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I. General Introduction 

 
I.1 Passive Antibody Therapy 

 
I.1.1 Brief History of Passive Antibody Therapy and Monoclonal Antibodies 

The ability of the specific antibody-based therapies to protect against bacterial toxins was 

discovered by Behring and Kitasato in 1890s (Behring, 1890).  This discovery naturally 

pioneered the rapid development of the antibody-based (animal serum) therapies for the 

treatment of several infectious diseases including measles (Janeway, 1945) and polio 

(ALEXANDER, 1943; Alexander and Heidelberger, 1940; Casadevall and Scharff, 1995; 

Hammon et al., 1952).  These therapies were also known by the term “serum therapy”, but 

effective administration of such big quantities of animal serum resulted in varying degree of 

side effects (from hypersensitivity syndrome to serum sickness). During 1930s, antibody 

purification methods were developed and this technology expectedly reduced the amount of 

toxicity of the serum therapy. Yet, around 1935-1940, the use of antibody-based serum therapy 

significantly declined due to the introduction of sulphonamides and other antimicrobial 

chemotherapies.  

The area of antibody therapy was drastically revolutionized with the discovery of the in vitro 

production of monoclonal antibodies (mAbs) by immortalized B cell cultures, now known as 

hybridomas (Köhler and Milstein, 1975). This technology paved the way for the possibility of 

the production of large quantities of antibodies with a predefined specificity. Following this 

technology, and with the advancements in molecular cloning and recombinant DNA 

technology, many different approaches of human mAb production were established (Green et 

al., 1994; Lonberg et al., 1994; McCafferty et al., 1990; Steinitz et al., 1977; Wrammert et al., 

2008).   
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Another revolutionary technique was developed to allow the amplification of the heavy and 

light chain genes from a single human B cell, followed by the cloning of these respective genes 

into the expression vectors (Wardemann et al., 2003). These advancements made it possible to 

use these monoclonal antibodies in the field of infectious diseases. Vaccine-induced immunity 

or the pathogenesis of the disease can be better investigated by using such antibodies. When 

the new sequencing technologies were taken into account, investigating the neutralization 

sensitivity or the isolation of the antibodies with the particular functional properties had 

become more applicable.  

 

I.1.2 Passive Antibody Administration Against Infectious Diseases 

In the context of viral infections, passive antibody administration of neutralizing antibodies 

(nAb) to control or protect against the infection has been studied for various virus models. In 

HIV field, combination of high-throughput neutralization assays, and single-B cell receptor 

sequencing (using HIV-envelope specific probes) techniques made it possible to identify 

extremely potent new generation broadly neutralizing antibodies (bNAbs) that were 100-fold 

more potent than the earlier generations (Scheid et al., 2009; Walker et al., 2009; Wu et al., 

2010). bNAbs are antibodies that have the ability to neutralize a broad range of strains of a 

highly antigenically variable pathogen (Corti and Lanzavecchia, 2013).  

Antibodies mediate their functions via targeting a specific epitope with their variable domains. 

Effector functions are mediated by the constant domains by engaging with the Fc receptors of 

the host. Currently, over 70 monoclonal antibodies are used in the clinic with the aim of treating 

a wide spectrum of diseases (Kaplon and Reichert, 2019). Chronic viral infections and cancer 

share some common features that eventually makes the treatment complicated, including high 

degrees of genetic adaptation to the therapeutic interventions, rare occurrence of spontaneous 

immune control and the necessity of the combinatorial drug therapy. Considering the 
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significant impact of immunotherapy in the treatment of several cancer types, the applicability 

of such similar ideas to the treatment of chronic viral infections is a necessary concept, which 

needs to be investigated. One signature example of such chronic viral infections is human 

immunodeficiency virus (HIV) infections. mAbs were shown to be protective against HIV-1 

in chimpanzees already three decades ago (Emini et al., 1992). In Rhesus macaques, first 

generation anti-HIV mAbs or pooled-sera from HIV-infected individuals were shown to be 

protective even at low doses against high-dose mucosal challenge (Parren et al., 2001). Such 

protective capacity was shown to be directly related to the potency of the given mAb. For 

instance, considering two most clinically advanced anti-HIV-1 bNAbs; 3BNC117 and VRC01 

(binding to the same target site on the viral glycoprotein Env “CD4 binding site” (CD4bs)), 

3BNC117 confers protection for over a median of 13 weeks, whereas VRC01 (less potent than 

3BNC117) protects only for 8 weeks in macaques challenged with simian-human 

immunodeficiency virus (SHIV), a virus that combines the elements from simian 

immunodeficiency virus (SIV) with the HIV-1 Env (Gautam et al., 2016; Li et al., 1992; 

Shibata et al., 1991).  

Therapeutic effects of passive administration of mAbs against HIV-1 were studied both in mice 

and macaques. In humanized mice, initial tests were done nearly two decades ago with the first 

generation mAbs, but these studies shown little or no effect on viremia, neither with individual 

administration, nor with the combination therapy. Second generation bNAbs were much more 

potent (Klein et al., 2012; Klein et al., 2013; Poignard et al., 1999). Viral loads were reduced 

significantly in humanized mice challenged with HIV-1 and were later treated with bNAbs 

(Klein et al., 2012). The combination therapy with bNAbs were more effective compared to 

the monotherapy in preventing the occurrence of the viral escape variants. Combination 

therapies were targeting non-overlapping sites on Env, and viremia was completely suppressed, 

and suppression was maintained over 60 days. Moreover, the rebounding virus was still 
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susceptible to the bNAbs as shown in humanized mice (Diskin et al., 2013; Freund et al., 2017; 

Klein et al., 2014). Similar studies were conducted on macaques. No escape mutations were 

observed in SHIV infected macaques receiving the combination therapy, whereas the viral 

escape occurrence was detected in monotherapies depending on the SHIV strain used or the 

mAb chosen (Barouch et al., 2013; Shingai et al., 2013).  In terms of remission efficacy in the 

preclinical models, 50% of the humanized mice infected with HIV-1 shown remission after the 

combination treatment with bNAbs and checkpoint-blockade inhibitors (Halper-Stromberg et 

al., 2014). In macaques, from 13 macaques that were challenged with SHIV and were treated 

3 days later with the combination therapy, 6 macaques were shown to be undetectable after 1 

year. Yet, another study has shown that clearance was dependent on the initial viral loads; 

lower loads associated with viral clearance. These therapies were given as a combination of 

antiretroviral therapy (ART) and TLR-7 agonist (Borducchi et al., 2018; Nishimura et al., 

2017).  

 

I.1.2.1 Effects of Passive Antibody Therapy on Endogenous Immune System 

Passive antibody therapies are giving quite encouraging results to understand the alternative 

strategies to control infectious diseases. In addition to their effectivity, it will be very precious 

to delineate the impact of antibody therapies on the endogenous immune compartments. The 

synergy of the therapy with the endogenous immune system would be another advantage of 

such therapies. There is only limited research investigating the impact of antibody therapies on 

endogenous immune compartments. One such study focuses on the effects of an 

aforementioned promising bNAb (3BNC117A) on HIV-infected individuals (Schoofs et al., 

2016). The host endogenous antibody responses were shown to be improved for neutralizing 

activity against heterologous tier-2 viruses. Passively administered antibody was also shown 

to accelerate the clearance of the infected CD4+ T cells via an FcgR-mediated mechanism in 
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HIV-1 infection model in vivo, in mice (Lu et al., 2016). Antibodies can be transferred from a 

pregnant mother to its offspring perinatally. In order to mimic the transfer of nAbs from HIV-

infected mothers to the fetus perinatally, new born macaques were passively administered with 

nAb against SHIV. These macaques have shown rapid increase in the endogenous nAb levels, 

as well as a more robust reduction in viremia (Ng et al., 2010). These studies try to address 

antibody responses upon passive antibody infusion, but the effects on endogenous antibody 

responses against the escape variants or virus specific B cell compartments remain to be 

elucidated.  

 

I.1.2.2 Passive Antibody Therapy in Clinical Trials  

The first clinical trial for treating HIV-infected individuals was conducted in 1992, by using 

pooled polyclonal antibodies, and little or no antiviral effect was observed (Vittecoq et al., 

1992). In 1998, the first monoclonal antibody trial was conducted in viremic individuals, again 

with little or no effect on viral loads (Cavacini et al., 1998). Combination therapies with first 

generation antibodies, in addition, did not show any significant effect on the infection control 

(Armbruster et al., 2004).  

The introduction of second generation bNAbs has shown that a single infusion of 3BNC117 

led to a drop in the viral loads in 10 out of 11 viremic individuals, and viral suppression was 

maintained about 28 days post administration (Caskey et al., 2015). Similar results were 

observed with an alternative bNAb (10-1074) (Caskey et al., 2017). In line with the 

observations with the preclinical studies, combination therapy with these two bNAbs was far 

more effective than the monotherapy in the viremic individuals (Bar-On et al., 2018). Yet, 

again, the suppression of the viral loads was dependent on the initial baseline viral loads. The 

participants with the high viral loads could not completely suppress viremia.  
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I.2 Somatic Gene Therapy 

Gene therapy is defined by Food and Drug Administration (FDA) as “products that mediate 

their effects by transcription and/or translation of transgenic genetic material and/or integrating 

into the host genome and that are administered as nucleic acids, viruses or genetically 

engineered microorganisms” and European Medicines Agency (EMA) classifies them as gene 

therapy medicinal product (GTMP) and defines as “biological medicinal product that contains  

an active substance which contains or consists of a recombinant nucleic acid in or administered 

to humans to regulate, replace, add or delete genetic sequences or its therapeutic, prophylactic 

or diagnostic effect relates directly to recombinant nucleic acid it contains, or to the product of 

genetic expression of this sequence” (Hanna et al., 2017) . To date, there are over 2,500 clinical 

studies that were initiated that harbor gene therapy. Applicability of such therapies 

encompasses a wide spectrum of conditions including infectious diseases, monogenic 

disorders, cancer and neurodegenerative diseases (Ginn et al., 2018). Gene therapy can include 

delivery of various genetic materials including deoxyribonucleic acid (DNA), messenger 

ribonucleic acid (mRNA), microRNA (miRNA), small interfering RNA (siRNA), and 

antisense oligonucleotides to specific cell types, tissues or organs (Chen et al., 2018).  

Gene therapies conventionally can be subcategorized depending on the disease (genetic disease 

or acquired disorder), use of the gene delivery vehicle (integrating or non-integrating), the type 

of administration (in vivo, in situ or ex vivo), and the target cell (somatic cell or germ-line cell). 

In somatic gene therapy, cells, except for sperm and egg cells, are targeted. Such therapy 

confines the genetic changes to the individual and is a safer approach in the sense that these 

genetical changes are not passed on to the offspring. Delivery approaches for somatic gene 

therapy can be categorized as ex vivo, in situ, and in vivo. In ex vivo gene therapy, target cells 

are isolated from a patient`s tissue or blood, and are subjected to gene therapy, and re-

administered back to the patient. A successful demonstration of such a therapy is chimeric 
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antigen receptor T-cell therapy (Kymriah – Novartis) which is FDA approved. In this therapy, 

T cells are isolated from the patients and genetically engineered to recognize CD19 presented 

on B cell lymphomas, and cells are reintroduced into the patients afterwards (Ruella and 

Kenderian, 2017). In situ delivery, on the other hand, involves the direct administration of the 

genetic material into the specific cell or to the tissue. The therapies being worked on with this 

technique include ischemia, cancer and cystic fibrosis (Deev et al., 2018; Guan et al., 2017; 

Manunta et al., 2017). In vivo gene therapy, however, is one of the most promising therapy 

types, and it can contain viral and non-viral vectors to deliver the therapeutic products. Viral 

vector delivery in gene therapy has become a reliable and effective therapy method with 

accumulating research.  

 

I.2.1 Viral Vectors in Gene Therapy 

Viral vectors used in gene therapy have a broad spectrum containing temporary expression or 

long-term permanent expression gene delivery vehicles. Viruses used in gene therapy include 

DNA and RNA viruses with single-stranded (ssRNA or ssDNA) or double-stranded (dsDNA) 

genomes. The most commonly used viral vectors are adenoviral vectors and adeno-associated 

virus vectors. Yet, gene therapy with lentiviral vectors, retroviral vectors and herpex simplex 

virus (HSV) vectors is also relatively commonly used.  

 

I.2.1.1 Retroviral and Lentiviral Vectors in Gene Therapy 

Retroviruses are enveloped single-stranded RNA viruses (Solly et al., 2003). One of the major 

concerns for the usage of the retrovirus delivery is the random integration ability of the virus, 

as previously shown in severe-combined immunodeficiency (SCID) patients (Hacein-Bey-

Abina et al., 2008). Yet, recently, targeted integration vectors were developed, and with the 

use of helper cell lines, random integration issue was circumvented (Hu and Pathak, 2000). 
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One of the biggest advantages of this system is that it can accommodate up to 8 kilobases (kb) 

of gene inserts. Another challenge with the usage of retroviruses was their inability to infect 

non-dividing cells, however, this was circumvented with the lentiviruses which is a genus 

within the retrovirus family. Lentiviruses are able to infect both dividing and non-dividing cells 

(Kay et al., 2001). There are numerous clinical trials ongoing that make use of lentiviruses as 

gene therapy, and most of these studies are ex vivo gene therapies. Gene therapy of CD34+ 

hematopoietic stem cells (HSCs) was applied for the treatment of several genetic diseases (b-

thalassemia (Cavazzana-Calvo et al., 2010), X-linked adrenoleukodystrophy (Cartier et al., 

2009) and Wiskott-Aldrich Syndrome (Aiuti et al., 2013)). No adverse effects were observed 

following the therapy. Yet, one of the most exciting applications of such therapies is the famous 

chimeric antigen receptor T (CAR-T) cell therapy. More than 60% of the patients with B-cell 

acute lymphoblastic leukemia have shown complete response rates after CAR-T cell therapy 

(Maude et al., 2014; Turtle et al., 2016).   

 

I.2.1.2 Adenoviral Vectors in Gene Therapy 

Adenoviral (AV) vectors are commonly used gene therapy vehicles. Adenoviruses were firstly 

isolated from human adenoid tissue-derived cultures, and they belong to a family of non-

enveloped dsDNA virus family called Adenoviridae (Rowe et al., 1953). AV vectors are very 

rarely known to be causing any serious illnesses in healthy individuals, but in 

immunocompromised individuals it may cause some illnesses including sore throat, common 

cold, diarrhea, and bronchitis. AV vectors naturally possess a linear dsDNA consisting of 26 

to 45 kb genome, yet the genome of AV vectors has been manipulated to render it a safer gene 

therapy approach (Nemerow et al., 2012). In the third generation (gutless) vectors most of the 

viral genes are missing, the only genes remaining comprise inverted terminal repeats (ITRs) 

and Y packaging sequences (Sakhuja et al., 2003). Gutless AV vectors were shown to express 
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the transgenes in animal models for over 2 years (Alba et al., 2005; Vetrini and Ng, 2010). And 

since they allow the episomal or stable insertion of the genes, they are safer compared to other 

genome integrating viral vector therapies. AV vector-mediated gene therapy is currently being 

used in numerous clinical trials with a focus on vaccination and oncolytic gene therapy. A 

recent report on Phase I-III clinical trials using the AV vector-based Onyx-015 which replicates 

selectively in tumor cells shows significant antitumor activity (Kirn, 2001; Zhang et al., 2018). 

In HIV field, AV vectors that encode site-specific endonucleases were used to edit the CCR5 

gene in HSCs in clinical trials for AIDS (Saydaminova et al., 2015). Although promising, 

several serious concerns are present for AV vector therapy. Despite the promising and recently 

developed chimeric AV vector production technologies, anti-vector immunity is a major 

concern. This can lead to reduced transduction efficiency and in severe cases may even lead to 

inflammatory shock, therefore, personalized design of the vectors depending on the 

predisposed individual is necessary. 

 

I.2.1.3 Adeno-associated Virus Vectors in Gene Therapy 

Adeno-associated viruses (AAV) were first isolated as the contaminants of simian adenovirus 

preparations, and furthermore were isolated in the samples from humans, non-human primates, 

avian, bovine,  and bats (Atchison et al., 1965; Hoggan et al., 1966). AAV possesses a 4.7kb 

ssDNA genome that is packed with a non-enveloped viral particle. The genome comprises the 

promoters (p15, p19 and p40) as well as rep and cap genes, and 145 bp inverted terminal 

repeats. ITRs contain palindromic sequences that allow the synthesis of the complementary 

DNA (cDNA) by serving as the replication origin and also the packaging signal (Laughlin et 

al., 1979). Alternative splicing allows the expression of different rep genes (Rep78, Rep68, 

Rep52, Rep40), cap genes and a non-structural assembly activating protein (AAP), which later 

helps the assembly of the capsid proteins (Sonntag et al., 2010). Transgene of interest can be 
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cloned in between the ITR sequences, and the produced AAV particles containing the genome 

with the transgene of interest are administered as a therapy (For the production of recombinant 

AAV (rAAV) particles see section I.4). A major advantage of AAV vector therapies is that the 

transgene expression can be maintained for long-time periods. In a clinical trial, a patient that 

was administered with rAAV-Factor IX (FIX) blood coagulation factor, and the transgene 

activity was detected for over 10 years (Buchlis et al., 2012). Currently, there are more than 

200 clinical trials ongoing with AAV gene therapy. Many of these therapies are focused on 

genetic disorders. Three AAV-based products (Luxturnaä, Gendicineâ and Glyberaâ) are 

approved and in the market.  Glyberaâ was the first approved AAV-therapy by EMA to treat 

lipoprotein lipase deficiency (LPLD), yet it was withdrawn from the market due to not high 

patient demand and expensive therapy costs. Luxturnaä, an FDA approved drug, was 

successfully shown to treat retinal dystrophy with the expression of the RPE65 gene (MacLaren 

et al., 2014).   

 

I.3 Recombinant Adeno-associated Viral Vector Delivery of Antibodies   

AAV was detected in various vertebrate species including non-human primates and humans, 

and to date it was not associated with any known diseases. The structure and the sequence of 

the capsid of rAAVs are identical to the wild type AAVs. rAAV genomes lack all protein-

coding genes and especially, since they are devoid of the rep genes, their genome integration 

rates are greatly reduced. The protein-coding genes that are naturally located between the ITRs 

are replaced, instead, with transgenes of interests, and the only sequences remaining from the 

original virus are the ITRs. Such gutless vectors give rAAVs the advantage of causing low 

immunogenicity and cytotoxicity. Nine serotypes of AAVs are endemic to humans (AAV1-9) 

(Boutin et al., 2010). Host factors play an important role with the interaction with rAAVs after 

administration. Serotype of the rAAV capsid determines the interaction with serum proteins 
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and specific cellular receptors that are ultimately determining the target cell type (Denard et 

al., 2018).  Upon interaction with the specific cell surface receptors, rAAV particles are 

internalized by receptor-mediated endocytosis via clathrin-coated vesicles (Nonnenmacher and 

Weber, 2011). rAAVs undergo structural changes upon exposure to the specific pH of the 

endosomes, which are carried via the cytoskeletal network, until rAAV achieves endosomal 

escape (Sonntag et al., 2006; Xiao and Samulski, 2012). Following endosomal escape rAAV 

is transferred through the nuclear pore complex to the nucleus where it uncoats the viral capsid 

(Nicolson and Samulski, 2014).  Once in the nucleus, ssDNA needs to be converted into 

dsDNA with second strand synthesis, via the self-priming ITRs at the 3’ end (Ferrari et al., 

1996; Fisher et al., 1996; Zhong et al., 2008). After double strand synthesis, dsDNA 

circularizes via ITR recombination, mediated by inter and intra-molecular interactions (Duan 

et al., 1998; Duan et al., 1999). This circularization enables AAV dsDNA to remain as episomal 

concatemers, which eventually leads to the stable expression of the episomal DNA in the post-

mitotic cells.  

Manufacturing of rAAV particles relies on multiple different techniques, but a very common 

methodology of manufacturing is the triple transfection of HEK293 cells. In this method, 

HEK293 cells constitutively expressing adenovirus E1a and E1b genes are transfected with 

multiple plasmids (Matsushita et al., 1998; Xiao et al., 1998). Rep and cap genes, that are 

necessary for the production of rAAV particles, are supplied in trans in a plasmid. Second 

plasmid is a cis-plasmid that encodes the transgene of interest, in between ITRs. The third 

plasmid is a helper plasmid, that encodes for E2A (essential for replication), E4 (for mRNA 

processing) and VA RNA (involved in translation) (Matsushita et al., 1998; Xiao et al., 1998). 

Of note, HEK293 cells are adapted to grow in suspension cultures in order to scale up the yield 

(Grieger et al., 2016). Thanks to the techniques developed for the production of rAAV vectors 
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expressing a transgene of interest, the applicability of these vectors to various disease models 

is possible. 

 

I.3.1 Murine Models 

Long-term sustainable gene expression can be achieved by rAAV vector mediated antibody 

gene therapy with just one intramuscular injection. In such case, encapsidated rAAV particles 

target the muscle cells, and the protein of interest is produced in these cells. Secretion peptide 

signals enable the protein to be secreted from the cell to the systemic blood circulation. Of 

interest, this section will focus on rAAV vector mediated antibody delivery against chronic 

infections.  

First demonstration of sustained antibody levels has shown that RAG-1 mice, receiving the 

gene therapy with rAAV2 carrying the b12 gene (CD4 binding bNAb) under the expression of 

two separate promoters for heavy and light chains, shown 4-9 µg/ml antibody in the serum 

after 12 weeks. Functional analysis of these sera was shown to be neutralizing for HIV-1 as 

demonstrated in vitro (Lewis et al., 2002).  

Another study using full-length bNAbs that are identical to human has demonstrated that rAAV 

vector delivery of such antibodies reach therapeutic levels in vivo and can be protective against 

intravenous challenge with HIV-1 (Balazs et al., 2012). In this study, authors used rAAV8 as 

capsid, since it targets non-dividing, post-mitotic muscle cells. Moreover, AAV8 has a lower 

seroprevalence in the human population compared to AAV1 and AAV2 (Gao et al., 2002). 

Another advantage of AAV8 is its nature to not induce capsid specific CD8 T cells unlike 

AAV2 does. This effect possibly comes from the lack of heparin binding, and therefore, poor 

uptake by dendritic T cells, which might lead to immune tolerance against AAV8 capsid (Mays 

et al., 2014; Vandenberghe et al., 2006).  A follow-up study from the same group has 

investigated the protective capacity of vector immunotherapy (VIT) against low-dose repetitive 
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mucosal challenge in a bone marrow-liver-thymus (BLT) humanized mouse model. The results 

from these studies consolidate the protective capacity of rAAV delivered bNAbs against viral 

infection (Balazs et al., 2014).  

rAAV delivered nAb efficacy was investigated in HCV infection as well. rAAV expressed 

nAbs against HCV was efficiently expressed in highly immunocompromised non-obese 

diabetic (NOD) RAG1-/- IL2Rgcnull (NRG) mice when given intramuscularly (i.m.) (de Jong et 

al., 2014). In vivo produced antibody was successfully neutralizing in in vitro neutralization 

assays against a broad spectrum of intergenotypic HCV chimeric viruses. Furthermore, rAAV 

mediated nAb expression efficiently inhibited the HCV entry, as well as, was protective against 

a low-dose i.v. challenge in human liver chimeric mice. 

VIT for immunoprophylaxis was studied and shown to be protective against infections in 

various infection models in the mice including influenza and Ebola (Balazs et al., 2013; van 

Lieshout et al., 2018). 

Therapeutic applications of rAAV vector delivered antibodies also show promising results. In 

a humanized mouse model, mice were infected with HIV-1 and since antiretroviral therapy 

(ART) was shown to be interfering with the transduction potential of rAAV, viremia was 

suppressed initially with ART (Horwitz et al., 2013).  Gradually, ART was withdrawn and 

passive antibody infusion with bNAbs was given, and later bNAb infusion was replaced with 

rAAV administration, and 6 out of 7 mice have shown functional cure from the infection.  

