatic IFN-β induction is STING-dependent, absence 

of STING only leads to minor variations in the cytokine and chemokine profile 

in liver and spleen 

 

Sensing of a MCMV infection via TLR triggers the activation of a whole variety of 

antiviral measures. Previously, it was shown that absence of TLR signaling leads to 

the reduction of IFN-I and MCP-1 in the liver, which subsequently decreases the 

recruitment of monocytes from the bone marrow (BM)194,215,282. To test which antiviral 

measures are regulated by the different recognition platforms, we analyzed cytokine 

and chemokine concentrations in liver and spleen homogenates after MCMV 

infection. We infected WT, MyTr-/-, Ca-/-, MyTrCa-/-, STING-/-, and MyTrCaSt-/- mice 

with 5×10⁵ pfu MCMV Δm157, removed spleen and liver at 4 and 36 hpi and 

determined local cytokine and chemokine concentrations with a bead array. 

Concentrations of the cytokines and chemokines in the PRR deficient mice were 

compared with the ones in WT mice and are depicted as log2 fold change values 

(Fig. 10A/B). In the liver of MyTr-/- and MyTrCa-/- mice pro-inflammatory cytokines, 

such as IL-1 and IL-12 family members, as well as chemokines attracting monocyte-

lineage cells and lymphocytes, e.g. KC, MCP-1, and MIP-1α, were reduced by more 

than twofold at 4 and 36 hpi (Fig. 10A). However, cytokines stimulating the 

differentiation of myeloid lineage cells, such as G-CSF, were upregulated by more 

than twofold in MyTr-/- and MyTrCa-/- mice at 4 and 36 hpi in the liver (Fig. 10A). In 

contrast, in liver of Ca-/- mice solely the chemokine KC was reduced by more than 

twofold at 4 hpi, whereas at 36 hpi the cytokine and chemokine profile was overall 

similar to the one of WT mice (Fig. 10A). Likewise, in the liver of STING-/- mice solely 

the pro-inflammatory cytokine IL-12p70 was reduced by more than twofold at 4 hpi, 

whereas at 36 hpi cytokines regulating the differentiation of myeloid and lymphoid 

lineage cells, such as IL-3, IL-4, IL-17 and G-CSF, were downregulated (Fig. 10A). In 

the liver of MyTrCaSt-/- mice a downregulation of IL-1α, IL-1β, IL-4, IL-5, IL-12p40, G-

CSF, KC, MCP-1, MIP-1α, and RANTES by twofold was observed, whereas IL-12p70 

was highly upregulated at 4 hpi (Fig. 10A). While IL-3, IL-4, IL-5, IL-12p40, G-CSF, 
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MCP-1, MIP-1α, and RANTES were still downregulated by twofold in the liver of 

MyTrCaSt-/- mice at 36 hpi, IL-2 and IL-13 were upregulated (Fig. 10A).  

 

Figure 10: Lack of STING only slightly alters cytokine and chemokine 
production in liver and spleen after MCMV Δm157 infection.  

 

While analyzing cytokine and chemokine profiles in spleen homogenates, we found 

that at 4 hpi IL-12p40 and RANTES were downregulated by more than twofold in 

MyTr-/- mice and KC and RANTES were downregulated in spleens of MyTrCa-/- mice 

(Fig. 10B). In both genotypes IL-3 and IL-12p70 were at least twofold upregulated at 

4 hpi (Fig. 10B). At 36 hpi IL-3 was still upregulated in spleens of MyTr-/- and MyTrCa-

/- mice, but much more cytokines and chemokines, such as IL-1α, IL-1β, IL-6, IL-

WT, MyTr-/-, Ca-/-, MyTrCa-/-, STING-/-, and MyTrCaSt-/- mice were infected i.v. with 
5×10⁵ pfu MCMV Δm157. Infected mice were perfused 4 and 36 hpi with PBS. (A) 
Liver and (B) spleen were removed, weighed and cytokine levels were determined by 
a multiplex cytokine and chemokine array. Data are from one experiment. (n=3). 
Cytokine array was performed in collaboration with Prof. Dr. Christine Falk (Hannover 
Medical School, Hanover).   



  Results 

61 
 

12p40, Eotaxin, G-CSF, GM-CSF, IFN-γ, KC, MCP-1, MIP-1α, and RANTES, were 

downregulated at the same time when compared with 4 hpi (Fig. 10B). In spleens of 

Ca-/- mice only IL-6 was upregulated by at least twofold at 4 hpi, while at 36 hpi IL-3 

and MIP-1β were upregulated (Fig. 10B). STING deficiency resulted in a 

downregulation of splenic IL-17 at 4 hpi, whereas at 36 hpi the level of IL-6, IL-12p40, 

MIP-1α, and MIP-1β were upregulated by at least twofold in the spleens of STING-/- 

mice (Fig. 10B). In the spleen of MyTrCaSt-/- mice IL-1α, IL-4, IL-6, IL-12p40, GM-

CSF, IFN-γ, KC, MCP-1, MIP-1α, MIP-1β, and RANTES were at least twofold 

downregulated at 4 hpi (Fig. 10B). Surprisingly, the combined absence of TLR, RLR, 

and STING signaling highly increased the level of IL-1β, IL-2, IL-3, IL-4, IL-12p40, IL-

17, MIP-1β, and TNF-α at 36 hpi in spleen, whereas solely IFN-γ was downregulated 

at the same time (Fig. 10B). In conclusion, while upon MCMV infection absence of 

TLR signaling heavily changes the cytokine and chemokine profile especially in the 

spleen, lack of Ca or STING signaling results only in minor variations.  

 

4.1.10. TLR signaling is crucial for efficient IFN-γ responses of NK and T cells 

 

The NK cell mediated immune response is described as important antiviral measure 

to control MCMV infections. The development of functional splenic NK cell responses 

was reported to depend on sufficient IFN-I and IL-12 level provided by DC in a TLR-

dependent manner203,262,283. Additionally, to efficiently control a MCMV infection a 

functional T cell response is required, as T cell deficient mice succumb to MCMV in a 

late stage of the infection186. To address whether Ca and STING signaling in concert 

with TLR  signaling influence the functionality of NK cells and T cells, the percentage 

of IFN-γ producing NK cells and T cells was analyzed in spleens of the different PRR 

deficient mice. We infected WT, MyTr-/-, Ca-/-, MyTrCa-/-, and STING-/- mice with 

5×10⁵ pfu MCMV Δm157, removed the spleens at 0, 2 or 5 dpi and conducted an 

intracellular IFN-γ staining of splenic NK and T cells or an ELISpot assay. For FACS 

analysis, the isolated splenocytes were left untreated for the analysis of IFN-γ+ NK 

cells or were restimulated with CD3/CD28 T cell activation beads for the analysis of 

IFN-γ+ T cells. Subsequently, surface markers and intracellular IFN-γ were stained. 

Additionally, an ELISpot assay was performed to assess the percentage of IFN-γ 

secreting epitope-specific CD8+ T cells.  
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Figure 11: TLR signaling impacts IFN-γ responses by NK and T cells. 

 

While the percentage of IFN-γ+ NK cells was comparable between the analyzed 

genotypes in uninfected mice, at 2 dpi the percentage of IFN-γ+ NK cells was highly 

reduced in spleens of MyTrCa-/- mice when compared with WT mice (Fig. 11A). The 

same tendency was also observed for MyTr-/- mice (Fig. 11A). Ca-/- and STING-/- mice 

WT, MyTr-/-, Ca-/-, MyTrCa-/-, and STING-/- mice were infected i.v. with 5×10⁵ pfu 
MCMV Δm157. Spleens of uninfected and infected mice were removed 0, 2, and 5 
days post infection, splenocytes were cultured and left untreated for the analysis of 
IFN-γ+ NK cells or were restimulated with CD3/CD28 T cell activation beads for the 
analysis of IFN-γ+ T cells for 4 h. Subsequently, surface markers and intracellular 
IFN-γ were stained with fluorochrome conjugated antibodies and the IFN-γ 
production was analyzed by flow cytometry. Percentage of IFN-γ+ (A) NK cells, (B) 
CD4+ T cells, and (C) CD8+ T cells were determined. Data are from at least one 
experiment. Error bars indicate mean ± SEM. (n ≥ 1; ** p≤0.0095, two-tailed Mann-
Whitney test). (D) Percentages of IFN-γ+ epitope-specific CD8+ T cells were 
determined by an ELISpot assay. Data are from one experiment. Error bars indicate 
mean ± SEM. (n = 3; * p≤0.05, Two-tailed Mann-Whitney test). ELISpot assay was 
performed in collaboration with Franziska Blaum and PD Dr. Niels Lemmermann 
(University of Mainz, Mainz). 
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showed a comparable percentage of splenic IFN-γ+ NK cells to WT mice at 2 dpi (Fig. 

11A). At 5 dpi a similar percentage of IFN-γ+ NK cells was detected for all analyzed 

genotypes (Fig. 11A). While in uninfected mice and at 2 dpi the percentage of IFN-γ+ 

CD4+ T cells was comparable between the analyzed genotypes, at 5 dpi a 

significantly reduced percentage of IFN-γ+ CD4+ T cells was observed in spleen of 

MyTrCa-/- mice when compared with WT mice (Fig. 11B). The same tendency could 

be detected for MyTr-/- mice, whereas Ca-/- and STING-/- mice showed a similar 

percentage of IFN-γ+ CD4+ T cells to WT mice (Fig. 11B). The percentage of splenic 

IFN-γ+ CD8+ T cells measured by FACS analysis was similar between the analyzed 

genotypes at all three analyzed time points (Fig. 11C). Nevertheless, when 

addressing the epitope-specific IFN-γ+ CD8+ T cells a significantly reduced 

percentage of m45 or m139 specific IFN-γ secreting CD8+ T cells was detected in the 

spleen of MyTr-/- and MyTrCa-/- mice at 5 dpi when compared with WT mice (Fig. 

11D). The percentage of splenic m45 or m139 specific IFN-γ+ CD8+ T cells in Ca-/- or 

STING-/- mice was similar to the percentage in WT mice (Fig. 11D). In conclusion, 

functional TLR signaling is essential for the IFN-γ secretion of NK and T cells upon 

MCMV infection.  

 

4.1.11. TLR/RLR signaling is needed to restrict the overall MCMV replication 

   

To address how differences in local IFN-β induction and the changes in the cytokine 

and chemokine profile in the PRRko mice affect MCMV replication and 

dissemination, the virus expansion status was analyzed. In order to do that, we 

infected WT, MyTr-/-, Ca-/-, MyTrCa-/-, STING-/-, and MyTrCaSt-/- mice i.v. with a 

luciferase expressing MCMV Δm157266 (MCMV Δm157luc), which allows tracking of 

MCMV after luciferin injection by in vivo imaging. As expected, the first target organs 

showing BLI signals after infection were liver and spleen (Fig. 12). At 1.5-3 dpi 

moderate MCMV infection was also detected in the area where the iLN are located 

and in the cervical area, whereas from 8 dpi on the virus was mainly present in the 

cervical area (Fig. 12). MyTr-/-, Ca-/-, and MyTrCa-/- mice showed enhanced virus 

replication in the liver, the cervical area, and the iLN between 3 and 10 dpi when 

compared with WT mice (Fig. 12 and 13). Surprisingly, liver BLI signals in STING-/- 

and WT mice were similar between 0 and 21 dpi, except for a higher hepatic BLI 

signal at 6 dpi in STING-/- mice (Fig. 12 and 13). In the cervical area the BLI signal 
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was enhanced in STING-/- mice only at 1 dpi and between 6 and 10 dpi when 

compared with WT mice (Fig. 12 and 13). Similarly, the BLI signal was significantly 

higher in STING-/- mice than in WT mice between 3 and 4 as well as 8 and 21 dpi in 

iLN (Fig. 12 and 13). 

