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Foreword 
 

It all began 3 billion years ago, give or take a few million years when a few carbon, 

hydrogen, nitrogen and company decided to make something of themselves on this forsaken 

planet. Thus, came together to form what is known as organic life forms. Although it is a well-

evolved ecosystem of the plant, animals, primitive and advanced microbes; the complexity of 

the organic life is not only enthralling but also difficult to comprehend in its given form.   

All the life forms which are coexisting on earth are directly or indirectly dependent on 

each other. Be it a massive elephant in African and Asian jungles or blue whales in Pacific 

oceans or a measly bacteria or protozoans in a pond, all are interdependent. 

Most fascinating of all the relationship is of host and a parasite, which happens to be 

the topic of this manuscript.  
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Summary 

 
Innate immune activation is essential to mount an effective antiviral response and to 

prime adaptive immunity. Over the last decade, strategically placed CD169+ metallophilic 

macrophages in the marginal zone of the murine spleen and subcapsular sinus macrophages 

in the LN have been shown to play a very important role in host defense against viral 

pathogens. CD169+ macrophages are shown to activate innate and adaptive immunity via 

“enforced virus replication” a controlled amplification of virus particles. Although a crucial 

role of CD169+ macrophages during vesicular stomatitis virus (VSV) infections are 

increasingly recognized, factors regulating CD169+ macrophages during viral infections 

remain unclear. Here we show that tumor necrosis factor (TNF) is produced by CD11b+ 

Ly6C+Ly6G+ cells following infection with VSV. The absence of TNF or TNF receptor 1 

(TNFR1) resulted in reduced numbers of CD169+ macrophages and in reduced IFN-I 

production during VSV infection, with a severe disease outcome. Specifically, TNF triggered 

RelA translocation into the nucleus of CD169+ macrophages in the spleen to initiate NF-kB. 

This translocation was inhibited when paracaspase MALT-1 was absent. Consequently, 

MALT1 deficiency resulted in reduced VSV replication, defective innate immune activation, 

and severe disease development. These findings indicate that TNF mediates the maintenance 

of CD169+ macrophages and thereby promotes “enforced virus replication” in CD169+ 

macrophages. 
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Zusammenfassung 
 

 Das angeborene Immunsystem ist ein zentrales Element, um eine wirksame 

antivirale Immunreaktion zu realisieren, nicht zuletzt indem es das adaptive Immunsystem 

induziert. In den vergangenen Jahrzehnten konnte gezeigt werden, dass die strategisch gut 

lokalisierten metallophilen CD169+ Makrophagen in der Marginal zone der murinen Milz und 

die subkapsulären Sinus-Makrophagen in den Lymphknoten eine zentrale Rolle bei der 

Abwehr von Virusinfektionen besitzen. So können CD169+ Makrophagen über den 

Mechanismus der "verstärkten Virusreplikation", welcher eine kontrollierte Amplifikation 

von Viruspartikeln beschreibt, sowohl das angeborene als auch das adaptive Immunsystem 

aktivieren.  

 Obwohl den CD169+ Makrophagen während einer vesikulären Stomatitis-Virus 

(VSV) -Infektionen zunehmend eine zentrale Rolle zugeschrieben wird, ist der genaue 

Mechanismus, wie CD169 + Makrophagen eine virale Infektion regulieren, unklar. In der 

vorliegenden Arbeit konnte gezeigt werden, dass der Tumor-Nekrose-Faktor (TNF), 

exprimiert von CD11b+ Ly6C+ Ly6G+ Zellen, nach der Infektion mit VSV von zentraler 

Bedeutung ist. Demzufolge konnte in Abwesenheit von TNF oder TNF-Rezeptor 1 (TNFR1) 

ein vermindertes Aufkommen von CD169+ Makrophagen sowie eine reduzierte Expression 

von Typ-I IFN detektiert werden, welches mit einer verstärkten Pathologie während der VSV-

Infektion einherging.  

 Ferner wurde deutlich, dass TNF die Translokation von RelA in den Zellkern von 

CD169+ Makrophagen in der Milz induziert, um NF-kB zu initiieren. In Übereinstimmung 

fand keine Translokation nach der Inhibition der Paracaspase MALT-1 statt. Folglich führt 

die Defizienz von MALT1 zu einer verminderten VSV-Replikation, einer defekten Induktion 

des angeborenen Immunsystems welches mit einer verstärkten Pathologie einhergeht. 

Zusammenfassend weisen diese Resultate daraufhin, dass TNF die Präsenz von CD169+ 

Makrophagen begünstigt wodurch eine "verstärkte Virusreplikation" in CD169+ 

Makrophagen induziert.  
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1. Introduction 
 

An estimation of the global burden of disease puts ischemic heart diseases and 

infectious diseases as major contributors to human morbidity and mortality (1) (2).  

Since the discovery of antibiotics and vaccines in the 20th century, the mortality and 

morbidity rates in humans and animals resulting from infections have fallen drastically 

and contributed towards saving countless lives and billions of dollars (3). More than a 

century ago the importance of vaccination was put forward into a perspective of global 

health by Eugene Foster (4).  

While the humongous task of eradicating smallpox in 1977 was achieved 

through well-coordinated efforts by various nations, till today many of the viral and 

bacterial pathogens remain a public nuisance. Eradicating poliovirus and other 

diseases is the next task for the world health authorities (5). The spread of new 

pandemic strains of influenza and Ebola virus in the last few decades have caused 

severe panic among nations. It’s not only the pandemic strains, but also the sporadic 

infections caused by viruses remain a major risk factor.  

The host immunity being the major contributor along with external preventive 

measures is the definite driving factor in controlling the diseases caused by viruses. 

 As a result of an interaction between viral pathogens and the host, both have evolved 

simultaneously over the time. This evolution has revealed best of each other in terms 

of antiviral immunity and pathogenicity (6, 7). Over the course of evolution viral 

pathogens have found a way to overcome the resistance either through molecular 

mimicry or rapid genetic mutations that alter the infectivity (8).  

Apart from cardiovascular diseases, bacterial, viral and fungal infections are 

the major contributors towards morbidity and mortality in humans. Antibiotics, 

synthetic drugs, and vaccines have led to effective treatments. However, in recent 

years, we have seen the emergence of resistant strains of bacteria and viruses due to 

excessive use of antibiotics and drugs, that has resulted into a public menace. 
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Additionally, rapid urbanization has led to sporadic outbreaks of deadly viruses such 

as Ebola, Zika virus and recently Nipha virus in the Indian sub-continent. Studying 

host and pathogen interaction gives us novel insights into underlying concepts of 

infection as a key factor in developing therapeutic approaches.    
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1.1 Pathogen 
 

A pathogen can be of many origins such as bacterial, fungal, protozoan or viral. Many 

viral pathogens in recent years have caused havoc in humans as well as live stocks such as 

pandemic flu; avian flu, foot and mouth disease and recently Ebola virus infections.  

 

1.1.1 Pathogen entry and recognition 

 

Pathogens enter hosts when there is a breach of the first barrier - skin or mucosal surfaces 

(9). Usually, viruses and bacteria replicate at the site of the infection and Then rapidly spread 

to other organs. This widespread dissemination of the pathogen generates a lot of attention 

at the site of infection by dendritic cells (DCs), Inflammatory monocytes and granulocytes 

are the first responders at the site of infection (10). Viral pathogens are diverse in their 

replication methods having DNA and RNA as their genomes. Pathogen-associated molecular 

patterns (PAMPs) known as virulence factors are derived from the pathogens (9, 11). Seminal 

observations by Prof. Janeway lead to the foundation of pathogen recognition as self/non 

self-discrimination mechanism in the late 1980s (12, 13).  

Recognition of these viruses and bacteria have been conferred to pattern recognition 

receptors (PRR). These receptors are conserved throughout evolution where humans share 

90% homology with Drosophila and C. elegans (14). PRR involved in virus recognition can 

be classified into two groups cytosolic and endosomal receptors. Shortly after Toll-like 

receptors (TLRs) were discovered in Drosophila; Medzitov et al. and Rock et al., were able 

to clone human TLRs (15, 16). Hence opening new avenues in pathogen recognition by the 

host immune system. PAMPs recognition by PRRs leads to activation of various pathways 

leading to the induction of inflammatory cytokines (17, 18).    

Various classes of PRRs are described in mammals which consist of TLRs, RIG-I-

like receptors (RLRs), NOD-like receptors (NLRs), AIM2-like receptors (ALRs), C-type 
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lectin receptors (CLRs), and intracellular DNA sensors such as cyclic GMP-AMP synthase 

(cGAS) (19) (9, 11, 20, 21).  

Distribution of these receptors in various cellular compartments such as the 

cytoplasm, endosomal and the plasma membrane is unique in pathogen recognition (9). In 

the cytoplasm, RNA viruses are primarily recognized by RLRs which consist of retinoic acid 

inducible gene I (RIG-I), melanoma differentiation-associated protein 5 (MDA5) and 

laboratory of genetics and physiology 2 (LGP2) induce IFN-I and IFN-II (22), whereas 

recognition by NLRs which consist of 20 members that trigger potent IL-1b secretion (23-

25). 

 

1.1.2 Receptor Signaling 

 

In humans, there are 10 TLRs involved in PRR recognition (TLR1-10) and 12 TLRs 

in mice (TLR1-9, TLR11-13). TLR1, 2, 4, 5, 6 and 11 are expressed on the cell surface 

whereas TLR3, 7, 8 and 9 are distributed in endosomes, lysosomes and endoplasmic 

reticulum (11). TLRs form a single transmembrane protein which along with TIR-domain-

containing adapter-inducing interferon-β (TRIF) and Myeloid differentiation primary 

response 88 (MYD88) as an adaptor molecule carry out the signaling cascade (11, 21). They 

contain leucine-rich domains for signal transduction via cytosolic Toll-interleukin like 1 (IL-

1) receptor (22).  

TLR3 primarily activates interferon regulatory factor 3 (IRF3) via TRIF and TLR7, 

whereas TLR 8 and 9 activates IRF7 via MyD88 (11). However, they both merge in signaling 

by activating NF-kB (11). These TLR functions were elucidated using mice deficient in 

different TLRs which paved a way to understand their role in antiviral signaling (11, 26-28). 

TLR3, as an important player in antiviral response, was identified using synthetic double-

stranded RNA, poly I:C which mimics viral RNA (29, 30).  TRIF, which comes downstream 

of TLR3, associates with TNF receptor-associated factor 3 (TRAF3) and TRAF6. TRAF3 

recruits TANK Binding Kinase 1 (TBK1) and inhibitor of nuclear factor kappa-B kinase 

subunit epsilon (IKKi/IKKe) which in turn phosphorylates IRF3. Ultimately, IRF3 forms a 
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dimer and translocates to the nucleus to initiate IFN-I transcription (9, 11). In contrast, 

TRAF6 recruits Transforming growth factor beta-activated kinase 1 (TAK1) which leads to 

the activation of NFkB and MAPK, that in turn results in inflammatory cytokine production 

(31). 

However, ssRNA and dsRNA are both parts of the life cycle of a virus. How cells 

discriminate between self and non-self-nucleic acids remained unanswered. Recently it was 

shown that cytoplasmic RIG-I is able to bind RNA only containing 5’-triphosphate but not 

5’-di or 5’-monophosphate RNA (32, 33). This selective recognition might explain why 

recognition is attributed to conformational changes in the respective PRR proteins upon 

binding of ssRNA and dsRNA (34-36). RIG-I and MDA-5 have shared homology and are 

composed of three units, the helicase domains (Hel-1 and Hel-2), C terminal domain (CTD) 

and N terminal caspase activation and recruitment domain (CARD) (37-40). Recognition by 

RIG-I and MDA-5 is differential owing to its binding efficiency to different sizes of nucleic 

acids such as poly(I:C). RIG-I binds to shorter lengths ~300bp whereas MDA-5 binds to 

longer forms, ~4000bp (41). It was recently shown that viral RNA degraded by RnaseL and 

viral negative-strand genomic transcripts can also result in activation of RIG-I but not the 

short replication intermediates  (42-44).  

At resting state RLRs are auto repressive that restricts activation of CARD domains. 

This is achieved by binding of a CARD2 domain with Hel-2i (45, 46). Binding of dsRNA to 

CTD, brings CTD loser to a Hel-2 domain and helps in releasing CARD domains after 

hydrolysis for further signaling (46-49). This conformational change in the CARD domain 

results in interaction with the mitochondrial antiviral signaling (MAVS), also known as IPS-

1, CARDIF or VISA  (50-52). However, before interacting with MAVS, RIG-I binds to K63 

ubiquitins via tandem CARD domains (53).  
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Graphical figure 1. Pathogen recognition via different pattern recognition sensors in the 

cell. Figure was adapted from Heaton et al.,(54). 

 

Moreover, CARD domains of MAVS, upon binding with CARD domains of RIG-I 

and MDA-5 forms an aggregate, which further leads to activation of IRF3 (53). MAVS 

recruit two essential elements after binding of RIG-I, TNF receptor associated family of 

proteins (TRAF3) and TBK1 which activates IKKe or IRF3/7 which leads to induction of 

IFN regulated genes (Graphical Figure 1) (21). 
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1.1.3 Effector genes:    
Classical TLR signaling leads to the induction of proinflammatory cytokines, which 

are important in clearing the pathogen (31, 55). Since TLRs and RLRs are specific to the 

pathogens, cytokines produced during infection are also quite unique. Bacterial infection 

primarily induces production of TNF and IL6, viral infection would result in the production 

of Type 1 and Type 2 interferon (IFN-I and IFN-II) (56). 

1.1.3.1 Interferon signaling  

  Brilliant experiments by Alick Issacs and Jean Lindenmann in the late 1950s 

involving inactivated influenza virus conferring protection against subsequent infection by 

live influenza or vaccinia virus lead to the foundation of interferons (57-59). Its direct role 

via induction of antiviral response was shown using mice deficient in IFNAR (60). IFN 

response elements consist of two classes of interferon; IFN-I and IFN-II and newly 

recognized IFN-III (61). IFN-I have 14 members of IFN-a, IFN-b and IFN-w, IFN-II has 

only one-member IFN-g and IFN-III contains IFN-l (62, 63). Although, such diverse 

composite of cytokines; its signaling is limited to only two receptors; IFN receptor I which 

is composed of two subunits (IFNab) (IFNR1 and IFNR2) and IFN gamma receptor (IFNGR) 

(64-66). As speculated in earlier work, studies using cloning and soluble IFNab receptor was 

shown to be the only receptor for IFN-I and IFNGR for IFN-II (67, 68) 

Only a handful of cells are specialized to respond to the viral infections. Inflammatory 

monocytes, plasmacytoid dendritic cells (PDCs), conventional dendritic cells (CDCs) are the 

major contributors to systemic IFN levels (29, 69, 70). Termed as interferon-producing cells 

(IPCs), are present in blood circulation and secondary lymphoid organs (71, 72) and are 

specialized in secreting large amounts of interferons after viral stimulation (73). IFNAR, 

Janus kinase (JAK1), tyrosine kinase 2 (TYK2), signal activator and transducer (STAT1) 

STAT1 and STAT2 are the core components of the IFN signaling (Graphical figure 2) (55).  