 

I.3.2 Macaque Models  

Immunoprophylaxis experiments for rAAV delivered antibody was also studied in rhesus 

macaques. A 2009 study has utilized the rAAV delivery of immunoadhesin molecules based 

on anti-SIV Fabs isolated from the infected macaques (Johnson et al., 2009). These 

immunoadhesin constructs coded for heavy and light chain variable regions that were 
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connected with a linker to make a single variable chain that is connected to a rhesus IgG2 Fc 

fragment. Challenge of these macaques a month later with SIVmac316 demonstrated that six 

out of nine macaques were protected from the infection. Three animals did not show protection 

owing to the presence of anti-antibody immune responses.   

Other studies attempted to use full-length rhesus IgG1 antibodies and administer with rAAV1 

to macaques, but they failed to induce protection. As found later, the animals developed anti-

antibody responses against the variable regions of the given antibodies (Fuchs et al., 2015). 

Simianized versions of various nAb antibodies given more promising results in terms of 

protection in various follow-up studies (Gardner et al., 2015; Saunders et al., 2015).  

 

I.3.3 Clinical Trials with rAAV Delivered Antibody Therapy 

In terms of delivering neutralizing antibodies against infectious diseases, there are currently  
 
two clinical trials for HIV, one completed (NCT01937455) and one recruiting 

(NCT03374202).  First study, NCT01937455, aims to check the safety and productive 

efficiency of rAAV1 mediated PG9 expression when given in escalating doses in healthy adult 

male participants (Priddy et al., 2019). These patients were pre-tested for the absence of anti-

AAV1 capsid antibodies. There was no detectable PG9 antibody in the serum by ELISA at any 

time point in any of the dose groups. All participants shown anti-AAV1 antibodies after 

administration. However, PG9 was detected in the serum from four out of sixteen individuals 

by HIV-1 neutralization assay, and by RT-PCR from the muscle biopsies. In the higher dose 

group, ten participants showed anti-drug antibodies.  This study shows that use of rAAV up to 

1.2 x 1014 vector genomes intramuscularly is safe in healthy adults. 

The second study, uses rAAV8 delivery of VRC07 in HIV-1 positive individuals, that are under 

ART therapy and have suppressed viremia at least for the last three months. This is a Phase I 
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dose escalation study to check the expression levels and safety of such a therapy. This study is 

still recruiting and the results are not available yet.   

 

I.4 Adaptive Immune Control in Chronic Viral Infections: T Cell Responses, B 

Cell Responses and ASCs 

Viral infections can be divided into two categories in terms of the duration of the infection they 

cause. Acute infections are short-term infections, where the viremia is controlled rapidly in a 

short period of time. Chronic infections, on the other hand, as the name suggests result in 

prolonged viremia, and in some instances such as HBV, HCV and HIV infections, end up in 

life-long persistence of the virus.  

For some specific viral infections, such as lymphocytic choriomeningitis virus (LCMV, a 

prototypic mouse virus) infection depending on the virus strain, the route of the infection or 

the major histocompatibility complex (MHC) haplotype, the infection may lead to acute or 

chronic infection (Moskophidis et al., 1995; Zinkernagel et al., 1985).  The virus strain, for 

instance, is a determinant of persistence for LCMV infection in C57BL/6 mice. LCMV-

Armstrong or low-dose infection with LCMV-WE strain result in acute infections, and virus is 

controlled in about 1-2 weeks. LCMV-Clone 13 or LCMV-Docile infections following 

administration as high dose, contrarily, cause protracted viremia, and are cleared from the 

organs only after several months (Ahmed et al., 1984; Moskophidis et al., 1993).  Acute LCMV 

clearance is mainly mediated by cytotoxic T lymphocyte activity (CTL), but during chronic 

LCMV infection several adaptive immune responses are pivotal for the control of the infection 

including CD8 T cells, CD4 T cells, B cells, and antibody secreting cells (ASCs) (Wherry et 

al., 2003). 
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I.4.1 T Cell Responses During Chronic Viral Infection 

Acute LCMV infection can exclusively be controlled by CTLs. Upon encounter with the 

antigenic stimuli, CTLs undergo activation, followed by clonal expansion and differentiation 

into effector T cells, which in return acquire the ability to secrete inflammatory cytokines such 

as IFN-g, TNFa and IL-2. CTLs also exert direct-killing functions via the activity of perforin 

and granzyme B. The expansion phase is later replaced by the contraction phase where majority 

of the cells undergo apoptosis, and remaining cells differentiate into memory T cells, which 

upon rechallenge can re-expand and mediate their immune functions. Chronic infection, 

however, although starting with activation which is followed by clonal expansion, leads the T 

cells to be driven into a state infamously termed as “T cell exhaustion”. Such exhausted profile 

of T cells was initially described in LCMV model (Gallimore et al., 1998; Moskophidis et al., 

1993; Zajac et al., 1998). Hallmarks of exhausted T cells include loss of inflammatory cytokine 

secretion, reduction in proliferative capacity, alteration of transcriptional and epigenetic 

signatures, and overexpression of inhibitory markers (such as PD-1, CD160, 2B4, Tim-3, Lag-

3) (Barber et al., 2006; Day et al., 2006; Pauken et al., 2016; Scott-Browne et al., 2016; Sen et 

al., 2016; Wherry et al., 2007). One of the main drivers of exhaustion was shown to be the 

constant exposure to persisting excess antigen load (Mueller and Ahmed, 2009b; Ou et al., 

2001). Eventually, these cells during a chronic infection undergo clonal deletion (Moskophidis 

et al., 1993).  

As mentioned previously, resolution of the chronic viral infections relies on both CTLs and 

CD4 T cells, and later on antibody responses. CD4 T cells are known to provide the helper 

functions to both CD8 T cells and B cells. CD4 T cells, in addition play a role in the formation 

of ASCs (or plasma cells (PCs)) as a result of their interactions with the B cells. In the context 

of chronic viral infections, CD4 T cells have a pivotal role, and the initial transitional absence 

of CD4 T cells prior to infection results in the failure to control the infection (Matloubian et 
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al., 1994). Virus specific CTLs get deleted in the absence of the help being provided by CD4 

T cells (Battegay et al., 1994; Matloubian et al., 1994). Moreover, the activity of CD4 T cells 

to interact with B cells is also necessary, since antibody responses are involved in the clearance 

of the chronic infection several months after the infection (Ciurea et al., 2001). CD4 T cells 

also suffer from exhaustion, similar to CTLs, during a chronic infection (Brooks et al., 2006). 

This concept was validated when acute and chronic infections were compared. CD4 T cells get 

activated and primed similarly efficiently in acute and chronic infections during early stages, 

yet they become functionally altered and exhausted possibly as a result of the persisting 

antigenic exposure (Brooks et al., 2005).   

 

I.4.2 B cell and ASC Responses During Chronic Viral Infection 

Humoral immune responses in immunity lay its roots to the early work of Ehrlich and 

Flemming. Migration of B cells to the B cell follicles is guided by the chemokine (C-X-C 

motif) ligand 13 (CXCL13), produced by follicular dendritic cells (FDCs) or other follicle-

associated stromal cells, which interact with C-X-C chemokine receptor type 5 (CXCR5) 

expressed by naïve B cells. Contact of an antigen (soluble or presented by antigen presenting 

cells (APCs)) with an antigen-specific B cell initiates the humoral immune responses. After 

encounter with antigen, B cells get activated through signaling via their B cell receptors (BCR). 

Naïve B cells initially express surface IgM and IgD. Importantly, for the B cells to carry on to 

the next step, proliferation has to occur to give rise to clonal expansion. When interacting with 

low valency antigens, B cells may need helper T cell-derived signals to further proliferate in 

T-dependent responses. However, also two different T-independent responses are known. In 

type-I T-independent responses, this necessary help from T-cells might be circumvented upon 

strong signals received by coreceptors like toll-like receptors. In type-II T-independent 

responses, a multivalent antigen might trigger a strong BCR engagement, which also leads to 
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the activation without a need for T-cell help. BAFF and APRIL are involved in augmentation 

of such responses (Balázs et al., 2002). In T-dependent responses, antigen-experienced B cells 

must interact with cognate antigen-specific T cells, and this process mostly takes place at the 

T-B border (Garside et al., 1998) (MacLennan et al., 1997; Okada et al., 2005). Interaction of 

ICAM1 and ICAM2 on B cells with LFA1 on T-helpers cells, in addition to MHC-peptide 

interactions, T-B interactions are stabilized and maintained (Zaretsky et al., 2017). Later on, 

these T-B interactions result in the formation of the germinal centers (GCs). For the 

maintenance of GC reactions, engagement of several surface molecules (ICOS-ICOS-ligand 

(ICOSL) and CD40 (B cells)-CD40-ligand (CD40L, T cells)) play pivotal roles (Liu et al., 

2014; Mesin et al., 2016). T follicular helper (Tfh) cells expressing such surface molecules 

impact B cells by secreting two key cytokines: interleukin-4 (IL-4) and interleukin-21 (IL-21) 

(Shulman et al., 2014). These cytokines regulate class-switch recombination (CSR), 

differentiation into ASCs, and B cell proliferation. In GCs, B cell proliferation is followed by 

somatic hypermutation (SHM) and CSR. These processes give the B cells the possibility to 

accumulate mutations in their variable chains of the immunoglobulin gene. After numerous 

rounds of mutations, B cells circulate between the light zone and the dark zone, where basically 

they go through rounds of interactions with T cells and are selected upon their BCR affinity 

(Allen et al., 2007; Victora et al., 2012). As a result of these reactions, GC B cells can be 

destined for three outcomes, i) they can recirculate into GC reactions, ii) differentiate into either 

memory B cells (MBCs) or iii) PCs.  PCs can either home to red pulp in the spleen, or to 

medullary cords in the lymph nodes, or to the specific niches in the bone marrow where they 

are named as long-lived PCs (LLPCs). These cells have several common features including the 

upregulation of the surface marker CD138. PCs tremendously decrease and halt their 

proliferation activity, and finally they downregulate their surface Ig, and instead secrete soluble 

Ig. MBCs, on the other hand, keep the expression of the surface Ig, and they get involved in 
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the robust responses in case of a secondary infection. There are several studies about the origins 

of MBCs debating whether they are differentiated from high-affinity or low-affinity B cells. 

Yet, reaching a clear conclusion about the actual origins of MBCs remains elusive (Shinnakasu 

et al., 2016; Suan et al., 2017; Weisel et al., 2016).  

As mentioned earlier, CD8+ T cells take a tremendous part in the clearance of LCMV infection. 

During chronic LCMV infection, nAbs arise only at later time points, about 30-40 days later. 

Yet, as shown by B cell deficient mice, B cells are pivotal in the clearance of the chronic LCMV 

infection (Bründler et al., 1996; Christensen et al., 2003; Thomsen et al., 1996). There are 

limitations to that model as deficiency of B cells causes disturbances in the splenic 

microarchitecture (Nolte et al., 2004). Moreover, Type-I interferon responses are deficient in 

mice lacking B cells (Louten et al., 2006). The use of B cell sufficient mice that lack the ability 

to mount antigen specific antibodies shown that early nonneutralizing IgM antibodies impede 

the persistence of the virus (Bergthaler et al., 2009). LCMV nucleoprotein (NP) specific 

nonneutralizing antibodies also accelerates the clearance of the virus (Straub et al., 2013). 

Nonneutralizing antibodies, when given prior to chronic LCMV challenge, effectively 

contribute to the control of the infection (Richter and Oxenius, 2013). 

 

I.5 Lymphocytic Choriomeningitis Virus Model 

LCMV belongs to Arenaviridae family, which phylogenetically is divided into two groups of 

viruses, namely, Old World viruses and New World viruses. All Areanaviruses are known to 

be zoonotic, and the majority of them uses rodents (such as Machupo, Lassa, Junin, Guanarito) 

as host, whereas Tacaribe virus uses bats as their primary host (Emonet et al., 2006).  The main 

host of LCMV is Mus musculus. In the nature, infection normally occurs congenitally and 

passes as a perinatal infection from mother to the offspring of the mice. The offspring is life-

long carrier mice. Humans can be infected by LCMV with exposure to infected urine, feces, or 
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the bedding of the experimental animals, as well as via needle stick injury, or other laboratory 

accidents. The symptoms associated with the infection in humans encompass from mild-

symptoms (mostly resembling flu-like symptoms) to aseptic meningitis.  

Arenaviruses are enveloped, bi-segmented negative stranded RNA viruses. Their genomes 

comprise a small (S) and a large (L) segment. Each of these segments are separated by 

intergenomic regions (IGRs) that are flanked by the genes of the two proteins which are 

encoded in an ambisense orientation (Salvato et al., 1989; Salvato et al., 1988). The 

nucleoprotein (NP) and glycoprotein (GP) genes are located on the S segment (Salvato and 

Shimomaye, 1989). The glycoprotein is initially translated into a precursor protein (GP-C). 

This precursor protein, afterwards, undergoes posttranslational modifications to give rise to 

GP1 and GP2 proteins which eventually form the spikes on the viral envelope. The L segment, 

on the other hand, encodes for the viral polymerase and the Z matrix protein (Perez et al., 

2003).  

LCMV, for decades, has been an invaluable model to study the host-pathogen interactions and 

to investigate the interaction of the viral infections with endogenous immune compartments. 

As aforementioned in section 1.4, the dose and the strain of LCMV have an important role in 

the persistence of the virus. High dose infections with two strains, namely, LCMV-Clone 13 

and LCMV-Docile result in chronic infection of the mice. LCMV-Clone 13 is a variant of 

Armstrong strain (Ahmed et al., 1984). LCMV-Docile was isolated from carrier mice infected 

with LCMV-UBC (Pfau et al., 1982), which is originally is a derivative of LCMV-WE 

(Hotchin and Weigand, 1961). By using reverse genetics tools, LCMV can be rescued in vitro 

by transfection of cell lines with the plasmids containing the LCMV RNA genes and trans-

acting elements for the intracellular expression (Flatz et al., 2006; Sánchez and de la Torre, 

2006). In this technique, LCMV RNA genes are expressed by a polymerase-I driven vector, 

and the expression of LCMV trans-acting elements such as NP and L is driven by polymerase-
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II driven vector. With such a strategy, infectious LCMV can be produced. This enables the 

possibility to introduce desired mutations to the viral genes, or replace viral genes such as 

glycoprotein with reporter genes. One frequently used example of such a system is recombinant 

LCMV Clone 13 expressing the WE-GP (rCL13) (Flatz et al., 2006; Penaloza-MacMaster et 

al., 2015b).  
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1.1 Abstract 

Gene therapy-based antibody delivery (vectored immunotherapy, VIT) represents an 

innovative approach to fight chronic viral diseases but its synergy with and impact on the host’s 

endogenous immune defense remain ill-defined.  

Here we developed an adeno-associated viral (AAV) vector to establish persistent high titers 

of a lymphocytic choriomeningitis virus- (LCMV-) neutralizing monoclonal antibody in 

chronically infected mice. Chronic viremia subsided in AAV-treated wildtype animals but not 

in mice lacking either CD8+ T cells or endogenous antiviral antibody responses. Persistence in 

the latter was due to the emergence of VIT-escape variants, which were effectively controlled 

by the endogenous antibody response of wildtype hosts. Vectored antibody delivery resulted 

in lowered expression of PD-1 and LAG3 on antiviral CD8+ T cells, increased endogenous 

antiviral antibody responses as well as elevated numbers of antiviral germinal center B cells 

and antibody-secreting cells in spleen.  

Our observations document that the therapeutic efficacy of vectored antibody therapy in 

chronic viral infection relies on its synergy with the host’s CD8+ T cell and antibody responses, 

both of which are functionally improved by vectored antibody delivery and contribute 

essentially to prevent viral mutational escape. VIT should be considered both an antiviral and 

an immunostimulatory approach to persistent viral infection. 
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1.2 Introduction 

The discovery of antibody based-therapies for the protection against bacterial toxins paved 

the way to advanced passive immunization therapies (Behring, 1890). Eventually,  however, 

it was the advent of monoclonal antibody (mAb) technology, which has revolutionized the 

field (Köhler and Milstein, 1975). With the advancements in recombinant DNA technology 

and molecular cloning, various methods have been established, which allow for the 

production of monoclonal antibodies with a defined specificity (Lonberg et al., 1994; 

McCafferty et al., 1990; Steinitz et al., 1977; Wrammert et al., 2008). Meanwhile, passive mAb 

therapies have shown efficacy in preclinical models of viral infection as well as in clinical 

settings (Barouch et al., 2013; Caskey et al., 2015; Caskey et al., 2017; de Jong et al., 2014; 

Freund et al., 2017; Klein et al., 2012). The limited half-life of antibodies can, however, require 

repeated re-administrations, depending on the disease indication. Antibodies with 

engineered Fc regions and increased affinity of binding to the neonatal Fc receptor (FcRn) 

represent an improvement in this regard but bear inherent risks of long-term immunogenicity 

(Ko et al., 2014). Costs of goods and logistics of re-administration therefore pose a significant 

challenge for long-term use, notably when it comes to the prevention or control of chronic 

infection at a global scale.  

Somatic gene therapy for the delivery of antibodies to treat chronic diseases is currently 

under investigation. Viral vectors or RNA delivering expression cassettes for antibody heavy 

and light chain genes were shown to be effective in vitro and in vivo (Hur et al., 2012; Joseph 

et al., 2010; Kormann et al., 2011; Luo et al., 2009). Recombinant adeno-associated viral 

(rAAV) vectors are most commonly used owing to their replication-defective nature, low 

immunogenicity and long-term episomal persistence in the form of concatemers, which 

largely dispels concerns related to genotoxic risks. Accordingly, rAAVs have yielded 
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therapeutic mAb levels in the serum of mice (Lewis et al., 2002) (Fang et al., 2005), macaques 

(Johnson et al., 2009) and in humans (Priddy et al., 2019), an approach also referred to as 

vectored immunotherapy (VIT). Several studies have demonstrated the efficacy of VIT as an 

immunoprophylaxis in murine models of HIV, hepatitis C virus (HCV), influenza and Ebola virus 

challenge (de Jong et al., 2014) (Balazs et al., 2012; Balazs et al., 2014) (Balazs et al., 2013; van 

Lieshout et al., 2018). In a simian-human immunodeficiency virus (SHIV) infection model of 

macaques, rAAV-delivered antibodies reached protective levels and controlled the infection, 

although in some animals anti-mAb antibody responses limited the therapeutic efficacy 

(Fuchs et al., 2015; Saunders et al., 2015). rAAV delivery of a broadly neutralizing antibody 

(bnAb) against HIV also was effective at suppressing the virus after antiviral therapy was 

discontinued in xenografted mice, thus in a therapeutic model (Horwitz et al., 2013). In both 

of these models, however, the use of an exclusively human pathogen required the use of a 

xenografted and thus immunodeficient host organism.  

It therefore was impossible for these studies to investigate whether and how VIT synergized 

with and/or impacted the host’s endogenous immune responses. A study on the effects of 

passive antibody therapy in HIV-infected individuals has evidenced an augmentation of host 

endogenous neutralizing antibody (nAb) responses (Schoofs et al., 2016). Similarly, the 

administration of sub-protective levels of HIV-nAbs to perinatally SHIV-infected rhesus 

macaques accelerated the animals’ nAb response and improved virus control (Ng et al., 2010).  

 

Prolonged exposure to persisting antigen causes CD8+ T cells to undergo “exhaustion” 

(Mueller and Ahmed, 2009b), corresponding to a distinct functional and phenotypic 

differentiation profile as originally described in chronic lymphocytic choriomeningitis virus 

(LCMV) infection of mice (Gallimore et al., 1998; Moskophidis et al., 1993; Zajac et al., 1998). 
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Expression of various inhibitory receptors such as PD-1 and LAG3, reduced cytokine secretion 

upon peptide restimulation and an impaired proliferative capacity are the result of an altered 

transcriptional profile and epigenetic changes, which occur as CD8+ T cells undergo 

exhaustion (Barber et al., 2006; Day et al., 2006; Pauken et al., 2016; Scott-Browne et al., 

2016; Sen et al., 2016; Wherry et al., 2007). Unlike antiretroviral therapy, which profoundly 

affects T cell functionality in HIV-infected patients (Streeck et al., 2008) a potential impact of 

passive antibody therapy and notably of VIT on CD8+ T cell exhaustion remains elusive. 

The spontaneous control of protracted or chronic LCMV infection reflects the concerted 

action of CD8+ T cells and antiviral antibody responses (Bergthaler et al., 2009), both of which 

are dependent on CD4 T cell help. While LCMV-nAbs responses commonly arise only weeks 

after viral clearance, owing to the viral glycan shield (Sommerstein et al., 2015a) non-

neutralizing IgM and IgG antibodies directed against the outer globular domain of the 

envelope glycoprotein (GP-1) have been shown to correlate with viral control (Bergthaler et 

al., 2009). Also non-neutralizing antibodies against the virion-internal NP of LCMV have 

demonstrated antiviral efficacy by yet incompletely defined mechanisms (Richter and 

Oxenius, 2013; Straub et al., 2013). 

In this study we have used rAAV technology to deliver the LCMV GP-1-specific nAb KL25 to 

mice with chronic LCMV infection. Our observations reveal that VIT synergizes with both, 

CD8+ T cell and endogenous antiviral antibody responses, to clear the infection and prevent 

mutational escape. Further we found that VIT antagonized CD8+ T cell exhaustion and 

enhanced in antiviral B cell and ASC responses. Our observations establish VIT as an attractive 

new modality of antiviral therapy with immunostimulatory effects reaching well beyond viral 

load control, thereby re-establishing endogenous immune control of chronic viral infection. 
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1.3 Materials and Methods 

1.3.1 Mice and animal experimentation 

C57BL/6 wild-type, T11µMT (Klein et al., 1997), KbDb-/- (Pérarnau et al., 1999) and MD4 mice 

(Goodnow et al., 1988) were bred at the Laboratory Animal Services Center (LASC) of the 

University of Zurich. Occasionally, C57BL/6J mice were also purchased from Charles River 

Laboratories. For experiments, animals were housed at the University of Basel Haus 

Petersplatz animal facility. Animals were always housed under specific-pathogen-free (SPF) 

conditions. All experiments were conducted at the University of Basel, according to the 

regulations of Swiss law for animal protection and with authorization by the Cantonal 

veterinary office. 

 

1.3.2 Viruses, focus forming assays and plaque reduction neutralization tests 

The generation of the reverse-genetically engineered LCMV strain Clone 13 virus expressing 

the LCMV-WE glycoprotein (rCl13) has been described previously (Penaloza-MacMaster et al., 

2015b). rCl13 stocks were produced on baby hamster kidney (BHK-21) cells. The LCMV strain 

Docile (Pfau et al., 1982) was propagated on Madin-Darby canine kidney (MDCK) cells. 

Infection was performed at a multiplicity of infection (MOI) of 0.01 and supernatant was 

collected 48 hours later. Viral titers were assessed by focus forming assays (Battegay et al., 

1991b). Mice were infected with a dose of 2-3x106 plaque forming units (PFU) intravenously 

(i.v.) into the tail vein. 