  

Figure 12: TLR/RLR signaling restricts general MCMV replication. 

 

Importantly, MyTrCaSt-/- mice showed the highest virus replication in all analyzed 

organs already at 4 hpi, which did not change until 6 dpi (Fig. 12 and 13). Taken 

together, STING controls the MCMV replication at later stages in the cervical area 

and in iLN, whereas TLR and RLR signaling is important for the restriction of the 

overall MCMV replication following the initial infection phase.  

WT, MyTr-/-, Ca-/-, MyTrCa-/-, STING-/-, and MyTrCaSt-/- mice were infected i.v. with 
5×10⁵ pfu MCMV Δm157luc. At the indicated time points luciferin was injected i.v. 
and luciferase activity was monitored by in vivo imaging. Data are from at least two 
independently performed experiments and one representative mouse out of six 
similar ones is shown. 
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Figure 13: STING controls MCMV in lymph nodes at later stages of the 
infection.  

 

4.1.12. STING is important for the control of early hepatic MCMV 

 

To verify the results obtained by the in vivo imaging of luciferase expressing MCMV, 

an additional MCMV titer analysis via plaque assay was performed on organ 

homogenates. Therefore, WT, MyTr-/-, Ca-/-, MyTrCa-/-, STING-/-, and MyTrCaSt-/- 

mice were infected i.v. with 5×10⁵ pfu MCMV Δm157. At 1, 3 and 5 dpi mice were 

perfused, liver and spleen were removed and organ titers were determined by plaque 

assay.  

  
 

Figure 14: STING is important for the control of early hepatic MCMV. 

 

WT, MyTr-/-, Ca-/-, MyTrCa-/-, STING-/-, and MyTrCaSt-/- mice were infected i.v. with 
5×10⁵ pfu MCMV Δm157luc. At the indicated time points luciferin was injected i.v. 
and luciferase activity was monitored by in vivo imaging. The liver, the cervical area, 
and iLN were marked as region of interest and luminescence signals were quantified. 
Data are from at least two independently performed experiments. Bars indicate mean 
± SEM (n ≥ 6; *, p≤0.05 **, p≤0.01; ***, p≤0.001; Two-tailed Mann-Whitney test). 

WT, IFNAR-/-, MyTr-/-, Ca-/-, MyTrCa-/-, STING-/-, and MyTrCaSt-/- mice were infected 
i.v. with 5×10⁵ pfu MCMV Δm157. Infected mice were perfused 1, 3, and 5 dpi with 
PBS. (A) Liver and (B) spleen were removed, weighed and viral titers were 
determined by plaque assay. Data are from at least two independently performed 
experiments. DL= Detection Limit. Bars indicate mean (n ≥ 6; *, p≤0.05 **, p≤0.01; 
***, p≤0.001; two-tailed Mann-Whitney test). 
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MCMV titer analysis of liver homogenates showed a significantly higher initial MCMV 

titer in IFNAR-/-, MyTrCa-/-, STING-/-, and MyTrCaSt-/- mice when compared with WT 

mice, whereas MyTr-/- and Ca-/- mice had comparable hepatic MCMV titers to WT 

mice at 1 dpi (Fig. 14A). Increased hepatic virus titers could still be observed at 3 dpi 

for IFNAR-/-, MyTrCa-/-, and MyTrCaSt-/- mice in comparison to WT mice (Fig. 14A). In 

contrast, liver titers of MyTr-/-, Ca-/-, and STING-/- mice were similar to the ones of WT 

mice at 3 dpi (Fig. 14A). At 5 dpi solely STING-/- mice showed comparable liver titers 

to the WT mice, whereas all other analyzed genotypes had significantly increased 

virus titers (Fig. 14A). At 1 dpi in spleens of MyTr-/-, MyTrCa-/- and MyTrCaSt-/- mice 

significantly increased MCMV titers were detected when compared with WT mice, 

while IFNAR-/-, Ca-/-, and STING-/- mice showed similar titers to WT mice (Fig. 14B). 

Enhanced virus titers were detected at 3 dpi in spleens of all analyzed genotypes, 

except for Ca-/- and STING-/- mice (Fig. 14B). At 5 dpi solely STING-/- mice showed 

comparable splenic MCMV titers to WT mice, whereas for all other analyzed 

genotypes increased virus titers were measured (Fig. 14B). In conclusion, STING 

signaling controls early hepatic MCMV, whereas TLR signaling is important to limit 

early splenic titers. Subsequently, TLR and RLR signaling is essential to limit the 

overall MCMV replication in liver and spleen. 

 

 

4.2. Cell-type specific dissemination of MCMV 

 

The data described so far showed an important role for STING signaling in myeloid 

cell types for the induction of antiviral mechanisms upon MCMV infection. Especially 

in the liver STING was essential for the early IFN-β induction by Kupffer cells. Upon 

systemic MCMV infection cells in spleen and liver are initially infected246,284. Blood 

mononuclear phagocytes were reported to be used by MCMV as transport vehicles 

for virus dissemination from first infection sites to further target organs263. The MCMV 

chemokine homolog MCK2 supports the transport as it facilitates the recruitment of 

monocytes and promotes the infection of macrophages178,179,254,285. Interestingly, 

upon infection of mice with a MCMV mutant devoid of MCK2 only endothelial cells, 

but not hepatocytes, support MCMV dissemination from the liver to other target 

organs261. Thus, we wanted to address whether STING signaling prevents MCMV 
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spread from hepatocytes to other organs and affects the viral dissemination via 

myeloid cells. 

 

4.2.1. Analysis of the cell type-specific dissemination of MCMV 

 

The above described in vivo imaging approach, where we infected PRR signaling 

deficient mice with MCMV ∆m157luc, allowed to identify organs in which the virus 

replicates and to follow the virus spread over a certain period of time. Which role 

specific cell subsets have in the MCMV dissemination cannot be addressed with this 

method. A previous study described an inducible reporter MCMV that carries a floxed 

stop cassette in front of an egfp (MCMV Δm157-flox-egfp)261. Passage of this virus 

through a Cre expressing cell type results in the onset of eGFP expression 

(MCMVrec) (Fig. 15A).  

 

 

Figure 15: Hepatocytes do not support MCK2- MCMV dissemination.  

 

Thus, usage of this virus allows us to differentiate MCMV particles that derived from 

the Cre expressing cell type, from MCMV particles that never infected this cell type. 

With this tool we are able to address the role of specific cell types and signaling 

Schematic depiction of the MCMV reporter system that allows quantification of viral 
dissemination. (A) Upon growth of the reporter virus MCMV Δm157-flox-egfp in Cre 
expressing cells, the loxP flanked STOP is removed from the viral genome and eGFP 
expression is constantly induced. (B) Endothelial cells support the MCMV 
dissemination, whereas hepatocyte-derived MCMV does not infect other peripheral 
organs261. 



  Results 

69 
 

molecules in the MCMV dissemination. A previous publication showed that 

endothelial cells (Tie2Cre+/-) support the dissemination of MCMV from first infection 

sites to further target organs, whereas hepatocytes (AlbCre+/-) restrict the 

dissemination from the liver (Fig. 15B). In this study a MCK2-negative floxed-stop 

reporter MCMV was used. Reintroduction of MCK2 into the reporter virus genome 

enabled us to study the role of MCK2 in the MCMV dissemination, the role of the 

STING-dependent hepatic IFN-β induction for the dissemination restriction from 

hepatocytes, as well as the role of STING in myeloid cell mediated MCMV 

dissemination.     

 

4.2.2. MCK2 determines the MCMV dissemination from hepatocytes to the 

salivary glands 

 

The previous study analyzed the MCMV dissemination from hepatocytes to other 

tissues after infection with a MCK2- MCMV reporter virus until 5 dpi261. Seeding of the 

salivary glands (SG) by MCMV can be detected from 8 dpi on. Thus, we chose 8 dpi 

as time point to verify the dissemination blockade from hepatocytes and to analyze 

whether the restriction comprises seeding of the SG.  
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Figure 16: The MCK2 viral chemokine homolog determines the STING-
independent directed transport of MCMV from hepatocytes to salivary glands. 

 

To address this, we infected AlbCre+/- mice i.v. with 5×10⁵ pfu MCMV ∆m157-flox-

egfp (MCK2-), perfused the infected mice at 8 dpi and removed liver (Li), spleen (Sp), 

lung (Lu), heart (He), kidney (Ki), SG, iLN, and cLN. The MCMV titers were 

determined by plaque assay. The amount of non-recombined virus particles, depicted 

as bar graphs, was determined under a light microscope, while the amount of 

MCMVrec(MCK2-), depicted as dot plots, was determined under a fluorescence 

microscope (Fig. 16). Infectious non-recombined virus particles could be detected in 

all analyzed organs at 8 dpi (Fig. 16A). However, MCMVrec(MCK2-) was solely 

present in the liver of AlbCre+/- mice, but in none of the other analyzed organs (Fig. 

16A). With that we could verify the dissemination restriction from hepatocytes upon 

MCK2- MCMV infection until 8 dpi and could show that also the dissemination to the 

SG is restricted. 

To address next, whether the dissemination blockade from hepatocytes was due to 

the absence of the viral MCK2 protein, we infected AlbCre+/- mice i.v. with 5×10⁵ pfu 

MCMVrep ∆m157-flox-egfp (MCK2+), perfused the infected mice at 3 and 8 dpi, and 

removed the above mentioned organs. At 3 dpi infectious non-recombined virus 

particles were measured in all analyzed organs of AlbCre+/- mice (Fig. 16B), while 

MCMVrec(MCK2+) were only detected in the liver of AlbCre+/- mice (Fig. 16B). At 8 

dpi no infectious non-recombined virus particles were present in the spleen of 

AlbCre+/- mice, whereas in the other analyzed organs MCMV was detected (Fig. 