IFNAR engagement via binding of IFN-I activates JAK1 and TYK2, which in turn 

phosphorylate STAT1 and STAT2 (74, 75). This phosphorylated heterodimer translocates 

into the nucleus, which forms a trimeric complex along with IFN-regulatory factor (IRF9) 

called interferon stimulated gene factor (ISGF) (55). This ISGF complex binds to a specific 

DNA sequence called IFN-stimulated response elements (ISRE) thereby activating various 
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ISGs (76-78). A novel approach of using overexpression of ISGs, Schoggins et al., showed 

that ISGs such as IRF1, RIG-I, MDA-5, and HPSE have broader antiviral effect, whereas 

IFI6, IFIT2, MAP3K14, OASL and others have antiviral activity against select viruses (78) 

which were speculated to play role in antiviral defense (79, 80). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Graphical figure 2. IFN-I signaling cascade leading to expression of interferon                               

stimulated genes (ISGs). Figure was adapted from Platanias et al., (81). 

 Antiviral genes act at different level of a virus life cycle, e.g. Virus entry, uncoating, 

replication, assembly and budding process (82). GBP1, MX1, OAS1, PKR, and viperin have 

shown to inhibit replication activity (83, 84) whereas IFITM proteins thought to be 

interfering with binding, entry and uncoating process of a virus life cycle (85).  
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1.1.3.2 Regulation of interferon signaling  

Although potent IFN responses are induced after pathogen recognition, it’s the basal 

IFN-I production with the help of commensal bacteria in the intestine results in a quicker 

response (86, 87). Even though IFN signaling is beneficial to host after infection, chronic 

activation of IFN is as much deleterious in case of bacterial infections and certain 

autoimmune diseases (88). It was reported that IFN-I gene signature was responsible for 

suppression of IFN-II, which resulted in the severity of mycobacterial disease such as leprosy 

and tuberculosis (89, 90). These immunosuppressive modes of action are partly due to 

induction of IL-10 which antagonizes antibacterial activity of IFNg (90). Moreover, 

persistent LCMV infections can also be controlled by blocking IFN-I signaling using 

neutralizing antibody (91, 92).   

Hence, IFN signaling is tightly controlled via a negative feedback loop which 

involves suppression of IRF7 translation by OASL1 and inhibition of eukaryotic 

transcription initiating factor (eIF3) by interferon-induced protein with tetratricopeptide 

repeats 1 (IFIT1) and IFIT2 (93, 94). IFN signaling also induces expression of suppressor of 

cytokine signaling (SOCS1), SOCS3 and ubiquitin-specific proteases 18 (USP18) which 

negatively regulates the IFN pathway (95, 96). SOCS proteins exert their inhibitory action 

by competing with STATs whereas USP18 interacts with JAK1 and suppress the downstream 

IFN signals (55).    

 

1.1.4 Vesicular Stomatitis virus 

 

Vesicular stomatitis virus (VSV) infection in rodent models is classically used to 

study innate and adaptive immune responses. VSV belongs to family Rhabdoviridae. Its 

close relative rabies virus causes fatal encephalitis in humans and other mammals. It is 

primarily transmitted through the bite of an infectious individual, whereas transmission of 

VSV depends on a bite of a tick and other parasites living on the mammal’s skin (97). VSV 

contains a single-stranded RNA genome with a lipid envelope which contains glycoprotein 
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(VSV-GP) (98). Two serotypes of the virus have been isolated, VSV Indiana and New 

Jersey (98) along with various other strains such as Mudd-Summers isolate.  

VSV has a 11kb, single negative sense RNA genome (98). Around 95-98% of the 

genome encodes for 5 different proteins namely L protein (RNA dependent RNA 

polymerase), G protein (glycosylated envelope glycoprotein), M protein (non-glycosylated 

Matrix protein), phosphoprotein and N protein (nucleoprotein) (Graphical figure 3) (99-101). 

 

 

Graphical Figure 3. Figure depicting internal components of VSV structure. Figure was 

adapted from Fuchs et al., (102). 

VSV has been used as a murine model of viral infections to study the innate immune 

response, virus replication in secondary lymphoid organs and the central nervous system 

(CNS) (103-105). Pathology of the VSV heavily depends on the dose of the virus and route 

of infection. Since VSV is highly neurotropic, intranasal infection leads to higher morbidity 

and mortality rate compared to subcutaneous infections (106). VSV infection leads to rapid 

induction of Type I interferon (IFN-I) and clearance depends heavily on IFN-I and the 

presence of neutralizing antibodies (60, 107). Accordingly, mice deficient in IFN-α/β 
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receptor (IFNAR) signaling exhibit paralysis and the presence of VSV in the CNS (60). IFN-

I is a potent inhibitor of VSV replication in neurons, and defects in IFN-stimulated genes in 

the CNS tissue trigger pathology during VSV infection (108, 109). During infection with low 

doses of VSV, replication of VSV in CD169+ cells in the spleen and lymph node tissue is 

important for inducing protective immunity and preventing CNS infection (110, 111). The 

VSV backbone is also used during vaccination to Induce protective immunity against viruses 

such as the Ebola virus (112).  VSV has played a key role in identifying various 

immunological phenomenon. Class switch, IFN-I, role of CD169+ subcapsular sinus 

macrophages (SNS) and enforced virus replication in splenic CD169+ cells (60, 107, 110).
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1.3 Immune system: 
 

1.3.1 Lymphoid organs: the production and battling grounds 

 

Spleen and lymph nodes (LN) are considered secondary lymphoid organs of the 

immune system. Blood and lymph flow in the spleen and LN respectively enables them 

to act as a filtering agent to filter and sample pathogens, antigens and foreign 

substances (113-115). Spleen microvasculature carries the red blood cells, platelets and 

bloodborne pathogens in the red pulp area of the spleen (116). Elaborate splenic 

reticuloendothelial system (RES) allows carrying out filtering of the blood. Marginal 

zone (MZ) macrophages and red pulp (RP) macrophages comprise the system (115, 

117). Origin of these macrophages is approximately 55% from monocyte influx 

whereas 45% is a result of local differentiation of monocytes (118).   

1.3.2 Cells of Innate immunity  

1.3.2.1 Dendritic cells  

Dendritic cells (DCs) as we know of today were discovered five decades ago 

by Steinman and colleagues. These specialized cells display various functions during 

antigen uptake, antigen presentation, and induction of activation or tolerance in the 

immune system (119, 120). A role of DCs as cross-priming T cells was uncovered 

using diphtheria toxin (DT) inducible depletion of DCs (121). DCs can be broadly 

divided into two classes conventional DCs (CDC) and plasmacytoid DCs (PDC) (122). 

They both differ significantly in their antigen presentation and IFN-I production 

capacity (69, 123).   One of the fundamental difference in both types of DCs is that 

pDCs have a longer lifespan and show D-J rearrangements of IgH genes (124). CDCs 

present in spleen and LN and comprised of CD8+CD11b− and CD8−CD11b+ DCs (125). 

Presence of CD8 was thought to be helpful in the accessory function of antigen 

presentation hence CD8+ DCs were more efficient than CD8−   (126).   
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Viral nucleic acids are differentially recognized by pDCs which largely rely on 

the TLR system, namely TLR7 and TLR9. CDCs mainly use the cytoplasmic RIG-I 

and MDA5 (127). However, it is known that CD8+ DCs express TLR3 but not TLR7, 

they lack the receptor for the recognition of certain viruses (128). pDCs respond and 

secrete large amount of IFN-I via TLR7 and TLR9. This signaling is carried out via 

MyD88 (129). Since pDCs lack TLR3, they do not respond to poly(I:C) whereas, in 

case of ssRNA viruses (VSV, influenza and synthetic ssRNA) pDCs secrete copious 

amounts of IFN-I (27, 130). 

1.3.2.2 NK cells 

Natural killer (NK) cells were first identified in by incubating tumor cells with 

cytotoxic cells (131, 132).  NK cells are part of one of the first lines of defense in viral 

infections and comprise of 5 to 10% of total lymphocyte population (133). The main 

function of NK cells is to eliminate cells lacking MHC-I molecules was termed as 

“missing self-hypothesis”. This hypothesis was supported by two studies where 

syngeneic mice rejected bone marrow cells of β2-microglobulin-deficient syngeneic 

mice, which lack MHC-I expression (134, 135).  Thus, when the MHC-I is present on 

the cells NK cell activity is inhibited.  

IFN-I produced after virus infections are potent activators of NK cells (136). 

NK cells share homology with CD8+ cytotoxic T cells (CTL), NK cells use granzyme 

and perforin to carry out the killing (137). NK cells are major producers of IFNg, TNF 

and also secrete other cytokines along with many chemokines, including CCL2 (MCP-

1), CCL3 (MIP1-α), CCL4 (MIP1-β), CCL5 (RANTES), XCL1 (lymphotactin), and 

CXCL8 (IL-8) (138, 139). Hence, regulation of NK cell activity is tightly controlled 

by expressing activating and inhibitory receptors on the surface (140). NK cell 

receptors have immunoreceptor tyrosine-based inhibitory motifs (ITIM) and 

immunoreceptor tyrosine-based activation motif (ITAM) (141, 142). NK cells are able 

to modulate immune response via killing of infected cells and antiviral T cells (143-

145). The murine cytomegalovirus (MCMV) infection model has been used to study 
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the killing of virus-infected cells and long-lasting NK cell memory functions, usually 

attributed to adaptive immunity (146, 147). 

1.3.2.3 Red pulp and Marginal zone macrophages 

The murine spleen can be divided into red pulp and white pulp.  Red pulp is 

mostly consisting of macrophages which express F4/80, vascular adhesion molecule 

and a9 integrins (148, 149). The white pulp contains B cells, T cells, and DCs.  A 

marginal zone (MZ) demarcates both the areas which contain macrophages. MZ 

macrophages can be further subdivided according to the expression of surface markers, 

ER-TR9, SIGN-R1 and CD169+   metallophilic MZ  macrophages (MMM) (150). 

Resident lymphoid-tissue inducer (LTi) cells and stromal lymphoid tissue organizer 

(LTo) cells are crucial for the development of lymph nodes and splenic architecture 

(148). Importance of lymphoid and parenchymal cells in developing secondary 

lymphoid organs (spleen, LN and Payer’s patches) was shown by using mice deficient 

in lymphotoxin beta receptor (LTBR) (151, 152). Although macrophage colony 

stimulating factor (M-CSF) helps in   MZ development is heavily dependent on CCL21 

and some extent on CCL19, both of which are a product of LTBR singling of B cell 

and stromal cell interaction (153, 154). 

1.3.2.4 CD169+ macrophages 

CD169+ macrophages were identified over three decades ago, however, their 

role in pathogen defense and anti-tumor immunity have just come into a limelight. 

CD169 macrophages are also known as metallophilic marginal zone (MMZ) 

macrophages for their ability to process ammonical silver which was originally used to 

stain macrophages in spleen (Marshal et al, 1956). They express surface marker CD169 

also known as Siglec-1 (155-157). CD169+ Macrophages are strategically placed in the 

marginal zone of the spleen and sinusoidal area in the lymph nodes (LN) which enables 

them to sample out pathogens and foreign antigens (149).  

CD169+ macrophages not only play role in antiviral defense but also effectively 

suppresses bacterial infections such as Listeria monocytogenes and Plasmodium 
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infections (158, 159). CD169 express a variety of adhesion molecules as well as surface 

molecules involved in antigen capture and presentation. Its most important role in 

antiviral immunity is widely recognized. Junt et al showed that subcapsular sinus (SCS) 

macrophages help to initiate adaptive immunity (160). Whereas Honke et al., with the 

focus on different site of infection in the spleen discovered that CD169+ cells enforced 

the virus replication. CD169 macrophages express a peptidase USP18 which cleaves 

the adducts JAK1 and JAK2 of the cytoplasmic domain of IFNR2 upon IFN stimulation 

(161). This hindrance in the in IFN-I signaling renders the CD169 macrophages to 

support VSV replication (162).     

Although the marker CD169 is used only to identify MMM macrophages, 

recent studies show that CD169 itself is involved in transferring antigen to antigen 

presenting cells (APCs) (163).  MMMs were shown to be extensively involved in 

uptake of pathogens and able to present antigens to CD8+ T cells and contribute to 

antiviral immunity (164, 165).   
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1.3.3 Cells of adaptive the adaptive immune system 

 Somatic hypermutation (SHM), allelic exclusion and antigen-specific 

immunological memory response are the hallmark of adaptive immunity. All the jawed 

vertebrates share the evolutionary origins of the DNA rearrangement using 

recombination activating gene (RAG) (166). Diversity in the immunoglobulins and T cell 

receptors is mediated by shuffling or recombination of  Variable (V), diversity (D) and 

joining (J) gene segments (167). Foundations were laid by Burnet, who in the 1960s 

speculated that genetic diversity could account for diversity observed in immunoglobulin 

production. V(D)J DNA recombination is initiated by lymphoid cell-specific RAG1 and 

RAG2 proteins (168). B cells and T cells comprise the lymphocytes responsible for the 

adaptive immune response.  

1.3.3.1 B cells  

The existence of cells producing antitoxins was proposed in the late 19th century 

by Behring and Kitasato, using Tetanus and Diphtheria toxoids (169). Paul Ehrlich 

further advanced the idea of specific cells responsible for antitoxin production.  

Production of antibodies against cognate antigens of bacterial and viral origins are 

arguably the best-known function of B cells, maturing B cells were found in Bursa of 

Fabricius in birds (169, 170). Mature B cells can be traced to hematopoietic cells of bone 

marrow which gives rise to cells expressing surface B cell receptor (BCR) (171).  