Focus forming assay was performed to assess the titer of LCMV in blood or in cell culture 

supernatants (virus stocks). 50 μl of blood was collected into 950 μl of BSS-heparin (Na-

heparin, 1 IE/ml final, Braun, Germany) solution and was stored at -80°C prior to titration. Cell 

culture supernatant was frozen as collected. Undiluted and serial 10-fold dilutions of the virus 
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or blood were prepared, and 200 µl of each dilution was transferred to a 24-well. Blood or 

virus stocks were diluted in Minimum Essential Medium Eagle (MEM, Sigma-Merck, Germany) 

supplemented with 2% fetal calf serum (FCS). 3T3 cells were trypsinized and 200 µl of cell 

suspension at a density of 6x105 cells per milliliter (ml) were seeded onto the virus-containing 

specimens in the 24-well plates. Following 2-4 hours of incubation at 37 °C, 200μl of overlay 

(2 % Methylcellulose in ddH2O, mixed 1:1 with 2x Dulbecco’s Minimum Essential Medium 

Eagle (DMEM)) was added to each well. 48 hours later, the medium was flicked off from the 

plates and the cells were fixed with 4% paraformaldehyde (PFA) solution for 30 minutes at 

room temperature (RT). Permeabilization of the cells was performed using BSS with 1% Triton 

X-100 (Merck, Germany) at RT for 20 minutes. Blocking was performed using PBS with 5% FCS 

for 30 minutes. Anti-LCMV NP antibody staining was performed with a rat-anti-LCMV-NP 

monoclonal antibody (VL-4) in PBS supplemented with 2.5% FCS (RT for 60 minutes). After a 

washing steps, the plates were incubated with HRP-labelled goat-anti-rat IgG antibody in PBS, 

supplemented with 2.5% FCS at RT for 60 minutes. HRP-substrate solution (PBS containing 

2.5% FCS, 3,3’- diamino benzidine (0.5 g/l, DAB, Sigma-Merck, Germany), ammonium nickel 

sulphate in PBS (0.5 g/l), and 0.015 % H2O2 was added on the plates after washing.  

LCMV neutralizing antibody titers were assessed by plaque reduction neutralization assays as 

described previously (Battegay et al., 1991a).  

 

1.3.3 Production of recombinant AAV constructs and particles, and AAV administration 

The transgene for KL25 encoded for the VDJ of the heavy chain followed by the heavy chain 

constant domain, then followed by a furin recognition site (R-K-R-R), a spacer (S-G-S-G), a 

foot-and-mouth-disease virus 2A peptide (F2A) and the light chain cDNA, for monocystronic 

expression of antibody heavy and light chains from a single open reading frame. Due to 
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payload limitations in AAV vectors, introns of antibody heavy and light chains were excluded 

from cloning into the recombinant AAV vector. The AAV backbone plasmids was obtained 

from the PENN Vector Core (Perelman School of Medicine, University of Pennsylvania, PA, 

USA).  The KL25 transgene (synthesized by GenScript® (NJ, USA)) ORF was released from its 

backbone plasmid with using (New England Biolabs (NEB), MA, USA) and KpnI (NEB) 

restriction enzymes, and was ligated into the corresponding restriction sites in the multiple 

cloning site of two AAV backbone plasmids (pENN.AAV.CB7.CI and pENN.AAV.CMV.PI.WRPE, 

both provided by PENN Vector Core). Recombinant AAV (rAAV) particles with a capsid of AAV8 

serotype were generated and the genome  copy (GC) titer was assessed by a droplet digital 

(dd) PCR-based method at the PENN Vector Core (Lock et al., 2013). rAAV particles were 

administered intramuscularly (i.m.) into the thigh of mice at doses of either 1x1010 or 10x1011 

GC.  

 

1.3.4 Flow cytometry 

Single cells suspensions were obtained by pushing the spleen through a metal mesh using a 

syringe plunger. Blood was collected in 5 ml staining buffer (PBS containing 2% FCS, 5mM 

ethylenediaminetetraacetic acid (EDTA) and 0.05% sodium azide, adjusted to mouse 

osmolarity). CD8+ T cells in spleen cell suspensions and in blood were stained with antibodies 

against CD8α (53-6.7), CD45R/B220 (RA3-6B2), CD244.2 (2B4, m2B4 (B6) 458.1), CD279 (PD1, 

29F.1A12), TCF1 (C63D9) from BioLegend (CA, USA) or against CD223 (LAG-3, C9B7W) from 

eBioscience (CA, USA). Fluorophore-conjugated donkey anti-rabbit IgG (Poly4064) from 

BioLegend was used as a secondary antibody. For identification and phenotyping of B cells, 

antibodies against CD45R/B220 (RA3-6B2), CD138 (281-2), IgD (11-26c.2a), GL7 (GL7), CD38 

(90) were purchased from BioLegend and anti-IgM (II/41) was purchased from eBioscience. 
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Antibodies against CD44 (IM7), CD45R/B220 (RA3-6B2), CD8α (Ly-2/53-6.7) were purchased 

from Becton Dickinson (BD) Biosciences (NJ, USA), F4/80 (BM8), CD4 (RM4-5), CD279 (PD1, 

29F.1A12) and ICOS (C398.4A), CXCR5 (CD185, L138D7) were purchased from BioLegend and 

these antibodies were used to detect and phenotype CD4 T cells. For all stains, mouse 

osmolarity-adjusted medium was used (Williams et al., 1972). The Zombie UVTM Fixable 

viability kit (BioLegend) was used to exclude dead cells as described in the manufacturer`s 

protocol. CD8+ T cells specific for the LCMV epitope GP33-41 were identified by MHC Class I 

tetramers (generously provided by the NIH tetramer core, Emory University Vaccine Center, 

GA, USA) using staining protocol as previously described (Gallimore et al., 1998).  For the 

detection of NP-specific B cells, cells were stained with bacterially expressed fluorochrome-

conjugated recombinant LCMV nucleoprotein (rNP) (Sommerstein et al., 2015a) as previously 

described (Fallet et al., 2016; Schweier et al., 2019). CD4+ T cells specific for the LCMV epitope 

GP66-77 were detected using MHC Class II tetramers (generously provided by the NIH tetramer 

core). For MHC Class II tetramer staining, splenocytes were prepared as described above. Cells 

were stained with Zombie UVTM Fixable viability kit (BioLegend) at RT for 15 minutes in the 

dark with mouse osmolarity adjusted PBS. Cells were washed once with the staining buffer. 

After the wash, cells were incubated with fluorochrome-labelled GP66-77 for 1 hour at 37°C in 

a 5% CO2 incubator. Then, cells were washed once with the staining buffer.  Cells were, then, 

incubated with fluorochrome-labelled CXCR5 antibody at RT for 1 hour. Cells were washed 

once with the staining buffer. Cells were incubated with rest of the staining antibodies (CD44, 

CD8, F4/80, CD4, PD1and ICOS) at 4°C for 15 minutes. Cells were washed once more and fixed 

with 2% PFA (Merck, Millipore, Germany). As MHC class II tetramer staining background 

control, all samples were pooled and incubated with human an MHC Class II tetramer loaded 

with the CLIP87-101 epitope (hCLIP, PVSKMRMATPLLMQA, NIH tetramer core) instead of the 
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aforementioned tetramer, the rest of the protocol was performed analogously. All the 

stainings were performed in staining buffer unless mentioned otherwise. 

For intracellular cytokine staining (ICS) spleen single cell suspensions were incubated with 

CD107a (LAMP-1, 1D4B, Biolegend), and restimulated with GP64-79 peptide 

(GPDIYKGVYQFKSVEF, 95% purity, immunograde) (1 μg/ml) or GP33-41 peptide (KAVYNFATC) 

(1 μg/ml) for 5 hours at 37°C in a 5% CO2 incubator. Brefeldin A (5 μg/ml) was added to the 

cells 1 hour after the addition of peptide followed by additional 4 hours of incubation. After 

the 5-hour stimulation period, the cells were fixed with 2% PFA for 5 min. Fixation was 

followed by permeabilization (permeabilization buffer (staining buffer containing 0.05% 

saponin (Sigma-Merck, Germany). The antibodies used for ICS were specific for IFN-γ 

(XMG1.2), TNF-α (MP6-XT22) were purchased from BioLegend, in conjunction surface staining 

with the antibodies against CD8α (53-6.7), CD45R/B220 (RA3-6B2) and CD4 (RM4-5), all of 

which were purchased from BioLegend.  For flow cytometry measurements, a BD 

LSRFortessa™ (BD Biosciences) was used.  

 

1.3.5 In vivo antibody depletion 

Mouse anti mouse-CD8α/Lyt-2 (YTS 169.4) (Absolute Antibody, MA, USA ) or rat anti-

mouse-CD8α (YTS 169.4) (BioXcell, NH, USA) was administered at a dose of 200μg/ml 

intraperitoneally (i.p.) to mice on days -3, -1 and day 0, and biweekly thereafter until analysis 

on day 80. Mouse IgG2a anti-fluorescein antibody (4-4-20e) (Absolute Antibody) was 

administered as isotype control for mouse anti mouse-CD8α/Lyt-2 (YTS 169.4). Mouse-IgG2b 

(LTF-2) (BioXCell) was administed as isotype control for rat anti-mouse-CD8α (YTS 169.4). 

CD4-depletion antibody (YTS 191) (BioXCell) at a dose of 200 µg was administered i.p. 3 

days and 1 day prior to infection.  
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1.3.6 ELISAs and ELISpot assays 

LCMV glycoprotein (GP)-specific antibodies were measured by enzyme-linked 

immunosorbent assay (ELISA). A recombinant fusion protein consisting of the outer globular 

GP1 domain of the LCMV-WE glycoprotein fused to the human IgG constant domain (GP1-Fc) 

was used (Eschli et al., 2007b). The analogous construct for the Docile GP1 sequence was 

generated by cDNA synthesis (GenScript): The Docile GP1 sequence in the resulting 

expression plasmid was also mutated in a site-directed manner to express the GP1N119S and 

GP1N119Y variants for use in ELISA assays. IgG1 and IgG2c isotype-specific ELISAs were 

conducted to differentiate AAV-delivered and endogenous antibody responses, respectively. 

To perform isotype specific ELISAs, 96-well high binding plates were coated with anti-human 

IgG Fc specific antibody (JacksonImmunoResearch Europe Ltd, UK) in coating buffer (15 mM 

Na2CO3 35mM NaHCO3 dissolved in ddH20, pH: 9.6) and incubated overnight at 4°C. The 

following day, the coating solution was flicked off and the plate was incubated with blocking 

buffer (5% milk powder PBS-Tween-20 (5%) (PBS-T) (Merk, Germany) at RT for 2 hours. Then, 

the blocking buffer was flicked off and the respective glycoproteins (GP1N119S-Fc or GP1N119Y-

Fc) were diluted in the blocking buffer and were added to the plates, followed by incubation 

at RT for 1 hour. Plates were washed 3X with PBS-T. Then, serum from mice was diluted and 

placed in the wells accordingly and incubated at RT for 1 hour. Plates were washed 3X with 

PBS-T. HRP-conjugated Anti-IgG2c (Bethyl Laboratories, TX, USA) or HRP-conjugated anti-IgG1 

(Zymed (now ThermoFischer) Laboratories, MA, USA) antibodies were diluted in blocking 

buffer and were distributed into the respective plates. The plates were washed 3X with PBS-

T and once with PBS. Then the color reaction solution (2.8 ml Solution A (0.1M Citric acid 

anhydrous (Fluka) dissolved in ddH20), 2.2 Solution B (0.2M Na2HPO4.7H20 (Sigma, Germany) 

dissolved in ddH20), 5ml ddH20, 10µl H202, 10mg ABTS (2,2ʹ-Azino-bis(3-ethylbenzothiazoline-



 44 

6-sulfonic acid) diammonium salt, 2,2ʹ-azino-di-[3-ethylbenzthiazoline sulfonate (6)])), Sigma-

Merck, Germany) was added to the wells and 15 minutes later absorbance was measured on 

an ELISA reader (Safire II™, Tecan Group Ltd, Switzerland). Naïve serum was used to 

determine technical backgrounds.  

Enzyme-linked immunospot (ELISpot) assays were used to quantify the NP-specific antibody 

secreting cells (ASCs) in the bone marrow and in spleens of mice as described (Schweier et al., 

2019). Briefly, single cell suspensions of bone marrow (BM) and splenocytes were prepared. 

Erythrocytes were lysed and 96-well Multiscreen assay plates (Millipore, Merck) were 

activated with 35% EtOH.  Plates were coated with rNP (3µg/ml) by overnight incubation. 

Plates were blocked with medium and 2 hours later the cells were plated with 106 cells/well 

followed by 3-fold dilutions. Horseradish peroxidase labeled rabbit-anti mouse Fcγ-specific 

antibody was used as detection antibody. As substrate, 3-Amino-9-ethylcarbazole (AEC) 

substrate kit was used (BD Biosciences). Spots were counted by an ImmunoSpot ® reader (CTL 

Europe GmbH, Germany). 

 

1.3.7 Viral RNA isolation, cDNA synthesis and sequencing 

For viral RNA isolation and sequencing, the serum of infected mice was used to infect BHK-21 

cells. Virus-containing supernatant was harvested 48 hours later, and viral RNA was extracted 

using the QIAamp Viral RNA Mini Kit (QIAGEN) in accordance with the manufacturer`s 

protocol. cDNA synthesis and PCR amplification of the complete LCMV-Docile GP coding 

region was done using the OneStep RT-PCR kit (QIAGEN) according to the manufacturer`s 

protocol. An additional round of PCR amplification was performed using the Phusion High-

Fidelity DNA Polymerase (New England Biolabs). The amplicons were run on a 1.5% agarose 

gel, were excised and then were purified using the QIAquick Gel Extraction Kit (QIAGEN) for 
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subsequent Sanger sequencing (Microsynth AG, Switzerland). (Primers for amplification and 

sequencing were LCMV GP forward primer: 5’- GCTGGCTTGTCACTAATGGCTC-3’, LCMV GP 

reverse primer: (5’- TCAGCGTCTTTTCCAGATAG-3’). 

 

1.3.8 Data and statistical analysis 

In order to compare a single parameter between two experimental groups, we have 

performed unpaired two-tailed Student`s t test. To compare a single parameter between 

multiple groups, one-way analysis of variance (ANOVA) was performed. To compare antibody 

responses between groups over time we determined the area under the curve (AUC) of the 

reverse antibody titer as displayed in the figures. The resulting values of the two groups were 

compared by Student’s t test. Statistical tests were performed using Prism 8 for MacOS 

(version 8.1.1 (224)). ELISA titer calculation values were log-converted in order to reach a 

near-normal distribution for statistical analysis. Cell population frequencies obtained in flow 

cytometry were not log-converted for statistical analysis. P values <0.05 were considered 

statistically significant (*), P values <0.01 highly significant (**). FlowJo software (FlowJo LLC, 

version 10.5.3) was used for the analysis of the flow cytometry data. 
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1.4 Results 

 
Prophylactic delivery of vectored immunotherapy confers protection against viral 

challenge 

To optimize in vivo KL25 antibody delivery by AAV vectors, we compared a CMV promoter-

driven (AAV-CMV-KL25) and a chicken beta-actin (CB7) promoter-driven expression 

cassette (AAV-CB7-KL25), both with an upstream enhancer element and a downstream intron 

sequence (Fig. 1.1A).  

In order to check the levels and durability of KL25 antibody production in vivo, mice were 

given either AAV-CMV-KL25 or AAV-CB7-KL25 at doses of either 1010 or 1011 genome 

copies i.m. (Fig. 1.1B). KL25 levels in serum were determined by measuring LCMV 

glycoprotein-1 (GP-1) specific immunoglobulin titers over time. Irrespective of the construct, 

peak KL25 levels were reached by around day 13, which is compatible with a rapid onset and 

steady production of antibody, the levels of which reaching a plateau after approximately twice 

the half-life (~7 days (Vieira and Rajewsky, 1988)) of mouse IgG. At both vector doses tested, 

the CB7 promoter system yielded higher antibody titers than the CMV cassette (Fig. 1.1C). As 

expected, the in vivo synthesized KL25 antibody was neutralizing as determined by plaque 

reduction neutralization tests (PRNT, Fig.1D). The AAV-treated mice were followed for 250 

days demonstrating that KL25 levels in the serum remained at high levels, at least when relying 

on CB7 driven expression (Fig. 1.1C-D). 

On day 250 after prophylactic administration of rAAV-CB7-KL25, we challenged the 

corresponding mice and untreated controls (Fig. 1.1B) with a recombinant LCMV strain Clone 

13 expressing the glycoprotein (GP) of the LCMV-WE strain (rCl13). This virus can establish 

chronic infection and is neutralized by KL25 (Penaloza-MacMaster et al., 2015b; Sommerstein 

et al., 2015a). Accordingly, viremia was high on day 5 after challenge of control mice but was 
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significantly suppressed by AAV-KL25 prophylaxis given 250 days earlier (Fig. 1.1D). Hence, 

rAAV delivered KL25 afforded long-term protection against chronic LCMV challenge. 

 

Therapeutic delivery of vectored-immunotherapy clears established virus infection  

Amongst the main goals of this study was to understand the efficacy of VIT in established 

chronic infection. Therefore, mice were infected with rCl13, and 4 days later VIT was 

administered, the control group was given PBS (Fig. 1.1F). Virus loads were suppressed and 

viremia was cleared in VIT-treated animals around 2 weeks post-treatment. In the untreated 

group the mice remained viremic (Fig. 1.1G). In the untreated group, GP-1 binding antibodies 

were detectable, but lower than in VIT-treated groups, at least until day 31 after infection (Fig. 

1.1H). Neutralizing antibodies were only detectable in the VIT treatment group, identifying 

VIT as their source (Fig. 1.1I). Interestingly, neutralizing antibody titers were lower in rCl13-

infected mice receiving AAV-KL25 than in controls without infection, raising the possibility 

that in the infected VIT-group AAV-produced nAbs might be “consumed” by viral antigen, 

perhaps in the form of immune complexes. Irrespective thereof, these set of experiments 

demonstrated the functionality of VIT as a means to prevent the establishment of chronic 

LCMV infection.  

 

VIT-mediated clearance and control of escape mutants in the chronic phase of infection 

relies on the host’s cellular and humoral immune defense 

rCl13 persists in blood of adult wild-type (WT) mice for only about 20-30 days. To investigate 

the impact of VIT on established chronic infection (day 20 after infection, Fig. 1.2A), when T 

cell responses commonly show signs of profound exhaustion, we therefore exploited another 

strain of LCMV (LCMV Docile), which has been shown to establish viremia for 60-90 days 

(Moskophidis et al., 1995). Further, we set out to test for a potential contribution of the host’s 
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endogenous antibody and CD8 T cells to VIT-mediated virus control. For this we tested MHC 

class I knockout mice (KbDb -/-), which lack CD8+ T cells while retaining normal Vb diversity 

in other T cell compartments (Pérarnau et al., 1999). Additionally, T11µMT mice were used, 

which express a transgenic IgM heavy chain directed against the glycoprotein of vesicular 

stomatitis virus (VSV) on a Cµ-deficient background (Klein et al., 1997). Hence, these animals 

are unable to mount significant LCMV-specific antibody responses despite unimpaired 

antiviral CD4 T cell responses (Bergthaler et al., 2009). Prior to VIT treatment on day 20, viral 

loads in blood of WT, T11µMT and KbDb-/- mice were comparable (Fig. 1.2B). By day 44, VIT 

had completely suppressed viremia in WT mice, and viral loads remained at or below detection 

limits throughout day 57 while untreated WT controls remained highly viremic (Fig. 1.2B). On 

day 44, VIT also suppressed viral loads in KbDb -/- and T11µMT mice to below the levels of 

the respective untreated control animals. Thereafter, however, viral loads rebounded, such that 

VIT failed to exert a clear effect on viremia at later time points. MD4 mice carrying rearranged 

heavy and light chains specific for Hen-egg lysozyme (HEL (Goodnow et al., 1988)) were used 

as a second independent model of B cell receptor repertoire restriction, confirming that VIT 

was ineffective in the absence of endogenous LCMV-specific antibody responses (Fig. 1.S1A). 

Analogous findings were also made in CD4 T cell-depleted mice, which were examined for an 

involvement of helper T cells in VIT-mediated clearance (Fig. 1. S1B). Accordingly, WT mice 

were the only experimental group to efficiently clear LCMV upon VIT, as also independently 

confirmed by viral load measurements in brain, kidney, liver and lung (Fig. 1.S2). In light of 

these findings we measured LCMV GP-1 specific antibody responses in WT, KbDb and 

T11µMT mice without VIT to assess the animals’ capacity to mount antiviral antibody 

responses. The responses in T11µMT mice were around or below detection limits, as expected. 

To our surprise, however, also KbDb-/- exhibited clearly impaired humoral responses (Fig. 

1.2C).  In KbDb-/- and T11µMT mice given VIT treatment GP-1 specific antibody titers were 
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high, as expected. The corresponding titers in WT mice were somewhat above those in KbDb-

/- and T11µMT mice, which was most likely due to differential viral loads and “consumption” 

(Fig. 1.2C, compare Fig. 1.1G).  

Rebound viremia in VIT-treated KbDb-/- and T11µMT mice raised the possibility of viral 

mutational escape from KL25 selection pressure. Thus, we sequenced the glycoprotein of the 

viruses persisting in the blood of VIT-treated or untreated KbDb-/- and T11µMT mice, as well 

as the viruses of untreated WT mice. In addition, we determined the glycoprotein sequence of 

virus circulating in the blood of VIT-treated WT mice immediately prior to clearance (“pre-

extinction” virus). We found that in untreated mice, irrespective of their genotype, the 

consensus sequence of the persisting virus remained identical to the inoculum, i.e. no escape 

mutations were detectable (Fig. 1.2D-E). In contrast, the viruses persisting in VIT-treated 

T11µMT, MD4 and CD4 T cell-depleted WT mice exhibited a prototypic KL25 escape 

mutation (N119S) (Fig. 1.2D-E, Fig. 1.S1C). Escape mutations at position 119 of the 

glycoprotein were also consistently found in VIT-treated KbDb-/- mice, albeit of a different type 

(N119Y) and often in conjunction with a K423R mutation in GP2. The latter mutation is of 

unknown biological significance.  

The AAV-delivered KL25 is of the IgG1 isotype, whereas the host endogenous antibody 

response to LCMV consists of 90% IgG2a/c (Coutelier et al., 1987). To determine whether the 

antibody response of WT mice covered KL25 escape mutants we hence determined IgG2c 

antibodies binding to either Docile wt GP-1 or to the N119S- and N119Y- mutants thereof. On 

day 50 after infection, the sera of WT mice had significantly higher Docile-GP-1WT-specific 

antibody titers than those of KbDb-/- or T11µMT mice (Fig. 1.2F). While KbDb-/- seroreactivity 

was clearly detectable, GP-1-specific antibodies of T11µMT were below detection limits, as 

expected. While WT mice consistently mounted substantial Docile-GP1N119S binding antibody 

responses (Fig. 1.2G), KbDb-/- mice had very low to undetectable titers, and T11µMT sera were 
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devoid of such responses (Fig. 1.2G). When assessing Docile-GP1N119Y specific antibody 

responses a similar pattern was noted (Fig. 1.2H), These sets of experiments suggested that 

successful clearance of chronic LCMV infection by VIT depended on CD8 T cells and host 

endogenous antibody responses.  

 

CD8 T cell depletion interferes with effective VIT-mediated suppression of viral loads 

In light of defective antibody responses in KbDb -/- (compare Fig. 1.2F-H) we sought a second 

independent experimental model to assess the contribution of CD8 T cell responses to VIT-

mediated virus control. We depleted CD8 T cells throughout the course of chronic infection 

(Fig. 1.3A) by means of either the widely used rat-anti-mouse CD8 depletion antibody 

(RaCD8) or by the corresponding murinized version (mouse-anti-mouse CD8, MaCD8). 