16C). At the same time MCMVrec(MCK2+) were found in addition to the liver in the 

AlbCre+/- mice with a functional STING locus (AlbCre+/-) were infected i.v. with 5×10⁵ 
pfu MCMV Δm157-flox-egfp (MCK2-). Infected mice were perfused and at (A) 8 dpi, 
liver (Li), spleen (Sp), lung (Lu), heart (He), kidney (Ki), salivary glands (SG), inguinal 
lymph nodes (iLN), and cervical lymph nodes (cLN) were removed and virus titers per 
g organ were analyzed by plaque assay. AlbCre+/- mice were infected i.v. with 5×10⁵ 
pfu MCMVrep Δm157-flox-egfp (MCK2+). Infected mice were perfused at (B) 3 and 
(C) 8 dpi, the above mentioned organs were removed and virus titers were analyzed. 
AlbCre+/-STING-/- mice were infected i.v. with 5×10⁵ pfu MCMVrep Δm157-flox-egfp 
(MCK2+). Infected mice were perfused at (D) 3 and (E) 8 dpi, the above mentioned 
organs were removed and virus titers were analyzed. GFP- plaques (bars) or GFP+ 
plaques (dot plot) of AlbCre+/- and AlbCre+/-STING-/- mice were either counted under 
a light microscope or a fluorescence microscope, respectively. Data represent at 
least two independently performed experiments. Bars and dot plots indicate mean ± 
SEM (n = 7). 
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SG of AlbCre+/- mice (Fig. 16C). Thus, in the presence of MCK2, MCMV 

disseminates from hepatocytes exclusively to the salivary glands. 

To further address, whether STING signaling and with that the early IFN-β response 

in the liver is responsible for the dissemination restriction from hepatocytes, we 

intercrossed the AlbCre+/- mice with STING-/- mice to generate a mouse line that has 

a hepatocyte specific Cre expression on a STING deficient background. We infected 

these AlbCre+/-St-/- mice i.v. with 5×10⁵ pfu MCMVrep ∆m157-flox-egfp (MCK2+), 

perfused the infected mice at 3 and 8 dpi, and removed the above mentioned organs. 

Similar to the AlbCre+/- mice at 3 dpi, infectious non-recombined virus particles were 

present in all analyzed organs of AlbCre+/-St-/- mice, but MCMVrec(MCK2+) could 

solely be found in the liver (Fig. 16D). Comparable to the AlbCre+/- mice at 8 dpi 

AlbCre+/-St-/- mice showed infectious non-recombined virus particles in all analyzed 

organs, except for the spleen, and MCMVrec(MCK2+) was present in the liver and 

additionally the SG (Fig. 16E). In conclusion, absence of STING signaling and with 

that the early hepatic IFN-β response does not influence the targeted dissemination 

of MCK2+ MCMV from hepatocytes to the SG.  

 

4.2.3. STING signaling controls the permissiveness of myeloid cells for MCMV 

infection  

 

We could identify LysM+/CD169+ cells as major IFN-β producers early in the liver 

after MCMV infection and could additionally show that IFN-β derived from these cells 

is induced in a STING-dependent manner. In a previous study, we showed that 

STING is important in myeloid cells for the activation of anti-CMV responses110. 

Furthermore, it is described in the literature that MCMV uses myeloid cells as 

vehicles for its dissemination to secondary target organs254. These findings indicate 

that STING is necessary for the antiviral function of myeloid cells upon CMV infection 

and that these cells contribute to the MCMV dissemination. This is why we analyzed 

whether absence of STING signaling facilitates the dissemination of MCMV via 

myeloid cells. To address that question we intercrossed different myeloid cell specific 

Cre expressing mouse lines with STING-/- mice. We generated LysMCre+/-St-/- mice 

that express Cre in macrophages, monocytes and neutrophils on a STING deficient 

background, CD169Cre+/-St-/- mice that express Cre in tissue resident macrophage 
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subsets on a STING deficient background and CX3CR1Cre+/-St-/- mice that express 

Cre in monocytes, resident macrophages and cDC on a STING deficient background.  

 

 
Figure 17: STING signaling controls the permissiveness of myeloid cells for 
MCMV in liver and lymph nodes.  
(A) LysMCre+/- mice with a functional STING locus (LysMCre+/-) or carrying a STING 
deletion (LysMCre+/-STING-/-), (B) CD169Cre+/- mice with a functional STING locus 
CD169Cre+/-) or carrying a STING deletion (CD169Cre+/-STING-/-), and (C) 
CX3CR1Cre+/- mice with a functional STING locus CX3CR1Cre+/-) or carrying a 
STING deletion (CX3CR1Cre+/-STING-/-) were infected i.v. with 5×10⁵ pfu MCMVrep 
Δm157-flox-egfp (MCK2+). Infected mice were perfused at 3 and 8 dpi, liver (Li), 
spleen (Sp), lung (Lu), heart (He), kidney (Ki), salivary glands (SG), inguinal lymph 
nodes (iLN), and cervical lymph nodes (cLN) were prepared and virus titers per g 
organ were analyzed by plaque assay. GFP- plaques (bars) or GFP+ plaques (dot 
plot) were either counted under a light microscope or a fluorescence microscope, 
respectively. Data represent at least two independently performed experiments. Bars 
and dot plots indicate mean ± SEM (n ≥ 5; *, p≤0.05 **, p≤0.01; Two-tailed Mann-
Whitney test).  
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We infected LysMCre+/-, LysMCre+/-St-/-, CD169Cre+/-, CD169Cre+/-St-/-, 

CX3CR1Cre+/-, and CX3CR1Cre+/-St-/- mice i.v. with 5×10⁵ pfu MCMVrep ∆m157-flox-

egfp (MCK2+), perfused the infected mice at 3 and 8 dpi, and removed the above 

mentioned organs. At 3 dpi infectious non-recombined virus particles were detected 

in all analyzed organs of LysMCre+/- and LysMCre+/-St-/- mice (Fig. 17A). 

MCMVrec(MCK2+) was present in liver, spleen, iLN, and cLN of both genotypes. 

LysMCre+/-St-/- mice showed a significantly higher amount of non-recombined and 

recombined MCMV particles in the liver when compared with LysMCre+/- mice at 3 

dpi (Fig. 17A). At 8 dpi infectious non-recombined virus particles were still present in 

the analyzed organs, with the exception of the spleen in LysMCre+/- mice (Fig. 17A). 

MCMVrec(MCK2+) was present in liver, lung, SG, iLN, and cLN of both genotypes. A 

significantly higher amount of non-recombined and recombined virus particles was 

detected in the iLN and cLN of LysMCre+/-St-/- mice at 8 dpi when compared with 

LysMCre+/- mice (Fig. 17A).  

Similar to LysMCre+/- and LysMCre+/-St-/- mice, also in CD169Cre+/- and CD169Cre+/-

St-/- mice infectious non-recombined MCMV particles were detected in all analyzed 

organs and similar amounts of MCMVrec(MCK2+) were found in liver, spleen, iLN, 

and cLN at 3 dpi (Fig. 17B). A significantly higher titer of non-recombined virus 

particles was found in spleen and heart of CD169Cre+/-St-/- mice in comparison with 

CD169Cre+/- mice at 3 dpi (Fig. 17B). At 8 dpi infectious non-recombined virus 

particles were still present in the analyzed organs, with the exception of the spleen in 

CD169Cre+/- mice (Fig. 17B). Similar to the LysMCre+/- and LysMCre+/-St-/- mice the 

amount of non-recombined MCMV particles was significantly higher in iLN and cLN of 

CD169Cre+/-St-/- mice when compared with CD169Cre+/- mice. MCMVrec(MCK2+) 

could be found in a comparable amount in liver, lung, SG, and cLN of both genotypes 

(Fig. 17B).  

In CX3CR1Cre+/- and CX3CR1Cre+/-St-/- mice infectious non-recombined virus 

particles were found in all analyzed organs at 3 dpi (Fig. 17C). MCMVrec(MCK2+)  

was found in liver, spleen, lung, iLN, and cLN of both genotypes and in addition in 

kidneys of CX3CR1Cre+/- mice (Fig. 17C). CX3CR1Cre+/-St-/- mice showed a higher 

amount of non-recombined virus particles in spleen when compared with 

CX3CR1Cre+/- mice. In contrast, a significantly higher amount of non-recombined and 

recombined MCMV particles was detected in the kidney of CX3CR1Cre+/- mice in 
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comparison to CX3CR1Cre+/-St-/- mice at 3 dpi (Fig. 17C). At 8 dpi similar amounts of 

non-recombined and recombined virus particles were measured for CX3CR1Cre+/- 

and CX3CR1Cre+/-St-/- mice, with the exception that the amount of non-recombined 

MCMV particles was significantly higher in the cLN of CX3CR1Cre+/-St-/- than 

CX3CR1Cre+/- mice (Fig. 17C). Taken together, STING controls the early infection 

rate of LysM+ cell types in the liver and at later time points in the LN. The 

permissiveness of CD169+ cells is unaltered in absence of STING signaling, while a 

higher infection rate of CX3CR1+ cells is indicated in SG and LN when STING 

signaling is missing.      
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5. Discussion 

 

5.1. Spatiotemporal analysis of the contribution of different PRR to 

the anti-MCMV immune response 

 

In this study we analyzed the spatiotemporal activation of PRR and their contribution 

to anti-MCMV immune responses. The function of TLR signaling during the control of 

MCMV infection has already been intensively discussed, whereas in this context only 

few data exist on the contribution of cytoplasmic DNA receptors92,106. Genetically 

modified mice, which lack TLR signaling, are highly susceptible to systemic infection 

with MCMV and show increased MCMV replication in the liver and the spleen194. TLR 

deficient mice lack the second of two IFN-I waves detected in the serum after MCMV 

infection. It was reported that pDC sense MCMV in a TLR-dependent manner and 

that they mount IFN-I responses at 36 hpi194-196. Additionally, in TLR signaling 

deficient mice also IFN-II responses of NK and T cells are impaired195,203,286. We 

found that TLR signaling alone was not essential to promote survival after systemic 

MCMV infection (Fig. 1). Nevertheless, TLR signaling was indeed important to restrict 

MCMV replication (Fig. 12 and 13). In accordance with the literature, we detected a 

TLR-dependent second wave of serum IFN-I responses, which not only originated 

from the spleen, but also from cLN and iLN (Fig. 3-7). Furthermore, we identified that 

primarily CD11c+ cells sensed MCMV in a TLR-dependent manner in the spleen, iLN, 

and cLN and thus contributed to the second wave of IFN-β induction (Fig. 8). In our 

study not only IFN-I, but also the expression level of a whole variety of other pro-

inflammatory cytokines and chemokines was altered in absence of TLR signaling, 

which was associated with diminished NK and T cell responses in the spleen, as 

similarly reported before (Fig. 10 and 11)195,203,286. The TLR-independent induction of 

the first wave of serum IFN-I indicates the contribution of other sensing platforms 

than TLR to the anti-MCMV immune response. Only recently, studies started to 

address the role of cytosolic DNA sensing platforms upon MCMV infection. These 

studies described that STING contributes to the early systemic and splenic IFN-β 

response upon MCMV infection92,106. That implies a similarly essential role of STING 

signaling in MCMV infection as previously reported for infection with HSV-1. STING 

deficient mice are highly susceptible to HSV-1 infections85,107,108. Surprisingly, we 
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found that in contrast to HSV-1 and VACV (Fig. 2) infections, cGAS/STING signaling 

alone was not needed to promote survival after MCMV infection. However, 

concomitant TLR, RLR, and cGAS/STING signaling was necessary to protect mice 

from lethal MCMV infection (Fig. 1). Similar results were obtained upon infection with 

MHV-68 (Fig. 2). Furthermore, we found that after MCMV infection the first wave of 

serum IFN-I was STING-dependent and mainly originated from the liver. Kupffer 

cells, which sense MCMV in a STING-dependent manner, were the main producers 

of hepatic IFN-β. Accordingly, enhanced hepatic MCMV titers were detected early 

during infection in STING-/- mice (Fig. 12 and 13).  