1.3.3.1.1 Lineage development 

B cells arise from pluripotent hematopoietic stem cells (pHSCs) in the bone 

marrow. From earlier progenitors to immature B cells. Egress of B cells into secondary 

lymphoid organs (SLO), marks the maturation of the B cell life cycle. It encounters the 

various antigens in the SLOs, and via gene arrangement generates a continuous repertoire 

of B cells capable of binding to vast amounts of antigens (169, 171-173).  These 

multipotent progenitor cells (MPP) gives rise to common progenitor cells (CLP). 

Developing B cells express IgM on the cell surface and are classified as immature B cells 

(174, 175). But how it is ensured that the B cell repertoire has minimum reactivity 

towards self-antigens? 
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The question puzzled scientist for many years, even though the initial clonal 

selection theory was put forward by Burnet (176). A few decades later it was shown that 

B cells recognizing autoantigens with high avidity undergo apoptosis in the peripheral 

lymphoid tissue (177-179). However further studies led to another radical hypothesis that 

not only clonal deletion of autoreactive B cells contributes to B cell tolerance but receptor 

editing as well. Autoreactive B cells were shown to edit the L segment and produce new 

L segments which bind to pre-existing H segment to form a new non-autoreactive B cell.      

Here the B cells reactive against self-antigens undergo negative selection (180-182).  

Non-autoreactive B cells further develop into transitional/mature B cells via tonic 

BCR activation and extracellular signal-regulated kinase (Erk) phosphorylation and 

progressively acquire more specialized surface receptors such as IgD, CD21, and CD23 

(183-185). Experiments with mice lacking Ekr1 and Erk2 show that these mice have a 

complete block of pre-B cells which was dependent on tonic BCR signaling (186). Once 

the non-autoreactive B cells are selected they home into peripheral lymphoid organs for 

further development (187, 188). Once in the periphery, B cells are in the transitionary 

stage where they can be divided into three subsets depending on the expression of IgM 

and CD23 (183). Immature B cells express surface receptors for sphingosine-1-phosphate 

(S1P) and Cannabinoid receptor 2 (CNR2) which are secreted by platelets, vascular 

endothelial cells, positions them into lymphoid organs (189, 190).  

Cytokines play a very important role in the development of the B cells. It was 

reported that bone marrow stromal cells producing CXCL12, IL-7 and galectin-1 interact 

with pre-B cells and directs proper development (191, 192). Peripheral B cells survive 

owing to B-cell activator of the TNF-α family (BAFF) binding to BAFF receptor (BAFF-

R) which was recently identified (193, 194).  BAFF can also bind to two other receptors, 

transmembrane activator, calcium modulator, and cyclophilin ligand interactor (TACI) 

and B-cell maturation factor (BCMA) (195). BAFF mainly play role in the survival of 

the B cells which was confirmed by using transgenic mice overexpressing Bcl-2, which 

lack BAFFR (196). 
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1.3.3.1.2 B cell maturation and antibody secretion  

Antibody generation by terminally differentiated plasma B cells is an essential 

part of the B cell life cycle. Immature B cells egress in the peripheral lymphoid organs 

where it interacts with the antigens mature into Follicular B cells (FO), Marginal zone B 

(MZB) cells and B1 cells (197, 198). FO B cells display higher amounts of B220 and 

IgD but low levels of IgM, lack CD5 and low level of CD21; MZB cells show high levels 

of IgM and CD21 in contrast to FOB cells and IgD and CD23 low. On the other hand, 

B1 B cells show lower B220 and IgD levels but higher surface IgM (199-201). 

Generation of antibody secreting cells (ASCs) can be broadly classified into T 

cell dependent and T cell independent (202). Role of B cells in antiviral defense was 

established using passive immunization of immunodeficient mice. In the case of antibody 

production against the viral pathogen, lymph node (LN) and spleen play an important 

part. The neutralization of the virus particles is defined as the inhibition of the infectivity 

of the virus particles (203). The proliferation of ASCs occurs in two steps in TD antigens 

(204). 

First response known as extrafollicular response leads to short-lived plasma blast 

which shows low amount somatic hypermutation (SHM), hence the response is moderate 

(205). In the second stage, some of the surviving short-lived activated B cells with the 

help of follicular helper CD4+ T cells (TFH) forms actively replicating germinal center 

(GC). At the GC, B cells rapidly develop into antibody-secreting plasma blasts producing 

high-affinity antibodies on a larger scale (206, 207). In case of antibodies produced 

against virus antigens, they interfere with the receptor binding and cell entry of virus 

thereby protecting the subsequent spread of the virus particles (107, 208).  

To actively start secreting antibodies, B cells must encounter the antigens, 

coordinated migration of TFH and DCs in the niche of lymph nodes or follicular region 

gives rise to plasma blasts. This process is facilitated by follicular dendritic cells (FDCs) 

and dependent on the expression of B cell lymphoma 6 (BCL-6), the master regulator of 

GC formation (209, 210). GCs are composed of light and dark areas, where a light area 

is mostly loosely packed B cells, TFH and DCs, and dark area composed of densely 
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packed plasma blast. This differentiation was mostly attributed to the expression of 

CXCR4 and CXCR5 (211). Intravital imaging was instrumental in determining the exact 

role of TFH cells. B cells capture the antigens via BCR and present it via MHC class II to 

T cells and help in enriching IL4 and IL21 in TFH cells which further leads to upregulation 

of CD40 to stimulate the CD40 receptor on B cells in the GCs (212-214). This interaction 

is a central process of immunoglobulin class switch and high-affinity antibody 

production (215). 

MZB cells mount T cell-independent response in the initial stages of infection of 

bloodborne pathogens (216). In the first three days of infection, MZB cells differentiate 

into IgM producing plasma blasts (217). Secretion of antibody starts with somatic 

rearrangement of two part of an antibody, heavy and light chain (218). Creation of light 

chin involves joining of V (variable) and J (joining) chain whereas heavy chain involves 

V, D (diversity) and J joining (219, 220). The µ-heavy chains expressed by pre-B cells 

on the cell surface and then secreted in the form of IgM is due to alternative splicing of 

heavy gene transcripts (221). In the course of cellular immunity, secreted antibodies 

change their form, called as isotype switch. Antibody production changes from earlier 

IgM response to either IgA, IgG, by deletion of a constant region of µ-heavy chains and 

replacing other segments (222-224). This class switch is initiated by recombination 

activating gene (RAG1) and RAG2 (225, 226) and activation-induced cytidine 

deaminase (AID) which is essential for heavy chain switching (227). Memory B cells 

have isolated from the survivors of the 1918 influenza pandemic (Spanish flu); 

circulating B cells were able to react with HA protein of the influenza virus (228). In 

murine settings, it is reported that antiviral plasma B cells can survive up to 175 days in 

the spleen and 90 days in the bone marrow (229).  

 

1.3.3.2 T cells 

T cells play cells play a vital and diverse role in the eliminating pathogens. 

Memory, providing help to other cells and the direct killing of infected cells are one of 

the few functions T cells carry out in their lifespan.  
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T cells are developed and matured in the thymus from hematopoietic progenitors 

trafficked from bone marrow  (230, 231). Egress from bone marrow depends on the 

surface expression of  a4b1 (VLA-4), a5b1 integrins and cytokines such as IL-8, 

macrophage inflammatory protein (MIP) (232, 233). The decrease of surface expression 

of integrins or use of antibodies against VCAM-1 increases the mobilization of HSCs 

from the BM (234). 

Once in the thymus, various T cell lineages are developed, CD4+ αβ T cells, CD8+ 

αβ T cells and γδ T cells as well as other subsets such as regulatory T cells and NK cells 

(231). Thymic selection ensures T cells reactive to self-antigens displayed on MHC are 

eliminated and only the low-affinity T cell receptor (TCR)- MHC interaction results in 

survival (235). 

Antiviral T cell response is paramount in clearing virus infection and induction 

of virus-specific T cells can be detected as early as 4-5 days and reaches at peak around 

7-14 days (236). How do these CD8+ T cells get activated? It is known that T cells 

encounter antigen-loaded APCs in secondary lymphoid organs such as the LN and the 

spleen. But with the advent of the multiphoton microscope, it was revealed that naive 

CD8+ T cells stroll randomly along with fibroblastic reticular networks (237). They are 

found mostly in the T cell zones and in close contact with DCs. Soon after infection DCs 

migrate and populate the LN where the inflow of antigens and pathogens via subcapsular 

sinus takes place and activate naive CD8+ T cells (238, 239). These naïve CD8+ T cells 

express chemokine receptors CCR4 and CCR5 which gets attracted to its ligands CCL3, 

CCL4 and CCL17 produced by DCs (240, 241). 

  To meet high demands of the rapid division after the antigen stimulation CD8+ T cells 

must undergo a change in the metabolism. Cells switch from oxidative phosphorylation 

to aerobic glycolysis which was shown to be dependent on PI-3K-Akt-mTOR which is 

induced by CD28 and TCR engagement (242, 243). To further the expansion, CD8+ T 

cells must rely on external stimuli by cytokines which are provided by IL-2 and IFN-I 

(244, 245). CD4+ T cells which migrate before CD8+ T cells at the site of infection secrete 

IFNg and induce epithelial cells to secrete chemokines. Once activated, CD8+ T cells 



 

36 

 

express CXCR3 which allows them to migrate to the peripheral site of infection where 

epithelial cells secrete CXCL9 and CXCL10 which in turn is secreted by CD4+ T cells 

(246, 247).   

  

 Cytotoxic T cell (CTL) response is essential in eliminating intracellular 

pathogens and tumor cells and it is achieved by the interaction of TCR and peptide-MHC-

I complex termed as immunological synapse (248). Once the synapse is complete, 

cellular machinery involved in target cell killing is mobilized. Perforin and granzyme B 

(GrzB) are the effector molecules which induce cell killing (249, 250). High-resolution 

microscopy has revealed that these molecules are polarized within few minutes towards 

target cell and initiate killing (251). Perforin forms membrane pores and helps to deliver 

GrzB which initiates apoptosis in the target cell (252, 253). This process eliminates virus- 

infected cells and tumor cells thereby protecting the host of further spread of pathogens.   
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1.4 TNF signaling: 

Before the end of the 19th century, spontaneous tumor regression observed after 

infections led to the treatment of tumors with deliberate infections of the tumors (254, 

255). It was William Coley, whose efforts led to the first refined approach to treat tumors 

of various origins with bacterial extracts (256). Known as the father of cancer 

immunotherapy, he used Streptococcus pyogenes and Serratia marcescences to concoct 

Coley’s toxins (255). It was not until Granger et al., and Carswell et al., who showed 

that the administration of bacterial products such as Bacillus of Calmette and Guerin 

(BCG) and endotoxins/lipopolysaccharides (LPS) derived from Escherichia coli 

produced a factor responsible for reducing tumors or causing hemorrhagic necrosis, 

termed tumor necrosis factor (TNF) (257-259). Serum obtained from mice which were 

administered with endotoxins, when injected into tumor-bearing mice could reduce the 

tumor size. It was hypothesized and proved to be produced by macrophages also known 

as cachectin which causes weight loss in chronic infections (257, 260, 261). Since earlier 

preparations of cytokines were crude mixtures of multiple cytokines it was not until the 

mid-80s, Aggarwal et al., who showed that lymphotoxin (LT) depletion using a 

neutralizing antibody still retained the anti-tumor activity (262, 263). Soon after they 

were able to successfully clone and characterize the protein (262).  That led to the 

discovery of TNF as a causative agent of cachexia and inflammation as well (264, 265).  

 

1.4.1 TNF structure and function: 

TNF is located in chromosome 6p21.3 region translated as 17kD monomer 

protein forms a homotrimer 157 amino acid each (266). TNF is a transmembrane protein 

which is secreted when cleaved by the TNF-converting enzyme (TACE) or called 

ADAM17 (267, 268). This process, in turn, is heavily regulated by iRhom2 (269, 270). 

iRhom2 is involved in the trafficking of TACE from the endoplasmic reticulum to plasma 

membrane. Mice deficient in iRhom2 were unable to clear Listeria monocytogenes 

infection and were less susceptible to lethal LPS shock (270). TNF binds to two knows 

receptors, 55kD TNF receptor 1 (TNFR1) and 75kD TNF receptor 2 (TNFR2) and 
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activates two major transcription factors, nuclear factor-κB (NF- κB) and c-Jun (271-

273). 

1.4.2 TNF signaling 

TNF is produced in response to various immune receptor stimuli of bacterial and 

viral pathogens (274-276). Termed as a double-edged sword for its role in the survival 

and apoptosis of cells, TNF exerts its effects via TNFR1 and TNFR2 (277). NF-κB 

signaling composed of multiple proteins and complexes namely p50, p52, RelA, RelB 

and c-Rel and can be activated by TNF-TNFR axis (278). These proteins bind and form 

up to 15 homo and heterodimeric protein complexes and initiate DNA binding  (279). 

NF-κB signaling can be subdivided into two types, classical (canonical) and the 

alternative (non-canonical) pathway (280, 281). The classical pathway is induced via 

proinflammatory cytokines and PAMPs which is rapid, whereas alternative pathway is 

engaged by cytokines belonging to TNF superfamily of proteins such as lymphotoxin 

(LT), receptor activator of NF-κB ligand (RANKL), CD40 ligand and B cell activating 

factor (BAFF) (277, 282, 283).  
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Graphical Figure 4. Figure depicting signaling cascade after interaction of TNF with 

its receptors. Figure was adapted from Brenner et al., (284). 

Hallmark of classical NF-κB is the nuclear translocation of p50-p65 dimer whereas in 

the alternative pathway p52-RelB dimer translocate to the nucleus (281). Activation of 

the alternative pathway depends on NF-κB inducing kinase (NIK), which requires longer 

time compared to the classical pathway (276). TNF induced NF-κB activation is a series 

of events which involves TGFb activated kinase (TAK1) activation which 

phosphorylates trimeric complex of IKKa and IKKb along with regulatory unit IKK-g. 

This complex after activation phosphorylates IkBa which undergoes ubiquitination and 
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degradation releasing p50-RelA (283, 285). IKKg and IKKb are considered central 

regulators of NF-κB by degrading IkBa, where IKKa plays only a supporting role (286). 

 Alternative NF-κB signaling is induced via the processing of p100 unit by NIK 

(287). Phosphorylation of p100 mediated by NIK is dependent on IKKa which plays a 

minor role in the classical NF-κB pathway but is an essential component in an alternative 

pathway (Graphical figure 4) (288).  