MaCD8 but not RaCD8 effectively depleted CD8 T cells throughout day 24 after infection 

(Fig. 1.3B). Even in MaCD8-treated mice, however, CD8 T cells gradually re-emerged at later 

time points prompting us to analyze viremia on day 29. VIT significantly reduced viral loads 

in the blood of isotype control antibody-treated animals (Fig. 1.3C). Conversely, VIT was 

virtually ineffective in CD8-depleted mice, which remained highly viremic. Importantly, 

endogenous antibody responses against GP-1WT as determined on day 29 were unaffected by 

CD8 depletion (Fig. 1.3D). This finding was in line with the observations in KbDb-/- mice, 

lending independent support to the concept that CD8 T cells synergise with VIT in antiviral 

control.  We also analyzed B cell responses at the end of time point of the experiment. Neither 

CD8-depletion nor VIT altered the size of the splenic B cell compartment on day 80 after 

infection (Fig. 1.3E). Strikingly, however, MaCD8- as well as RaCD8-treated mice exhibited 

a substantially reduced germinal center B cell compartment (Fig. 1.3F), irrespective of VIT. 

These late effects of CD8 T cell depletion on GC B cells were reminiscent of the unexpected 

humoral immune defects in in KbDb-/- mice and warrant further investigation in future studies. 
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VIT augments endogenous virus-specific antibody responses, specific B cell frequencies and 

antibody-secreting cells 

The failure of VIT-mediated virus-control in B cell repertoire-restricted T11µMT mice 

(compare Fig. 1.2B) led us to investigate a potential impact of VIT on the host’s endogenous 

humoral immune response. We found that VIT-treated mice mounted higher titers of Docile-

GP1WT specific IgG2c than untreated controls (Fig. 1.4A).  An analogous trend was also noted 

for NP-specific IgG2c titers, although failing to reach statistical significance (Fig. 1.4B). In 

contrast, antibody responses against Docile-GP1N119S and Docile-GP1N119Y were comparable 

in VIT-treated and untreated groups (Fig. 1.4C-D).  

Higher LCMV-specific antibody levels raised the possibility that virus-specific B cell 

responses and antibody secreting cells (ASCs) were augmented by VIT. VIT did not affect the 

size of the B cell compartment overall (Fig. 1.4E, Fig. 1.S3). Neither did VIT affect splenic 

frequencies of isotype-switched (IgMnegIgDneg) B cells or plasma cells / plasmablasts (Fig. 

1.4E-G, Fig. 1.S3). In stark contrast, NP-specific B cells were substantially enriched in VIT 

treated WT mice (Fig.4H-I). Also, the number of NP-specific germinal center B cells (GC B 

cells, GL7+ CD38-) were significantly augmented upon VIT treatment (Fig. 1.4J). Next, we 

performed ELISpot assays to enumerate NP-specific antibody secreting cells (ASCs). VIT 

clearly augmented virus-specific ASC numbers in spleen but not in bone marrow (Fig. 1.4K).  

We also investigated antiviral B cell responses in KbDb -/- mice. Unlike in WT mice, NP-

specific class-switched B cell numbers in KbDb -/- mice were in the technical background range, 

independently of VIT (Fig. 1.4H-I). These observations were in line with impaired antibody 

responses in KbDb -/- mice (compare Fig. 1.2F-H). T11µMT mice served as technical controls 

in these experiments and were negative. 
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Taken together, these data indicated that virus-specific B cell and ASC responses were 

augmented upon VIT. The mechanisms underlying this effect remain to be investigated.  

 

VIT partially reverts CD8 T cell exhaustion  

Viral persistence results in T cell exhaustion (Gallimore et al., 1998; Moskophidis et al., 1993; 

Wherry et al., 2003; Zajac et al., 1998). We therefore assessed whether VIT interfered with 

exhaustion. The overall size of the splenic CD8+ T cell compartment was unaffected by VIT 

(Fig. 1.5A-B, Fig. 1.S4), and also the frequency of CD8+ T cells (CTLs) specific for the 

immunodominant GP33 epitope remained unaltered (Fig. 1.5B, Fig. 1.S4). NP396-specific 

CD8 T cell responses were very low, as expected (Zajac et al., 1998). Chronic LCMV infection 

has recently been shown to promote the formation of a subset of CD8+ T cells expressing the 

master transcription factor T-cell factor 1 (Tcf-1). Here we found that VIT diminished the 

proportion of Tcf-1 expressing CTLs (Fig. 1.5C). Conversely, intracellular staining for the 

cytokines IFN-g and TNFa and surface detection of the lytic granule marker CD107a upon 

GP33 peptide stimulation did not reveal any clear differences between VIT-treated mice and 

untreated controls (Fig. 1.5D). Importantly, however, VIT consistently reduced expression 

levels of the inhibitory receptors programmed cell death protein 1 (PD-1) and lymphocyte-

activation gene 3 (LAG3), whereas 2B4 levels remained altered (Fig. 1.5E-F). Altogether, 

reduced PD-1 and LAG3 levels in conjunction with a lower proportion of Tcf-1-expressing 

antiviral CD8+ T cells demonstrated that VIT counteracted CTL exhaustion, presumably by 

lowering viral loads (Mueller and Ahmed, 2009b). 
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Virus specific CD4 T cell and Tfh compartments shrink upon VIT-mediated suppression of 

viral loads 

An assessment of the CD4+ T cell compartment did not reveal any VIT-related changes in 

cellularity (Fig. 1.6A, Fig. 1.S5). Interestingly, however, the total number of CD4+ T cells 

responding to the immunodominant GP66 epitope was somewhat lower in VIT-treated as 

compared to untreated controls (Fig. 1.6B). Also, the number of GP66-specific CD4+ T 

follicular helper cells (PD-1+ CXCR5+; Tfh) was reduced as compared to untreated control 

mice (Fig. 1.6C). In contrast, intracellular cytokine staining following GP66-peptide 

stimulation did not reveal any VIT-related differences in CD4 T cells producing either IFN-g 

or TNFa (Fig. 1.6D). Of note, such Th1-differentiated CD4 T cells were substantially (~10-

fold) less abundant than the corresponding Tfh population of the same specificity (compare 

Figs. 1.5C and 1.5D), which is known to be driven and augmented by persisting viral antigen 

(Brooks et al., 2006; Crawford et al., 2014; Oxenius et al., 2001). Reduced overall numbers of 

(mostly Tfh-differentiated) antiviral CD4+ T cells in VIT-treated animals may thus be a direct 

consequence of viral load control. 
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1.5 Discussion 

The present study delineates how vectored antibody delivery synergizes with and impacts on 

the host’s endogenous immune defense. Importantly, we found that passive antibody not only 

has the potential to clear persistent infection (de Jong et al., 2014) but can also restore the host’s 

own antiviral CD8+ T cell and antibody control of arising escape variants. This observation is 

particularly encouraging for infections with highly mutable viruses such as HIV, where passive 

antibody coverage of all possible genetic variants is difficult to achieve.  

Functional restoration of antiviral CD8+ T cells upon antiviral therapy has previously been 

documented in human and simian immunodeficiency virus infection (Ndhlovu et al., 2019), 

and passive antibody administration was shown to augment endogenous nAb responses 

(Schoofs et al., 2016). Our study goes significantly beyond these earlier observations by 

documenting that the host’s endogenous immune defense contributes essentially to systemic 

virus control upon passive immunization. Furthermore, our work establishes a cellular correlate 

of enhanced endogenous antibody responses upon passive antibody therapy: Higher numbers 

of virus-specific B cells overall and inside germinal centers in particular, as well as elevated 

numbers of antiviral antibody-secreting cell numbers in spleen.  The underlying molecular 

events remain to be investigated. Plausible mechanisms comprise i) reduction of viral antigenic 

loads, ii) Enhanced antigen presentation to B cells by means of Fc receptor-mediated display 

of antibody-complexed antigens on follicular dendritic cells and iii) modulation of CD4+ T 

follicular helper cell (Tfh) function. Of note though, VIT diminished rather than augmented 

antiviral Tfh numbers, which is in line with chronic infection being a potent driver of Tfh 

differentiation and population expansion (Harker et al., 2011; Xin et al., 2018). The negative 

impact of VIT on Tfh population size was, however, modest and still compatible with the 

overall beneficially effect of VIT on antiviral B cell responses. Furthermore, a potential 

beneficial effect of VIT on Tfh functionality remains to be investigated. The VIT effect on 
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inhibitory receptors by antiviral CD8 T cells is likely related to reduced antigen loads (Mueller 

and Ahmed, 2009b). A complete loss of PD-1 and/or LAG3 expression was not to be expected, 

since it represents a differentiation program that persists even when CD8 T cells from 

chronically infected mice are adoptively transferred into completely antigen-free hosts 

(Utzschneider et al., 2013). We have not detected a clear impact of VIT on CD8+ T cell 

functionality or numbers though. The synergistic antiviral effect of VIT and CD8+ T cell 

responses therefore likely relied on these  “exhausted” cells’ antiviral efficacy, which is at least 

partially retained throughout the course of chronic infection (Johnson et al., 2015). 

We acknowledge that augmented antiviral antibody titers in VIT-treated mice could be the 

result of “consumption” by high antigen levels and therefore a relative lack of detection rather 

than of production in untreated controls. The augmentation of antiviral B cells as determined 

by flow cytometry and, most notably, of antiviral antibody-secreting cells in ELISpot assays 

should not, however, be confounded by antigenic loads. The augmentation of splenic ASC 

responses in VIT-treated animals indicates, therefore, that VIT effects on humoral immune 

defense extends well beyond simple antibody “unmasking”.  

Our observations of impaired antiviral antibody responses to chronic LCMV infection in MHC 

class I-deficient KbDb-/- mice were unexpected. Unimpaired antibody responses to virally 

vectored immunization (Pinschewer laboratory, unpublished data) suggest this humoral 

immune defect of KbDb-/- mice is context-dependent, i.e. specifically related to chronic 

infection. In line with this interpretation, defective germinal center responses of CD8+ T cell-

depleted WT mice at late stages of chronic LCMV infection argue in favor of a specific role of 

CD8+ T cells in supporting humoral immunity in the chronic infection context. The recent 

discovery of CXCR5-expressing antiviral CD8+ T cells inside germinal centers of chronically 

infected mice may represent a cellular correlate of CD8+ T cells “helping” B cells (He et al., 

2016; Im et al., 2016; Leong et al., 2016; Utzschneider et al., 2016), yet such a potential link 
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requires further investigation. Unfortunately, long-term antibody depletion of CD8+ T cells 

failed in chronically LCMV-infected mice, even when murinized depletion antibody was used 

to avoid anti-antibody responses. Inefficient depletion beyond the first ~30 days of infection 

was supposedly due to defective FcgR-dependent phagocytosis (Wieland et al., 2015; Yamada 

et al., 2015).  

Finally, we acknowledge that LCMV infection of mice can only recreate some but clearly not 

all relevant immunological features of chronic viral diseases of human such as HIV, HCV or 

HBV infection. The gradual loss of CD4 T cells with progression of HIV infection, for 

example, is likely to curtail the synergy of VIT with endogenous immune defense. Similarly, 

the excessive abundance of HBs in the serum of congenital HBV carriers may trigger 

mechanisms of humoral immune subversion, which are not recreated in LCMV infection 

(Burton et al., 2018; Salimzadeh et al., 2018) 

In summary, the present work in immunocompetent animals with established chronic infection 

highlights previously underestimated immunological aspects of vectored antibody delivery on 

host endogenous immune defense and resulting virus control. Our observations should help to 

better position and leverage VIT as an innovative new tool in combating persistent viral 

diseases by revealing previously underappreciated reciprocal interactions between antiviral 

antibodies, germinal center B cell responses and CD8+ T cells in the context of chronic viral 

infection. 
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1.6 Figures 

 
 

Figure 1.1: AAV-KL25 is effective as immunoprophylaxis against chronic LCMV 
challenge and can intercept chronic infection shortly after onset. 

(A) Schematic of the rAAV-KL25 genomes. (B) Schematic of the experimental protocol for 
(C-E). WT mice were administered the indicated doses of rAAV-CB7-KL25 or rAAV-CMV-
KL25 i.m. on day 0. On day 245, these animals and previously untreated controls were 
challenged with rCl13. We measured serum KL25 titers by ELISA against LCMV GP-1 (C) 
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and by plaque reduction neutralization tests (PRNT, D). (E) 5 days post challenge viremia was 
assessed. (F) Schematic of the experimental protocol for (G-I). We measured the viral titers in 
blood (G), LCMV GP-1-specific serum Ig titers by ELISA (H) rCl13-neutralizing antibodies 
by plaque reduction neutralization test (I). Symbols and bars represent the mean ± SEM 
(C,D,G-I) or individual mice (E). Number of biological replicates (n) = 2 to 5 (C-E), n = 4 (G-
I). Number of independent experiments (N) = 1 (C-E), N = 2 (G-I). Unpaired two-tailed 
Student’s t test. **P < 0.01. ns, not significant. 
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Figure 1.2: Clearance in VIT-administered mice relies on endogenous CD8 T cell and 
antibody responses. 

(A) Schematic of the experimental protocol. We infected WT, KbDb-/- and T11µMT mice with 
LCMV Docile and 20 days later the mice were given either VIT (AAV) (1011 GC) or PBS 
(Ctrl) i.m. (B) Viremia was assessed on the indicated time points. (C) LCMV GP-1 specific 
antibody titers were measured by ELISA. (D) Representative chromatograms of wild-type 
LCMV Docile and the two commonly found viral escape mutations. (E) Table reporting the 
occurrence of the two commonly found viral escape mutations. We measured LCMV GP-1WT 
binding IgG2c (F), LCMV GP-1N119S binding IgG2c (G) and LCMV GP-1N119Y binding IgG2c 
(H) by ELISA. Symbols in (B-C) and bars in (F-H) represent the mean ± SEM, symbols in (F-
H) show individual mice. Number of biological replicates (n) = 3 to 5 per experiment (B,C,F-
H). Number of independent experiments (N) = 2 (A-C and F-H and for E (T11µMT groups), 
(N) = 1 (E, for sequencing of KbDb-/- groups) and, (N) = 3 (E, WT-AAV groups), (N) = 4 (E, 
WT No treatment group). Data sets were analyzed with unpaired two-tailed Student’s t test (F-
H). **P < 0.01. n.s., not significant. 
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Figure 1.3: VIT is ineffective in CD8 T cell-depleted mice despite unimpaired endogenous 
antibody responses. 

(A) Schematic of the experimental protocol. Mice were either given CD8a depletion antibody 
(day -3, -1 and 0 of infection and twice weekly thereafter) or isotype control antibody. On day 
20 VIT or diluent was administered, and the mice were followed for 80 days. (B) Longitudinal 
analysis of CD8 depletion efficiency. (C) Viral titers in blood on day 29. (D) We measured 
LCMV GP-1 binding IgG2c by ELISA on day 29. (E) Frequency of B220+ CD138neg B cells 
within the lymphocyte population on day 80 in the spleen. (F) Frequency of B220+ CD138neg 
GL7+ CD38neg germinal center B cells within the B220+ CD138neg B cell population on day 80 
in the spleen.  Symbols and bars represent the mean ± SEM (B,D-F) or individual mice (C). 
Number of biological replicates (n) = 5 (B-F) per experiment. Number of independent 
experiments (N) = 1 (A-F). Data sets were analyzed with Student’s t test (C) and one-way 
ANOVA (D-F). *P < 0.05; **P < 0.01; ns, not significant. 
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Figure 1.4: VIT-treated mice mount stronger virus-specific antibody, B cell and ASC 
responses. 

We infected WT mice with LCMV Docile and administered VIT 20 days later, analogously to 
the experiment described in Fig. 2. LCMV GP-1WT binding IgG2c titers (A), LCMV 
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nucleoprotein- (NP-) binding IgG2c responses (B), LCMV GP-1N119S- (C) and LCMV GP-
1N119Y-binding (D) IgG2c titers were measured by ELISA over time. On day 50 we sacrificed 
the mice and measured the frequency of total B220+ B cells amongst viable lymphocytes (E), 
IgMnegIgDneg B cells (F) and CD138+ ASCs in the spleen (G). (H) Representative flow 
cytometry plots gated on B220+ CD138neg IgMneg IgDneg B cells binding to recombinant LCMV 
nucleoprotein (rNP). (I) Absolute numbers of rNP-binding B220+ CD138neg IgMneg IgDneg B 
cells in the spleen. (J) Absolute numbers of rNP-binding germinal center (GL7+ CD38neg) 
B220+ CD138neg IgMneg IgDneg B cells in the spleen. (K) LCMV NP-specific antibody secreting 
cells were enumerated in the spleen (left panel) and in bone marrow (BM, right panel) by 
ELISpot assay. Representative assay wells are displayed (A-D, I-K) or individual mice. 
Symbols in (A-D) and bars in (E-G, I-K) represent mean ± SEM, symbols in (E-G) show 
individual animals. (H) shows representative flow cytometry plots. Number of biological 
replicates (n) = 5 per experiment (A-G). Number of independent experiments (N) = 2 (A-G and 
K) and N=3 (H-J). Student’s t test of the AUC values from individual mice between day 24 and 
day 44 was used to analyze the data from (A-D). Data sets were analyzed with one-way 
ANOVA (E-G), unpaired two-tailed Student’s t test (I-K). *P < 0.05; **P < 0.01; ns, not 
significant. n.d., not determined. 
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Figure 1.5: VIT reduces inhibitory receptor expression on antiviral CD8 T cells. 

WT mice with LCMV Docile, followed by VIT or buffer control treatment on day 20, 
analogously to Fig. 2A. On day 50 the animals were sacrificed for T cell analysis in spleen. 
(A) CD8+ T cells as a percentage of lymphocytes. (B) Percentage of virus-specific GP33-Tet+ 
cells within the CD8+ T cell compartment. (C) Percentage of Tcf-1+ cells within GP33-Tet+ 
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CD8+ T cell compartment. (D) We determined the frequency and functionality of GP33-
specific CD8+ T cells upon peptide stimulation by surface staining of CD107a and by 
intracellular cytokine staining for IFN-gamma (IFN-g) and TNFa. (E) Expression levels of the 
exhaustion markers PD-1, LAG-3 and 2B4 on GP33-Tet+ CD8+ T cells. (F) The histogram 
plots from one representative animal in (E) are displayed.  Bars represent mean ± SEM, 
symbols represent individual mice. Number of biological replicates (n) = 5 (A-E). Number of 
independent experiments (N) = 3 (A-F). Unpaired two-tailed Student’s t test with *P < 0.05. 
ns, not significant. 
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Figure 1.6: Reduced virus-specific total CD4 T cell and Tfh CD4 T cell responses upon 
VIT-mediated viral clearance. 

We infected WT mice with LCMV Docile, followed by VIT or buffer control treatment on day 
20, analogously to Fig. 2A. (A-C) Absolute numbers of CD4+ T lymphocytes (A), CD44+ 
GP66-Tet+ T cells (B), and virus-specific Tfh (PD-1+ CXCR5+ CD44+ GP66-Tet+) CD4+ T 
cells (C) were enumerated by flow cytometry. The numbers of GP61-80-specific IFN-g- or 
TNFa-producing CD4+ T cells were determined by intracellular cytokine assays (D). Symbols 
represent individual mice. Number of biological replicates (n) = 5 (A-D) per experiment. 
Number of independent experiments (N) = 2 (A-D). Unpaired two-tailed Student’s t test with 
*P < 0.05; **P < 0.01. ns, not significant. 
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1.7 Supplementary Figures 

 
 

Figure 1.S1: VIT fails to control chronic LCMV infection in CD4-depleted or BCR-
restricted mice. 

(A) We infected MD4 mice with LCMV Docile and 20 days later the mice were given either 
VIT (1011 GC) or PBS i.m. Viremia was assessed on the indicated time points. (B) anti-CD4 
depletion antibody was administered i.p. to WT mice on days -3 and -1, and on day 0 the mice 
were infected with LCMV Docile. 20 days later the mice were given either VIT (1011 GC) or 
PBS i.m. Viremia was assessed on the indicated time points. (C) Table reporting the occurrence 
of the two commonly found viral escape mutations. Symbols and error bars in (A,B) represent 
means ± SEM. Number of biological replicates (n) = 2 (C) for MD4-VIT, for others (n) = 3 
(A-C) . Number of independent experiments (N) = 1 for (A-C). 
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Figure 1.S2: VIT fails to clear chronic LCMV infection from the organs of mice lacking 
CD8 T cells or antiviral antibody responses.   

Viral titers in the liver, spleen, kidney and lung of WT, KbDb-/- and T11µMT mice on day 80 
of the experiment displayed in Fig. 2. Symbols show individual mice, error bars represent 
means ± SEM. Number of independent experiments (N) = 2. 
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Figure 1.S3: Gating strategy to the FACS analysis in Figure 4E-J. 

Single cells were gated in SSC-A / SSC-H plots followed by FSC-A / FSC-H gating. Then, 
Zombie-UV positive cells (dead cells) were excluded from further analysis. Next, 
lymphocytes were identified by their SSC-A / FSC-A profile. Subsequently, B cells ( B220+ 
CD138neg) and, amongst B cells, isotype-switched cells (IgMneg IgDneg) were analyzed. rNP+ 
cells within this population were identified and, finally, GC cells (GL7+ CD38neg) within the 
rNP+ B cell population were gated. 
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Figure 1.S4: Gating strategy to the FACS analysis in Figure 5A-F. 

Single cells were gated on by using SSC-A and SSC-H gating followed by FSC-A and FSC-H 
gating. Lymphocytes were gated on according to SSC-A and FSC-A profile. This was followed 
by gating B220neg cells. Next, total CD8+ cells within the B220neg population were gated 
Finally, GP33-Tet+ cells within the total CD8 population were gated. 
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Figure 1.S5: Gating strategy to the FACS analysis in Figure 6A-D. 

Single cells were gated by SSC-A / SSC-H followed by FSC-A / FSC-H. Then, Zombie-UV 
positive (dead cells) were excluded from further analysis. Lymphocytes were gated according 
to their SSC-A / FSC-A profile, followed by the identification of CD4+ CD8neg, B220neg cells 
(CD4 T cells) within the lymphocyte population. Next, CD44+ GP66-Tet+ cells within CD4+ 
population were identified.  Finally, CXCR5+ PD-1+ cells within the CD44+ GP66-Tet+ CD4 
T cell population were gated as follicular helper T cells.  
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2. Interferon-driven decimation of antiviral B cells at the onset of 

chronic infection 
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2.1 Abstract 

Immune subversion represents a hallmark of persistent infection, but microbial suppression of 

B cell responses remains mechanistically ill-defined. Adoptive transfer experiments in a 

chronic viral infection model evidenced the rapid and profound decimation of B cells that 

responded to virus or to concomitantly administered protein. Decimation affected naïve and 

memory B cells and resulted from biased differentiation into short-lived antibody-secreting 

cells. It was driven by type I interferon (IFN-I) signaling to several cell types including 

dendritic cells, T cells and myeloid cells. Durable B cell responses were restored upon IFN-I 

receptor blockade or, partially, when depleting myeloid cells or key IFN-I-induced cytokines. 
B cell decimation represents a molecular mechanism of humoral immune subversion and 

reflects an unsustainable “all-in” response of B cells in IFN-I-driven inflammation.  

 

2.2 One-sentence summary 

Interferon-driven inflammation at the onset of chronic viral infection orchestrates 

unsustainable antibody production and decimation of antiviral B cell populations. 
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2.3 Results and discussion 

Humoral immunity represents a cornerstone of antimicrobial host defense and vaccine 

protection. Infection-induced suppression of humoral immune defense is therefore predicted to 

further microbial persistence and pathogenesis, with the potential to thwart B cell-based 

vaccination efforts. Perturbed or dysfunctional B cell compartments represent a hallmark of 

persistent microbial diseases including HIV, hepatitis B, hepatitis C, malaria, schistosomiasis 

and tuberculosis (Joosten et al., 2016; Labuda et al., 2013; Moir and Fauci, 2014; Oliviero et 

al., 2011; Weiss et al., 2009). Besides delayed and inadequate antibody responses to the 

causative agent itself (Chen et al., 1999; Cohen et al., 2011; Peacock et al., 1973), consequences 

can consist in a generalized suppression of vaccine responses and B cell memory (Cunnington 

and Riley, 2010; Malaspina et al., 2005; Wheatley et al., 2016). In comparison to T cell 

exhaustion, however, the molecular mechanisms leading to viral subversion of the B cell 

system have remained less well defined.  