 

5.1.1. Cooperative TLR, RLR, and STING signaling protects from lethal MCMV 

infection  

 

In a first step we analyzed the protective effect of the single PRR platforms upon 

MCMV infection. WT mice were resistant to the infection, whereas IFNAR-/- mice 

were highly susceptible to lethal disease, further highlighting the earlier published 

importance of IFN-I signaling for the survival of MCMV infections190,191. Furthermore, 

we found that ablation of the single recognition platforms TLR, RLR, or cGAS/STING 

had no influence on the survival of MCMV infection, whereas the combined TLR/RLR 

signaling deficiency increased the susceptibility significantly with 60% of the mice 

succumbing to MCMV infection (Fig. 1). A previous report by Delale and colleagues 

showed that MyD88-/- mice could not control the infection with MCMV as efficiently as 

WT controls194. Unlike Delale and colleagues, we did not observe such a dramatic 

difference in the susceptibility to lethal disease in MyTr-/- and WT mice (Fig. 1). In our 

study we used cell culture derived MCMV, whereas Delale and colleagues used 

MCMV isolated from SG extracts, which could explain the observed differences in 

susceptibility of TLR signaling deficient mice in the two studies. Previous studies 

showed that infections with cell culture-derived MCMV resulted in controlled 

infections in immunocompetent mice with prolonged virus replication in the SG, 

whereas infections with SG-derived MCMV led to high organ titers, tissue damage, 

and mortality even in immunocompetent mice181,182. This indicates that SG-derived 

MCMV elicits a much stronger immune response, which might be partially due to 

soluble factors, e.g. cytokines that are included in the MCMV preparations from SG 

homogenates.  
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It was previously described that deficiency in RLR signaling, which is activated upon 

cytosolic RNA sensing, has only a moderate impact on infections with DNA viruses. 

RLR signaling deficient mice are similarly susceptible to ECTV or HSV-1 infection as 

WT mice104,287. However, higher HSV-1 titers and reduced IFN-β level can be 

detected in brain homogenates of intranasally infected RLR signaling deficient 

mice287. Likewise, upon MCMV infection RLR signaling alone was not needed for 

protection, but the enhanced susceptibility of MyTrCa-/- mice when compared with 

MyTr-/- mice indicates a contribution of RLR signaling to the activation of an anti-

MCMV immune response. 

In contrast to the RNA sensors of the RLR family, cytosolic DNA sensors should play 

a major role in the immune defense against DNA viruses. It was reported several 

times that cGAS-/- and STING-/- mice show increased virus loads and enhanced signs 

of disease after infection with different DNA encoded viruses, including poxviruses, 

such as VACV (Fig. 2)91 and ECTV104, as well as alphaherpesvirus infections, such 

as HSV-163,107,108. Interestingly, our analysis revealed that upon MCMV and MHV-68 

infections cGAS/STING signaling alone was dispensable for survival. This supports 

the hypothesis that upon MCMV and MHV-68 infection defects in the cGAS/STING 

axis can be compensated by TLR/RLR signaling. Unlike MCMV and MHV-68, VACV 

and ECTV replicate in the cytoplasm and thus the viral genome is readily accessible 

to recognition by cGAS. In addition, VACV and ECTV infect a wide variety of cell 

types and efficiently block activation of antiviral measures induced by the TLR 

signaling pathway288-291. The replication in the cytoplasm in a wide variety of cell 

types together with efficient viral evasion of TLR signaling might explain the essential 

role of cGAS/STING signaling upon poxvirus infections.  

It was described that STING signaling is especially important in myeloid cell types for 

the production of IFN-I and other pro-inflammatory cytokines upon DNA virus 

infections85,92,110. Since HSV-1, MCMV, and MHV-68 are sensed in macrophages in a 

cGAS/STING-dependent manner85,91,292, it is surprising, that mice deficient of the 

cGAS/STING axis show enhanced sensitivity to HSV-1 infection85,107,108, but not to 

MCMV or MHV-68 infection. One possible explanation for this might be the species-

specificity of the analyzed viruses. MCMV and MHV-68 are obligate mouse-specific 

pathogens, while HSV-1 is a human pathogen. Thus, the mouse immune system is 

not as adapted to HSV-1 as to MCMV and MHV-68. Furthermore, HSV-1 is a 

neurotropic virus and shows a different cellular tropism than MCMV or MHV-68. 
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HSV-1 efficiently infects epithelial cells and sensory neurons, while the cellular 

tropism of MCMV and MHV-68 is broader and does not comprise CNS resident cells 

under immunocompetent conditions156,157. In line with this, CNS resident microglia 

were shown to depend on STING signaling for their protective IFN-I production upon 

HSV-1 infection293. Thus, the diminished control of the human pathogen HSV-1 by 

the mouse immune system together with the important role of STING in the brain 

might result in the higher susceptibility of STING-/- mice to HSV-1 infections.   

In TLR/RLR deficient mice the additional deletion of STING or cGAS dramatically 

enhanced the susceptibility to MCMV and MHV-68 infections (from 60% to 100% 

lethality) and mice succumbed to the infections with similar kinetics as observed in 

IFNAR-/- mice (Fig. 1 and 2). Since cGAS/STING signaling can promote survival of 

40% of mice in the absence of TLR/RLR signaling, the cGAS/STING axis is 

highlighted as an important sensor of MCMV and MHV-68 in vivo. These data verify 

that not only TLR signaling, but concomitant signaling of TLR, RLR, and 

cGAS/STING elicit protective immunity to MCMV and MHV-68. The observed partial 

redundancies in the innate immune signaling platforms might contribute to the 

robustness of the immune response, guaranteeing effective antiviral responses even 

in the presence of immune evasion strategies of MCMV and MHV-68. 

 

5.1.2. Organ-specific contribution of PRR to anti-MCMV immunity 

 

After systemic infection, MCMV is initially disseminated in a cell-free state through 

the blood circulation and can readily infect cells in vascularized organs. Presence of 

MCMV can be detected early in the liver and the spleen, where robust innate immune 

responses are elicited. Cytokines and chemokines that are detected in the serum 

originate from local organ sources and are released into the blood stream. To dissect 

the local contribution of the PRR platforms to the activation of the innate immune 

response, we analyzed PRR-dependent and cell type-dependent IFN-β responses, 

determined local cytokine and chemokine profiles, addressed the PRR-dependent 

activation of splenic NK and T cell responses, and evaluated the influence of the 

PRR platforms on the control of MCMV replication. 
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5.1.2.1. PRR SIGNALING IN ANTI-MCMV IMMUNITY OF THE LIVER 

 

By addressing systemic IFN-I level we detected a STING-dependent early IFN-β 

response in the serum. Additionally, by analyzing the organ origin of the systemically 

detected IFN-β we revealed that the early IFN-β originated from the liver (Fig. 4-6). In 

accordance with the data of serum IFN-I responses, early IFN-β responses in the 

liver were induced in a STING-dependent manner and furthermore were derived from 

LysM+ and CD169+ cells. A previous study described that upon systemic MCMV 

infection predominantly endothelial cells as well as Kupffer cells and hepatocytes are 

initially infected within the liver246. Due to their localization, endothelial cells and 

Kupffer cells form the first barrier for pathogens entering the liver via the portal 

vein246, which qualifies both cell types as initial IFN-β producers. Isolated liver 

sinusoidal endothelial cells were shown to produce IFN-I upon MCMV infection294 

and HCMV infected human umbilical vein endothelial cells were reported to produce 

IFN-I in a cGAS/STING-dependent manner106. Nevertheless, we identified LysM+ and 

CD169+ cells as the ones, which expressed IFN-β in a STING-dependent manner. 

CD169 and LysM are mainly expressed by Kupffer cells in the liver and there was no 

colocalization of these markers detected with the endothelial marker CD31273,295. 

Thus, we concluded that Kupffer cells are the main producers of early IFN-β in the 

liver. Based on the published in vitro data it is likely that also endothelial cells 

contribute to the early IFN-β response, however, under in vivo conditions their 

contribution seems to be minor.  

The STING-dependent sensing of MCMV in Kupffer cells might result from the way 

how MCMV enters these cells. Different glycoprotein complexes are published that 

define the entry route of HCMV into target cells. Involvement of the gH/gL/gO 

complex results in a pH-independent fusion at the plasma membrane170,171. The 

gH/gL/gO complex has been similarly described for MCMV172. After systemic 

infection, gH/gL/gO was shown to mediate initial entry of MCMV into endothelial cells, 

macrophages and hepatocytes in the liver, indicating entry of MCMV via plasma 

membrane fusion246. The sole fusion of viral envelopes with cellular plasma 

membranes and the subsequent sensing of viral nucleic acids in the cytoplasm were 

described to trigger STING-dependent immune responses102,103. Although the 

presence of the MCMV genome in the cytoplasm should be rare, imperfect entry 

processes or degradation of the viral capsid, as reported for HSV-162, can lead to the 



  Discussion 

81 
 

exposure of the viral genome that results in sensing by the cGAS/STING axis. Thus, 

the entry pathway that MCMV uses to infect Kupffer cells might determine the 

STING-dependent IFN-β response.  

In our study, hepatocytes did not contribute to the early IFN-β response in the liver, 

which is surprising as hepatocytes were shown to be the major hepatic target cells of 

MCMV (Fig. 16)246,261,296. Other studies confirmed that upon infection with 

hepatotropic viruses hepatocytes are capable of producing IFN-I and IFN-III269,297. 

However, these responses presumably were not mediated via STING, as the 

expression level of STING has been described to be very low if not absent in primary 

murine hepatocytes and murine hepatocyte cell lines298,299. Similar to Kupffer cells, 

MCMV was reported to initially infect hepatocytes via fusion with the plasma 

membrane246, which is more likely to induce STING-dependent IFN-β responses. 

Thus, low level or absence of STING expression in hepatocytes might be one 

explanation for the lack of their IFN-β responses upon MCMV infection. 

Nevertheless, it was shown that hepatocytes express RLR and TLR and that they 

use both platforms to recognize invading pathogens297. MCMV encodes for a variety 

of immune evasion molecules, which interfere directly with PRR or their downstream 

signaling cascades92,222. Thus, efficient immune evasion of MCMV might prevent a 

TLR- or RLR-dependent IFN-β induction in hepatocytes.  