 

1.4.3 Functional role of NF-kB regulated genes 

The chromatin structures become permissible for the attachment of the 

transcription factors such as NF-κB after the activation and along with lineage-specific 

gene expression is determined activators or repressors of transcription factors. For 

example, feed-forward loop which is essential for proinflammatory target gene activation 

is achieved via histone methylation and other modifications  (289-291). Along with 

histone modifications, other mechanisms such as nucleosome remodeling may also play 

a role in differential gene expression (292). It is proposed that a synergy exists between 

NF-κB and other transcription factors such as IRF3/IRF7, ATF2/c-Jun (293). Temporal 

activation kinetics of activation of NF-κB activated genes is also an essential factor for 

differential gene expression (294-296). Periodicity in the gene expression was 

determined by a short stimulus of TNF to cells and tracked using single cell high 

throughput microfluidic chambers and fluorescence microscopes (294, 296). Short and 

less frequent TNF pulses led to proper activation of genes whereas more frequent pulses 

don’t restore the normal gene expression, indicating that a negative feedback mechanism 

is essential (294-296). 
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1.4.4 TNF and apoptosis  

Binding of TNF to TNFR1 induces activation TNF receptor-associated death 

domain (TRADD) via the release of silencer of death domain (SODD) (297-299). The 

cytoplasmic domain of TNFR1 recruits adaptor molecule TRADD which in turn recruits 

TNFR associated factor 2 (TRAF2) and receptor interacting protein kinase 1 (RIPK1) 

and inhibitor of NF-κB kinase (IKK) (300) (297). Whereas binding to TNFR2, which 

lacks death domain signals via TRAF1 and TRAF2 (301). RIP1 which is a serine-

threonine kinase is recruited by TRADD to induce NF-κB activation and apoptosis (300).  

Although RIP1 was known to interact with Fas-associated death domain (FADD), cells 

lacking RIP1 failed to activate NF-κB and underwent apoptosis, suggesting the role of 

RIP1 in activation of NF-κB and survival of cells (302). Binding of TNFR1, TRADD 

and RIPK1 complex initiates the downstream TNF signaling (275).  

 

1.4.5 TNF involvement in multitudes of viral infections  

The role of tumor necrosis factor (TNF) in marginal zone development and 

marginal zone function is controversial. Although reports show that marginal zone 

development is impaired and fewer marginal zone macrophages are present in TNF-

deficient and p55-TNFR (tumor necrosis factor receptor 1 [TNFR1])-deficient mice 

(303), other reports suggest that TNF triggers marginal zone macrophage depletion after 

infection (304, 305). It has also been shown that TNFR1 deficient mice are less 

susceptible to West Nile virus infection as a result of uncompromised blood-brain-barrier 

(306). However, these findings are contradicting other studies utilizing Herpes simplex 

virus-1 as infection model where it is shown that TNFR1 deficient mice are more 

susceptible to virus infection (307, 308).  

It is clear that TNF-deficient mice exhibit CD169+ cells in the spleen, whereas 

this cell population is absent in Ltα-/- mice (303, 304). Furthermore, the production of 

neutralizing antibodies and the proliferation of antiviral T cells can be induced in TNF-

deficient animals (305, 309). These findings suggest that TNF, which is crucial for 

overcoming bacterial infections plays a minor role in antiviral immunity (310-313).  
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1.4.6 MALT1 signaling 
 

The NF-κB pathway have been implicated to be under control of Mucosa-

associated lymphoid tissue lymphoma translocation protein 1 (MALT1). Although first 

identified in lymphoma in the mucosal lymphoid tissue, if is shown to play important 

role in CD8 T cell, B cell and macrophage functions (314-317).  MALT1 forms 

heteromeric complex with B-cell lymphoma/leukemia (BCL10) and CARMA proteins 

known as CBM complex.  Cells of immune system T cells and B cells upon activation 

with its respective receptors (TCR and BCR) activates cascade of reactions, which 

includes activation of NF-κB. Germline mutations in any of the complex proteins causes 

severe immunodeficiencies which are hall mark of abnormal NF-κB or B cell deficiencies 

(318). 

In early studies it was known that MALT1 and BCL10 formed a complex and was 

responsible for NF-κB activation via phosphorylation of IKK (319, 320). Specifically, 

immunoreceptor tyrosine-based activation motif (ITAM) once engaged with its 

corresponding ligand gets phosphorylated this in turn phosphorylates spleen tyrosine 

kinase (SYK) for B cell receptor and zeta chain associated protein kinase (ZAP70) for 

TCR (321).  The Protein Kinase C (PKC) family of kinases are downstream of SYK or 

ZAP70, after the activation of PKC which phosphorylates inhibitory domain of CARD11 

and open up the space for the docking of BCL10 and MALT1 complex. This complex 

further recruits TRAF6 and gets ready for ubiquitination and phosphorylation of IKK 

complexes (321). 

MALT1, owing its ability to act as a paracaspase (cleaving substrates at basic or 

uncharged amino acids instead of acidic amino acid as in the case of caspases), cleaves 

BCL10, Regnase, Roquine, HOIL1 and A20 proteins (a known inhibitor of NF-κB) (322).  

This cleavage of inhibitor proteins paves way for NF-κB activation once the receptor is 

engaged with its corresponding ligand.  BCL10 cleavage is important for signaling 

induced T cell adhesion to fibronectin and activation of NF-κB. Purified CD8 T cells 

when stimulated in vitro showed BCL10 cleavage products and activation of NF-κB 

(323).   



 

43 

 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

Graphical Figure 5. Figure depicting MALT1 signaling cascade after activation of B 

cell receptor (BCR) or T cell receptor (TCR). Figure was adapted from Lu et al., (324). 

This indirect role in NF-κB activation, puts MALT1 in very important position. 

Somatic mutations in BCL10 or MALT1 leads to aberrant NF-κB activation ultimately 

results into B cell lymphoma (325). Many human patients with loss of function mutations 

in MALT1 suffers from infections of bacterial, fungal and viral origin in multiple organs, 

whereas transplantations with healthy hematopoietic stem cells in these patients restores 

their immunity against the pathogens (326, 327). This phenomenon occurs due to 

defective marginal zone B cells, peritoneal B1 B cells and germinal centre formation in 

spleen, which are important in defence against pathogens. (328, 329).  
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Since, pivotal role played by MALT1 in the host defence in B cell and T cell 

compartment is well studied, warrants its further investigation in macrophages and other 

myeloid cells.  
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Chapter 2. 

Materials and methods
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2. Materials and Methods: 
Part of the materials and methods have been adapted from a published manuscript, 

Shinde PV, Xu HC, Maney SK, Kloetgen A, Namineni S, Zhuang Y et al., “Tumor 

Necrosis Factor-Mediated Survival of CD169+ Cells Promotes Immune Activation 

during Vesicular Stomatitis Virus Infection” J Virol. 2018 Jan 17;92(3). 

 

2.1 Mice, viruses, virus titration:  

All mice were maintained under specific pathogen-free conditions at the 

authorization of the Landesamt für Natur, Umwelt und Verbraucherschutz of North 

Rhine-Westphalia (LANUV NRW) in accordance with the German laws for animal 

protection. 

Tnfa-/- mice lack TNF secretion and have been described earlier (330). Tnfrsf1a-/- 

mice lack TNFR1 on all the cells, have been previously described (311). Tnfrsf1b-/- mice 

lack TNFR2 on all the cells have previously been described (331). Cd8-/- mice lacks 

functional CD8+ T cells (332), Rag1-/- mice lack B cell and T cells. The mouse was 

generated by deleting rearrangement gene (Rag1) which codes for a protein involved in 

heavy and light chain arrangement (333), this strain was purchased from Jackson 

Laboratories (United States). Malt1-/-, mice lack the gene encoding for mucosal-

associated lymphoid tissue (MALT) adaptor (121).   CD169-/-, CD169-DTR, and CD11c-

DTR mice have also been previously described (121, 316, 334).  

For chimera experiments, mice were lethally irradiated with 10.2 Gy. After 24 h, 

mixed bone marrow from WT and CD169-DTR, CD11c-DTR, Jh-/-, and Rag1-/- mice 

was transplanted into the irradiated mice. CD169 cells were depleted by injecting 2 doses 

of 100ng diphtheria toxin (DT) (Sigma) before the infections. To inhibit caspase activity 

in vivo, we administered three doses (2 µg/g each) of zVAD-FMK (Abcam, Cambridge, 

UK) (335, 336).  
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2.2 Virus 

VSV Indiana strain (VSV-IND, strain Mudd-Summers) was originally obtained from 

Prof. D. Kolakofsky (University of Geneva, Switzerland). VSV was propagated and 

titrated as previously described (337). The virus was inoculated via tail vein injection. 

2.2.1 Virus titration  

  Briefly, Vero cells were cultured in 5% FCS and Alpha-MEM in T-150 flasks 

until 90 % growth was observed. A single cell suspension was prepared using 0.025% 

Trypsin-EDTA and seeded onto 24 well plate at a density of 105 cells per well. Plates 

were incubated overnight and checked for complete monolayer formation next day. 

Tissue samples were homogenized using TissueLyser (Qiagen, Germany) and were kept 

on ice until processed. U bottom 96 well plate was seeded with 130 ul of 2% FCS Alpha-

MEM, from well 2-12. 90 µl of the sample was added to well number 1 in duplicate. 60µl 

sample was pipetted into next well and mixed repeatedly. The process was continued 

until well number 7, tips were discarded and with fresh tips pipetting was carried out 

until well number 12. 100 µl of the sample from well number 2, 4, 6, 8, 10 and 12 were 

transferred to a 24 well plate with a Vero cell monolayer.   After 2-3 hr incubation at 

37°C, 200µl of an overlay medium (a mixture of 1:1, 2% methylcellulose + 2X IMDM) 

was added gently onto the cells. Plates were incubated at 37°C overnight for 20-24 hr 

and checked for regularly for virus plaque formation. Once plaques were visible, the 

supernatant was discarded and cells were stained with 0.5% crystal violet solution. Plates 

were washed and dried.  

2.3.2 Neutralizing antibody titration:  

Briefly, Vero cells were cultured as described above, single cell suspension was 

seeded onto flat bottom 96 well plate appr. 15000 cells per well. Plates were incubated 

overnight until complete monolayer was formed.  

To determine total immunoglobulins (Ig) serum was diluted 1:40 (10µl serum + 390µl 

MEM) and heated at 56°C to inactivate the complement factors. To determine IgG levels, 

serum was incubated with 50µM b-mercaptoethanol in 0.9% NaCl at RT for 1hr. After 
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the treatment serum was diluted using 2% Alpha-MEM to 1:40 and heated at 56°C to 

inactivate the complement factors. Afterwards, samples were kept on ice until processed.  

100 µl medium was added to U bottom 96 well plate from well 2-12. 200µl sample was 

added to well number 1. 100µl from first well was transferred to well 2 and serial dilution 

was performed. VSV virus suspension was prepared using virus stock at a concentration 

of 5000 PFU/ml. Virus solution was mixed in the 96 well plate along with serially diluted 

serum at 37°C for 1hr. 100µl solution from virus mixture was transferred on to Vero cell 

monolayer and incubated at 37°C for 1-2hr followed by addition of an overlay medium.  

Plates were stained with crystal violet solution as described above after incubation of 20-

24hr.   

2.3 Histology and ELISA:   

Histological analysis of snap-frozen tissue was performed as previously described. 

Briefly, Snap-frozen tissue sections were air dried and fixed with acetone for 10 min. 

Tissue sections were blocked with 10 % fetal calf serum (FCS) for 1 hour. Then stained 

with primary antibodies for 1hr at RT. Slides were washed with 0.05% Tween 20 with a 

squirt bottle. Tissue sections were then incubated with secondary antibodies at indicated 

dilutions (Table 1). 

 

Table 1: List of antibodies used in immunofluorescence (IF), flow cytometry (FC) 

and western blot (WB)  

Antibody Company  Catalog 

number 

Dilutions  Application  

Anti-CD169-

Biotin 
Acris 

SM066B 

 
1:200 IF 
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Anti-CD169-

FITC 
ABD Serotec 

MCA947GA 

 
1:50 IF 

Anti-CD11b-

APC 
Thermofisher  1:200 IF 

Anti-GAPDH Cell Signalling 8884S 1:4000 WB 

Anti-p100 Cell Signalling 4882S 1:1000 WB 

Anti-RelA Santa-Cruz sc-109 1:200 IF, WB 

Anti-RelB Santa-Cruz sc-166417 1:200 IF, WB 

Anti-RelB Cell Signalling 4954 1:1000 WB 

Anti-VSV-G Clone Vi10 in house 1:200 IF 

Anti-Rabbit Cell Signalling 7074 1:5000 WB 

Histone Cell Signalling 5192S 1:5000 WB 

PE-streptavidin Thermofisher  1:300 IF 

anti-CD3 Thermofisher  1:300 FC 

anti-CD8 Thermofisher  1:300 FC 

anti-MHC-II Thermofisher  1:300 FC 

anti-CD11c Thermofisher  1:300 FC 

anti-CD19 Thermofisher  1:300 FC 

anti-NK1.1 Thermofisher  1:300 FC 
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Anti-CD5 Thermofisher  1:300 FC 

Anti-CD21 Thermofisher  1:300 FC 

Anti-CD23 Thermofisher  1:300 FC 

 

2.3.2. Caspase 3 activity 

To detect caspase activity, in-vitro fluorescence assay was used according to the 

manufacturer’s instructions (Cell Signaling). Briefly, spleen tissue was homogenized 

using Qiagen TissueLyser in the presence of 1% TritonX and protease inhibitors. The 

clear lysate was prepared after samples were spun at 2000g. Protein concentration was 

measured using Bradford assay (Cytoskeleton Inc, USA) and was adjusted to have an 

equal amount.  

2.3.3 TUNEL assay:  

To detect in-situ apoptosis, Terminal deoxynucleotidyl transferase (TdT) dUTP 

Nick-End Labeling (TUNEL) staining was performed on formalin-fixed spleen sections 

according to the manufacturer’s instructions (Thermo Scientific, Massachusetts, USA).  

Briefly, spleen tissue sections were fixed in 4% formalin. Sections were incubated 

with TritonX at 37°C for 1hr. Sections were incubated with the reagent for 37°C for 1hr. 