Here we compared B cell responses to protracted LCMV infection (rCl13) and to recombinant 

vesicular stomatitis virus (rVSV) vaccine vectors. The two viruses were engineered to express 

the same surface glycoprotein (GP) as neutralizing antibody target, but served as prototypic 

models of chronic viremic and acute infection, respectively (Fig. 2.1A). To study antiviral B 

cell responses in mice, we adoptively transferred oligoclonal, traceable (CD45.1+) KL25H B 

cells, which contain ~2% GP-specific cells owing to an immunoglobulin heavy chain knock-

in (Fig. 2.S1A). The transferred KL25H cells mounted only transient GP-specific antibody 

responses to rCl13, whereas rVSV-induced responses were durable and of higher titer (Fig. 

2.1B). Moreover, KL25H B cell numbers at four weeks after rVSV immunization were ~20-

fold higher than after rCl13 infection (Fig. 2.1C). We obtained analogous results, both in spleen 

and inguinal lymph nodes (iLN), when adoptively transferring quasi-monoclonal KL25HL B 

cells (~85% GP-specific, Fig. 2.S1A, B), which express the matching immunoglobulin light 

chain transgene in addition to the heavy chain knock-in (Fig. 2.1D, 2.S1C). Four weeks after 

infection, KL25HL B cells populated the germinal centers (GCs) of rVSV-immunized mice 

but not of rCl13-infected animals (Fig. 2.1E). When studying KL25HL B cells in the first week 

of rCl13 infection, they proliferated vigorously and acquired a blast-like morphology within 

the first three days, but disappeared almost completely by day 6 (Fig. 2.1F, G). On day three, 

the majority of proliferating (CFSElow) KL25HL B cells in rCl13-infected mice were apoptotic 

(7AAD+AnnexinV+, Fig. 2.1H), whereas KL25HL B cells responding to rVSV remained 

mostly viable. These observations suggested a near-complete apoptotic loss (referred to as 
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“decimation”) of virus-neutralizing KL25HL B cells within days after the onset of rCl13 

infection. By analogy to T cells (Mueller and Ahmed, 2009a), high antigen loads in rCl13 but 

not rVSV infection could have accounted for antiviral B cell decimation. Counter to this 

hypothesis, adoptive transfer of KL25HL B cells into neonatally infected immunologically 

tolerant rCl13 carrier mice (Pircher et al., 1989a) resulted in robust B cell and 

plasmablast/plasma cell (antibody-secreting cell, ASC) formation despite high-level viremia 

(Fig. 2.1I and 2.S1D; B cells and ASCs jointly referred to as “B cell progeny”). Furthermore, 

KL25HL B cell transfer on day 3 of rCl13 infection, when viremia had set in, yielded ~20-fold 

more B cell progeny than transfer at the onset of infection (Fig. 2.1J, K (Zellweger et al., 

2006)). Day 3 transfer of KL25HL B cells resulted also in substantially higher neutralizing 

antibody (nAb) responses and in a more potent antiviral effect than transfer on the day of 

infection (Fig. 2.1L, M). 

These observations argued against antigen overload as the root cause of KL25HL B cell 

decimation, suggesting rather that the inflammatory milieu at the onset of infection was 

unfavorable to sustained B cell responses. Intriguingly, this 3-day time window coincided with 

the strong systemic type I interferon (IFN-I) response in rCl13 infection (Fig. 2.2A). Moreover, 

rCl13-induced serum IFN-I responses clearly exceeded those induced by rVSV, and IFN-I was 

below technical backgrounds in rCl13 carriers, altogether suggesting an inverse correlation 

between systemic IFN-I levels and sustained antiviral B cell responses. IFN-I transcriptome 

signatures characterize chronic hepatitis C virus, pathogenic immunodeficiency virus infection 

and chronic active tuberculosis (Berry et al., 2010; Bolen et al., 2013; Mandl et al., 2008; 

Rotger et al., 2011), and IFN-I can exert detrimental effects on antiviral T cell responses 

(Teijaro et al., 2013; Wilson et al., 2013). Hence we speculated that rCl13-induced IFN-I 

accounted for antiviral B cell decimation. Antibody-based blockade of the type I interferon 

receptor (αIFNAR) resulted in ~20-fold more KL25HL progeny on day 3 of rCl13 infection 

(Fig. 2.2B, C). By day 15, αIFNAR blockade yielded >100-fold higher numbers of KL25HL 

memory B cells (memB) and GC B cells, both in spleen and iLN, and comparably elevated 

KL25HL progeny were found in bone marrow (BM, Fig. 2.2D and 2.S2A). By 

immunohistochemistry we detected KL25HL B cells in GCs of IFNAR-blocked mice but not 

of control-treated animals (Fig. 2.2E). To investigate whether also antigen-experienced B cells 

were sensitive to IFN-I-driven decimation, we expanded KL25H B cells in vivo (~50% GP-

specific, Fig. 2.S2B) and transferred them to naïve recipients, followed by rCl13 challenge. 

αIFNAR blockade yielded significantly more KL25H PCs and memB on day 8 and day 67 
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after rCl13 challenge, respectively (Fig. 2.2F and 2.S2C). Performing immunohistochemistry 

on day 67, we readily detected KL25H B cells in GCs of IFNAR-blocked but not control-

treated recipients (Fig. 2.2G). We extended these adoptive transfer experiments to polyclonal 

LCMV-experienced B cells of GFP-transgenic mice. On day 7 after rCl13 challenge, IFNAR-

blocked recipients contained ~30-fold higher numbers of LCMV nucleoprotein (NP) -binding 

GFP+ memB cell progeny than control-treated animals (Fig. 2.2H and 2.S2D). Altogether, this 

documented that not only primary responses of LCMV-specific KL25H and KL25HL B cells 

but also recall responses of antigen-experienced LCMV-specific B cells, both oligoclonal 

(KL25H) and polyclonal, were subject to IFN-I-driven decimation. Next we tested whether B 

cells of unrelated specificity, when activated concomitantly with rCl13 infection (“activated 

bystander B cells”), were similarly affected. We transferred traceable (CD45.2+) vesicular 

stomatitis virus glycoprotein (VSVG) -specific B cells (VI10) into syngeneic (CD45.1+) wt 

recipients. Subsequent immunization with VSVG triggered robust proliferation (CFSE 

dilution) and expansion of virtually all VSVG-binding VI10 B cells. This response was 

markedly reduced by concomitant rCl13 infection but completely rescued by αIFNAR, 

extending the concept of IFN-I-driven decimation to activated bystander B cells (Fig. 2.2I). 

The use of (non-replicating) VSVG protein in these experiments corroborated that cognate 

antigen loads could not readily explain rCl13-driven B cell decimation. 

αIFNAR prevented KL25HL B cell apoptosis as determined by flow cytometry 

(AnnexinV/7AAD binding) and by active caspase-3 staining in histology (Fig. 2.3A-C). To 

better understand IFN-I-driven B cell decimation, we performed whole genome RNA 

sequencing on KL25HL B cells recovered on day 3 of rCl13 infection. A pronounced antibody-

secreting cell signature (Shi et al., 2015) in control-treated cells was largely reversed by 

αIFNAR blockade (Fig. 2.3D). This effect was also evident in αIFNAR-mediated suppression 

of ASC-related transcription factors (TF, Fig. 2.S3A). Conversely, IFNAR blockade 

promoted/restored TF expression profiles, which are typical for mature B cell stages prior to 

ASC differentiation, and modulated also GC B cell-specific TFs (Fig. 2.S3B, C). In line with 

its effects on the cells’ ASC gene signature, αIFNAR altered the expression of 10 out of 13 

genes, which have been linked to terminal B cell differentiation in human HIV infection (Fig. 

2.S3D, (Moir et al., 2004)). Flow cytometric analyses corroborated that IFNAR blockade 

impeded rCl13-induced ASC differentiation. As hallmarks of ASC differentiation, most 

KL25HL B cells in control-treated recipients lost B220, CD22 and CD23 expression as they 

proliferated (Fig. 2.3E). When IFNAR was blocked, a significantly higher proportion of 
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KL25HL progeny cells retained these markers. Conversely, fewer KL25HL cells up-regulated 

the ASC marker CD138+, and their intracellular IgM levels were lower (Fig. 2.3E). Altogether 

these observations indicated that IFNAR blockade prevented specific B cell decimation by 

countering short-lived plasmablast differentiation. 

To differentiate between B cell-intrinsic and –extrinsic IFNAR effects on B cell decimation we 

used IFNAR-deficient and –sufficient KL25HL B cells for adoptive transfer. Both B cell types 

expanded vigorously when challenged with rCl13 in ifnar-/- recipients but yielded low progeny 

numbers when responding in wt recipients (Fig. 2.4A). This suggested B cell-extrinsic IFN-I 

effects as the root cause of rCl13-induced B cell decimation. We extended these observations 

to activated bystander B cells. IFNAR-deficient and –sufficient VI10 B cells responded 

similarly to VSVG protein immunization, and both responses were equally suppressed by 

concomitant rCl13 infection (Fig. 2.4B).  When using reciprocal wt and ifnar-/- BM chimeras 

as recipients we found that hematopoietic IFNAR expression was decisive for KL25HL B cell 

decimation (Fig. 2.4C). To dissect how IFNAR signaling in various immune cell types 

contributed to B cell decimation we exploited cell type-specific IFNAR deletion models. 

KL25HL B cell progeny were significantly more numerous when recipients lacked IFNAR in 

either T cells, dendritic cells (DCs) or myeloid cells. IFNAR deletion in the recipient’s B cells 

only modestly augmented KL25HL ASCs, and neither of the above cell-type specific IFNAR 

deletion models fully phenocopied plain ifnar-/- recipients (Fig. 2.4D). Taken together, IFNAR 

signaling in several cell types, namely in DCs, myeloid cells and T cells contributed to rCl13-

induced B cell decimation. The essential antiviral role of IFN-I may preclude the success of 

αIFNAR-based immunomodulatory therapy ((Sandler et al., 2014; Teijaro et al., 2013; Wilson 

et al., 2013), Fig. 2.S4A). Also T cells and DCs are widely recognized as essential components 

of antiviral immune defense (Probst and van den Broek, 2005; Schmitz et al., 1999), but 

inhibition or depletion of myeloid cells can be pursued to combat persistent infection and 

cancer (Norris et al., 2013; Wesolowski et al., 2013). Hence we tested whether, by analogy to 

myeloid cell-specific IFNAR deficiency, myeloid cell depletion could rescue KL25HL B cell 

responses. Albeit less dramatically than αIFNAR, also�αGr-1 (Ly6C/G) antibody depletion, a 

widely used means to deplete myeloid cells in mice, augmented KL25HL progeny (Fig 2.4E). 

Of note, αGr-1 depletion did not substantially affect viral loads or serum IFN-I kinetics (Fig. 

2.S4A,B), attesting to the potential utility of myeloid cell-targeting strategies for countering B 

cell decimation. In accordance with earlier reports, however, αGr-1 depleted not only 

inflammatory monocytes (InfMo) and neutrophils but also eosinophils, plasmacytoid dendritic 
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cells (pDCs) and Ly6Chigh CD8+ T cells (Fig. 2.S4C, D). Yet, the individual depletion of 

neutrophils, eosinophils or pDCs did not increase KL25HL B cell progeny, and cd8-/- mice 

yielded only modestly elevated numbers of KL25HL ASCs (Fig. 2.S4E). NK cell depletion 

(Crouse et al., 2014; Xu et al., 2014) did not augment KL25HL progeny either (Fig. 2.S4F). 

To address a potential role of InfMo in B cell decimation we used both InfMo-deficient ccr2-/- 

and klf4fl/flxVav1-icre mice recipients (Fig. 2.S4G-I and (Tussiwand et al., 2015)). Neither 

model phenocopied the αGr-1 effect, and αGr-1 depletion improved KL25HL progeny 

recovery also in InfMo-deficient ccr2-/- recipients (Fig 2.S4I). Hence, the B cell-sparing effect 

of αGr-1 depletion likely represented its combined impact on multiple myeloid and perhaps 

even non-myeloid cell subsets. Thus we speculated that both αGr-1 and αIFNAR countered 

antiviral B cell decimation by altering virus-induced inflammation. When profiling the 

expression of 248 inflammation-related genes in spleen, 128 were altered upon rCl13 infection, 

and αIFNAR attenuated or prevented a majority of these inflammatory gene expression 

changes (Fig. 2.4F, 2.S5A, B, Tbl. SI). αGr-1 exerted analogous albeit more modest effects, 

which were largely overlapping with those of αIFNAR. Similar results were obtained from 

BM, indicating that treatment-related anti-inflammatory effects were not confined to lymphoid 

organs (Fig. 2.S5C,D, Tbl. SI). In a serum cytokine panel analysis, 19 out of 31 tested 

chemokines and cytokines increased at 24 and 72 hours after rCl13 infection, respectively, and 

were at least 4-fold suppressed by αIFNAR (Fig. 2.4G, Table. SII). Nine of these 19 were also 

significantly suppressed, albeit less potently, in αGr-1-treated animals. Taken together, IFNAR 

deficiency and, to a lesser extent also αGr-1, modulated rCl13-induced systemic inflammation, 

and most if not all αGr-1 effects on inflammation were comprised in the αIFNAR effect.  

These observations raised the possibility that the IFN-I-induced inflammatory milieu in rCl13 

infection caused B cell decimation by altering B cell survival and/or differentiation signals. 

This hypothesis predicted that i) the supplementation of survival signals and also ii) the 

depletion of deleterious inflammatory mediators or blockade of death pathways should 

augment specific B cell responses in rCl13 infection. In line with prediction i), KL25HL B cell 

transfer and rCl13 infection yielded ~10-fold more progeny when performed in transgenic 

recipients overexpressing the B cell survival factor BAFF (Fig. 2.4H). In attempting to test 

prediction ii) we used knock-out mouse models and antibody depletion approaches to assess 

the individual contribution of IL-1β, IL-4, IL-6, IL-10, IL-12, TNF-α, iNOS and FasL to rCl13-

induced KL25HL B cell decimation. KL25HL B cells yielded significantly more progeny when 

challenged with rCl13 in IL-10-deficient or TNF-α-blocked recipient mice (Fig. 2.4I). 
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Interestingly, IL-10 as well as TNF-α have been linked to B cell dysfunction in HIV-1 infection 

(Macchia et al., 1993; Muller et al., 1998). While we failed to detect a statistically significant 

individual role for IL-1β, IL-4, IL-6, IL-12, iNOS or FasL in B cell decimation (Fig. 2.S6A,B), 

contributive effects of some of these and other IFN-I-induced factors and pathways (Kacani et 

al., 1997; Moir et al., 2004; Muller et al., 1998) remain likely, and may vary between infection 

settings. Accordingly, only their combined suppression alongside with IL-10 and TNF-α may 

account for the potent B cell-sparing effect of IFNAR blockade. 

IFN-I driven B cell decimation reflects apparently an “all in” strategy of the humoral immune 

system when facing antigen in a highly inflammatory context. In acute life-threatening 

infections, this ASC differentiation bias may augment survival chances by maximizing early 

immunoglobulin production. It thus seems desirable from an evolutionary standpoint. 

Conversely, B cell decimation puts at risk the sustainability of humoral responses, both of naïve 

and immunized hosts, when confronted with persistence-prone pathogens. Repertoire 

replenishment by new bone marrow emigrants (Osmond, 1993; Zellweger et al., 2006) and 

GC-driven evolution of low-affinity clones are predicted to eventually compensate for early 

repertoire decimation. But these processes take time, and the sustained IFN-I transcriptome 

signatures in active tuberculosis, chronic hepatitis C virus and pathogenic immunodeficiency 

virus infection raise the possibility that B cell decimation extends into the chronic phase of 

infection (Berry et al., 2010; Bolen et al., 2013; Mandl et al., 2008; Rotger et al., 2011). In 

summary, IFN-I-driven B cell decimation offers a molecular mechanism for humoral immune 

subversion under conditions of microbial inflammation. 

2.4 Materials and Methods 

 
2.4.1 Viruses, virus titrations, infections and immunizations 

Reverse genetically engineered LCMV strain Clone 13 expressing the LCMV strain WE 

glycoprotein (rCl13) has been described (Penaloza-MacMaster et al., 2015a). A recombinant 

vesicular stomatitis virus vector expressing the LCMV strain WE glycoprotein instead of 

VSVG (rVSV) was generated following established procedures and strategies (Kalhoro et al., 

2009). rCl13 and rVSV were grown on BHK-21 cells and were titrated in viral stocks and 

blood samples as previously described (Pinschewer et al., 2004). Unless specified otherwise, 

rCl13 and rVSV were administered to mice intravenously (i.v.) at doses of 2x106 and 8x106 

plaque-forming units (PFU), respectively. Adult infections were performed 30 min. after 
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adoptive B cell transfer. To establish an immunologically tolerant neonatal rCl13 carrier status, 

mice were administered 6x105 PFU rCl13 into the skull within 24 hours after birth. VSV 

glycoprotein (VSVG) for immunization was produced in SF9 cells using a recombinant 

baculovirus as previously described (Burkhart et al., 1994). For VSVG immunization, 20 µg 

whole cell lysate was administered to mice i.v.. 

 

2.4.2 Flow cytometry and FACS sorting  

To prepare single cell suspensions, tibiae were flushed and spleens were enzymatically 

digested using collagenase D (Roche) and DNAseI (Sigma-Aldrich). All cell media were 

adjusted to mouse osmolarity (Williams et al., 1972). Single cell suspensions were stained with 

fluorophore- or biotin-conjugated antibodies to detect the following markers and molecules: 

CD138 (clone 281-2), B220 (clone RA3-6B2), IgD (clone 11-26c.2a), CD45.1 (clone A20), 

CD45.2 (clone 104), CD22 (clone OX-97), CD23 (clone B3B4), CD8a (clone 53-6.7), Ly-6C 

(clone HK1.4), CD11b (clone M1/70), CD11c (clone HL3), CCR3 (clone J073E5), SiglecH 

(clone 551), NK1.1 (clone PK136), Thy1.2 (clone 30-H12) and CD19 (clone 6D5) from 

BioLegend; IgM (clone II/41), GL-7 (clone GL-7) and Ly-6G (clone 1A8) from eBioscience; 

CD95 (clone Jo2) and SiglecF (clone E50-2440) from BD Biosciences. Biotin-conjugated 

antibodies were detected using fluorophore-conjugated streptavidin (BioLegend). Dead cells 

were excluded using the Zombie UVTM Fixable viability kit (BioLegend). AnnexinV/7AAD 

staining (BD Biosciences) was performed to detect apoptotic cells by flow cytometry. To label 

GP-binding B cells for flow cytometric detection we used a recombinant fusion protein (GP-

Strep-tag, (Sommerstein et al., 2015b)) consisting of the GP extracellular domain, fused to a 

C-terminal streptag (Twin-Strep-tag, IBA GmbH). Detection was performed using Strep-

Tactin-PE (IBA Biosciences). To label VSVG-binding VI10 cells we used a recombinant 

fusion protein consisting of the VSVG ectodomain (sVSVG), fused to a C-terminal 

trimerization motif derived from T4 fibritin (foldon). sVSVG-binding cells were identified 

using Alexa647-labelled anti-VSVG antibody VI7 (Kalinke et al., 1996). GP-Strep-tag and 

sVSVG were produced by transient transfection in HEK-293 cells. For the identification of 

NP-binding B cells in flow cytometry we used bacterially derived and Alexa647-labelled 

recombinant NP (Sommerstein et al., 2015b). The cells were measured on Gallios (Beckman 

Coulter) and LSRFortessa (Becton Dickinson, BD) flow cytometers and data were analyzed 

with FlowJo software (Tree Star). For sorting of KL25HL B cells progeny, labeled with CFSE 
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prior to transfer and rCl13 challenge, splenocyte suspensions were stained with antibodies to 

B220, CD45.1 and CD45.2. We sorted CD45.1+CD45.2–CFSEloB220int/hi cells directly into 

TRI Reagent LS (Sigma-Aldrich) using an FACSAria II (Becton Dickinson, BD) cell sorter at 

the Flow Cytometry Core Facility of the University of Basel. RNA was extracted using the 

Direct-zolTM RNA MicroPrep kit (Zymo research). 

 

2.4.3 Immunohistochemistry and image analysis 

For immunohistochemical staining, tissues were fixed in HEPES-glutamic acid buffer-

mediated organic solvent protection effect (HOPE, DCS Innovative) fixative as previously 

described (Bergthaler et al., 2007) and embedded in paraffin. Immunostaining was performed 

on 3 µm thick sections using antibodies against active caspase-3 (9661T, Cell Signaling) and 

CD45.1 (clone A20, FITC-labeled, BioLegend). Bound caspase-3 antibodies were visualized 

using tyramide signal amplification (Thermo-Fisher). Bound CD45.1 antibody was visualized 

using rabbit anti-FITC antibody followed by incubation with Alexa-fluor goat-anti-rabbit 

antibody (Life-Technologies). Germinal centers were visualized using FITC-labeled Peanut 

agglutinin (PNA; Life technologies).  Nuclei were stained with 4',6-diamidino-2-phenylindole 

(DAPI, Invitrogen). 

Stained sections were scanned using a Panoramic Digital Slide Scanner 250 FLASH II 

(3DHISTECH) at 200x magnification. For representative images, contrast was linearly 

enhanced using the tools “levels”, “curves”, “brightness” and “contrast” in Photoshop CS6 

(Adobe).  

Whole slide images were analyzed with a custom made rule-set using Developer Definiens XD 

software (Definiens, Munich). Briefly, the regions of interests (ROIs) were drawn manually 

and CD45.1 as well as caspase-3 signal was automatically detected based on corresponding 

spectral channels in conjunction with the DAPI signal. Following detection, CD45.1+ cells 

were classified into caspase-3-positive and, -negative cells depending on cellular 

collocalisation with caspase-3. The total ROI area and cell quantification results were exported 

in CSV-format for further analysis. 

 



 82 

2.4.4 Whole-genome RNA sequencing and low-density inflammatory gene expression 

profiling 

For RNA sequencing of sorted KL25HL B cells, RNA was extracted using the Direct-zolTM 

RNA MicroPrep kit (Zymo research) according to the manufacturer’s instructions. Library 

preparation was performed with a TruSeq kit (Illumina) according to the provider’s protocol 

and sequencing was performed by 50 bp single-end reads on an Illumina HiSeq 2000 at the 

Microarray and Deep-Sequencing Core Facility, University Medical Center, Göttingen, 

Germany. Analysis was performed at the Bioinformatics Core Facility of the University of 

Basel as follow: Reads were mapped against the mouse genome (version mm9; NCBI build 

37) using the spliced-read aligner STAR (Dobin et al., 2013). Raw reads and mapping quality 

was assessed by the qQCReport function from the R package QuasR (Gaidatzis et al., 2015; 

Team, 2015). Expression of RefSeq genes (UCSC version downloaded 2013-07-25) was 

quantified by counting reads mapping into exons using the qCount function of QuasR. The R 

package edgeR (McCarthy et al., 2012) was used for detecting differentially expressed genes 

between conditions. P-values for the contrasts of interest were calculated by likelihood ratio 

tests and adjusted for multiple testing by controlling the expected FDR.  

For low density inflammatory gene expression profiling, spleen and BM from naïve mice and 

from rCl13-infected mice treated with αGr-1, αIFNAR or control antibody were harvested on 

day 3. RNA was extracted using Direct-zolTM RNA MicroPrep kit (Zymo research) according 

to the manufacturer’s instructions. Expression profiling was done using the nCounter 

Nanostring Mouse Inflammation v2 assay (NanoString Technologies) at the iGE3 genomics 

platform of the University of Geneva. Analysis was performed at the Bioinformatics Core 

Facility of the University of Basel as follow: Raw counts were scale-normalized using the 

TMM method of the R package limma (Law et al., 2014). The transformed counts (log-CPM 

values) were subsequently used for linear modelling. Differential gene expression between 

conditions was evaluated using the lmFit and eBayes functions of limma. P-values of the 

moderated t-tests were adjusted for multiple testing by controlling the expected false discovery 

rate (FDR). 