We showed that following the first local IFN-β induction, the IFN-β induction in the 

liver declined, which indicates that the second wave of serum IFN-β is not derived 

from the liver. In addition, we detected an equal contribution of CD11c+, LysM+, and 

CD169+ cells to the IFN-β response between 24 and 96 hpi. Borst et al. reported that 

infection of the liver with MCMV results in a loss of Kupffer cells early after infection, 

which are replenished at a later stage of the infection by monocyte-derived Kupffer 

cells300. This loss of the predominantly IFN-β producing Kupffer cells early after 

infection can be one explanation why the hepatic IFN-β response is highest at 4 hpi 

and decreases afterwards, although the MCMV load is highest between 2 and 4 dpi. 

 

We also assessed how the different PRR platforms regulate the hepatic cytokine and 

chemokine profile when triggered by a MCMV infection. In the liver, deficiency of TLR 

signaling led to a reduction of chemokines, such as MCP-1 and MIP-1α, which attract 

myeloid-lineage cells and lymphocytes, at 4 and 36 hpi. This observation is 

consistent with the literature as it was already elucidated that absence of TLR 
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signaling leads to reduced hepatic levels of MCP-1 and MIP-1α214. Functional 

IFNAR-signaling is one pre-requisite of the MCP-1 and MIP-1α production190,282 and 

as a consequence of the reduced chemokine levels a lower accumulation of 

inflammatory monocytes and NK cells was observed in previous 

studies190,215,282,301,302. We additionally observed a decreased level of IL-12p40 in the 

TLR signaling deficient mice. This might impair the NK cell function as IL-12p40 was 

shown to be important for NK cell IFN-γ secretion200,283. The reduced IFN-α 

production (Fig. 9) in concert with the impaired NK cell function might explain higher 

hepatic MCMV titers, which we detected from 36 hpi to 10 dpi in TLR signaling 

deficient mice (Fig. 13).  

Furthermore, also the chemokine KC was downregulated in TLR signaling deficient 

mice at 4 and 36 hpi in liver homogenates. Interestingly, this chemokine was the only 

one that was deregulated in the liver of Ca-/- mice (Fig. 10A). KC was reported as the 

main neutrophil-activating chemokine and inhibition of KC decreased neutrophil 

accumulation in the liver after MCMV infection221. Neutrophils were reported to exert 

a direct antiviral function by activating TNF related apoptosis inducing ligand (TRAIL)-

dependent apoptosis in MCMV infected cells during the first few hours of infection221. 

Thus, in absence of TLR and/or RLR signaling the accumulation of neutrophils in the 

liver might be reduced, leading to a reduced killing of MCMV infected cells. Along this 

line, Ca-/- and MyTrCa-/- mice showed higher MCMV Δm157luc BLI signals (Fig. 13) 

and a higher IFN-β induction at 4 hpi in liver when compared with WT mice (Fig. 5). 

This indicates that RLR signaling plays an important role during the initial phase of 

the MCMV infection in the liver and that both TLR and RLR signaling might regulate 

the neutrophil infiltration into the liver.  

The pro-inflammatory cytokine IL-12p70 was the only cytokine being reduced in the 

liver of STING-/- mice at 4 hpi. Mainly phagocytic cells, such as Kupffer cells, express 

IL-12p70 in the liver, which was reported to promote the production of IFN-γ by NK 

and T cells thus skewing the immune response towards a Th1 response303. Lack of 

STING signaling and the resulting reduced production of IL-12p70 was already 

compensated at 36 hpi, which presumably limits the biological effect of the reduced 

cytokine level on the NK and T cell response. Accordingly, MCMV titer analysis 

revealed only a higher infection of the liver in absence of STING at 1 dpi (Fig. 14), but 

not afterwards when NK cells and T cells control the infection. The initially higher 

hepatic infection is consistent with our observation that in Kupffer cells IFN-β is 
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induced in a STING-dependent manner. This reduced IFN-β induction might lead to a 

reduced ISG expression, which decreases the local antiviral state and might enhance 

the permissiveness of Kupffer cells for MCMV infection.  

Taken together, we showed that upon systemic MCMV infection the first wave of 

serum IFN-β derives from the liver and is produced in a STING-dependent manner. 

Furthermore, we revealed that hepatic Kupffer cells sense MCMV in a STING-

dependent manner and mount the early IFN-β response. Lack of this response 

results in higher initial hepatic MCMV titers, which indicates a higher permissiveness 

of Kupffer cells for MCMV infection in absence of STING signaling. Furthermore, we 

showed that upon MCMV infection TLR signaling is critical for the production of a 

hepatic cytokine milieu that was already shown to be essential for inflammatory cell 

recruitment and NK cell responses. A reduced IFN-α production and impaired NK cell 

function in absence of TLR signaling might delay killing of infected cells and thus 

promote hepatic MCMV replication, which we detected in TLR signaling deficient 

mice. Upon MCMV infection of RLR signaling deficient mice, we detected high initial 

IFN-β responses, but also higher initial MCMV titers. This indicates an IFN-

independent role for RLR signaling early after MCMV infection of the liver. We 

detected reduced KC level in RLR signaling deficient mice, which might lead to a 

reduced neutrophil response that impacts the early antiviral response.  

   

5.1.2.2. PRR SIGNALING IN ANTI-MCMV IMMUNITY IN SECONDARY LYMPHOID 

ORGANS 

 

Analysis of the organ-specific IFN-β induction revealed that IFN-β derived from cells 

of the spleen as well as cLN and iLN contributed only to a minor extent to the early 

systemic IFN-β response. We identified that the early IFN-β response is induced in a 

STING- and TLR-dependent manner in spleen, in a STING-dependent manner in 

iLN, and in a TLR-, RLR-, and STING-dependent manner in cLN. In all three organs 

CD11c+ and CD169+ cells were identified to mount the early IFN-β response. In 

previous studies upon systemic MCMV infection first infected cells were detected 

around 8 hpi in the marginal zone and the red pulp of the spleen, with fibroblastic 

reticular cells (FRC) and endothelial cells being the main infected cell types261,284. 

Similarly, FRC, subcapsular sinus macrophages (SSM), medullary sinus 

macrophages (MSM), and other myeloid cells were identified as first target cells in LN 
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after systemic or intra-footpad MCMV infection217,218,284. However, we did not expect 

FRC or endothelial cells to be the main IFN-β expressing cell types, because FRC 

were reported to mainly regulate adaptive immune responses304 and both cell types 

are not targeted by using CD11c- and CD169-specific reporter systems273,295,305. In 

previous studies the CD169 and CD11c expressing cell type in the spleen was 

identified as the metallophilic marginal zone macrophage (MMM), which is located in 

the splenic marginal zone surveying the marginal sinus306. These CD169+ 

macrophages were reported to efficiently capture blood born virus particles307 and to 

be capable of mounting IFN-I responses308. In LN SSM were found to express CD169 

and CD11c309. Upon intra-footpad MCMV infection the LN resident SSM were 

described to capture MCMV and to contribute to the IFN-I production217,218, which 

makes it likely that MMM fulfill a similar role in the spleen upon MCMV infection. An 

important role of macrophages in the spleen for the early MCMV control is also 

indicated by a study showing that depletion of macrophages increases splenic MCMV 

titers already at 1 dpi310.  

Another CD11c+ cell type, which was reported to be located in the marginal zone of 

the spleen and in LN, is pDC. They were shown to contribute to the early IFN-β 

expression in both organs upon MCMV infection217,218,311. With the CD11c- and 

CD169-specific IFN-β reporter mice we used, one cannot easily differentiate the 

contribution of MMM/SSM and pDC to early IFN-β responses, however, it is likely 

that both cell types mount IFN-β responses upon MCMV infection. This assumption is 

supported by our finding that TLR as well as STING signaling is needed for the early 

splenic IFN-β induction. The pDC derived early IFN-β responses in the spleen have 

already been shown to depend on TLR9 signaling311 and another study showed an 

important role of STING in CD169+ macrophages to sense plasmodium yoelii312. 

However, our finding that TLR signaling is important for the early IFN-β induction in 

spleen is in contrast to a published study by Schneider et al. showing a TLR-

independent, but LTβR-dependent early IFN-β induction by splenic stromal cells192. 

In that study Schneider and colleagues addressed the role of the LTβR pathway in 

regulating the innate IFNα/β response by using lymphotoxin (LT) or LTβR deficient 

mice192. The presence of MMM was shown in another study to depend on LT-LTβR 

signaling313,314. Thus, whether LTβR expressing stromal cells or MMM contribute the 

early IFN-β responses in absence of TLR signaling could not be revealed by the 

experimental setting used by Schneider et al.  
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We also detected a reduced IFN-β induction in RLR deficient mice at 4 hpi in cLN 

(Fig. 7). RLR are cytoplasmic RNA sensors. Thus, infection of cells is required in 

order to stimulate them. Initially MCMV infected myeloid cells, apart from CD169+ 

SSM, might use RLR to sense a MCMV infection in cLN.  

In summary, we propose that mainly MMM in the spleen and SSM in iLN and cLN 

sense MCMV in a STING dependent manner. In spleen and iLN MMM and SSM, 

respectively, seem to be the main sources of early IFN-β responses. In cLN, in 

addition to SSM, pDC seem to mount TLR-dependent IFN-β responses, but also a 

RLR-dependent induction from an unknown cell type seems to contribute to the early 

IFN-β response. 

By analyzing the local IFN-β induction at 36 hpi, we identified the spleen as the major 

source of the second wave of IFN-β detected in the serum, while iLN and cLN 

contributed to a lower extent. Moreover, we found for all three organs that this IFN-β 

response was conferred by CD11c+ cells in a TLR-dependent manner (Fig. 6-9). It 

was shown before that CD11c+ pDC sense MCMV in a TLR-dependent manner and 

produce splenic IFN-I at 36 hpi, whereas CD11c+ cDC contributed to this IFN-I 

production only to a very minor extent194-196,204. We also detected a minor IFN-β 

expression of CD169+ and LysM+ cells at 36 hpi in spleen and cLN, which indicates 

IFN-β induction by MMM and SSM, respectively. The major contribution of pDC to 

the IFN-I induction at 36 hpi can be due to the fact that MCMV is still mainly present 

in the areas, where pDC and MMM/SSM are located217,218,284. At that time low 

infection of CD11c+ cells was shown, which is in accordance with reports showing 

that pDC are hardly productively infected by MCMV315,316 or HCMV110,317,318 in vitro, 

but still produce high amounts of IFN-I. At 48 hpi we found that even the loss of 

TLR/RLR signaling could be compensated by another signaling platform in the 

spleen (Fig. 6), which was also highlighted by the finding that CD11c+, LysM+, and 

CD169+ cells equally contributed to the splenic IFN-β induction at 48 and 72 hpi (Fig. 

8). It was reported that between 36 and 48 hpi the splenic MCMV infection 

progresses from the marginal zone and red pulp to the white pulp. At 48 hpi infected 

CD11c+ and CD11b+ cells were described to appear in the white pulp, including cDC 

(LysM+), macrophages (LysM+ and CD169+) and granulocytes (LysM+)204,284,319,320. 