Sections were mounted using a mounting medium. Fluorescence images were obtained 

with an LSM510 confocal microscope and Axio Observer Z1 fluorescence microscope 

(Zeiss, Germany). Analysis of the fluorescence images was performed with ImageJ 

software.  

2.3.4 ELISA:  

Whole blood was collected via intra-orbital vein puncture into tubes. Mice were 

anesthetized for the entire duration of the procedure using Isoflurane. Serum was isolated 

by spinning the tubes at 5000 RPM at 4°C. Serum dilutions from 1:10 to 1:100 were used 

to perform enzyme-linked immunosorbent assay (ELISA).  IFN-γ (eBioscience, San 
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Diego) and IFN-α (PBL Biosciences, New Jersey, USA) concentrations were determined 

using ELISA according to the manufacturers’ instructions.  

2.4 Immunoblotting:  

Malt1+/- and Malt1-/- mouse embryonic fibroblasts (MEFs) were stimulated with 

100 ng/ml murine-soluble TNF (mTNF; R&D Systems). Cytoplasmic and nuclear 

extracts were prepared according to the manufacturer’s instructions (Active Motif, 

Belgium). Immunoblots were probed with primary antibodies (Table 1). 

Briefly, total protein concentration was measured in the samples using the 

Bradford assay kit (Cytoskeleton Inc, USA). 50µg of total protein was heated to 95°C 

for 10 min along with SDS page- sample buffer (Invitrogen). Samples were loaded on 

pre-casted SDS page gels. After the sample run, gels were transferred to nitrocellulose 

membranes (Amersham, GE lifesciences). Membranes were blocked with 5% BSA 

(Roche) in TBST for 30 min. Membranes then were incubated overnight at 4°C with the 

primary antibody. Next day membranes were washed with 0.05% Tween 20 in TBST 

and incubated with the secondary antibody tagged with horseradish peroxidase (HRP) 

(Jackson). Membranes were washed and incubated with ECL for 2 min and developed 

using X-ray films (Amersham, GE lifesciences). 

2.5 Sorting of CD169+ cells:  

For CD169+ macrophage isolation, spleen tissue was incubated with tissue 

digestion cocktail containing liberase () and DNAse () for 20 min at 37°C for obtaining 

single-cell suspended splenocytes. After lysis of red blood cells, splenocytes were 

presorted with a CD19+ and a CD5+ magnetic cell separation (MACS) kit (Miltenyi 

Biotec, Germany). The remaining cell suspension was stained with anti-CD11b+ 

(eBioscience) and anti-CD169+ (ABD Serotec, Germany) antibodies for fluorescence-

activated cell sorting (FACS Aria III; San Jose, USA).  
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2.6 Flow cytometry:  

For intracellular cytokine staining, single-cell suspended splenocytes were 

incubated with Brefeldin A (eBioscience), followed by an additional 5h of incubation at 

37°C. After surface staining with anti-CD3, anti-CD8, anti-CD11b, anti-CD11c, anti-

CD19, anti-MHC-II, and anti-NK1.1 antibodies (eBioscience), cells were fixed with 2% 

formalin, permeabilized with 0.1% saponin, and stained with anti–IFN-γ and anti-TNF 

antibodies (eBioscience) for 30 min at 4°C. B-cell subsets were detected in single-cell 

suspensions of splenocytes with anti-CD5, anti-CD19, anti-CD21, anti-CD23, and anti–

immunoglobulin M (IgM) antibodies (all from eBioscience). 

 

2.7 RNAseq and RT-PCR analyses:  

RNA purification and RT-PCR analyses were performed according to the 

manufacturer’s instructions (Qiagen RNeasy Kit, Germany and Arcturus Picopure RNA 

isolation kit, Applied Biosystems). Expression of various genes (Table 2) was detected 

with FAM/VIC probes (Applied Biosystems) on AB systems HT9500 or AB systems 

QuantStudio.  

Briefly, organ samples were collected in Trizol. Organs were homogenized using 

metal beads in Tissuelyser (Qiagen). 200µl of the sample was further diluted with 800µl 

of fresh TRIzolâ (Ambion) and 200 µl of chloroform. Samples were vortexed for 1 min 

and incubated for 15 min at room temperature (RT). Tubes were spun down at 14000 

RPM for 10 min at 4°C. Top clear aqueous phase was collected and mixed with an equal 

amount of isopropanol. Samples were incubated at RT for 1hr and spun at 14000RPM 

for 10 min to collect the RNA precipitate. RNA pellet was washed twice using 70% ice- 

cold ethanol to remove salts and other debris. Pellet was air dried and dissolved in DEPC 

treated water (Ambion). RNA concentration was measured using NanoDropÔ (Thermo) 

and final concentration was adjusted to 100 ng/µl. 200ng per reaction was used in all the 

RT-PCR tests.   
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Table 2: List of TaqManâ probes used in the real time PCR 

Primer Probe Catalogue number 

b-actin FAM Mm00607939_s1 

Eif2aka FAM Mm00440966_m1 

GAPDH VIC 4352339E-0806018 

Ifn4a FAM Mm00833969_s1 

Ifit1 FAM Mm00515153-m1 

Ifitt2 FAM Mm00492606_m1 

Ifnb1 FAM Mm00439552_m1 

Isg15 FAM Mm01705338_s1 

Irf7 FAM Mm00516788_m1 

Oasl1 FAM Mm00455081_m1 

Tnfa FAM Mm0043260_g1 

Tnfrsf1a FAM Mm00441883_g1 

Tnfrsf1b FAM Mm00441889_m1 

Cxcl9 FAM Mm00434946_m1 

Cxcl10 FAM Mm00445235_m1 

Fas FAM Mm01204974_m1 

Il6 FAM Mm00446190_m1 

Il10 FAM Mm01288386_m1 

Mda5 FAM Mm00459183_m1 



 

54 

 

Oasl1a FAM Mm00455081_m1 

RanseL FAM Mm00712008_m1 

Usp18 FAM Mm00449455_m1 

 

For analysis, the expression levels of all target genes were normalized to β-actin 

or glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression (∆Ct). Gene 

expression values were then calculated with the ∆∆Ct method, with naive WT mice as 

controls to which all other samples were compared. Relative quantities (RQ) were 

determined with the equation RQ = 2-∆∆Ct. Lib raries were prepared according to the 

manufacturer’s instructions with the TruSeq Total RNA sample preparation kit (Illumina) 

and were further sequenced with the Illumina HiSeq 2500 platform (single end, 100 

cycles). 

 

2.8 Bioinformatics analysis of RNA-Seq data:  

We obtained a total of 203,611,610 sequencing reads for 6 RNA-Seq samples. 

First, adapter sequences and low-quality ends were trimmed off with seqtk version 1.0 

(https://github.com/lh3/seqtk) and cutadapt version 1.4.1, keeping all reads longer than 

25 for further analysis. Next, the remaining reads were aligned against the reference 

genome sequence of GRCm38 with TopHat2 version 2.0.13(338) with standard 

parameters. Relative transcript abundances were measured by counting all uniquely 

aligned reads mapping to mouse gene annotations downloaded from Ensembl genome 

browser 78(339) with HTSeq version 0.5.4p5 (340). This measurement resulted in 

128,972,294 sequencing reads (63.34%) mapping to annotated genes. Before performing 

differential gene expression analysis, we normalized read counts per sample regarding 

sequencing depth using the Bioconductor package edgeR version 3.8.6 (341). This 

analysis resulted in so-called counts per millions (CPM). Differential gene expression 

was performed with edgeR; multiple testing corrections were applied, and the FDR per 

gene was reported. 
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2.9 Pathway analysis:  

Mouse-specific pathway maps were downloaded from KEGG (342). We 

performed an enrichment analysis of all pathways against differentially expressed genes 

(FDR ≤ 0.05; logFC ≥ ± 1.5) and calculated the statistical significance for overlaps per 

pathway with Fisher’s exact test and multiple testing correction (FDR). The size of the 

entire gene population was set to the union of all genes available in all annotated KEGG 

pathways, resulting in a population of 4,594 genes. The enrichment score was calculated 

with the following formula:  

Enrichment = #overlap / (#DE genes * #pathway genes/ #population genes). 

2.10 Promoter Analysis:  

Proximal promoter regions spanning nucleotides −600 to +100 bp and nucleotides -

1000 to +500 bp relative to the transcription start site were retrieved from the mouse 

genome. The GRCm38/mm10 assembly was downloaded from the University of 

California, Santa Cruz (UCSC) genome browser with Ensembl genome browser 78. 

Matches to putative TF binding sites were obtained with Fimo (P < 0.0001)(343) from 

the library of 784 mouse position frequency matrices in the Catalog of Inferred Sequence 

Binding Preferences (CIS-BP) database (344). Overrepresentation and 

underrepresentation of promoters with specific motifs in deregulated genes or pathway-

related genes were determined by comparison to the total interrogated genes with a two-

tailed Fisher’s exact test. The Benjamini-Hochberg FDR multiple test correction 

procedure was applied to the P values. 

2.11 Statistical analyses:  Data are expressed as mean ± S.E.M. Statistically significant 

differences between two groups were determined with Student’s t-test. Statistically 

significant differences between several groups were determined with one-way analysis 

of variance (ANOVA) with additional Bonferroni or Dunnett post hoc tests. Statistically 

significant differences between groups in experiments involving more than one time-

point were determined with two-way ANOVA (repeated measurements). 
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3. Aim of the study 

To prevent infections, novel vaccine delivery strategies are being developed such 

as Nanopatch and mRNA vaccines to name a few.  

In recent years the role of CD169+  cells in virus infection has led to considerable 

advancement in understanding virus infections such as enforced virus replication. 

Moreover, in recent studies, these cells are being exploited for targeted delivery of 

vaccines for effective therapy. So, it is important to elucidate the factors governing 

functions of these cells.  

Almost a decade ago Subcapsular sinus macrophages present in peripheral 

secondary lymphoid organs such as lymph node were shown to be important in host 

defence. Specifically, CD169+ cells helped to clear peripheral and systemic VSV 

infection in the mice. Production of IFN-I and sufficient antiviral antibody production 

was ensured by functional CD169+  cells (111, 160, 345).  

Although indisputable amount of evidence of role CD169+  cells in antiviral 

response is exciting, it demands further investigation into specific mechanism involved 

in enforced virus replication.   

In this study, we utilize the VSV infection model in C57Bl/6 mice to understand 

the role of cytokines in regulating innate and adaptive immune responses. We uncover a 

critical role of TNF in regulating virus infection.  

 

Specific objectives of the study:  

1. Determine factors regulating enforced virus replication in CD169+  cells Using 

RNAseq 

2.  Elucidate the role of TNF during virus infection using TNF and its receptor- 

deficient mice  

3. Mechanism of MALT1 in enforced virus replication via activation of NF-kB 

pathways    
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Chapter 4. 

Results 
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4. Results  

4.1 CD169+ not only capture and enforce virus replication but act as early 

responder and producer of type 1 interferon response  

CD169+ cells allow viral replication after infection with VSV to promote both 

antigen presentation and innate and adaptive antiviral immunity (110). To gain more 

insight into their regulation, we sorted CD169+ cells from spleen tissue before and after 

intravenous infection with VSV (Fig. 1A). To confirm sorting efficiency, we 

determined RNA levels of Cd169 in the sorted fraction. When compared with the whole 

spleen we detected significant increase CD169 RNA in the sorted fraction (Figure 1B). 

Sequencing of RNA isolated from CD169+ cells, which were harvested from infected 

and uninfected splenocytes, detected 1,070 significantly regulated genes (Figure 1C; 

false discovery rate (FDR) ≤ 0.05; log fold change (logFC) ≥ 1.5). Interestingly, genes 

encoding for IFN-I were highly upregulated indicating that CD169+ cells contribute to 

IFN-I production during viral infection (Figure 1D). These findings were verified by 

Reverse transcription polymerase chain reaction (RT-PCR) analysis of samples 

containing isolated CD169+ cells from spleen tissue before and after infection with 

VSV (Figure 1E). To further confirm IFN-I signature, we stained spleen tissue sections 

for IFN alpha, and we could detect IFN alpha production co-localized with CD169+ 

cells along with CD11c+ dendritic cells (Figure 1F). Previous findings show that 

CD169+ cells contribute to innate immune activation not only by allowing viral 

replication but also by producing IFN-I in mice (111, 346). Furthermore, when we 

depleted CD169 diphtheria toxin receptor (CD169-DTR) cells by administering 

diphtheria toxin (347), we observed a reduction in IFN-I concentrations in the serum of 

infected animals (Figure 1G). 

These and previous findings show that CD169+ cells contribute to innate 

immune activation not only by allowing viral replication but also by producing IFN-I 

in mice (111, 346).  
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Figure 1. Systemic infection with VSV induces IFN-I signature in CD169+ cells. 

(A) CD169+ cells were extracted from single-cell suspended, B-cell depleted 

splenocytes. Rat immunoglobin G 2a (IgG2a) served as an isotype control; diphtheria 

toxin-treated CD169–diphtheria toxin receptor (DTR) animals served as a negative 

control. (B) Cd169 mRNA expression was determined in sorted CD169+ cells and was 

compared to whole-spleen RNA with RT-PCR (n=5).  (C and D) RNA was extracted 

from sorted CD169+ cells before and after infection with 2 × 108 plaque-forming units 

(PFU) vesicular stomatitis virus (VSV) for 4 h, followed by RNA sequencing. Gene 

expression patterns are illustrated and show significantly different gene expression 

levels (false discovery rate [FDR] ≤ 0.05; log fold change [logFC] n=3). The top 25 

increased gene expression levels of CD169+ cells after infection with VSV are shown 

relative to naïve CD169+ cells (n=3). (E) Ifit1, Ifnb1, Ifna4, and Oasl1 expression 

levels in naïve and sorted CD169+ cells were confirmed by reverse transcription 

polymerase chain reaction (RT-PCR) (n=5). (F) Wild-type (WT) mice were infected 

with 2 × 108 PFU VSV. Snap-frozen spleen sections were stained with anti–IFN-α 

antibodies 6 h after infection (n= 6; scale bar= 20 µm).  
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4.2 Tumor necrosis factor alpha (TNF) drives major pathways upon VSV 

infection  

      

Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway analysis of the 

differentially regulated genes showed that the TNF pathway in CD169+ cells was 

significantly regulated after infection with VSV (Figure 2A+B). We also found that 

TNF expression levels were consistently higher in the spleen after infection with VSV 

(Figure 2C). To further analyze which cell types are producing TNF we performed 

intracellular cytokine staining (ICS) for TNF. Back-gating of TNF+ cells showed that 

TNF-producing cells are a heterogeneous CD11b+ population, partially expressing 

CD11c (Figure 2D+E). Therefore, TNF was probably not expressed by B or T cells, a 

finding consistent with still increased TNF RNA expression levels in Cd8-/-, B cell-

deficient Jh-/-, and Rag1-/- mice (Figure 3A). However, clodronate depletion reduced 

TNF expression after VSV infection, in contrast to depletion of CD169+ cells and 

CD11c+ cells or in IFN-I receptor-deficient mice (Figure 3B). We concluded that 

phagocytes were responsible for TNF production, we further employed flow cytometry 

staining for detailed analysis for cell populations. TNF producing cells could be 

predominantly characterized as CD11b+CD11c-Ly6C+Ly6G+MHCII- (Figure 3C). 