Heatmaps were generated using the ComplexHeatmap R package (Gu, 2016). Heatmaps 

employing the Nanostring data show genes with an absolute log2-fold change (log2FC) bigger 

than 0.5 and an FDR-controlled p-value smaller than 0.05. No thresholding was used for 

heatmaps showing pre-defined gene lists. 
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2.4.5 Mice 

KL25L transgenic mice were generated using a construct as schematically described in Fig. 

S1B. It encoded for the rearranged KL25 V and J segments as well as for the light chain kappa 

constant domain. Additionally, for the efficient screening of transgene-expressing founder 

mice by FACS, a downstream internal ribosome entry site (IRES) controlled expression of a 

cell surface reporter protein consisting of the Thy1.1 ectodomain fused to the transmembrane 

and cytoplasmic domains of the mouse PDGF receptor. The complete expression cassette was 

released from the vector using appropriate restriction enzymes and was purified and injected 

into C57BL/6 embryos using standard techniques. 

KL25H and VI10 mice carry an immunoglobulin heavy chain knock-in (KI) derived from the 

neutralizing GP-specific and VSVG-specific KL25 and VI10 antibodies, respectively 

(Hangartner et al., 2003). KL25H and KL25L mice were intercrossed to obtain KL25HL mice, 

and were brought onto a CD45.1 congenic background for adoptive transfer experiments. 

Intercrosses of KL25HL and VI10 mice with ifnar-/- (Muller et al., 1994) mice yielded KL25HL 

x ifnar-/- (CD45.1) and VI10 x ifnar-/- (CD45.2) mice, respectively.  

Wt C57BL/6J mice were purchased from Charles River Laboratories, iNOS-deficient nos2-/- 

(Laubach et al., 1995) and Faslgld mutant mice (Roths et al., 1984) on C57BL/6 background 

were bought from the Jackson Laboratories. ccr2-/- mice (Boring et al., 1997) were generously 

provided by S. LeibundGut-Landmann, ifnarfl/fl mice (Prinz et al., 2008) by U. Kalinke, Baff-

tg mice (Kreuzaler et al., 2012) by T. Rolink, klf4fl/fl x Vav1-icre mice (Tussiwand et al., 2015) 

by R. Tussiwand, il1β-/- mice (Horai et al., 1998) by N. Schaeren-Wiemers, il4-/- mice (Kuhn 

et al., 1991) by A. Teubner and il6-/- mice (Kopf et al., 1994) by M. Recher. cd19-cre mice 

(Rickert et al., 1997) were kindly provided by A. Oxenius with authorization from the MGC 

foundation. CD45.1-congenic C57BL/6, il10-/-(Kuhn et al., 1993), cd8-/-(Fung-Leung et al., 

1991), il12p40-/- (Magram et al., 1996), cd4-cre (Lee et al., 2001), cd11c-cre (Caton et al., 

2007), LysM-cre (Clausen et al., 1999), ifnar-/- (Muller et al., 1994) and ubc-gfp mice (Schaefer 

et al., 2001) were from the Swiss Immunological Mouse Repository (SwImMR). ifnarfl/fl mice 

were crossed onto B cell-specific (cd19-cre), dendritic cell-specific (cd11c-cre), myeloid cell-

specific (LysM-cre) and T cell-specific (cd4-cre) Cre deleter strains to obtain the respective 

“B-ifnar-/-“ (cd19-cre x ifnarfl/fl), “DC-ifnar-/-“ (cd11c-cre x ifnarfl/fl), “myeloid-ifnar-/-“ 

(LysM-cre x ifnarfl/fl) and “T-ifnar-/-“ (cd4-cre x ifnarfl/fl) strains. 
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2.4.6 Animal experiments 

All mice were kept under specific-pathogen-free (SPF) conditions for colony maintenance and 

experiments, and were housed at the Laboratory Animal Services Center (LASC) of the 

University of Zurich and at the Universities of Geneva and Basel. Experiments were performed 

at the Universities of Geneva and Basel, in accordance with the Swiss law for animal protection 

and with authorization by the respective Cantonal authorities.  

 

2.4.7 In vivo cell depletion and antibody blockade  

IFNAR-blocking antibody (MAR1-5A3, BioXCell) was administered intraperitoneally (i.p.) at 

a dose of 1 mg on day -1 of infection. TNF-α-blocking antibody (XT3.11; BioXCell) was given 

at doses of 500 µg i.p. on day -1 and day 1 of infection. To deplete myeloid cells, we 

administered 500 µg of anti-Gr-1 (Ly6C/G) antibody (RB6-8C5, BioXCell) each on day -2.5 

and day -0.5 of infection i.p.. Depletion of neutrophils was performed by means of a single i.p. 

injection of 1mg anti-Ly6G antibody (1A8, BioXCell) on day -1 of infection. Eosinophils were 

depleted by i.p. injections of 20 µg anti-SiglecF (clone 238047, R&D Systems) on day -1 and 

day 1 of infection. The obtained results were independently confirmed in experiments relying 

on the combined administration of 500 µg anti-IL5 antibody (Trfk5, BioXCell) and 250 µg of 

anti-CCR3 antibody (6S2-19-4 (Grimaldi et al., 1999), generously provided by Dr. J. J. Lee) 

each on day -2.5 and day -0.5 of infection. Plasmacytoid dendritic cell depletion was performed 

by administering 500 µg of anti-mPDCA-1 antibody (JF05-1C2.4.1, Miltenyi Biotec) i.v. on 

day -1 and day 0 of infection. MOPC-21 mouse IgG1, LTF-2 rat IgG2b, HPRN rat IgG1 and 

2A3 rat IgG2a (all from BioXCell) were administered as isotype control antibodies. 

 

2.4.8 Generation of bone marrow-chimeric mice 

To generate bone marrow chimeric mice, wt and ifnar-/- recipients were lethally irradiated with 

a fractionated dose of twice 5.5 gray (Gy) at a 6-hour interval. One day later, the recipients 

were given 100 µg of anti-Thy1 antibody (clone T24, BioXcell) intraperitoneally to deplete 

remaining T cells and were reconstituted with ~107 wt or ifnar-/- BM cells. The animals were 

then rested for eight weeks before entering cell transfer and infection experiments. 
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2.4.9 Adoptive cell transfer and fluorescent cell labeling 

For adoptive transfer of naïve B cells and subsequent analysis by flow cytometry, splenocyte 

suspensions (2-4x106 per recipient) in balanced salt solution were administered i.v. For 

histological assessments, MACS-purified B cells (Miltenyi Biotec Pan B cell isolation kit, for 

untouched B cells) were also used. Syngeneic C57BL/6J mice served as recipients, except for 

long-term (>1 week) transfer of KL25HL cells, which were performed in KL25L recipients to 

avoid anti-idiotypic responses. To assess in vivo proliferation, splenocyte populations were 

labeled with Carboxyfluorescein succinimidyl ester (CFSE, Sigma-Aldrich) or 

CellTraceViolet (CTV, Life Technologies) according to the manufacturer’s instructions. 

 

2.4.10 Generation of antigen-experienced KL25H B cells for adoptive transfer 

To generate antigen-experienced GP-specific KL25H B cells, a sequential in vivo transfer 

system was used. We infected C57BL/6J primary recipients with 200 PFU rCl13 i.v. and six 

days later we transferred 2-4x106 MACS-purified untouched naïve B cells from CD45.1+ 

KL25H mice (purified with the Pan B cell isolation kit of Miltenyi Biotec according to the 

provider instructions). ≥3 weeks later we sacrificed the primary recipients and purified antigen-

experienced KL25H B cells from spleen, which at this stage were enriched to ~50% GP-

binding by FACS (Fig S2B). These antigen-experienced KL25H B cells were isolated using 

the Pan B cell isolation kit, followed by CD45.2 MACS-based negative selection (both from 

Miltenyi Biotec) according to the manufacturer’s instructions. 2-4x104 CD45.1+ KL25H 

memory B cells (≥95% CD45.1+B220+) were transferred intravenously into naïve C57BL/6J 

wt secondary recipient mice to study the cells’ behavior upon rCl13 challenge.  

 

2.4.11 Generation of polyclonal LCMV-experienced B cells for adoptive transfer 

To generate polyclonal LCMV-specific memory B cells, we infected GFP-transgenic UBC-

GFP mice (Schaefer et al., 2001) with 105 PFU rCl13 i.v.. Fourty days later we isolated 

untouched splenic B cells using the Pan B cell isolation kit (Miltenyi Biotec) according to the 

provider’s instructions. Upon CTV labeling, 2x106 of these LCMV-experienced B cells (>95% 



 86 

pure) were transferred into naïve syngeneic C57BL/6J recipients to study their behavior upon 

rCl13 challenge. 

 

2.4.12 Antibody, interferon-α and cytokine/chemokine panel measurements 

To assess GP-specific serum antibodies in ELISA we used a recombinant fusion protein 

consisting of the outer globular GP-1 domain, fused to the human IgG1 constant domain (GP1-

Fc) as described previously (Eschli et al., 2007a). To discriminate responses of adoptively 

transferred KL25H B cells from endogenous responses in ELISA, background GP-1 antibody 

titers in control mice without KL25H cell transfer were determined and were subtracted.  

GP-specific neutralizing antibodies (nAbs) were measured by immunofocus reduction assays 

using rCl13 as a test article (Battegay et al., 1991a). IFN-α concentrations in mouse sera were 

determined by ELISA using the VeriKine Mouse Interferon Alpha ELISA Kit (PBL Assay 

Science). To profile inflammatory responses in mouse serum we used a laser bead-based 31-

plex cytokine and chemokine array (Eve Biotechnologies). 

 

2.4.13 Statistical analysis 

For comparison of one parameter between two groups, unpaired two-tailed Student’s t tests 

were performed. One-way analysis of variance (ANOVA) was used to compare one parameter 

between multiple groups, two-way ANOVA for comparison of multiple parameters between 

two or more groups. ANOVA was followed by Bonferroni’s post-test for multiple 

comparisons. Dunnett’s post-test was used to compare multiple groups to a control group. With 

the exception of percentages, values were log-converted to obtain a near-normal distribution 

for statistical analysis. Data were analyzed using Graphpad Prism software (version 6.0h). P 

values >0.05 were considered not significant (ns), p values <0.05 were considered significant 

(*,#) and p values <0.01 highly significant (**,##). 
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2.5 Figures 

 

 
Figure 2.1: Decimation of naïve and memory B cells in rCl13 but not rVSV infection. 

A-H: We adoptively transferred KL25H (A-C) or KL25HL cells (D-H) into naïve syngeneic 
recipients, followed by rCl13 or rVSV challenge. On the indicated days, viremia (A) and 
KL25H-derived GP1-binding IgG (B) were determined. Progeny B cells were enumerated by 
flow cytometry in spleen and iLN (C,D). KL25HL B cells (CD45.1+) in germinal centers (E, 
bar 100 µm) and their abortive expansion following rCl13 infection (F, bars 50 µm, inset 20 
µm) by histology. Proliferation (CFSE dilution) of d3 rCl13-challenged but not unchallenged 
KL25HL B cells (G). Apoptotic (AnnexinV/7AAD+) KL25HL B cells on d3 of rCl13 or rVSV 
challenge (H). I: Proliferation and resulting KL25HL B cell progeny in neonatally infected 
rCl13 carriers or adult rCl13-infected mice. J-M: Upon KL25HL transfer and rCl13 infection, 
timed as outlined (J), we measured KL25HL B cell proliferation and expansion (K), nAb 
responses (L) and viremia (M). Symbols and bars represent means±SEM. n= 3-4, N=2-3. FACS 
plots are gated on CD45.1+B220+ lymphocytes. B cells and ASCs gating is shown in Fig. S1D. 
Numbers in FACS plots indicate percentages (mean±SEM). *,#: p<0.05; **,##: p<0.01. *,** 
compare B cells; #,## compare ASCs. 
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Figure 2.2: IFNAR blockade restores B cell expansion and GC differentiation in rCl13 
infection. 

A: Serum IFN-α in KL25HL cell recipients, infected with rCl13 at birth or on d0, or infected 
with rVSV on d0. 
B-G: We transferred naïve KL25HL cells (B-E), antigen-experienced KL25H B cells (F-G) or 
antigen-experienced polyclonal GFP+ B cells (H) to αIFNAR- or control-treated wt recipients, 
followed by rCl13 infection. B cell progeny in the indicated organs were detected by FACS 
(B,D,F,H) and histology (C,E,G). Note progeny of naïve KL25HL cells (E) and of antigen-
experienced KL25H cells (G) in GCs of IFNAR-blocked recipients. Magnification bars: 50 
µm, inset 20 µm (C); 200 µm (E); 100 µm (G). Numbers in (H) represent LCMV-NP-binding, 
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proliferated (CellTraceViolet/CTVlo) polyclonal donor (GFP+) B cell progeny 
(CTVloGFP+LCMV-NP+ lymphocytes, compare Fig. S2D).  
I: We transferred naïve VI10 cells to αIFNAR- or control-treated recipients, followed by 
VSVG immunization, alone or in combination with rCl13 infection. Proliferated (CFSElo) 
VSVG-binding VI10 B cells were enumerated by FACS. Plots are gated on CD45.2+B220+ 
lymphocytes. Bars represent the mean±SEM. n= 3-4, N=2-3. ns: not significant; *,#: p<0.05; 
**,##: p<0.01. *,** compare total or GC B cells; #,## compare ASCs or memB, respectively. 
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We transferred naïve KL25HL cells to αIFNAR- or control-treated recipients, followed by 
rCl13 infection and analysis in spleen on day 3. Apoptotic KL25HL B cell were identified in 
FACS based on AnnexinV/7AAD-binding (A) and by histology based on expression of active 
caspase-3 (B,C, magnification bar 50 µm, inset 20 µm). Proliferated KL25HL B cell progeny 
(CD45.1+B220+CFSElo) were FACS-sorted and total RNA was processed for RNAseq (D). 
Heat maps show expression profiles of ASC signature genes known to be upregulated (left) or 
downregulated (right) upon ASC differentiation, respectively (Shi et al., 2015). Plasmablast 
differentiation of proliferated (CFSElo) KL25HL B cell progeny was determined by flow 
cytometry (E). Numbers in FACS plots indicate the percentage of cells falling into the 
respective gate (A, representative FACS plots, gated as shown in Fig. S1D), the percentage of 
CFSElo cells expressing the respective marker (E) or the MFI of cytoplasmic IgM within 
IgMcyt+CFSElo cells. Numbers and bars show means±SEM. n=3-4, N=2-3 (A-C,E). ns: not 
significant; *: p<0.05; **: p<0.01. 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: IFN-I-induced short-lived plasmablast differentiation in rCl13 infection. 
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A: We transferred KL25HL cells, either wt or ifnar-/-, into wt or ifnar-/- recipients and 
enumerated splenic KL25HL B cell progeny on d3 after rCl13. 
B: We transferred VI10 cells into wt recipients, followed by VSVG immunization and rCl13 
infection as indicated, and enumerated splenic VSVG-binding VI10 B cells on d3. 
C-D: We transferred KL25HL cells into reciprocal wt and ifnar-/- BM chimeras (C) or into 
recipients with cell type-specific, conditional or complete IFNAR deficiency (D) and 
enumerated splenic KL25HL B cell progeny on d3 after rCl13. 
E: We transferred KL25HL cells into wt recipients, treated with αGr-1, αIFNAR or control, 
and enumerated splenic KL25HL B cell progeny on d3 after rCl13. 
F: Low density inflammatory gene expression profiling in spleen of naïve or d3 rCl13-infected 
KL25HL recipients. Heat maps shows the 48 genes significantly up-regulated upon rCl13 
infection. 
G: Serum chemokines and cytokines were profiled at 24h and 72h after rCl13, respectively. 
ifnar-/- and αGr-1-treated wt mice are expressed as percentage of control-treated wt mice. Only 
those 19/31 profiled chemokines and cytokines are displayed, which were ≥4-fold lower in 
ifnar-/- than wt controls (Tbl. SII). 
H-I: We transferred KL25HL cells into BAFF-transgenic (H), il-10-/- or into wt recipients, 
treated with αTNF-α or control (I), and enumerated splenic KL25HL B cell progeny on d3 after 
rCl13.  
B cells and ASCs were gated as shown in Fig. S1D. Bars show means±SEM. n=3-4. N=2-3 
(A-E, H). ns: not significant; *,#: p<0.05; **,##: p<0.01. *,** compare B cells; #,## compare 
ASCs. 
 

Figure 2.4: Impact of cell type-specific IFNAR signaling, IFN-I-induced inflammation 
and BAFF overexpression on rCl13-induced B cell decimation.  
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2.6 Supplementary Figures and Tables 

 
Figure 2.S1: Characterization of KL25H and KL25HL mice, and FACS gating strategy 
pursued to analyze the respective B cell progeny in adoptive transfer experiments. 

A: GP-binding by B cells in peripheral blood of wt, KL25L (KL25 antibody light chain 
transgenic), KL25H (KL25 antibody heavy chain knock-in) and KL25HL mice (cross of 
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KL25L and KL25H). Numbers in plots indicate the percentage of GP-binding cells amongst 
total B cells (gated on B220+ lymphocytes). 
B: KL25 light chain (LC) transgene construct. κP: Genomic immunoglobulin kappa (Igκ) chain 
promoter; KL25VJ: rearranged KL25 V and J segments, including leader and intron; Cκ: light 
chain kappa constant domain; IRES: internal ribosome entry site; Rep: cell surface reporter 
protein consisting in the murine Thy1.1 ectodomain fused to the transmembrane and 
cytoplasmic domains of the mouse PDGF receptor; κE: genomic Igκ locus enhancer element.  
C: Gating strategy to Fig. 1D. We adoptively transferred CFSE-labeled KL25HL cells into 
naïve syngeneic recipients, followed by rCl13 or rVSV challenge and measured KL25HL 
progeny B cells on day 26. FACS plots on the left are pre-gated on B cells (B220+ 
lymphocytes). Percentages of gated cells are indicated. Representative FACS plots are shown. 
D: Gating strategy to enumerate “KL25HL B cell progeny”, i.e. progeny KL25HL B cells and 
ASCs. On d0 we transferred KL25HL cells into adult syngeneic recipients, infected with rCl13 
since birth (i.e. as neonates) or on the day of cell transfer (d0) and assessed B cell progeny (B 
cells and ASCs) on day 3. FACS plots on the left are pre-gated on lymphocytes. Representative 
FACS plots are shown. 
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A: Gating strategy to enumerate memB and GC B cells in Fig. 2D. We adoptively transferred 
CFSE-labeled KL25HL cells into naïve syngeneic recipients, treated with αIFNAR or control 
antibody, followed by rCl13 infection and analysis on day 15. FACS plots on the left are pre-
gated on lymphocytes. Representative FACS plots are shown. 
B: Characterization of antigen-experienced KL25H B cells as used for adoptive transfer in Fig. 
2F,G. LCMV-reactive KL25H B cells were expanded in vivo, and 3-4 weeks later were purified 
from spleen (see Materials and Methods). Such antigen-experienced KL25H cells from 10 
primary recipients were pooled for adoptive transfer into secondary recipients. An aliquot 
thereof was analyzed for purity (~95% CD45.1+B220+, not shown) and was compared to B 
cells of the primary CD45.2+ recipient (from the MACS flow-through) for GP-binding. Note 
the infection-induced enrichment of GP-binding KL25H donor B cells from ~2% at baseline 
(Fig. S1A) to >50% on the day of secondary transfer. Plots are gated on either CD45.1+ or 
CD45.2+ B220+ lymphocytes, as indicated. Numbers show the percentage of gated cells. N=3.  
C: Illustrative FACS plots to Fig. 2F. On the indicated days after rCl13 challenge, progeny B 
cells and ASCs of antigen-experienced KL25H B cell were gated as outlined in Fig. S1D. These 
populations were superimposed on the recipient’s lymphocytes for display. 
D: Illustrative FACS plot to Fig. 2H. GFP-transgenic polyclonal LCMV-experienced B cells 
were generated in vivo and purified from spleen (see Materials and Methods). On d7 after 
transfer into naïve recipients and rCl13 challenge we analyzed NP-binding by adoptively 
transferred (GFP+) B cell progeny. A representative FACS plot is shown, gated on CTVloGFP+ 
lymphocytes. 

Figure 2.S2: Characterization of KL25H and KL25HL mice, and FACS gating strategy 
pursued to analyze the respective B cell progeny in adoptive transfer experiments. 
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We transferred naïve KL25HL cells to αIFNAR- or control-treated recipients, followed by 

rCl13 infection. On day 3, proliferated (CFSElo) KL25HL B cells were sorted from spleen and 

RNA was processed for RNAseq (same samples as in Fig. 3D). Heat maps show transcription 

factors associated with the indicated B cell differentiation stages (A-C, (Shi et al., 2015)) and 

genes associated with terminal B cell differentiation in HIV patients (D, (Moir et al., 2004)). 

Figure 2.S3: IFNAR blockade alters transcription factor and terminal differentiation 
profiles of B cells in rCl13 infection. 
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A-B: We treated wt mice with αGr-1, αIFNAR or control antibody and infected them with 
rCl13. Viremia (A) and IFN-α concentrations in serum (B) were assessed on the indicated days. 
C-E: We adoptively transferred KL25HL cells into wt (C,D) or wt and cd8-/- recipients (E), 
followed by rCl13 infection. Recipients were treated with either αGR-1 (pan-myeloid 
depletion), αSiglecF (selective eosinophil depletion), αLy6G (selective neutrophil depletion), 
α-mPDCA1 (selective pDC depletion) or control antibody. C,D: We enumerated InfMo 
(Thy1.2–NK1.1–CD19–CD11b+Ly6G–Ly6Chi, (Rose et al., 2012)), neutrophils (Thy1.2–

NK1.1–CD19–CD11b+Ly6GhiLy6Cint cells (Rose et al., 2012)), pDCs (Thy1.2–NK1.1–CD19–

CD11b–Ly6C+Siglec-H+B220+CD11c+) and Ly6C+ CD8+ T cells (CD8+Ly6C+ lymphocytes) 
on d3 in spleen (C,D). Note that cell type-specific agents depleted their respective cell 
population similarly efficiently as αGr-1. KL25HL B cell progeny in spleen on d3 were 
enumerated (E) based on the gating strategy shown in Fig. S1D. 
F: We adoptively transferred KL25HL cells into wt recipients, treated with NK cell-depleting 
antibody (αNK1.1), αIFNAR or control antibody, followed by rCl13 infection. KL25HL B cell 
progeny were enumerated on day 3 in spleen as in (E).  
G: ccr2-/- and wt control mice were infected with rCl13 and InfMo numbers in spleen, iLN and 
BM were determined in spleen over time as described for (C,D).  
H: We transferred KL25HL cells into klf4fl/fl x Vav1-icre and control klf4fl/fl followed by rCl13 
infection. Groups of wt mice treated with αIFNAR or control antibody, served as high- and 
low-control groups, respectively. KL25HL B cell progeny were enumerated from spleen on d3 
as in (E). 
I: We adoptively transferred KL25HL cells into ccr2-/- and wt mice, treated with αGR-1 or 
control antibody as indicated, followed by rCl13 infection. KL25HL B cell progeny were 
enumerated from spleen on d3 as in (E). Same data set as Fig. 4E. 
Symbols and bars represent means±SEM. n=3-4. N=2 (A-F, H-I). ns: not significant; *,#: 
p<0.05; **,##: p<0.01. *,** compare B cells; #,## compare ASCs. 