Thus, further infected cell types seem to sense MCMV in a TLR/RLR-independent 

and potentially STING-dependent manner at 48 hpi in spleen and their IFN-I 

expression can compensate the loss of TLR/RLR signaling-dependent IFN-I 
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responses. Probably cDC as well as macrophages produce IFN-I in a STING-

dependent manner, as STING-dependent anti-CMV responses were shown for both 

cell types85,110,222,321. These findings also explain the published reports that after pDC 

depletion IFN-I serum level were absent at 36 hpi, but restored at 44 hpi194 and that 

in absence of TLR signaling robust ISG responses were induced in spleen286. 

Therefore, we propose that the second wave of IFN-I in the spleen is initially derived 

from pDC, whereas at later time points splenic LysM+ cells contribute to the IFN-I 

production in a STING-dependent manner.  

Similar to the liver it was shown earlier that absence of TLR signaling results in 

reduced NK cell numbers in spleen and in severely impaired NK cell 

functions194,195,198,203,286. Upon analysis of cytokines and chemokines in the spleen we 

found that IL-12p40 was reduced in the spleen of TLR signaling deficient mice at 4 

and 36 hpi. The TLR-dependent IL-12p40 production by cDC198,203 was reported as 

main activator of IFN-γ secretion by splenic NK cells, whose functionality is essential 

for the control of MCMV infection198,200,202,203,316,322. Consistently, we found that IFN-γ 

was highly decreased at 36 hpi in the spleen of TLR signaling deficient mice and the 

percentage of IFN-γ producing NK cells at the same time was highly reduced (Fig. 

11). Additionally, as a likely consequence of the reduced NK cell function, we could 

detect higher splenic MCMV titers already at 1 dpi in TLR signaling deficient mice 

(Fig. 14).  

DC are not only promoting the NK cell response, but are also critically needed for the 

priming of adaptive immune cells, such as CD4+ and CD8+ T cells262. In addition to 

NK cell responses T cell responses were described to be required for an efficient 

control of MCMV infection186,202,236. This was shown by a high susceptibility of T cell 

deficient mice upon MCMV infection186. We could show that upon MCMV infection 

TLR signaling was important for the IFN-γ secretion of CD4+ and CD8+ T cells (Fig. 

11). The activation of naïve T cells was described to be influenced by the interaction 

of their TCR with antigenic peptides displayed by DC on their MHC molecules, the 

delivery of co-stimulatory signals as well as the surrounding cytokine milieu. IFN-I 

signaling was reported to promote the maturation of DC, leading to MHC and co-

stimulatory molecule upregulation316,323. The reduced IFN-I levels we observed at 36 

hpi in the spleen of TLR signaling deficient mice might therefore less efficiently 

promote DC maturation, which would result in reduced CD4+ and CD8+ T cell 

priming. However, already at 48 hpi presumably STING signaling could compensate 
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the loss of the TLR/RLR signaling for the IFN-I induction and this might explain the 

reduced, but not abrogated, T cell responses in TLR signaling deficient mice. 

Uninfected cross-presenting CD8α+ DC were reported as the major CD8+ T cell 

activating DC subset207,208,324. Cross-presenting DC need to endocytose 

immunogenic components from their environment to process antigens and present 

these on MHC I molecules. The impaired NK cell functionality, which we observed in 

TLR deficient mice, might result in less effective killing of infected cells and thus 

might restrict the availability of immunogenic components.  

In accordance with the reduced NK cell and T cell responses in TLR signaling 

deficient mice, we detected higher sustained MCMV titers in all organs tested (Fig. 

13-14). Absence of RLR or STING signaling only moderately affected the cytokine 

and chemokine profile induced upon MCMV infection in the spleen (Fig. 10). Along 

this line we also detected normal splenic NK cell and T cell responses (Fig. 11), 

which probably mediated the efficient control of MCMV titers in STING-/- mice (Fig. 13 

and 14). Interestingly, RLR deficient mice showed higher MCMV titers in the spleen 

and liver at 5 dpi, although they mounted normal IFN-I responses in these organs 

and functional NK and T cells were present. Upon intra-footpad infection of MCMV, a 

decreased innate immune response in LN was shown to result in a higher infection of 

FRC and a higher MCMV dissemination from LN to peripheral organs217,218. Hence, 

the lower IFN-β induction we observed in LN of RLR signaling deficient mice between 

72 and 96 hpi might contribute to the higher hepatic and splenic titers we observed 

around 5 dpi.  

 

Taken together, we showed that the initial IFN-β response in spleen and iLN is 

primarily mediated by STING signaling in CD169+ macrophages, whereas in cLN 

TLR, RLR, and STING signaling mediate the early IFN-β response. Furthermore, we 

showed that the second wave of serum IFN-β mainly derives from the spleen, while 

iLN and cLN contribute to a lesser extent. Moreover, we could confirm that especially 

TLR signaling is important for the control of MCMV infection in the spleen. We 

showed that abrogated TLR signaling reduces the splenic IFN-I production by 

CD11c+ cells at 36 hpi, which could subsequently from 48 hpi on be restored by a 

TLR/RLR-independent IFN-β induction of LysM+ cells. However, absence of TLR 

signaling also leads to a reduced IL-12p40 production, presumably by cDC, which 

negatively affects NK cell function and results in a highly reduced percentage of 
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IFN-γ secreting NK cells upon MCMV infection. The percentage of IFN-γ secreting 

CD4+ and CD8+ T cells is similarly reduced. Finally, decreased killing of virus infected 

cells by NK and T cells results in a diminished virus control with higher splenic MCMV 

titers in TLR signaling deficient mice during the initial and sustained phase of the 

infection. The deficiency of RLR signaling results in higher splenic MCMV titers 

during the later stage of the infection. These higher titers might be explained by a 

reduced dissemination control from LN to peripheral organs.     

 

 

5.2. Cell-type specific dissemination of MCMV 

 

Our in depth analysis of how MCMV infection is sensed by the innate immune system 

revealed an important role of STING signaling in myeloid cell types. Especially in the 

liver STING signaling was essential in Kupffer cells to induce antiviral IFN-β. The 

importance of STING signaling in myeloid cells has already been described in 

previous in vitro studies, which showed that after HCMV or MCMV infection of human 

monocyte-derived DC and macrophages110 or murine BMDC or BMDM85,222,321, 

respectively, cGAS/STING signaling was essential to induce protective IFN-I 

responses. In line with this, in absence of STING signaling we identified in vivo a 

higher permissiveness of LysM+ myeloid cells for MCMV infection in the liver and in 

LN, whereas the permissiveness of CD169+ cells in LN was unaltered (Fig. 17). 

Furthermore, myeloid cells are also described as transport vehicles for MCMV 

dissemination from first infection sites to further target organs263. The MCMV 

chemokine homolog MCK2 was reported to support the transport of MCMV by 

facilitating the recruitment of monocytes and promoting the infection of 

macrophages178,179,254,285. Interestingly, upon infection of mice with a MCMV mutant 

devoid of MCK2 only endothelial cells, but not hepatocytes, have been described to 

support MCMV dissemination from the liver to other organs261. We unveiled that the 

dissemination blockade from hepatocytes was due to the absence of the viral MCK2 

protein (Fig. 16). However, we identified that MCMV exclusively spread from 

hepatocytes to the SG and that the dissemination from hepatocytes was STING-

independent (Fig. 16).  

 

 



  Discussion 

89 
 

5.2.1. Hepatocytes support a MCK2-dependent MCMV dissemination to SG 

 

To address the contribution of specific cell types to the dissemination of MCMV, we 

made use of an inducible reporter MCMV that carries a floxed stop cassette in front 

of an egfp (MCMV Δm157-flox-egfp)261. Passage of the virus through a Cre 

expressing cell type results in the onset of eGFP expression (MCMVrec). This 

allowed the differentiation of MCMV particles that derived either from Cre expressing 

cell types or from other cells that did not express Cre. A previous publication, which 

showed a dissemination blockade from hepatocytes until 5 dpi, used a MCK2- floxed-

stop reporter MCMV. However, at 5 dpi MCMV barely started to seed the SG. 

Profound colonization of the SG can only be observed from 8 dpi on. Therefore, we 

analyzed the dissemination of hepatocyte-derived (AlbCre) MCK2- MCMV at 8 dpi 

and found that MCMVrec(MCK2-) was solely present in the liver, but not the SG (Fig. 

16A). This finding supports the already published dissemination blockade from 

hepatocytes after MCK2- MCMV infection.  

The MCMV chemokine homolog MCK2 was reported earlier to support the 

dissemination of MCMV to SG254. Therefore, we used the repaired MCK2+ MCMV 

reporter virus in this study to analyze whether in the previous study the absence of 

MCK2 led to the dissemination blockade from hepatocytes. While at 3 dpi 

hepatocyte-derived MCMVrec(MCK2+) was solely present in the liver, at 8 dpi 

MCMVrec(MCK2+) was additionally found in the SG. Thus, MCK2 affects the 

restriction of MCMV dissemination from hepatocytes to other organs. Our findings 

support the hypothesis that the dissemination of MCMV from hepatocytes is 

restricted, but hepatocytes support a targeted dissemination into SG, and the 

underlying mechanism is dependent on the viral chemokine homolog MCK2. CMV 

has been reported to disseminate during secondary viremia in a cell-associated 

manner244,254,263,325,326. Thus, cell-free dissemination of hepatocyte-derived MCMV via 

the blood stream presumably does not take place, which limits the dissemination of 

hepatocyte-derived MCMV to cell types that are recruited to the liver. MCK2 is a viral 

chemokine homolog that was described to attract mononuclear cells to primary 

infection sites255,264,285. In absence of MCK2 a diminished recruitment of CX3CR1+ 

cells was reported254, which indicates that MCK2 acts via the chemokine receptor 

CX3CR1. Thus, the capability of MCMV via its MCK2 protein to recruit CX3CR1+ 

cells defines whether hepatocyte-derived MCMV can disseminate. Additionally, the 
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dissemination of MCMV to SG was reported to be highly decreased in absence of 

CX3CR1 or MCK2254, which indicates that CX3CR1+ cells also mediate the transport 

to the SG and that this is, as similarly observed in our study, dependent on MCK2. 

Why and how hepatocyte-derived MCMV undergoes a strictly targeted dissemination 

to the SG is currently difficult to understand. One possibility could be a reduced 

protection of the SG due to a general anti-inflammatory milieu. The SG is part of the 

oral mucosal system and in constant contact with harmless food antigens. To prevent 

tissue destruction by constantly activated immune cells, an anti-inflammatory 

environment is established, characterized by transforming growth factor (TGF)-β and 

IL-10 expression327-330. This might increase the permissiveness of SG resident cells 

for MCMV infection, while in other organs a protective antiviral state was established 

by efficient innate immune responses. Similar to activated endothelial cells, acinar 

epithelial cells express CX3CL1331, the ligand for CX3CR1, which might promote the 

attraction of CX3CR1+ cells to the SG. Thus, the anti-inflammatory environment 

together with the promoted recruitment of CX3CR1+ cells into the SG might favor the 

targeted dissemination of MCMV into SG. 