Consistent with reports that neutrophils (348, 349) and CD11b+Ly6C+Ly6G+  cells 

(350)  are important during early defense against bacterial and viral infections via 

production of proinflammatory cytokines such as IL1b, IL6, TNF, and IFN-I, we found 

a significant increase of TNF+CD11b+Ly6C+Ly6G+ cells (Figure 3D).  

Taken together, these findings indicate that CD169+ cells produce IFN-I after 

infection with VSV and that TNF is derived from CD11b+CD11c-Ly6C+Ly6G+ 

phagocytes. 
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Figure 2. KEGG pathway analysis reveals induction of TNF pathway after VSV 

infection. 

(A) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis shows 

significantly overrepresented signaling pathways in infected CD169+ cells compared 

to naïve cells. (B) Heat map (left panel) and expression levels (right panels) of tumor 

necrosis factor (TNF)-regulated genes are shown. (C) Tumor necrosis factor (TNF)-α 

mRNA expression levels in WT spleen tissue were determined at the indicated time 

points after infection (n=6). (D) Surface molecule expression of CD11b, CD11c, CD8, 

and CD19 on TNF+ cells is shown 4h after infection (purple gate, whole spleen; pink 

gate, TNF+ cells) (one result representative of 5 experiments is shown). (E) 

Intracellular TNF production by CD11b+ cells from splenocytes of WT mice was 

determined at indicated time points (n=5). Figure 2C, D and E were taken from Shinde 

et al., J Virol. 2018 Jan 17;92(3). 
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Figure 3.  Infiltrating granulocytes in the spleen after VSV infection drives 

induction of TNF pathway. 

(A) TNF-α mRNA expression was determined in the spleen of WT Jh-/-, Rag-/-, and CD8-

/- mice 4 h after infection (n=5-6). (B) TNF-α mRNA expression was determined in the 

spleen of WT, clodronate-treated WT, Ifnar-/-, DT-treated CD169-DTR, and CD11c-

DTR mice 4 h after infection (n=6). Data are shown as mean ± SEM. (C) Surface 

molecule expression of TNF producing cells is shown 4h after infection. Lineage-

negative population (CD3-CD8-CD19-NK1.1-) was further characterized for 

expression of CD11b, CD11c, Ly6C, Ly6G, F4/80, MHC II, and CD115 on TNF+ cells 

(n=6). (D)  CD11b+Ly6C+ Ly6G+ cells were gated on lineage negative population 

(CD3-CD8-CD19-NK1.1-) in the spleen were quantified for the expression of TNF 6h 

after infection (n=6). 

Figures were taken from Shinde et al., J Virol. 2018 Jan 17;92(3). 
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4.3 TNF triggers the maintenance of CD169+ cells during viral infection to protect 

animals against the development of fatal disease  

To determine whether TNF affects the outcome after VSV infection, we 

infected wild-type (WT) and TNF-deficient mice. TNF-deficient mice developed 

severe VSV infection in comparison to WT mice (Figure 4A). Neutralizing antibody 

titer was achieved later in TNF-deficient mice than in WT mice after infection with low 

doses of VSV (Figure 4B). Since IFN-I is critical to overcoming an infection with VSV 

(60), we measured IFN alpha and IFN beta in the serum of infected animals. IFN alpha 

production was impaired in TNF-deficient mice when compared to control animals 

(Fig. 4C). However, IFN beta was undetectable in the serum of infected animals when 

infected with 105 PFU VSV (Fig. 4D). Although, impaired IFN-I production was found 

in TNF-deficient mice, after injection of the Toll-like receptor 3 (TLR3) agonist poly 

I:C, IFN-I production was intact in both WT and TNF-deficient mice (Figure 4E). To 

determine whether TNF affects CD169+ cells after VSV infection, we infected wild-

type (WT) and TNF-deficient mice. Notably, CD169+ cells were slightly reduced in 

number but were present in spleen tissue of TNF deficient mice before infection (Figure 

4F). However, shortly after infection with VSV, the number of CD169+ cells in spleen 

tissue decreased in TNF-deficient mice (Figure 4F). Furthermore, the expression of 

VSV glycoprotein (VSV-G), which was found in CD169+ cells of WT mice after VSV 

infection, was not detected in spleen tissue harvested from TNF-deficient animals 

(Figure 4G+H).  

These findings indicate that TNF is necessary to sustain virus replication but is 

dispensable for sterile innate immunity. 
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Figure 4. TNF deficiency leads to increased disease severity after VSV infection in 

mice. 

(A to D) Mice were infected with 105 PFU VSV. (A) Survival of Wild-type (WT) and 

tumor necrosis factor-α null (Tnfa-/-) mice was monitored for 20 days after infection 

(n=9-12). (B) Titers of neutralizing total immunoglobulin (Ig; left) and IgG (right) 

antibody were determined in WT and Tnfa-/- mice at indicated time points after infection 

(n=7).  (C) Interferon (IFN)-α and (D) IFN-β concentrations were determined in the 

sera of WT and Tnfa-/- mice 24 h after infection (n=6-9).  (E) IFN-α and β concentration 

were determined in the sera of WT and Tnfa-/- mice injected with 200µg of 

polyinosinic:polycytidylic acid (polyI:C) at indicated time points (n=3). (F)  WT and 

Tnfa-/- mice were infected with 2 × 108 plaque-forming units (PFU) of VSV. Snap-frozen 

spleen sections were stained with anti-CD169 antibodies (clone: MOMA-1) at 

indicated time points (one result representative of 6 mice is shown; scale bar = 100 

µm). Mean fluorescence intensity (MFI) of CD169 was quantified across spleen section 

form naïve and VSV infected WT and Tnfa-/- mice using ImageJ (n=3-4). (G) Snap-

frozen spleen sections from WT and Tnfa-/- mice were stained for VSV glycoprotein 

(VSV-G) expression (clone: Vi10) after infection with 2 × 108 PFU VSV at indicated 

time points (one results representative of 6 mice is shown; scale bar = 100µm). (H) 

MFI of VSV-G expression was quantified across spleen section form naïve and VSV 

infected WT and Tnfa-/- mice using ImageJ (n=3-4). Figures were taken from Shinde et 

al., J Virol. 2018 Jan 17;92(3). 
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4.4 TNF plays important role in virus production 

VSV propagation in CD169+ cells promote B-cell activation and production of 

neutralizing antibodies (110). To determine the actual role of TNF in virus production 

which ultimately leads to a better immune response, we measured VSV titers 8h after 

infection. VSV titers were lower in Tnfa-/- mice than in control mice, a condition that 

negatively affects antiviral immune activation (Figure 5A). We wondered if ultraviolet 

light inactivated VSV (UV-VSV) could induce TNF production in the spleen? 

Surprisingly we found that UV-VSV was able to induce TNF expression but failed to 

reduce CD169+ cells in Tnfa-/- mice (Figure 5B+ C).  

The question arised if the CD169+ is down-regulated after infection. Notably, 

CD169–/– mice exhibited VSV-G expression in spleen tissue, a finding indicating that 

downregulation of the protein CD169 would not cause absence of virus replication 

(Figure 5D).  

Taken together, these findings indicate that the absence of TNF results in 

defective antiviral innate immune activation after infection with VSV.  
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Figure 5. Surface expression of CD169 is dispensable for VSV infection but TNF 

is essential to initiate the VSV replication. 

(A) WT and Tnfa-/- mice were infected with 105 PFU VSV. Viral titers were measured 

in the spleen of WT and Tnfa-/- mice 8 h after infection with VSV (n=6). (B) TNF-α 

mRNA expression was determined in the spleen of WT mice 4 h after injection with UV-

inactivated VSV (n=4). (C) Spleen tissue sections were stained with anti-CD169 

antibodies in WT and Tnfa-/- mice 8h after infection with 2×108 PFU of VSV ultraviolet 

(UV)-inactivated VSV (one result representative of 6 experiments is shown). (D) Snap-
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frozen spleen tissue sections from WT and CD169-/- mice were stained for CD169, B220, 

and VSV-G 7h after infection with 2×108 PFU VSV (n=3; scale bar = 100 µm). Figures 

were taken from Shinde et al., J Virol. 2018 Jan 17;92(3). 
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4.5 TNFR1 on CD169+ cells is essential for survival after VSV infection 

Since VSV replication was dependent on TNF we opted to study further, which 

receptors are involved in the observed phenotype. First, we assessed whether CD169+ 

cells express TNFRs. We employed real-time PCR to check for the expression of 

TNFRs. CD169+ cells exhibited expression of mRNA from TNF receptor superfamily 

member TNFR1 (Tnfrsf1a) and TNFR2 (Tnfrsf1b) (Figure 6A). To further characterize 

the role of TNF during viral infection, we infected TNFR1 and TNFR2-deficient mice 

with VSV. To elucidate proinflammatory and antiviral response, we measured various 

genes involved in the process. We observed that there was no gross difference between 

different genes characterized (Figure 6B). However, in line with findings from TNF-

deficient animals, the absence of TNFR1 but not that of TNFR2 resulted in a decrease 

in the number of CD169+ cells in spleen tissue (Figure 6C). Furthermore, VSV-G 

production was lower in Tnfrsf1a-/- animals than in WT or Tnfrsf1b-/- mice (Figure 6D). 

Consistently, VSV titers were reduced in spleen tissue shortly after infection in 

Tnfrsf1a-/- animals, in sharp contrast to the findings in WT and Tnfrsf1b-/- mice (Figure 

6E). Interestingly, IFN-I production was also defective in Tnfrsf1a-/- mice but was also 

lower in Tnfrsf1b-/- animals than in WT control mice (Figure 6F). These findings were 

also observed after intraperitoneal infection of TNFR1-deficient mice and control mice 

(Figure 6F). Taken together, these findings suggest that TNFR1 contributes to antiviral 

defense by promoting CD169+ cell survival.  
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Figure 6:  TNF acts via TNFR1 to support virus replication in CD169+ cells and 

contributes to induction of innate immunity. 

(A) Expression of tumor necrosis factor receptor superfamily 1a (Tnfrsf1a) and 

Tnfrsf1b mRNA was measured in the sorted CD11b+CD169+ cell population and 

compared to expression in sorted wild-type (WT) splenic B cells (n=3-5). (B) Wild-type 

(WT), Tnfrsf1a-/- (tumor necrosis factor receptor 1 [TNFR1]), and Tnfrsf1b-/- (TNFR2) 

mice were infected with 105 PFU VSV. Spleen tissue was harvested; mRNA expression 

levels of indicated genes were determined 4h after infection (n=3) (C) Spleen tissue 

sections from wild-type (WT), Tnfrsf1a-/- (tumor necrosis factor receptor 1 [TNFR1]), 

and Tnfrsf1b-/- (TNFR2) mice were stained with anti-CD169 and VSV-G antibodies 8 h 

after infection with 2 × 108 PFU of VSV (One representative result of n=6 mice is 

shown; scale bar = 100µm). (D) MFI of CD169 was quantified across spleen sections 

from WT, Tnfrsf1a-/-, and Tnfrsf1b-/- infected mice, using ImageJ (1-3 images per spleen 

from 3-4 mice were analyzed). (C-G) WT, Tnfrsf1a-/-, and Tnfrsf1b-/- mice were infected 

with 105 PFU VSV. (E) Viral titers were measured in spleen tissue 8h after infection in 

WT, Tnfrsf1a-/-, and Tnfrsf1a-/- mice (n=6-9). (F) IFN-α concentration was determined 

in the sera of WT, Tnfrsf1a-/-, and Tnfrsf1a-/- mice 24 h after infection with VSV (n=6-

9). Figures 4C, D, E and F were taken from Shinde et al., J Virol. 2018 Jan 17;92(3). 
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4.6 Essential antiviral response against VSV is mediated via TNFR1 which leads 

to protection of the host 

IFN-I is necessary for the expression of antivirally active IFN-stimulated genes 

(ISGs) (56). Since there was less IFN-I production, as expected, we found reduced 

expression of ISGs in the CNS of Tnfrsf1a–/– mice after infection with VSV (Figure 

7A). Defective ISG expression was not found to the same extent in Tnfrsf1b–/– CNS 

tissue (Figure 7B). Since, VSV can drive neuropathological symptoms by infecting the 

CNS (106), when we measured the viral titer in the spinal cord and brain tissue of mice 

exhibiting disease symptoms, we found infectious VSV in tissue from TNFR1-deficient 

mice (Figure 7C). Consequently, Tnfrsf1a-/- mice succumbed to VSV infection, unlike 

WT and Tnfrsf1b-/- mice (Figure 7D). These findings indicate that early IFN-I response 

is essential for controlling VSV infection which is dependent on TNFR1 and partially 

on TNFR2.  
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Figure 7: Ample activation of antiviral immune response against VSV results in 

protection of host via TNFR1 signaling. 