Figure 2.S4: Effects of depletion antibodies on serum IFN-α, virus loads, myeloid cell 
population and KL25HL B cell recovery, and impact of genetic InfMo deficiency on 
KL25HL B cell recovery. 
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We transferred KL25HL cells into wt recipients, treated with αGR-1, αIFNAR or control 
antibody, followed by rCl13 infection. Additional animals were left uninfected (no virus). On 
day 3 we processed spleen and BM for low-density expression profiling of 248 inflammatory 
genes. Heat maps show all those genes, which were significantly different between rCl13-
infected control-treated mice and uninfected animals. Genes, which were up- (A,C) or down-
regulated (B,D) in spleen (A,B) and BM (C,D) are shown separately, and were grouped 
according to whether αGR-1, αIFNAR or both treatments interfered with the infection-induced 
gene expression change. Columns represent individual mice, lanes individual genes 
(individually listed in Tbl. SI). Same data set as Fig. 4F. 
 

 

Figure 2.S5: Impact of αGr-1 and αIFNAR on inflammatory gene expression profiles 
in spleen and bone marrow. 
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Figure 2.S6: Individual impact of iNOS, FasL, IL-1β, IL-4, IL-6 and IL-12 on KL25HL B cell 
decimation. 

A-D. We transferred KL25HL cells into wt, iNOS-deficient nos2-/-,FasL-mutant faslgld , 
il12p40-/-, il1β -/-, il4-/- and il6-/- mice, followed by rCl13 infection. Groups of wt mice treated 
with αIFNAR or control antibody, served as high- and low-control groups, respectively. 
KL25HL B cell progeny in spleen on d3 were enumerated based on the gating strategy shown 
in Fig. S1D. B, same data set as Fig. 4I. C, same data set as Fig. S4H. Bars represent 
means±SEM. n=3-4, N=2. ns: not significant; *,#: p<0.05; **,##: p<0.01. *,** compare B 
cells; #,## compare ASCs. 
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Table SI: Profound impact of IFNAR blockade and, more limited but largely 
overlapping, of αGr-1 depletion on inflammatory gene expression profiles in spleen and 
BM. 

Gene  

expression  

change1 

Different  

from  

ctrl Ab in: 

EntrezID Symbol GeneName 

no virus vs  

rCl13 + ctrl Ab6 

rCl13 + αIFNAR vs 

 rCl13 + ctrl Ab7 

rCl13 + αGR-1 vs  

rCl13 + ctrl Ab8 

log2FC adj.P.Val log2FC adj.P.Val log2FC adj.P.Val 

up
-r

eg
ul

at
ed

 in
 rC

l1
3-

in
fe

ct
ed

 sp
le

en
2  

αGR-19 

16163 Il13 interleukin 13 0.91 0.03 -0.68 0.07 -1.05 0.01 

18783 Pla2g4a phospholipase A2, group IVA (cytosolic, calcium-dependent) 0.70 0.00 0.05 0.78 0.51 0.01 

16362 Irf1 interferon regulatory factor 1 1.15 0.00 -0.47 0.04 -0.59 0.02 

αGR-1 &  

αIFNAR10 

17392 Mmp3 matrix metallopeptidase 3 2.22 0.00 -0.63 0.00 2.04 0.00 

12768 Ccr1 chemokine (C-C motif) receptor 1 1.45 0.00 -1.07 0.01 -1.90 0.00 

15958 Ifit2 interferon-induced protein with tetratricopeptide repeats 2 3.31 0.00 -3.15 0.00 -0.83 0.00 

15959 Ifit3 interferon-induced protein with tetratricopeptide repeats 3 2.94 0.00 -2.97 0.00 -0.71 0.03 

16176 Il1b interleukin 1 beta 0.82 0.02 -1.01 0.00 -1.84 0.00 

227288 Cxcr1 chemokine (C-X-C motif) receptor 1 0.73 0.03 -1.11 0.00 -1.30 0.00 

231655 Oasl1 2'-5' oligoadenylate synthetase-like 1 2.46 0.00 -2.89 0.00 -0.75 0.01 

αIFNAR11 

12263 C2 complement component 2 (within H-2S) 1.42 0.01 -1.39 0.00 0.21 0.72 

12267 C3ar1 complement component 3a receptor 1 1.35 0.00 -0.95 0.01 0.35 0.43 

13163 Daxx Fas death domain-associated protein 0.55 0.00 -0.96 0.00 -0.31 0.10 

14103 Fasl Fas ligand (TNF superfamily, member 6) 0.83 0.04 -1.11 0.00 -0.16 0.75 

14962 Cfb complement factor B 2.24 0.00 -0.89 0.00 0.47 0.10 

15945 Cxcl10 chemokine (C-X-C motif) ligand 10 2.04 0.00 -1.62 0.00 -0.77 0.16 

15957 Ifit1 interferon-induced protein with tetratricopeptide repeats 1 2.78 0.00 -2.99 0.00 -0.43 0.19 

15977 Ifnb1 interferon beta 1, fibroblast 1.19 0.00 -0.67 0.02 -0.22 0.49 

15978 Ifng interferon gamma 1.37 0.00 -1.03 0.00 -0.59 0.09 

16153 Il10 interleukin 10 1.36 0.00 -1.22 0.00 -0.16 0.64 

16168 Il15 interleukin 15 0.64 0.02 -0.71 0.00 -0.09 0.80 

16181 Il1rn interleukin 1 receptor antagonist 1.97 0.00 -0.84 0.02 0.10 0.84 

17392 Mmp3 matrix metallopeptidase 3 2.22 0.00 -0.63 0.00 2.04 0.00 

17857 Mx1 MX dynamin-like GTPase 1 0.64 0.01 -1.29 0.00 -0.31 0.18 

17858 Mx2 MX dynamin-like GTPase 2 1.41 0.00 -2.93 0.00 -0.47 0.07 

20296 Ccl2 chemokine (C-C motif) ligand 2 4.23 0.00 -2.20 0.00 0.06 0.93 

20302 Ccl3 chemokine (C-C motif) ligand 3 2.38 0.00 -0.91 0.00 0.30 0.34 

20303 Ccl4 chemokine (C-C motif) ligand 4 1.87 0.00 -1.22 0.00 -0.12 0.80 

20306 Ccl7 chemokine (C-C motif) ligand 7 5.67 0.00 -3.10 0.00 -0.05 0.94 

20846 Stat1 signal transducer and activator of transcription 1 1.53 0.00 -0.63 0.01 -0.36 0.16 

20847 Stat2 signal transducer and activator of transcription 2 1.31 0.00 -1.51 0.00 -0.37 0.10 

50909 C1ra complement component 1, r subcomponent A 0.78 0.00 -0.92 0.00 0.20 0.35 

54123 Irf7 interferon regulatory factor 7 3.13 0.00 -2.91 0.00 -0.09 0.75 

76933 Ifi27l2a interferon, alpha-inducible protein 27 like 2A 2.05 0.00 -2.29 0.00 -0.08 0.88 

99899 Ifi44 interferon-induced protein 44 4.18 0.00 -3.46 0.00 -0.06 0.88 

170743 Tlr7 toll-like receptor 7 0.62 0.00 -1.00 0.00 0.06 0.80 

246728 Oas2 2'-5' oligoadenylate synthetase 2 2.54 0.00 -3.12 0.00 -0.55 0.10 

246730 Oas1a 2'-5' oligoadenylate synthetase 1A 2.23 0.00 -2.22 0.00 -0.25 0.44 

625018 C4a complement component 4A (Rodgers blood group) 0.75 0.01 -1.02 0.00 0.27 0.37 

none12 

13198 Ddit3 DNA-damage inducible transcript 3 0.80 0.00 -0.49 0.05 0.33 0.23 

14825 Cxcl1 chemokine (C-X-C motif) ligand 1 2.04 0.03 -1.39 0.10 0.85 0.40 

16193 Il6 interleukin 6 1.05 0.03 -0.32 0.48 0.06 0.91 

16476 Jun jun proto-oncogene 0.76 0.01 -0.43 0.10 0.16 0.63 

17329 Cxcl9 chemokine (C-X-C motif) ligand 9 2.16 0.01 -0.39 0.62 -0.13 0.89 

19225 Ptgs2 prostaglandin-endoperoxide synthase 2 3.12 0.00 -0.56 0.24 -0.30 0.62 

20307 Ccl8 chemokine (C-C motif) ligand 8 2.45 0.00 -0.96 0.08 1.19 0.05 

20310 Cxcl2 chemokine (C-X-C motif) ligand 2 1.17 0.04 -0.55 0.30 0.19 0.80 

60440 Iigp1 interferon inducible GTPase 1 2.66 0.00 -0.47 0.34 -0.53 0.35 

257632 Nod2 nucleotide-binding oligomerization domain containing 2 0.58 0.05 -0.32 0.24 -0.41 0.18 
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Gene  

expression  

change1 

Different  

from  

ctrl Ab in: 

EntrezID Symbol Gene Name 

no virus vs  

rCl13 + ctrl Ab6 

rCl13 + αIFNAR vs 

 rCl13 + ctrl Ab7 

rCl13 + αGR-1 vs  

rCl13 + ctrl Ab8 

log2FC adj.P.Val log2FC adj.P.Val log2FC adj.P.Val 

do
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3 -
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3  

αGR-19 

16196 Il7 interleukin 7 -1.57 0.00 0.15 0.72 1.38 0.00 

21812 Tgfbr1 transforming growth factor, beta receptor I -0.79 0.00 0.47 0.00 0.60 0.00 

53603 Tslp thymic stromal lymphopoietin -0.61 0.05 0.45 0.11 0.86 0.01 

21947 Cd40lg CD40 ligand -1.37 0.00 -0.50 0.13 -0.72 0.05 

12053 Bcl6 B cell leukemia/lymphoma 6 -1.36 0.00 0.15 0.53 -0.53 0.04 

αGR-1 &  

αIFNAR10 

11936 Fxyd2 FXYD domain-containing ion transport regulator 2 -2.27 0.00 1.64 0.00 0.90 0.03 

12274 C6 complement component 6 -1.14 0.01 1.17 0.00 1.41 0.00 

12771 Ccr3 chemokine (C-C motif) receptor 3 -2.45 0.00 2.25 0.00 2.09 0.00 

15289 Hmgb1 high mobility group box 1 -0.50 0.00 1.15 0.00 0.58 0.00 

17346 Mknk1 MAP kinase-interacting serine/threonine kinase 1 -0.61 0.00 0.55 0.00 0.64 0.00 

17533 Mrc1 mannose receptor, C type 1 -2.21 0.00 1.75 0.00 1.78 0.00 

18829 Ccl21a chemokine (C-C motif) ligand 21A (serine) -3.65 0.00 0.64 0.01 0.57 0.04 

19224 Ptgs1 prostaglandin-endoperoxide synthase 1 -1.19 0.00 0.75 0.00 0.89 0.00 

20299 Ccl22 chemokine (C-C motif) ligand 22 -2.36 0.00 0.94 0.01 1.04 0.01 

93671 Cd163 CD163 antigen -3.01 0.00 2.31 0.00 1.04 0.00 

αIFNAR11 

11687 Alox15 arachidonate 15-lipoxygenase -0.99 0.01 0.88 0.01 -0.19 0.67 

11848 Rhoa ras homolog gene family, member A -0.64 0.00 0.61 0.00 0.40 0.03 

11909 Atf2 activating transcription factor 2 -0.60 0.00 0.51 0.00 0.28 0.02 

12048 Bcl2l1 BCL2-like 1 -1.05 0.00 0.73 0.01 0.38 0.18 

14784 Grb2 growth factor receptor bound protein 2 -0.90 0.00 0.53 0.01 0.14 0.56 

14969 H2-Eb1 histocompatibility 2, class II antigen E beta -1.36 0.00 0.69 0.00 -0.14 0.62 

16160 Il12b interleukin 12b -1.39 0.00 0.96 0.00 0.56 0.13 

16189 Il4 interleukin 4 -0.95 0.00 0.62 0.02 -0.09 0.81 

16194 Il6ra interleukin 6 receptor, alpha -1.57 0.00 0.92 0.04 0.04 0.94 

17134 Mafg v-maf musculoaponeurotic fibrosarcom oncog. fam., prot. G (avian) -0.98 0.00 0.92 0.00 0.13 0.63 

18751 Prkcb protein kinase C, beta -1.24 0.00 0.61 0.02 0.18 0.55 

19219 Ptger4 prostaglandin E receptor 4 (subtype EP4) -1.03 0.00 0.67 0.00 0.25 0.10 

20416 Shc1 src homology 2 domain-containing transforming protein C1 -0.58 0.00 0.86 0.00 0.36 0.06 

22154 Tubb5 tubulin, beta 5 class I -0.54 0.02 0.86 0.00 0.11 0.68 

26398 Map2k4 mitogen-activated protein kinase kinase 4 -0.57 0.00 0.72 0.00 0.36 0.02 

26409 Map3k7 mitogen-activated protein kinase kinase kinase 7 -0.53 0.00 0.64 0.00 0.28 0.02 

26416 Mapk14 mitogen-activated protein kinase 14 -1.15 0.00 0.81 0.00 0.38 0.05 

26419 Mapk8 mitogen-activated protein kinase 8 -0.84 0.00 0.63 0.00 0.30 0.03 

53791 Tlr5 toll-like receptor 5 -1.58 0.00 1.06 0.00 0.25 0.49 

54473 Tollip toll interacting protein -0.61 0.00 0.64 0.00 0.30 0.01 

71609 Tradd TNFRSF1A-associated via death domain -0.91 0.00 0.52 0.04 -0.08 0.81 

73086 Rps6ka5 ribosomal protein S6 kinase, polypeptide 5 -1.47 0.00 0.68 0.01 0.20 0.48 

97165 Hmgb2 high mobility group box 2 -0.57 0.03 1.38 0.00 0.21 0.47 

237310 Il22ra2 interleukin 22 receptor, alpha 2 -3.13 0.00 1.55 0.00 0.08 0.88 

NA Gpr44 NA -0.72 0.04 1.06 0.00 0.14 0.75 

NA Hras1 NA -1.25 0.00 1.04 0.00 0.19 0.52 

329251 Ppp1r12b protein phosphatase 1, regulatory (inhibitor) subunit 12B -0.71 0.01 0.89 0.00 0.40 0.13 

none12 

11684 Alox12 arachidonate 12-lipoxygenase -1.89 0.01 0.77 0.27 0.76 0.35 

12504 Cd4 CD4 antigen -1.19 0.00 -0.05 0.74 -0.02 0.90 

12767 Cxcr4 chemokine (C-X-C motif) receptor 4 -0.75 0.03 0.15 0.67 -0.55 0.13 

12773 Ccr4 chemokine (C-C motif) receptor 4 -1.01 0.01 0.44 0.24 -0.08 0.88 

12775 Ccr7 chemokine (C-C motif) receptor 7 -1.17 0.00 0.11 0.70 -0.57 0.06 

12912 Creb1 cAMP responsive element binding protein 1 -1.01 0.00 0.26 0.10 0.03 0.88 

13136 Cd55 CD55 molecule, decay accelerating factor for complement -1.35 0.01 0.19 0.68 0.33 0.52 

13712 Elk1 ELK1, member of ETS oncogene family -0.88 0.00 0.44 0.02 0.22 0.34 

14683 Gnas GNAS (guanine nucleot. bind. Prot., alpha stim.) complex locus -0.80 0.01 0.50 0.08 0.00 1.00 

14815 Nr3c1 nuclear receptor subfamily 3, group C, member 1 -0.72 0.00 0.12 0.43 0.05 0.82 

15139 Hc hemolytic complement -1.51 0.00 0.83 0.08 -0.19 0.78 

15962 Ifna1 interferon alpha 1 -0.62 0.00 0.15 0.44 -0.40 0.06 

16155 Il10rb interleukin 10 receptor, beta -0.61 0.00 0.17 0.27 0.35 0.04 

16177 Il1r1 interleukin 1 receptor, type I -0.65 0.04 0.19 0.51 0.56 0.09 
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16183 Il2 interleukin 2 -0.73 0.04 -0.22 0.51 -0.26 0.51 

16885 Limk1 LIM-domain containing, protein kinase -0.64 0.00 0.40 0.01 0.21 0.18 

16994 Ltb lymphotoxin B -0.74 0.01 -0.20 0.43 -0.21 0.49 

17131 Smad7 SMAD family member 7 -1.24 0.00 -0.14 0.37 0.12 0.51 

17135 Mafk 

v-maf musculoaponeurot. fibrosarcoma oncog. Fam., prot. K 

(avian) -0.62 0.00 0.44 0.00 -0.25 0.13 

17195 Mbl2 mannose-binding lectin (protein C) 2 -0.83 0.01 0.10 0.76 -0.27 0.48 

17258 Mef2a myocyte enhancer factor 2A -0.55 0.03 0.26 0.25 0.37 0.15 

17261 Mef2d myocyte enhancer factor 2D -1.04 0.00 0.19 0.34 -0.08 0.80 

18021 Nfatc3 nuclear factor of activated T cells, cytoplasm., calcineurin dep. 3 -0.54 0.03 0.15 0.51 0.02 0.93 

18033 Nfkb1 nuclear factor of kappa light polypep. gene enha. in B cells 1, p105 -0.62 0.01 0.25 0.27 0.24 0.35 

19353 Rac1 RAS-related C3 botulinum substrate 1 -0.51 0.00 0.50 0.00 0.47 0.00 

19697 Rela v-rel reticuloendotheliosis viral oncogene homolog A (avian) -0.59 0.00 0.48 0.00 0.16 0.17 

19698 Relb avian reticuloendotheliosis viral (v-rel) oncogene related B -0.70 0.01 0.15 0.52 0.26 0.34 

19878 Rock2 Rho-associated coiled-coil containing protein kinase 2 -0.53 0.00 0.20 0.22 0.35 0.05 

21390 Tbxa2r thromboxane A2 receptor -1.30 0.00 -0.14 0.72 0.01 0.99 

21413 Tcf4 transcription factor 4 -0.51 0.00 0.14 0.35 0.45 0.01 

21803 Tgfb1 transforming growth factor, beta 1 -0.85 0.00 0.49 0.00 0.49 0.00 

22030 Traf2 TNF receptor-associated factor 2 -0.62 0.00 0.18 0.10 0.03 0.84 

26399 Map2k6 mitogen-activated protein kinase kinase 6 -1.52 0.00 0.44 0.11 0.26 0.42 

26401 Map3k1 mitogen-activated protein kinase kinase kinase 1 -0.80 0.00 0.15 0.40 -0.10 0.63 

26408 Map3k5 mitogen-activated protein kinase kinase kinase 5 -0.53 0.00 0.19 0.24 -0.05 0.81 

26417 Mapk3 mitogen-activated protein kinase 3 -0.90 0.01 0.54 0.09 0.36 0.34 

27056 Irf5 interferon regulatory factor 5 -1.00 0.00 0.32 0.27 0.17 0.64 

54131 Irf3 interferon regulatory factor 3 -0.94 0.00 0.45 0.11 -0.09 0.82 

11596 Ager advanced glycosylation end product-specific receptor -1.12 0.00 0.27 0.35 -0.35 0.32 

208727 Hdac4 histone deacetylase 4 -0.60 0.01 0.10 0.67 -0.25 0.34 

338372 Map3k9 mitogen-activated protein kinase kinase kinase 9 -1.11 0.03 0.05 0.92 0.16 0.81 



 102 

 

Gene  

expression  

change1 

Different  

from  

ctrl Ab in: 

EntrezID Symbol Gene Name 

no virus vs  

rCl13 + ctrl Ab6 

rCl13 + αIFNAR vs 

 rCl13 + ctrl Ab7 

rCl13 + αGR-1 vs  

rCl13 + ctrl Ab8 

log2FC adj.P.Val log2FC adj.P.Val log2FC adj.P.Val 

up
-r

eg
ul

at
ed

 in
 rC

l1
3-

in
fe

ct
ed

 b
on

e 
m

ar
ro

w
4  

αGR-19 

12504 Cd4 CD4 antigen 0.92 0.00 -0.19 0.24 -0.62 0.00 

16362 Irf1 interferon regulatory factor 1 2.04 0.00 -0.40 0.09 -0.81 0.00 

257632 Nod2 nucleotide-binding oligomerization domain containing 2 1.21 0.00 0.11 0.75 -0.88 0.01 

αGR-1 &  

αIFNAR10 

15958 Ifit2 interferon-induced protein with tetratricopeptide repeats 2 3.81 0.00 -2.78 0.00 -0.95 0.00 

15959 Ifit3 interferon-induced protein with tetratricopeptide repeats 3 3.97 0.00 -2.47 0.00 -1.43 0.00 

16153 Il10 interleukin 10 0.62 0.04 -0.78 0.01 -0.99 0.00 

17858 Mx2 MX dynamin-like GTPase 2 2.19 0.00 -2.60 0.00 -0.60 0.04 

20846 Stat1 signal transducer and activator of transcription 1 2.32 0.00 -0.77 0.00 -0.77 0.00 

20847 Stat2 signal transducer and activator of transcription 2 1.98 0.00 -1.54 0.00 -0.86 0.00 

21897 Tlr1 toll-like receptor 1 1.93 0.00 -1.06 0.00 -0.70 0.00 

54123 Irf7 interferon regulatory factor 7 3.46 0.00 -2.27 0.00 -0.52 0.04 

107607 Nod1 nucleotide-binding oligomerization domain containing 1 1.50 0.00 -0.52 0.03 -0.89 0.00 

170743 Tlr7 toll-like receptor 7 1.39 0.00 -1.22 0.00 -0.63 0.00 

231655 Oasl1 2'-5' oligoadenylate synthetase-like 1 3.25 0.00 -3.30 0.00 -0.85 0.00 

αIFNAR11 

12259 C1qa complement component 1, q subcomponent, alpha polypeptide 1.79 0.00 -1.25 0.00 -0.20 0.22 

12260 C1qb complement component 1, q subcomponent, beta polypeptide 2.30 0.00 -1.49 0.00 -0.47 0.00 

12263 C2 complement component 2 (within H-2S) 1.37 0.01 -0.94 0.05 0.20 0.73 

12267 C3ar1 complement component 3a receptor 1 3.72 0.00 -2.83 0.00 -0.69 0.11 

12524 Cd86 CD86 antigen 1.17 0.00 -0.93 0.00 -0.22 0.21 

13163 Daxx Fas death domain-associated protein 1.70 0.00 -1.53 0.00 -0.39 0.05 

14103 Fasl Fas ligand (TNF superfamily, member 6) 1.82 0.00 -0.89 0.02 0.25 0.57 

14433 Gapdh glyceraldehyde-3-phosphate dehydrogenase 1.02 0.00 -0.62 0.00 0.18 0.30 

14962 Cfb complement factor B 5.52 0.00 -2.37 0.00 -0.45 0.14 

15945 Cxcl10 chemokine (C-X-C motif) ligand 10 5.17 0.00 -3.03 0.00 -1.03 0.07 

15957 Ifit1 interferon-induced protein with tetratricopeptide repeats 1 3.44 0.00 -2.09 0.00 -0.27 0.41 

16173 Il18 interleukin 18 1.39 0.00 -1.39 0.00 -0.42 0.04 

16476 Jun jun proto-oncogene 1.73 0.00 -1.49 0.00 -0.05 0.88 

17329 Cxcl9 chemokine (C-X-C motif) ligand 9 5.67 0.00 -1.65 0.03 -0.40 0.65 

17857 Mx1 MX dynamin-like GTPase 1 1.18 0.00 -1.02 0.00 -0.07 0.82 

17869 Myc myelocytomatosis oncogene 1.00 0.00 -0.78 0.00 0.30 0.21 

17874 Myd88 myeloid differentiation primary response gene 88 1.39 0.00 -0.67 0.01 -0.21 0.41 

20296 Ccl2 chemokine (C-C motif) ligand 2 5.84 0.00 -3.87 0.00 -0.93 0.16 

20302 Ccl3 chemokine (C-C motif) ligand 3 1.66 0.00 -1.37 0.00 -0.10 0.79 

20303 Ccl4 chemokine (C-C motif) ligand 4 2.24 0.00 -1.32 0.00 -0.41 0.30 

20306 Ccl7 chemokine (C-C motif) ligand 7 6.43 0.00 -4.75 0.00 -0.32 0.69 

21898 Tlr4 toll-like receptor 4 1.24 0.00 -0.61 0.02 -0.34 0.21 

50868 Keap1 kelch-like ECH-associated protein 1 0.81 0.00 -0.64 0.00 -0.02 0.91 

58861 Cysltr1 cysteinyl leukotriene receptor 1 2.12 0.00 -1.23 0.02 -0.44 0.44 

60440 Iigp1 interferon inducible GTPase 1 5.33 0.00 -1.36 0.01 -1.12 0.05 

76933 Ifi27l2a interferon, alpha-inducible protein 27 like 2A 3.18 0.00 -1.58 0.00 -0.48 0.22 

81897 Tlr9 toll-like receptor 9 1.70 0.00 -1.46 0.00 -0.66 0.06 

99899 Ifi44 interferon-induced protein 44 5.47 0.00 -4.20 0.00 -0.35 0.26 

142980 Tlr3 toll-like receptor 3 1.46 0.00 -1.06 0.00 -0.27 0.28 

209488 Hsh2d hematopoietic SH2 domain containing 1.10 0.00 -0.96 0.00 -0.49 0.04 

246728 Oas2 2'-5' oligoadenylate synthetase 2 2.97 0.00 -1.57 0.00 -0.48 0.17 

246730 Oas1a 2'-5' oligoadenylate synthetase 1A 3.36 0.00 -1.82 0.00 -0.38 0.21 

625018 C4a complement component 4A (Rodgers blood group) 2.49 0.00 -1.43 0.00 -0.28 0.37 

none12 

12608 Cebpb CCAAT/enhancer binding protein (C/EBP), beta 1.34 0.00 -0.49 0.14 -0.45 0.22 

15251 Hif1a hypoxia inducible factor 1, alpha subunit 0.74 0.00 -0.42 0.05 0.32 0.18 

16155 Il10rb interleukin 10 receptor, beta 0.57 0.00 -0.32 0.05 -0.04 0.87 

16885 Limk1 LIM-domain containing, protein kinase 0.81 0.00 -0.27 0.07 0.27 0.10 

16992 Lta lymphotoxin A 0.58 0.04 -0.02 0.94 -0.18 0.55 

17087 Ly96 lymphocyte antigen 96 0.86 0.00 -0.32 0.08 -0.15 0.46 

17164 Mapkapk2 MAP kinase-activated protein kinase 2 1.05 0.00 -0.28 0.11 0.03 0.88 

18033 Nfkb1 nuclear factor of kappa light polypept. gene enh. in B cells 1, p105 0.60 0.02 -0.11 0.70 0.40 0.12 

18783 Pla2g4a phospholipase A2, group IVA (cytosolic, calcium-dependent) 0.78 0.00 -0.47 0.01 0.07 0.74 
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19766 Ripk1 receptor (TNFRSF)-interacting serine-threonine kinase 1 0.61 0.00 -0.14 0.46 0.23 0.27 