We identified an important role of STING signaling for the early IFN-β induction in the 

liver. Therefore, we addressed whether STING signaling controls the targeted 

dissemination into the SG. Interestingly, we found that absence of STING did not 

alter the MCMV dissemination from hepatocytes. Although STING is important for an 

efficient IFN-β induction in Kupffer cells and the control of the initial virus load in the 

liver, absence of STING did not affect the restricted dissemination from hepatocytes 

to SG. NK cells, T cells, and the endothelial barrier as well as γ-irradiation sensitive 

immune cells were excluded in a previous study as effector cells accounting for the 

dissemination restriction from hepatocytes261. Kupffer cells are not efficiently deleted 

from the liver by γ-irradiation and IFN-I responses are well known to be important for 

the control of MCMV infection (Fig. 1)191. Nevertheless, we found that the restriction 

of MCMV dissemination from hepatocytes is independent of Kupffer cell derived IFN-

β. We could not address the role of IFN-α and IFNAR-signaling on the dissemination 

restriction with our experimental setup. Therefore, it would be of interest to analyze 

whether the impaired establishment of an antiviral state due to a complete lack of 

IFN-α/β signaling would break the dissemination restriction from hepatocytes. 

Furthermore, it might be that the expression of MCK2 by MCMV is the bottleneck for 

the dissemination from hepatocytes, but not the control of MCMV by the innate 
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immune system. MCK2 mediates the recruitment of a restricted subset of cells that 

disseminate MCMV to further target organs. This might hinder hepatocyte-derived 

MCMV dissemination to other organs than the SG even when the local antiviral state 

in the liver would be highly diminished. 

 

Taken together, we could unveil that hepatocyte-derived MCMV solely disseminates 

into SG and that this dissemination is dependent on the viral MCK2 protein. 

Furthermore, we could exclude an important role of STING and with that the early 

hepatic IFN-β for the control of hepatocyte-derived MCMV dissemination. 

 

5.2.2. STING constrains MCMV replication in myeloid cells and dissemination 

of the virus via myeloid cells 

 

We excluded STING signaling and with that the early hepatic IFN-β as a critical 

determinant for the restriction of MCMV dissemination from hepatocytes to other 

organs. Nevertheless, STING signaling is essential for the IFN-β expression in 

Kupffer cells, which is in accordance with an important role of STING in myeloid cells 

in general for the activation of anti-CMV responses85,92,110,222. Along the same line, 

especially myeloid cells were reported to be hijacked by MCMV as transport 

vehicles254,264,285 and HCMV may latently infect human myeloid cells257,332,333. These 

findings indicate an important role of STING for the antiviral function of myeloid cells 

upon CMV infection and imply that these cells take part in the dissemination of 

MCMV. This is why we hypothesized that absence of STING signaling facilitates the 

dissemination of MCMV via myeloid cells.  

The analysis of MCMV derived from LysM+ cells, which include Kupffer cells, 

revealed an enhanced productive infection of myeloid cells within the liver of STING 

deficient mice. This can be explained by our finding that IFN-β is induced in a STING-

dependent manner by Kupffer cells. Activation of IFN-I signaling via the IFNAR leads 

to the induction of a whole variety of antiviral genes144. Thus, in STING deficient mice 

the lack of IFN-β production by Kupffer cells results in reduced hepatic IFNAR 

triggering, which decreases the local antiviral state and hence, might render myeloid 

cells more permissive for productive MCMV infection. At 8 dpi we detected 

significantly more myeloid-cell derived MCMVrec(MCK2+) particles in the iLN and 

cLN of LysMCre+/-STING-/- mice. This also manifested in enhanced overall virus titers 
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in these organs, as similarly observed in the inguinal and cervical area of STING-/- 

mice (Fig. 13). The system we applied for the dissemination analysis does not allow 

us to further dissect reasons for enhanced virus dissemination in STING-/- mice, i.e. 

higher local replication of MCMV or an enhanced transport rate from the initial 

infection sites to secondary target organs. Similar to the liver, reduced local IFN-I 

signaling might increase the permissiveness of LysM+ cell subsets in the LN and thus 

result in a higher local MCMV replication. It is also possible that more virus particles 

are transported into LN because MCMV dissemination relies on cell-associated 

transport by myeloid cells. CX3CR1+ and CD11c+ cells were already suggested as 

vehicles for MCMV dissemination254,244. The markers CX3CR1 and CD11c were 

described to be both expressed on monocytes and DC274,334. Hence, it is not entirely 

clear which myeloid cell subset, or whether more than one cell subset, transports 

MCMV to secondary target organs. Monocytes have been described in a whole 

variety of settings to depend on STING signaling in order to mount pro-inflammatory 

cytokine responses335-338 and a STING-dependent IFN-I induction has been reported 

for BMDC after infection with MCMV321. Thus, lack of STING in monocytes and DC 

might also increase their permissiveness for MCMV infection and this subsequently 

might enhance the amount of transported MCMV. Furthermore, the MCK2 protein, as 

part of a tertiary entry receptor complex, seems to specifically promote the infection 

of myeloid cells, including DC321 and macrophages179.  

Comparison of the used myeloid cell-specific Cre mouse lines highlighted initial 

seeding of the SG by cell-free virus at 3 dpi, because until this time point no myeloid 

cell-derived particles could be isolated from the SG of infected mice. This is due to 

the used systemic application route. At 8 dpi abundant numbers of MCMV particles 

were found in the SG that derived from CX3CR1+ cells, which indicate transport of 

MCMV via these cells to the SG. The recruitment of CX3CR1+ cells to initial infection 

sites was reported to be biphasic, peaking between 8 to 20 hpi and at 3 dpi254. Our 

data highlight that especially the second wave of recruited CX3CR1+ cells transports 

MCMV to the SG. The tendency of enhanced numbers of MCMVrec(MCK2+) particles 

in the SG of CX3CR1Cre+/-St-/- mice at 8 dpi, can be explained by enhanced infection 

of CX3CR1+ cells in the absence of STING that results in an increased transport to 

SG. However, this hypothesis needs to be further verified experimentally.  

High numbers of MCMVrec(MCK2+) particles were detected in the iLN and cLN of 

LysMCre+/-, CD169Cre+/-, and CX3CR1Cre+/- mice at 3 dpi. This underlines SSM, 
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which are positive for the markers LysM, CX3CR1, and CD169, to be amongst the 

first target cells for MCMV infection in the LN that capture the cell free virus217,218,339. 

The overall comparable numbers of MCMVrec(MCK2+) found in all three STING 

deficient Cre lines and in their STING proficient counterparts indicate that absence of 

STING signaling does not increase the permissiveness of SSM to MCMV infection. 

Why the permissiveness of Kupffer cells for MCMV infection is increased, while this is 

not the case for SSM needs to be further addressed experimentally. At 8 dpi only 

LysM+ cell-derived MCMV particles were present in the iLN, whereas no 

MCMVrec(MCK2+) was found in CD169Cre+/- or CX3CR1Cre+/- mice. This indicates 

that MCMV replication is not sustained in SSM, but that it must take place in another 

LysM+ myeloid cell type. This could be explained by the loss of SSM in LN after virus 

infections217,218,339. In the cLN MCMVrec(MCK2+) particles derived primarily from 

LysM+ and CX3CR1+ cells at 8 dpi, while CD169+ cell-derived virus particles were 

rare. The high abundance of CX3CR1+ cell-derived MCMVrec(MCK2+) particles 

might be indicative of the transport of MCMV via CX3CR1+ cells into cLN. 

Additionally, the tendency of an even higher abundance of MCMVrec(MCK2+) in the 

cLN of CX3CR1Cre+/-St-/- mice than in CX3CR1Cre+/- indicates a higher 

permissiveness of CX3CR1+ cells in absence of STING signaling. Interestingly, 

CX3CR1+ cells seem to transport MCMV specifically to the SG draining cLN, but not 

to iLN, as indicated by higher numbers of CX3CR1+ cell-derived MCMVrec(MCK2+) in 

cLN, and only lower numbers in iLN.  

 

Taken together, we showed that absence of STING signaling renders LysM+ and 

potentially also CX3CR1+ myeloid cells, but not CD169+ myeloid cells, more 

permissive for MCMV infection. The higher permissiveness results in increased 

MCMV titers in the liver and LN, and potentially also in an enhanced transport of 

MCMV to SG and the SG draining cLN.   

 

 

5.3. PRR in MCMV pathogenesis 

 

With our spatiotemporal analysis of the PRR activation and the antiviral immune 

responses that were elicited upon MCMV infection, we were able to advance the 

understanding of the early processes involved in anti-MCMV immunity. We 



  Discussion 

94 
 

discovered that cooperative TLR, RLR, and STING signaling, but not TLR signaling 

alone, confers protection upon MCMV infection in vivo. We confirmed that lack of 

TLR signaling impairs the innate as well as adaptive immune response after MCMV 

infection especially in the spleen, whereas the overall immune response is not 

affected, due to efficient compensatory IFN-I responses induced by primarily STING 

signaling. Moreover, we identified that STING signaling is especially important in the 

liver to drive early IFN-β responses. This hepatic IFN-β, and not the earlier proposed 

splenic stromal cell derived IFN-β, is the main source of the first wave of serum 

IFN-β. Additionally and unexpectedly, we unveiled that hepatic Kupffer cells, and not 

hepatocytes that are the major MCMV target cells in the liver, sense MCMV in a 

STING-dependent manner and mount early IFN-β. With the used reporter MCMV 

variants we were able to address the role of specific cell types in, and the effect of 

STING signaling on, the dissemination of MCMV in vivo. By analyzing hepatocyte-

derived MCMV dissemination we revealed that the dissemination from hepatocytes is 

not blocked, but merely restricted to a targeted dissemination to the SG. This 

targeted dissemination is highly dependent on the presence of the viral chemokine 

homolog MCK2 and independent of STING signaling. Nevertheless, we discovered 

that STING constrains the permissiveness of LysM+ and CX3CR1+ cells for MCMV 

infection. Hence, absence of STING results in higher MCMV titers in liver and LN and 

might cause an enhanced transport of MCMV to cLN and SG. 