 (A) WT and Tnfrsf1a-/- mice were infected with 105 PFU VSV. RNA expression levels 

of indicated genes were determined in brain and spinal cord 24 h after infection (n=4-

7, highest relative expression values brain/spinal cord: Eif2ak2, 13.72/7.98; Ifit2, 

5.41/6.13; Ifit3, 35.99/34.15; Irf7, 68.80/54.55; Isg15, 42.54/51.23; Oasl1, 

70.43/84.94). (B) WT and Tnfrsf1b-/- mice were infected with 105 PFU VSV. RNA 

expression levels of indicated genes were determined in brain and spinal cord 24h after 

infection (n=3-4, highest relative expression values brain/spinal cord: Eif2ak, 

29.84/18.21; Ifit2, 7.99/10.24; Ifit3, 41.05/51.25; Irf7, 166.79/88.58; Isg15, 

29.78/52.99; Oasl1, 75.60/114.39). (C) Viral titers were measured in brain and spinal 

cord tissue of WT and Tnfrsf1a-/- mice, once Tnfrsf1a-/- mice exhibited hind limb 

paralysis (n=3). (D) Survival of WT, Tnfrsf1a-/-, and Tnfrsf1b-/- mice was monitored 

over time after infection with VSV (n=15-24). Figures were taken from Shinde et al., J 

Virol. 2018 Jan 17;92(3). 
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4.7 TNFR1 triggers the survival of CD169+ cells  

Even though TNFR1 deficient mice were unable to mount sufficient immune 

response against VSV, we wanted to confirm if there were any other defects in the 

transgenic mice which could interfere with immunity. Hence, we opted to characterize 

the knockout mice in a naïve and an infected state.  B cell-mediated Ltβ production is 

important for splenic CD169+ cells. Hence, we wondered whether defects in TNF 

signaling of B cells might be important for the observed defects. Notably, we did not 

observe any major phenotypes on B-cell subsets in TNF, TNFR1 or TNFR2-deficient 

mice (Figure 8A). Consistently, we did not see a differential expression of Ltα, Ltβ, or 

Ltβ receptor (LtbR) in TNFR1-deficient mice (Figure 8B). Additionally, we found no 

important differences in B-cell subsets between WT and TNFR1-deficient mice after 

infection (Figure 8C). Furthermore, we reconstituted lethally irradiated C57BL/6 mice 

with mixed bone marrow from Rag1–/– and Tnfrsf1a–/– donors at a ratio of 1:1. 

Compared to their corresponding control mice, mice reconstituted with Rag1–/–: 

Tnfrsf1a–/– bone marrow exhibited no significant reduction in IFN-α in the serum 

(Figure 8D). Furthermore, there was no difference between these mice in neutralizing 

antibody production (Figure 8E). In contrast, when we reconstituted lethally irradiated 

C57BL/6 mice with mixed bone marrow from CD169-DTR+ and Tnfrsf1a–/– donors at 

a ratio of 1:1, we found that the production of IFN-α was lower in these mice than in 

the corresponding WT control reconstituted with CD169-DTR+ and WT bone marrow 

(Figure 8F). Furthermore, we found slight, but significant differences in VSV 

neutralizing antibody titers in CD169-DTR: Tnfrsf1a–/– recipients when compared to 

corresponding DTR: WT recipient controls (Figure 8G). Furthermore, CD169+ cells 

can be depleted with CD11c-DTR mice, because they exhibit an intermediate 

expression of CD11c (111, 351). Consistently, lethally irradiated mice reconstituted 

with mixed bone marrow from CD11c-DTR+ and Tnfrsf1a–/– mice exhibited reduced 

concentrations of IFN-α after VSV infection (Figure 8H). These findings suggest that 

TNFR1 triggers cell-intrinsic effects on CD169+ cells.  
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Figure 8: TNFR1 specifically on CD169+ cells is essential for the adequate antiviral 

immune response. 

(A) Follicular B cells (CD19+CD23+) (FB), marginal zone B cells (CD19+CD21+ 

CD23-) (MZB), and regulatory B cells (CD19+CD21+ CD5+IgM+) (RB) were analyzed 

in naïve WT, Tnfa-/-, Tnfrsf1a-/-, and Tnfrsf1b-/- deficient mice (n=6). (B) Lymphotoxin 

α (LTα), LTβ, and lymphotoxin β receptor (LtβR) gene expression were determined in 

spleen tissue from WT and Tnfrsf1a-/- mice by reverse-transcription polymerase chain 

reaction (RT-PCR) (n=3). (C) Splenic B-cell populations FB, MZB, and RB were 

analyzed after infection with 2×108 PFU of VSV in WT and Tnfrsf1a-/- mice at indicated 

time points (n=5). (D) IFN-α concentration was determined 24 h after infection with 

105 PFU VSV in the sera of lethally irradiated mice reconstituted with either WT: Rag-

/- or Tnfrsf1a-/-: Rag-/- bone marrow at a ratio of 1:1 (n=4). (E) Neutralizing total 

immunoglobulin (Ig; left) and IgG (right) antibody titers were determined in the sera 

of WT: Rag-/- or Tnfrsf1a-/-: Rag-/- reconstituted animals (n=4). (F-H) Lethally 

irradiated WT mice were reconstituted with bone marrow (BM) from WT or Tnfrsf1a-/- 

mice mixed with BM from (F) CD169-DTR and (H) CD11c-DTR at a 1:1 ratio. After 

40 days, mice were infected with 105 PFU of VSV. Before the infected mice were treated 

with 2 doses of 100 ng DT via intraperitoneal injection (F) IFN-α concentration was 

determined 24h after infection in the sera of WT:CD169-DTR and Tnfrsf1a-/-: CD169-

DTR reconstituted animals (n=4-5). (G) Neutralizing total immunoglobulin (Ig; left) 

and IgG (right) antibody titers were determined in the sera of WT:CD169-DTR and 

Tnfrsf1a-/-: CD169-DTR reconstituted animals after infection with 105 PFU VSV at 

indicated time points (n=4). (H) IFN-α concentration was determined 24 h after 

infection in the sera of WT: CD11c-DTR and Tnfrsf1a-/-: CD11c-DTR reconstituted 

mice (n=4-5). Figures were taken from Shinde et al., J Virol. 2018 Jan 17;92(3). 
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4.8 Absence of TNF signaling leads to increased apoptosis in CD169+ cells after 

VSV infection  

We speculated that TNF delivers an important survival signal for CD169+ cells. 

To determine if TNF is involved in protection against VSV induced apoptosis, we 

measured caspase 3 activity on whole spleen tissue lysates. After VSV infection caspase 

3 activity was significantly higher in spleen tissue of Tnfa-/- mice compared to control 

animals (Figure 9A). VSV is known to induce apoptosis and inactivates Mcl-1 and Bcl-

Xl (352).  To elucidate if TNF plays a role in promoting expression of anti-apoptotic 

genes, we measured mRNA expression of Bcl2, Bcl-Xl and xIAP in spleen tissue of 

mice after VSV infection. After VSV infection, Bcl2 and Bcl-Xl expression were 

significantly reduced in Tnfa-/- mice compared to WT mice (Figure 9B). To enumerate 

the mechanism which reduces CD169+ cells in TNF deficient mice after infection we 

made use of terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) 

assay. The number, as well as the mean fluorescence intensity of TUNEL-positive 

CD169+ cells, was higher in spleen tissue from TNF deficient mice than in tissue from 

corresponding WT control mice (Figure 9C+D). The proportion of CD169+ cells that 

stained positive for 7-amino actinomycin D (7-AAD) was higher in TNFR1-deficient 

mice than in WT control mice 8h after infection (Figure 9E). Next, we wondered if we 

can rescue the CD169+ cells by injecting the pan-caspase inhibitor Z-Val-Ala-Asp-

fluoromethylketone (zVAD-FMK). Z-VAD treatment restored the presence of CD169+ 

cells in TNF-deficient animals, a finding indicating that CD169+ cells depend on TNF-

mediated survival (Figure 10A+B). Although treatment of TNF-deficient mice with Z-

VAD rescued CD169+ cells, it failed to rescue the IFN-I response suggesting the role 

of TNF signaling is not only essential to prevent apoptosis, but also for IFN-I 

production (Figure 10C).  

In summary, these findings indicate that TNF delivers a survival signal that is 

important for the maintenance of CD169+ cells in the spleen after viral infection.  
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Figure   9: Activation of TNF-TNFR1 signaling axis protects CD169+ cells from 

VSV induced apoptosis.  

(A-E) Mice were infected with 2 × 108 PFU VSV. (A) Caspase 3 activity was 

determined in spleen tissue harvested from WT and Tnfa-/- mice 6h after infection with 

2×108 PFU VSV (n=4-7, RFU = relative fluorescence units). (B) Bcl2, Bclxl, Xiap RNA 

expression was determined in spleen tissue from WT and Tnfrsf1a-/- mice 8h after 

infection (n=3). (C) Tissue sections from WT and Tnfa-/- mice were stained with 

terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 5 h after 

infection (one result representative of 3 or 4 mice is shown; scale bar = 10 µm). (D)  

Mean fluorescence intensity (MFI) of TUNEL was quantified across spleen sections 

from naïve and VSV infected WT and Tnfa-/- mice using ImageJ (1-2 images per spleen 

from 3-4 mice were analyzed). (E) At indicated time points, the proportion of 7 amino 
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actinomycin D–positive (7AAD+) cells among CD11b+CD169+ cells were determined 

(n=5) in WT and Tnfrsf1a-/- mice. Figures were taken from Shinde et al., J Virol. 2018 

Jan 17;92(3). 
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Figure 10: VSV induced apoptosis can be partially rescued using apoptosis 

inhibitors. 

(A) WT, Tnfa-/- and Tnfrsf1a-/- mice were treated with Z-Val-Ala-Asp-

fluoromethylketone (zVAD-FMK) and infected with 2 × 108 PFU VSV. Spleen tissue 

sections were stained with anti-CD169 antibodies 8 h after infection (one result 

representative of 3-4 mice is shown; scale bar = 100 µm). (B) MFI of CD169 was 

quantified across spleen sections from naïve and VSV infected WT and Tnfa-/- mice 

treated with Z-VAD using ImageJ (1-3 images per spleen from 3-4 mice were analyzed).  

(C) IFN-α concentration was determined 24 h after infection in the sera of Z-VAD 

treated WT and Tnfa-/- mice after infection with 105 PFU of VSV (n=3). Figures were 

taken from Shinde et al., J Virol. 2018 Jan 17;92(3). 
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4.9 Transcription factor RelA associated gene signature upregulates after VSV 

infection in CD169+ cells 

TNF can induce NF-κB activation via TNFR1 and can promote the expression 

of genes driving survival and of proinflammatory cytokines (284). As expected, genes 

under the transcriptional control of transcription factors (TF) regulated by IFN-I were 

significantly overrepresented (Figure 11A). Interestingly, after VSV infection of 

CD169+ cells, one crucial TF exhibiting the potential to bind approximately 28% of the 

NF-κB pathway genes was RelA (Figure 11A). Hence, we opted to further investigate 

the role of NF-κB. Using KEGG pathways, we found that RelA was involved in multiple 

pathways regulating infectious diseases (Figure 11B). Consistently, RelA expression 

was increased in the marginal zone of spleen tissue after VSV infection (Figure 11C). 

Furthermore, nuclear expression of RelA in CD169+ cells was higher in VSV-infected 

mice than in naïve control mice (Figure 11D).  
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Figure 11: VSV infection leads to increase in RelA translocation in the nucleus 

indicating activation of NF-kB in CD169+ cells  

(A) Overrepresentation of transcription factor (TF) binding sites of Type I 

interferon (IFN-I)-regulated TFs. Percentage of up-regulated gene promoter regions 

containing significant binding motifs (Fisher’s exact test; false discovery rate [FDR] 

< 0.001). (B) Promoter analysis for the RelA binding motif. The percentage represents 

promoters of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway genes 

containing the significant motif (Fisher’s exact test; FDR < 0.05). (C-D) Sections of 

snap-frozen spleen tissue were analyzed after infection with 2 x 108 PFU VSV. (C) 

Sections were stained for RelA before and after infection (one result representative of 

3 experiments is shown; scale bar = 100 µm; side panel shows the cropped image; 

scale bar = 10 µm). (D) Mean fluorescence intensity (MFI) of RelA in the nucleus and 
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the cytoplasm was quantified in CD169+ cells from WT mice with ImageJ software (n 

= 48-63 are shown). Figures were taken from Shinde et al., J Virol. 2018 Jan 17;92(3). 
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4.10 Nuclear translocation of RelA, a hallmark of signaling via TNFR1 after 
VSV infection   

 Next, we wondered whether nuclear RelA expression was dependent on 

TNFR1. As expected, compared with WT control mice, VSV-infected mice exhibited 

reduced expression of RelA in the nuclear compartment of CD169+ cells in absence of 

TNF (Figure 12A). Notably, the presence of RelA was reduced in TNFR1 deficient 

mice, but we observed no difference in RelA expression between TNFR2-deficient 

mice and corresponding control mice (Figure 12C).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: TNFR1 dependent nuclear RelA translocation hints at the involvement 

of TNF signaling. 

(A to C) Sections from snap-frozen spleen tissue harvested from WT and Tnf-/-, Tnfrsf1a-

/- and Tnfrsf1b-/- mice of naive and infected with 2 x 108 PFU VSV were stained with 

anti-RelA antibodies, and RelA MFI in the nucleus of CD169+ cells was determined. 

Figures were taken from Shinde et al., J Virol. 2018 Jan 17;92(3). 
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4.11 The NF-κB regulator MALT1 promotes canonical NF-κB expression, VSV 

replication in CD169+ cells, and immune activation during viral infection 

RelA signaling can be reduced by RelB through sequestration of RelA and 

competitive binding of DNA (353). We used immune histochemistry to determine the 

presence of RelB in splenic tissue sections. We found that RelB can be detected in the 

marginal zone of spleen in mice (Figure 13A). Whereas, once CD169+ are depleted in 

CD169-DTR mice, RelB staining in the marginal zone is decreased significantly 

(Figure 13A). Since the paracaspase MALT1 is known to promote canonical NF-κB 

signaling by cleaving RelB (354, 355), ablation of MALT1 resulted in increased levels 

of RelB in CD169+ cells in the marginal zone of the spleen (Figure 13B). Using 

immunofluorescence, we quantified the presence of RelB in the cytoplasm and nucleus 

of MALT deficient mice. As expected, RelB levels were significantly higher in Malt1–

/– mice compared to control mice (Figure 13C+D).  