20304 Ccl5 chemokine (C-C motif) ligand 5 2.50 0.00 -0.30 0.48 0.02 0.96 

20307 Ccl8 chemokine (C-C motif) ligand 8 3.60 0.00 -0.27 0.69 0.12 0.87 

20848 Stat3 signal transducer and activator of transcription 3 0.56 0.00 -0.17 0.26 0.01 0.96 

21899 Tlr6 toll-like receptor 6 0.85 0.00 -0.31 0.18 -0.49 0.06 

21926 Tnf tumor necrosis factor 0.61 0.01 -0.18 0.45 -0.38 0.14 

24047 Ccl19 chemokine (C-C motif) ligand 19 1.48 0.02 0.20 0.78 1.10 0.10 

26395 Map2k1 mitogen-activated protein kinase kinase 1 0.76 0.00 -0.41 0.02 -0.09 0.65 

50909 C1ra complement component 1, r subcomponent A 0.71 0.00 -0.02 0.94 0.42 0.05 

56221 Ccl24 chemokine (C-C motif) ligand 24 1.69 0.02 -0.28 0.72 -0.21 0.80 

110006 Gusb glucuronidase, beta 1.10 0.00 -0.44 0.04 0.34 0.16 
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αGR-19 16177 Il1r1 interleukin 1 receptor, type I -1.45 0.00 0.47 0.11 1.08 0.00 

αGR-1 &  

αIFNAR10 

11687 Alox15 arachidonate 15-lipoxygenase -0.94 0.02 0.80 0.03 -2.16 0.00 

15962 Ifna1 interferon alpha 1 -0.68 0.00 0.67 0.00 0.52 0.03 

αIFNAR11 

11596 Ager advanced glycosylation end product-specific receptor -1.24 0.00 0.99 0.00 0.35 0.29 

12048 Bcl2l1 BCL2-like 1 -2.23 0.00 1.27 0.00 0.17 0.58 

13712 Elk1 ELK1, member of ETS oncogene family -0.85 0.00 0.51 0.01 -0.42 0.06 

17134 Mafg v-maf musculoaponeurotic fibrosarc. oncog. fam., protein G (avian) -1.13 0.00 0.67 0.00 -0.12 0.64 

17392 Mmp3 matrix metallopeptidase 3 -0.71 0.00 0.56 0.01 0.11 0.64 

17906 Myl2 myosin, light polypeptide 2, regulatory, cardiac, slow -1.53 0.00 1.11 0.01 -0.40 0.39 

18751 Prkcb protein kinase C, beta -0.79 0.01 0.62 0.02 -0.40 0.17 

18795 Plcb1 phospholipase C, beta 1 -0.77 0.03 1.09 0.00 0.12 0.76 

19222 Ptgir prostaglandin I receptor (IP) -0.91 0.00 0.70 0.01 0.42 0.14 

19224 Ptgs1 prostaglandin-endoperoxide synthase 1 -1.20 0.00 0.65 0.01 0.32 0.21 

26408 Map3k5 mitogen-activated protein kinase kinase kinase 5 -0.63 0.00 0.61 0.00 -0.09 0.64 

26417 Mapk3 mitogen-activated protein kinase 3 -0.72 0.04 0.71 0.04 -0.26 0.50 

53791 Tlr5 toll-like receptor 5 -1.32 0.00 1.09 0.00 -0.26 0.44 

97165 Hmgb2 high mobility group box 2 -1.31 0.00 0.79 0.00 0.09 0.79 

none12 

11909 Atf2 activating transcription factor 2 -0.53 0.00 0.27 0.02 0.06 0.65 

12053 Bcl6 B cell leukemia/lymphoma 6 -0.53 0.04 0.47 0.05 -0.52 0.05 

12775 Ccr7 chemokine (C-C motif) receptor 7 -0.67 0.03 -0.05 0.89 -0.28 0.38 

14683 Gnas GNAS (guanine nucleot. Bind. Prot., alpha stim.) complex locus -0.83 0.01 0.50 0.09 -0.38 0.25 

14699 Gngt1 

guanine nucleot. bind. protein (G prot.), gamma transd. Act. polyp. 

1 -0.73 0.01 0.30 0.24 0.31 0.27 

16198 Il9 interleukin 9 -0.89 0.03 0.50 0.18 -0.09 0.87 

17135 Mafk v-maf musculoaponeurotic fibrosarc. Oncog. Fam., prot. K (avian) -0.88 0.00 0.26 0.08 -0.03 0.88 

17165 Mapkapk5 MAP kinase-activated protein kinase 5 -0.87 0.03 0.30 0.44 0.18 0.68 

18750 Prkca protein kinase C, alpha -1.47 0.01 0.84 0.13 0.53 0.40 

18829 Ccl21a chemokine (C-C motif) ligand 21A (serine) -0.73 0.01 0.15 0.58 -0.05 0.87 

21390 Tbxa2r thromboxane A2 receptor -0.87 0.04 0.72 0.07 0.36 0.41 

26401 Map3k1 mitogen-activated protein kinase kinase kinase 1 -0.53 0.01 0.16 0.37 -0.18 0.38 

73086 Rps6ka5 ribosomal protein S6 kinase, polypeptide 5 -0.77 0.01 0.48 0.05 0.05 0.88 

93671 Cd163 CD163 antigen -1.86 0.00 0.50 0.09 -0.34 0.29 

329251 Ppp1r12b protein phosphatase 1, regulatory (inhibitor) subunit 12B -0.70 0.01 0.20 0.42 0.49 0.07 

338372 Map3k9 mitogen-activated protein kinase kinase kinase 9 -1.22 0.02 0.90 0.07 -0.55 0.30 

NA Hras1 NA -0.83 0.00 0.42 0.10 -0.14 0.65 

 

1 We transferred naïve KL25HL cells into wt recipients followed by rCl13 infection. Total 
RNA was extracted from spleen and BM on day 3 p.i. and processed for expression profiling 
of 248 inflammation-related genes. The table displays all those genes whose expression was 
significantly altered upon rCl13 infection (absolute log2 fold change (log2FC) >0.5 and 
adjusted p value (adj.P.Val) <0.05 when comparing gene expression in uninfected animals to 
rCl13-infected control-treated animals.   
2 The table shows 49 genes significantly up-regulated upon rCl13 infection in spleen. These 
data are displayed in form of a heat map in Fig. 4F. 
3 The table displays 83 genes significantly down-regulated upon rCl13 infection in spleen. 
4 The table displays 67 genes significantly up-regulated upon rCl13 infection in BM. 
5 The table displays 34 genes significantly down-regulated upon rCl13 infection in BM. 
6 Gene expression changes as log2 fold-change (log2FC) and adjusted p value (adj.P.Val) 
when comparing uninfected (no virus) and rCl13-infected control-treated mice.  
7 Gene expression changes as log2 fold-change (log2FC) and adjusted p value (adj.P.Val) 
when comparing rCL13 infected αIFNAR-treated mice and rCl13-infected control-treated 
mice.  
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8 Gene expression changes as log2 fold-change (log2FC) and adjusted p value (adj.P.Val) 
when comparing rCL13 infected αGr-1-treated mice and rCl13-infected control-treated mice.  
9 Genes whose expression was significantly altered in αGr-1-treated as compared to control-
treated animals.  
10 Genes whose expression was significantly altered in both αGr-1-treated and αIFNAR-
treated as compared to control-treated animals.  
11 Genes whose expression was significantly altered in αIFNAR-treated as compared to 
control-treated animals.  
12 Genes whose expression was not altered by αGr-1 nor αIFNAR treatment as compared to 
control-treated animals.  
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Table SII: Profound impact of IFNAR blockade and, to a more limited but largely 
overlapping extent, of αGr-1 depletion of inflammatory chemokine and cytokine 
responses in serum. 

Chemokine3 

Experimental group1 

ctrl Ab2 αGR-12 ifnar-/- 2 

mean  SEM mean  SEM mean  SEM 

CCL2 3873.73 658.68 3118.46 1460.51 217.61 93.03 

CCL3 226.09 3.47 432.50 34.29 82.84 8.55 

CCL4 770.38 58.54 1257.12 64.58 63.90 31.97 

CCL5 778.74 113.17 535.88 30.32 92.33 4.09 

CCL11 987.74 41.62 891.78 33.50 526.14 52.38 

CXCL1 465.31 117.45 677.78 231.09 95.51 37.41 

CXCL2 231.37 5.84 165.34 24.87 153.95 35.92 

CXCL5 16152.36 830.11 10648.70 1903.08 17578.23 1945.04 

CXCL9 913.28 101.08 430.89 8.83 366.17 39.26 

CXCL10 1173.96 136.86 832.50 36.37 217.87 7.57 

LIF 6.99 0.50 4.60 0.46 1.75 0.20 

       

Cytokine3 

Experimental group1 

ctrl Ab2 αGR-12 ifnar-/- 2 

mean  SEM mean  SEM mean  SEM 

TNF-α 68.29 9.97 7.01 1.59 5.20 3.04 

IFN-γ 20.86 1.55 5.69 2.01 <0.64 N.A. 

IL-1α 293.45 31.74 409.65 121.65 147.44 22.68 

IL1-β 281.69 78.77 50.23 49.91 <0.64 N.A. 

IL-2 16.85 9.45 25.56 14.58 1.16 0.46 

IL-3 26.15 7.11 19.70 14.34 2.00 1.04 

IL-4 25.43 5.47 0.99 0.67 <0.64 N.A. 

IL-5 100.21 9.90 56.80 3.59 8.67 0.71 

IL-6 115.56 30.20 57.10 30.71 6.27 1.08 

IL-7 113.62 26.91 64.80 5.05 28.81 6.73 

IL-9 85.86 35.49 133.78 71.19 18.83 3.52 

IL-10 97.96 24.94 12.65 3.92 1.87 1.55 

IL-12p40 74.39 42.89 182.91 168.07 26.94 3.87 

IL-12p70 515.30 128.33 48.73 17.86 9.53 9.21 

IL-13 85.90 23.17 47.53 13.93 71.33 10.73 

IL-15 443.36 151.27 180.02 27.39 119.71 24.72 

IL-17 31.33 1.91 20.79 4.92 <0.64 N.A. 

G-CSF 6712.20 587.83 19290.09 905.23 606.98 97.00 

GM-CSF 104.69 28.14 82.16 39.27 8.53 8.21 

M-CSF 55.13 27.95 129.93 121.08 12.62 2.91 

VEGF 1.19 0.47 3.72 1.85 <0.64 N.A. 

 
1 We infected mice with rCl13 and collected serum 24 and 72 hours later. 
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2 The experimental groups consisted in wt mice, treated with αGr-1 or isotype control 
antibody, and in ifnar-/- mice.  
3 Chemokine concentrations (pg/ml) measured at 24 hours and cytokines measured at 72 
hours after infection are displayed. To calculate means and SEM (n=3), individual values 
below detection limits were set to detection limit (0.64 pg/ml). A selection of these data is 
displayed in Fig. 4G. 
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II. Global Discussion and Perspectives 

Perturbation of the immune responses during chronic viral infections leads to dysfunctionalities 

of adaptive immune responses.  Immune system’s efforts to cope with the foreign antigens or 

pathogens, at times, result in deletion or differentiation of immune cells. This discussion will 

focus on the two works included in this thesis to interrelate the subversive effects of chronic 

infection on adaptive immune compartments and the contribution of vectored antibody therapy 

on the control of the infection and therefore potential decrease or reversion of the subversive 

effects of the chronic infection. 

 

II.1 Impacts of inflammatory milieu and VIT on virus specific B cell responses 

Cytokine responses orchestrate the functionality and differentiation of distinct immune cell 

types. Type-I interferon (IFN-I) is a major regulatory cytokine inducing various immune 

functions. We and others have shown that at early stages of an infection, B cells decimate in 

the presence of IFN-I (Fallet et al., 2016; Moseman et al., 2016; Sammicheli et al., 2016). 

Deletion of these virus specific cells might be an effort of the immune system to stimulate the 

differentiation of plasmablasts and therefore promoting the increase in the early antibody 

production in the presence of an inflammatory milieu. In addition to the LCMV infection, many 

chronic infections exert sustained IFN-I transcriptome signatures including chronic HCV and 

active tuberculosis. The main aim of antibody therapies in controlling the chronic viral 

infections is naturally to suppress the viral loads. Suppression of the viral loads leads to the 

decline in inflammatory responses; therefore, the dysfunctional B cell and T cell compartments 

might be potentially reawakened or at least function more potently and robustly. Passive 

antibody immunizations were shown to enhance endogenous antibody responses in HIV and 

SHIV infections (Ng et al., 2010; Schoofs et al., 2016). In relation to this, our work contributes 

to the field with the side that AAV-mediated nAb expression enhances the virus-glycoprotein 
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specific antibody responses, and this enhancement effect is maintained over a long period of 

time. For infections where virus specific B cell responses undergo immune subversion, such 

immunotherapies might be evaluated with consideration.  Chronic infections can result in B 

cell dysfunctionalities as seen in HIV-infected individuals (Titanji et al., 2005). Anti-retroviral 

therapy (ART), however, upon early administration was shown to preserve B cell functions 

(Moir et al., 2010). This might hint towards the idea that suppression of the viral antigen load 

as a consequence of ART, might enable the prevention of B cell dysfunctionality. With our 

therapy, our work shows that mice receiving VIT augments virus-specific B cell responses 

compared to untreated controls. Moreover, although the frequency of the GC cells among the 

NP-specific cells were comparable, number of NP-specific cells accumulated at the germinal 

centers were numerously higher in VIT-treated mice. Mechanisms to underpin the reasons for 

such an enhancement need to be further investigated. Emergence of quasi-species of viruses as 

a result of the VIT (and partial contribution from the endogenous antibody compartment) might 

trigger the formation of new B cell lineages exerting a polyclonal response to control these 

quasi-species of newly emerging viruses.  

 

II.2 Necessity for the functional B cell and T cell compartments in the control of the viral 

escape variants  

Not only B cell responses but T cell responses are known to be showing dysfunctional features, 

known as exhaustion. nAbs arise only in the late stages of the infection, and poor neutralizing 

antibodies are another correlate of various chronic infections, and the mechanisms interfering 

the neutralizing antibody responses during chronic infections still remain to be solved. 

Therefore, the functionality of several major immune compartments is impaired during chronic 

infections and regaining their functionality might play a role in the control of the infections 

where the antigen persists for a long term.  
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We have reported that the presence of the monotherapy led to the emergence of viral escape 

variants. Presence of an intact endogenous immune system is vital for the control of these 

escape variants, and we have shown viral clearance requires the involvement of both T and B 

cell responses. Restriction and control of viral escape variants by the means of combinatorial 

antibody therapy, to an extent, was reported previously (Barouch et al., 2013; Shingai et al., 

2013).   Therefore, to maximize the efficacy of the VIT in scenarios where the immune system 

is defective, combinatorial therapies with multiple nAbs can be considered for administration 

to assess the efficacy for the control of the infection. These aspects need further investigation. 

To our best knowledge, studies involving antibody therapies focus on clearance and antibody 

response measurements. There is significant need to understand the effects of these therapies 

on cellular players of the immune compartments. In this work, we address the synergy and 

impact of VIT on host cellular immune responses. We have previously shown that in the 

presence of IFN-I, virus specific cells undergo decimation. We have also suggested that IFN-I 

mediated B cell decimation includes involvement of various immune cell types such as 

dendritic cells (DCs), T cells and myeloid cells. Furthermore, in addition to IFN-I, IL-10 and 

TNF-α were shown to contribute to the decimation of B cells. In the absence or blockage of 

these cytokines, B cells were partially rescued. Virus-specific B cells survived in neonatally-

infected carrier mice and IFN-I levels were detected to be very low in these mice.  Interestingly, 

KL25HL-trangenic mice that were neonatally infected were shown to fail to clear the viral 

infection with LCMV (Seiler et al., 1999). Moreover, escape variant viruses, resistant to the 

KL25-binding, emerged in these carrier mice. Interestingly, carrier mice are known to be T cell 

tolerant mice (Pircher et al., 1989b). They can mount (although defective) low level antibody 

responses, but they were shown to lack virus specific T cell responses due to the presence of 

the virus in the course of thymic selection. Interestingly, our work shows VIT can only result 
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in viral clearance and control of the escape variants in the presence of intact B and T cells 

responses.  

II.3 VIT-mediated clearance effect on Tfh compartment 

Contribution and necessity of CD4 T cells for the control of chronic infections has been shown 

for several disease models including HBV and HCV, both in humans and mice models (Asabe 

et al., 2009; Matloubian et al., 1994; Planz et al., 1997; Shoukry et al., 2004). During chronic 

infections loss of antiviral Th1 cells can occur, and CD4 T cells show skewing into Tfh 

phenotype to mediate follicular helper functions (Brooks et al., 2005; Crawford et al., 2014; 

Oxenius et al., 2001). Probably for the decimation of the B cells, Tfh cells do not play a 

significant role as it is still too early for these cells to arise to provide helper functions. But, for 

the chronic phase of the infection, Tfh cells are known to accumulate in numbers compared to 

cleared infection or acute infection (Fahey et al., 2011). This is in parallel to our observations, 

since we detect lowered numbers of virus-specific Tfh cells in VIT receiving mice that clear 

the infection at the end time point. Moreover, CD4 T cells, 1 week after LCMV Clone 13 

infection fail to produce IFNγ and TNF upon ex vivo stimulation (Brooks et al., 2005) and this 

continues even after viral clearance. We cannot assess whether VIT can alter or enhance Tfh 

mediated helper functions to B cells, further work can be useful to understand the effect of VIT 

on Tfh helper functions during chronic infections.  

 

II.4 Potential combination therapies with VIT to regain exhausted T cell functionality 

Exhaustion of CD8 T cells occur during chronic infections, possibly due to excess antigen loads 

(Gallimore et al., 1998; Moskophidis et al., 1993; Zajac et al., 1998) (Barber et al., 2006; Day 

et al., 2006; Mueller and Ahmed, 2009b; Pauken et al., 2016; Scott-Browne et al., 2016; Sen 

et al., 2016; Wherry et al., 2007). Our work shows, to our best knowledge for the first time, 

phenotypic reversion of exhausted CD8 T cells with VIT. CD8 T cells, after clearance, have 
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downregulated the expression of the inhibitory receptors, PD-1 and LAG-3, yet the ex vivo 

restimulation of the cells did not result in cytokine production. In HIV infection, ART was 

shown to reduce the expression of PD-1 in virus specific cells in HIV-infected individuals. 

Furthermore, long-term non-progressors (LTNPs) were shown to have low PD-1 expression 

on virus-specific T cells, and the cells from LTNPs are more potent and polyfunctional 

compared to their counterparts from progressive individuals (Day et al., 2006; Trautmann et 

al., 2006; Yi et al., 2010). Numerous in vitro and in vivo studies, in model animals from mice 

to chimpanzee show the promising effects of PD-1 blockade or anti-PD-L1 administration on 

the increase and functionality regaining of virus specific CD8 T cells (Day et al., 2006; Dyavar 

Shetty et al., 2012; Palmer et al., 2013; Petrovas et al., 2006; Trautmann et al., 2006; Velu et 

al., 2009). Therefore, possible additive effect of PD-1 blockade or anti-PD-L1 treatment in 

addition to VIT should be investigated to understand the effect of accelerated regain of T cell 

functionality on viral clearance dynamics. Such efforts can be valuable for potential 

development of treatments combining VIT and checkpoint inhibitors for the control of chronic 

viral infections. We have shown the involvement of T cell compartments in the decimation of 

virus specific B cells. Rather than being a direct-killer or effector, we believe CTLs contribute 

to the inflammatory milieu and this leads to the change in the splenic microarchitecture in the 

onset of the infection (Battegay et al., 1993; Odermatt et al., 1991). Furthermore, B cells 

adoptively transferred in cd8-/-  and cd4-cre x ifnarfl/fl recipients were partially rescued, this 

suggests for a possible effect of CTLs but probably an indirect effect. Further experiments are 

needed to confirm that. The damage of CTLs to the splenic architecture in the early stages, and 

throughout the chronic infection might be one of the reasons why mice cannot mount nAb 

responses until late time points (around day 40). Especially for Docile infection we could not 

detect nAbs even on day 40. Therefore, using an antibody therapy, replacing the lacking nAb 

responses could work as a mechanism to lower excess antigen loads in the organs and the bone 
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marrow. This might give the possibility of emergence of new B cell lineages with alternative 

BCRs that will be responsive to emerging quasi-species of the viruses in the presence of an 

antibody pressure.  In the absence of the contribution of an antibody therapy, viremia will be 

protracted, but will be cleared eventually.  
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