In conclusion, complex viruses, such as MCMV, show a broad cellular tropism, use 

different entry routes, and apply efficient immune evasion mechanism, thus making it 

necessary for the host to elicit a multi-layered immune response in order to control 

the virus and to prevent severe pathologies. We showed that the three major virus 

sensing platforms, TLR, RLR and STING, are triggered during MCMV infection and 

thus guarantee an effective induction of innate immunity that also affects MCMV 

dissemination. Our findings highlight innate immune signaling as a key element in 

MCMV pathogenesis that might be a new target for the development of preventive 

and therapeutic strategies.  
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5.4. Implications for the human system 

 

As similarly detected in immune cells of murine origin194-196, also human pDC 

stimulated with HCMV produce major amounts of IFN-I in a TLR-dependent 

manner110,165. In contrast, HCMV infected monocyte-derived DC and macrophages 

mount IFN-I responses in a STING-dependent manner85,110. Therefore, it is possible 

that also in the human situation the interplay of several signaling platforms 

contributes to the induction of anti-HCMV immunity. If this is the case, it would be 

very unlikely that single nucleotide polymorphisms that augment or reduce the 

functionality of single components of the cGAS/STING axis would affect the 

susceptibility of healthy individuals to HCMV infection. Interestingly, MyD88 deficient 

patients do not show enhanced susceptibility to herpesvirus infections, but under 

such conditions it is possible that a functional cGAS/STING axis compensates for the 

loss of TLR signaling166,167. These redundancies in innate as well as adaptive 

immune responses contribute to the robustness of host responses to infections, 

despite of efficient immune evasion strategies deployed by pathogens. Importantly, 

MCMV and HCMV were reported to establish latency in myeloid lineage cells257,340-

342. Whether STING deficiency increases latent viral reservoirs and/or facilitates 

reactivation from latency is an important question that remains to be addressed in the 

future.          
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6. Outlook 

 

In this thesis we found that concomitant TLR, RLR, and STING signaling mediates 

the protective immune response against MCMV infection. Our data indicate that 

impairment of either TLR, RLR, or STING signaling does not affect efficient control of 

CMV, even though CMV developed profound immune evasion strategies. These 

observations are consistent with the clinical observation that MyD88 signaling 

deficient patients do not show a higher incidence of HCMV infections166,167. IFN-I 

responses are essential for protection against CMV infections190,191 and the main 

IFN-I producers are reported to be pDC that sense CMV via TLR110,165,195,196. This is 

in accordance with our finding that mainly CD11c+ cells induce IFN-β in a TLR-

dependent manner upon MCMV infection. Additionally, we found that especially 

LysM+ cells significantly contribute to IFN-β responses and that these cells can 

compensate other IFN-β sources in a TLR/RLR signaling deficient situation. 

Furthermore, in absence of STING signaling these cells have a higher 

permissiveness for MCMV infection. Thus, it is likely that LysM+ cDC and 

macrophages use the cGAS/STING axis to mount IFN-β responses. This suggests 

that in MyD88 signaling deficient patients the functional cGAS/STING axis still 

induces sufficiently strong IFN-I responses in order to prevent higher HCMV 

incidence. Nevertheless, TLR signaling is not only important for the induction of IFN-I 

production, but as our data show, it also regulates directly or indirectly the activation 

of NK and T cell responses, which affects MCMV titers in a whole variety of organs. 

Thus, it would be of interest to study the innate as well as the adaptive immune 

responses in MyD88 signaling deficient patients and patients with single nucleotide 

polymorphisms in STING to gain further insight in the significance of these platforms 

upon HCMV infections in vivo.       

Moreover, it will be especially interesting to understand how STING signaling 

regulates the dissemination of CMV. We observed the tendency that in the SG and 

the cLN of STING deficient mice more MCMV particles derived from CX3CR1+ cells 

than in STING proficient mice. In previous studies, it was shown that CX3CR1+ cells 

are used as vehicles for MCMV dissemination from primary infection sites to the 

SG244,254. Thus, absence of STING might increase the permissiveness of CX3CR1+ 

cells, which might result in an enhanced transport of MCMV to the SG and cLN. CMV 

persists and establishes latency inside the SG, which forms the basis for its 
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horizontal transmission via the saliva. Myeloid cells are not only known for transport 

of CMV, but are also as sites of CMV latency159,257,340. Therefore, further studies 

should address whether in absence of STING a potentially increased transport to the 

SG results in a higher latent viral load in the SG. In addition, we observed that LysM+ 

cells have a higher permissiveness for MCMV infection when STING signaling is 

ablated. The innate immune response also contributes to the maintenance of CMV 

latency343. Hence, it would be of interest to understand whether STING takes part in 

controlling CMV latency and whether absence of STING results in a higher 

frequency/severity of reactivation events.    

Furthermore, we found that MCMV disseminates from hepatocytes solely to the SG. 

This was unexpected, because it implies specific mechanisms that lead to a targeted 

dissemination from primary infection sites directly to the SG, but not to other organs. 

In future studies, it would be interesting to address whether the restricted CMV 

dissemination is specific for hepatocytes or whether a similar mechanism also applies 

to other cells at primary infection sites, such as lung or spleen. Moreover, we found 

that the targeted dissemination of MCMV from hepatocytes to SG is independent of 

STING signaling and thus also independent of early IFN-β responses, whereas it is 

highly dependent on the viral chemokine homolog MCK2. This suggests that the 

host’s immune response might not be the restricting factor for the dissemination from 

hepatocytes, but that the restriction is due to the selective action of MCK2. This is 

supported by our finding that in absence of MCK2 the dissemination to the SG is 

impaired. MCK2 was reported to act via CX3CR1 and thus is able to recruit CX3CR1+ 

cells244,254. Myeloid cells as patrolling monocytes, DC and macrophages express 

CX3CR1 and especially for macrophages it was reported that MCK2, as part of the 

gH/gL/MCK2 entry complex, is important for their infection179,344. Hence, MCMV 

seems to support the recruitment of a specific subset of cells via MCK2 and this 

subset seems to transport MCMV to the SG. This implies that MCK2 is a bottleneck 

for MCMV dissemination. Similar to MCMV, HCMV encodes the 

gH/gL/pUL(128,130,131A) pentameric entry complex, which promotes entry into e.g. 

dendritic cells and monocytes/macrophages173-177. Thus, it would be of great interest 

to analyze whether a similar dissemination restriction from hepatocytes also applies 

for HCMV infections of humans and which role the pentameric complex plays in 

HCMV dissemination. 
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°C   degree Celsius 

AIM2   absent in melanoma 2 

Alb   Albumin 

ALR   absent in melanoma 2-like receptors 

APC   antigen presenting cells 

ATP   adenosine triphosphate 

BCR   B cell receptor 

BLI   bioluminescence imaging 

BM   bone marrow 

BMDM  bone marrow-derived macrophages 

BMDC   bone marrow-derived dendritic cells 

BSA   bovine serum albumin 

Ca   calcium 

CaCl   calcium chloride 

CARD   caspase activation and recruitment domain 

CARDIF (Ca) CARD-adaptor-inducing IFN-β 

CD   cluster of differentiation 
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cDC   conventional dendritic cells 

CDN   cyclic dinucleotides 

cGAMP  cyclic guanosine monophosphate-adenosine monophosphate 

cGAS (Ga)  cyclic GMP-AMP synthase 

cLN   cervical lymph nodes 

CLR   C-type lectin receptors 

cm   centimeter 

CMV   cytomegalovirus 

CpG   2’-deoxyribo(cytidine-phosphate-guanosine) 

CTL   cytotoxic T lymphocytes 

DAI   DNA-dependent activator of interferon regulatory factors 

DAMP   danger associated molecular patterns 

DC   dendritic cells 

DL   detection limit 

DMSO  dimethyl sulfoxide 

DNA   deoxyribonucleic acid 

DNA-PK  DNA-dependent protein kinase 

Dox   Doxycyclin 

Dox-MEF  doxycyclin immortalized mouse embryonic fibroblasts 

dpi   days post infection 

ds   double-stranded 

EBV   Epstein-Barr virus 

ECTV   ectromelia virus 

EDTA   ethylenediaminetetraacetic acid 

e.g.   exempli gratia, for example 

ELISA   enzyme-linked immunosorbent assay 

ER   endoplasmic reticulum 

et al.   et alii 

FACS   fluorescence activated cell sorting 

FCS   fetal calf serum 

FRC   fibroblastic reticular cells 

g   gram 

g   g-force (centrifugation speed) 

GTP   guanosine triphosphate 
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h   hours 

HBV   hepatitis B virus 

HCMV   human cytomegalovirus 

HIV   human immunodeficiency virus 

hpi   hours post infection 

HSV   herpes simplex virus 

i.e.   id est (that is) 

IFI16   interferon‐γ inducible protein 16 

IFN   interferon 

IFN-I   type I interferon 

IFN-II   type II interferon 

IFN-III   type III interferon 

IFNAR  type I interferon receptor 

IFNLR   type III interferon receptor 

IL   interleukins 

iLN   inguinal lymph nodes 

IRF   interferon regulatory factor 

ISG   interferon stimulated gene 

ISGF3   interferon stimulated gene factor 3 

ISRE   interferon stimulated response elements 

i.v.   intravenously 

JAK1   janus kinase 1 

kg   kilogram 

KSHV   Karposi’s sarcoma-associated herpesvirus 

LGP2   laboratory of genetics and physiology 2 

LN   lymph nodes 

LT   lymphotoxin 

LTβR   lymphotoxin-β receptor 

LysM   Lysozyme M 

m   meter 

MACS   magnetic-activated cell sorting 

MAP   mitogen activated protein 

Max.   maximum 

MCMV  murine cytomegalovirus 
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MDA5   melanoma differentiation-associated gene 5 

MEF   mouse embryonic fibroblasts 

µg   microgram 

mg   milligram 

Mg   magnesium 

MHC   major histocompatibility complex 

MHV-68  murine gammaherpesvirus-68 

min   minutes 

ml   milliliter 

mM   millimolar 

MMM   metallophilic marginal zone macrophages 

MSM   medullary sinus macrophages 

MyD88 (My)  myeloid differentiation primary response gene 88 

MyTr-/-   MyD88/TRIF knockout 

MyTrCa-/-  MyD88/TRIF/CARDIF knockout 

MyTrCaGa-/  MyD88/TRIF/CARDIF/cGAS knockout 

MyTrCaSt-/  MyD88/TRIF/CARDIF/STING knockout 

NF-κB   nuclear factor-kappa B 

NK   natural killer 

NLR   nucleotide-binding oligomerization domain-like receptors 

nm   nanometer 

NOD   nucleotide-binding oligomerization domain 

ns   not statistically significant 

PAMP   pathogen associated molecular patterns 

PBS   phosphate buffered saline 

pDC   plasmacytoid dendritic cells 

pfu   plaque forming units 

pi   post infection 

pMEF   primary mouse embryonic fibroblasts 

PRR   pattern recognition receptors 

RIG-I   retinoic acid inducible gene-I 

RLR   retinoic acid inducible gene-I-like receptors 

RNA   ribonucleic acid 

rpm   rounds per minute 
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s   second 

SEM   standard error of mean 

SG   salivary glands 

SOCS   suppressors of cytokine signaling 

ss   single-stranded 

SSM   subcapsular sinus macrophages 

STAT   signal transducer and activator of transcription 

STING (St)  stimulator of interferon genes 

TBK1   TANK binding kinase 1 

TCR   T cell receptor 

TGF   transforming growth factor 

TH   helper T cells 

TIR   Toll-IL-1 receptor  

TLR   Toll-like receptor 

TNF-α   tumor necrosis factor-alpha 

TRIF (Tr)  TIR-domain containing adaptor inducing IFN-β 

TYK2   tyrosine kinase 2 

u   units 

USP18  ubiquitin specific peptidase 18 

VACV   vaccinia virus 

VSB   virus standard buffer 

VZV   varicella zoster virus 

WT   wild type (C57BL/6) 
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