  In turn, nuclear RelA levels were lower in CD169+ cells in Malt1–/– spleen tissue 

than in control tissue (Figure 14A). Consistently, mouse embryonic fibroblasts (MEFs) 

derived from Malt1–/– mice showed reduced translocation of p65 into the nucleus after 

stimulation with TNF and increased expression of RelB (14B+C). These findings 

indicate that MALT1 destabilizes RelB in the marginal zone to promote canonical NF-

κB signaling. The presence of CD169+ cells in spleen tissue was not affected by Malt1 

before or after infection with VSV (Figure 15A). However, the expression of VSV-G 

was much lower in Malt1-/- mice than in control mice (Figure 15B+C). Consistently, 

the numbers of infectious VSV particles were lower in spleen tissue harvested from 

Malt1-/- mice than in corresponding tissue from control mice (Figure 15D). Hence, IFN-

I serum concentrations after VSV infection were lower in MALT1 deficient mice than 

in control mice (Figure 15E). This finding was probably dependent on defective VSV 

replication early during infection because injection with poly I:C did not result in 

variations in IFN-I levels in the serum (Figure 15F), a finding consistent with previous 

findings (356). Consequently, although control mice could overcome VSV infection, 

Malt1-deficient mice succumbed to the infection (Figure 15G).  



 

91 

 

Taken together, these findings indicate that absence of MALT1 results in 

reduced canonical NF-κB signaling in response to infection. Malt1-deficient mice 

exhibit reduced viral replication and immune activation.  

 

 

 

 

 

 

 

 

 

 



 

92 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure. 13
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Figure 13: MALT1 deficiency leads to accumulation of RelB in the cytoplasm of 

splenic CD169+ cells. 

(A)  Wild-type (WT) and CD169–diphtheria toxin receptor (CD160-DTR) mice were 

infected with 2 × 108 plaque-forming units (PFU) of vesicular stomatitis virus (VSV). 

Formalin-fixed spleen tissue was stained for RelB (one result representative of 3 

experiments is shown; scale bar = 100 µm). (B) Snap-frozen spleen tissue sections from 

Malt1+/- and Malt1-/- mice were stained with anti-RelB antibody 4 h after infection with 

2 × 108 PFU VSV (one result representative of 3 experiments is shown; scale bar = 

100 µm). (C) Sections from snap-frozen spleen tissue harvested from naive Malt1+/- and 

Malt1-/- mice were stained with anti-RelB antibodies (one representative result of n=3 

is shown; scale bar = 10 µm). (D) MFI of cytoplasmic and nuclear RelB was quantified 

in CD169+ cells using ImageJ (n=39-42).  
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Figure 14: MALT1 facilitates NF-kB signaling via degrading RelB and 

translocation of RelA (p65). 

(A) Sections of snap-frozen spleen tissue from Malt1+/- and Malt1-/- mice were stained 

with anti-RelA antibodies 4h after infection with 2 x 108 PFU VSV. The MFI in the 

nucleus of CD169+ cells was quantified (n=29-41). (B+C) Malt1+/- and Malt1-/- mouse 

embryonic fibroblasts (MEFs) were stimulated with 100 ng/ml recombinant mouse 

tumor necrosis factor (rmTNF) at indicated time points. Cytosolic (CE) and nuclear 

extracts (NE) were harvested and probed for p65. Densitometry analysis of p65 and 

RelB was performed on the WB images from cytosolic and nuclear fractions at 

indicated time points. Proteins were normalized to GAPDH or histone (n=4). Figures 

were taken from Shinde et al., J Virol. 2018 Jan 17;92(3). 
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Figure 15: MALT 1 plays an important role in survival of mice via induction of 

antiviral response. 

(A) Spleen sections from naïve Malt1+/- and Malt1-/- mice were stained with anti-CD169 

(one representative result of n=3 is shown; scale bar = 100 µm). (B) Sections of snap-

frozen spleen tissue from Malt1+/- and Malt1-/- mice were analyzed 8h after infection 

with 2 x 108 PFU VSV, stained with anti-CD169 and anti–vesicular stomatitis virus 

glycoprotein (VSV-G) (one representative result of n=3 is shown; scale bar = 100 µm). 

(C) MFI of CD169 and VSV-G was quantified across spleen sections from VSV infected 

Malt1+/- and Malt1-/- mice using ImageJ (n=4). (D and E) Mice were infected with 105 

PFU VSV. (D) Viral titers were measured in spleen tissue of Malt1+/- and Malt1-/- mice 

8h after infection (n=6). (E) IFN-α concentration was determined in the sera of Malt1+/- 

and Malt1-/- mice 24 h after infection (n=6). (F)  IFN-α concentration was determined 

in the sera of Malt1+/- and Malt1-/- mice injected with 200µg polyinosinic:polycytidylic 

acid (poly I:C) at indicated time points (n=3-4).  (G) Survival of Malt1+/- and Malt1-/- 

animals were monitored for 20 days after infection (n=13-14).  Figures were taken 

from Shinde et al., J Virol. 2018 Jan 17;92(3). 
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5. Discussion 

In this study, we found that TNF plays a crucial role in the maintenance of CD169+ 

cells early after infection with VSV. Consequently, TNF, TNFR1, and MALT1 deficient 

animals exhibited reduced immune activation and limited IFN-I production, which 

consequently led to a severe VSV infection and mortality (357).   

VSV is used as a model of virus infection to study IFN-I and tumor biology (358). 

Oncolytic activity of VSV can be attributed to defective IFN-I signaling in most of the tumor 

cells, as it was shown that phosphorylation of eIF2 alpha was aberrant due to defective eIF2B 

activity (359). eIF2 alpha phosphorylation is an essential step to produce antiviral genes. At 

the cellular level, protein kinase R (PKR) is a catalyst for eIF2 alpha phosphorylation leading 

to inhibition of viral protein synthesis, but it is not sufficient because STAT1- deficient mice 

succumbed to infection as well, even in the presence of PKR (360).  Although VSV is highly 

neuropathic (60), it’s rapid clearance depends heavily on neutralizing antibodies (361). 

However, long-term survival was shown to depend on T cells, as T cell-deficient mice 

succumbed to infection in 30 days  (361). Hence, it can be concluded that the multilayered 

protection of IFN-I, neutralizing antibodies and T cell response is essential to prevent fatal 

VSV infection.   

Viral infections activate a number of pathways by induction of innate immunity by 

NK cells, DCs, macrophages. Virus recognition by PRRs such as RIG-I, MDA5, and TLRs 

leads to activation of NF-kB, which in turn leads to secretion of various pro-inflammatory 

cytokines (362, 363). TNF, IFNg, IL2, IL6, IL12 are some of the primary cytokines released 

after viral infections (362, 364, 365). Cytokines produced after the infection leads to 

upregulation of MHC-I and II molecules, costimulatory molecules on DCs which confer their 

maturation and increases their efficacy in antigen presentation (366, 367). VSV infection, 

which was used in this study, has a different outcome depending on the route of infection. It 

is reported that intranasal infection of MyD88 deficient mice are susceptible to infection 

whereas intravenous infection of MyD88 deficient mice does not show any signs of morbidity 

and mortality (368).  However, intravenous route of infection with VSV has been used to 

study a number of antiviral mechanisms, such as IFN-I response and the role of CD169+ 
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macrophages in the spleen and LN (60, 110, 337, 345). In the recent years, CD169+ 

macrophages have received considerable attention in their ability to capture, process and 

present antigen to APCs or directly to T cells (163, 165). Furthermore, CD169+ cells have 

been shown not only to present antigens to B cells in the lymph nodes but also to prime T 

cells (160, 164). Moreover, CD169+ cells are important for virus-mediated IFN-I production, 

which prevents severe CNS infection in mice (345). Since CD169+ cells in the marginal zone 

are in close contact with pathogens and are ideally situated to induce an immune response 

(369). Hence it is imperative to study further the mechanisms involved in CD169+ 

macrophage functions.    

 In our study, we used a similar approach of intravenous infection of VSV in wild-

type C57Bl/6 mice and checked for gene expression of the whole transcription genome level 

using RNAseq. As expected, several antiviral genes were upregulated after the infection such 

as Oasl1, Ifit1, Ifit2 and Rsad2. We observe one of the transcription factor in NF-kB, RelA 

to be significantly upregulated in CD169+ macrophages after VSV infection.  It is well 

known, that NF-kB is a major contributor to immunity (370), it prompted us to study further 

the role of cytokines which induce NF-kB.   

Splenic TNF RNA expression was increased after the VSV infection at early time 

points (Within a few hours). This viral replication in CD169+ cells, which is promoted by 

TNF, contributes to improved antigen production following VSV infection (357). 

Furthermore, our findings show that the translocation of RelA to the nuclei of CD169+ cells 

after VSV infection is dependent on TNF. It has been postulated that canonical NF-κB can 

contribute to the production of IFN-α (371, 372). However, RelA-deficient and p50-deficient 

MEFs can produce IFN-α after viral infection, whereas only early IFN-I transcription is 

reduced (373, 374). Furthermore, RelA-deficient plasmacytoid dendritic cells (pDCs) 

exhibited reduced IFN production after exposure to Sendai virus (375). Our findings indicate 

that canonical NF-κB activation can also promote early viral replication and consequently 

contribute to the production of IFN-I. This increased production of IFN-I induces an antiviral 

state in the cells which become resistant to subsequent viral infections. In our setting we 

found that TNF deficient mice produced less amount of virus particles which led to reduced 

IFN-I production and succumbed to the virus infection (357).  
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The role of TNF during viral infection is complicated depending on the site and the 

cell types involved in the infection. Although reports describe activating polymorphisms in 

TNF, which are associated with the establishment of a chronic viral infection (376), other 

reports state that the same mutations are protective against chronic hepatitis B virus infection 

(HBV) (377). In vitro, TNF can propagate the viral replication of HCV (378) although HCV 

increases the incidence of TNF-induced apoptosis (379). On the other hand, TNF strongly 

inhibits influenza virus replication in porcine lung epithelial cells (380). Consistently, the 

attenuation of TNF signaling in a murine T cell-independent model of HBV infection results 

in viral persistence (381). In turn, the application of Smac mimetics enhances TNF signaling 

and is associated with increased clearance of HBV in this model system (382).  

All these studies point towards the conclusion that TNF plays a wide variety of roles 

depending upon the type of infection. In our VSV model of infection, VSV replicates in 

CD169+ owing to increased expression of USP18, which interferes with IFN-I signaling by 

cleaving ISG15 complexes and binding to IFNAR2 (161, 383). However, VSV is a 

cytopathic virus, hence there must be a mechanism involved in the survival of the infected 

CD169+ cells. Our observations suggest that TNF produced by the CD11b+ Ly6C+Ly6G+ 

neutrophil-like granulocytes, provide an essential signal via TNFR1 for the survival of 

CD169+ cells (357). These granulocytes home into the infection sites by sensing the gradient 

of various proinflammatory cytokines (IL1, IL6, and TNF) and chemokines (CXCL1 and 

CXCL8) (384). Although short-lived, they show a potent signature of acute phase response 

genes, induction of TNF, IL6 and NF-kB, MAPK and JAK-STAT once they are at the site 

of infection (348). Granulocytes lack TLR3 but express TLR7, MDA-5, and RIG-I which 

helps in pathogen recognition and contribute to secretion of TNF, CXCL10, CCL4, IL-8 as 

well as IFN responsive genes (385, 386). 

Our findings that TNF is crucial for the maintenance of CD169+ cells in the spleen 

tissue may be important for infections with lower doses of virus because allowing viral 

replication in CD169+ cells is particularly important for protective adaptive immunity (110, 

337). This may be crucial for the maintenance of CD169+ cells in spleen tissue during 

vaccination with attenuated virus strains or VSV vector-based vaccines (112).  However, 

these findings may not only be specific for splenic CD169+ cells, since intranasal infection 
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with recombinant TNF overexpressing Rabies virus (RV), reduced RV load and mortality 

(387). On the similar grounds, TNF and IFNg have been shown to clear HBV and LCMV 

from hepatocytes independent of cytotoxic CD8+ T cells mediated killing by activating 

intracellular antiviral genes (388, 389).  

Our findings show that TNF promotes maintenance of CD169+ cells and IFN-I.  

Regulation of NF-κB is essential and which can be achieved by ubiquitination and 

deubiquitination of various components of NF-κB (390). Deubiquitinating enzymes such as 

cylindromatosis (CYLD) and A20 are one of the best characterized (391). CYLD interacts 

with the NF-kappa-B essential modulator (NEMO) and inhibits its activity, whereas it 

removes K63 -linked ubiquitins from certain proteins of the TNF signaling pathway (TRAF2, 

TRAF6, RIP1, and TAK1) (391). A20 regulates RIP1 by ligating it with K48- linked 

ubiquitin and sending it off to proteasomal degradation (392). RelA, a part of heterodimer is 

phosphorylated and acetylated after the activation which is essential for its nuclear transport 

and DNA binding activity (275, 393).  

 Recently another system of regulation of NF-κB has been discovered; RelB a member 

of the non-canonical NF-κB pathway where it forms a complex with p52 and translocates to 

the nucleus. RelB forms a complex with RelA in the cytoplasm and renders its DNA binding 

capacity to null (353) reducing NF-κB regulated gene expression. Furthermore, RelB itself 

can be cleaved by the paracaspase MALT1 and consequently promote canonical NF-κB 

signaling (354, 355).  Our results show that VSV replication also depends on MALT1, which 

concurs with previous studies. As we see reduced VSV replication in the spleen of MALT1 

deficient mice, which hints at the regulation of negative NF-κB in CD169+ cells (357). Soon 

after infection CD169+ cells underwent apoptosis in TNF or TNFR1 deficient mice, which 

points to an important role of TNF in preventing apoptosis of virus-infected cells. VSV is 

known to induce apoptosis via the mitochondrial pathway and caspase 9  (352, 394). The Bak 

and Bax proteins play a role in permeabilization of the mitochondrial membrane and 

antiapoptotic BCL-2, BCL-XL, and MCL1 proteins can inhibit their activity and apoptosis 

(395). In our study, we found less BCL2 and BCL-XL in TNF deficient mice after VSV 

infection which points to an essential role of TNF in virus infection.    
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In summary, upon systemic VSV infection virus particles captured by CD169+ cells, attracts 

CD11b+ Ly6C+Ly6G+ neutrophil-like granulocytes at the site of infection, which provide 

TNF to CD169+ cells which activate the canonical NF-kB signaling (357). This activation 

results in survival of infected cells which further leads to controlled amplification of VSV. 

This increased virus load is recognized by the bystander DCs which ultimately secrets 

copious amounts of IFN-I resulting in antiviral defense (Graphical Figure 5). Taken together, 

we have found that TNF-TNFR1 signaling is crucial for protecting CD169+ cells and their 

function in innate immune activation during VSV infection.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Graphical Figure 5. Figure depicting signalling cascade and the events in the 

spleen after VSV infection. 
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