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General introduction 
 
Lymphocytic choriomeningitis virus (LCMV) 

 
We use lymphocytic choriomeningitis virus (LCMV) throughout this thesis as a murine model of chronic viral 
infection. LCMV belongs to the Arenaviridae family of viruses. They are two groups of Arenaviruses, based on 
genetic and geographical characteristics. The Old World group includes LCMV and Lassa virus, while the New 
World comprise Junin, Machupo and Guanarito viruses in South America and Whitewater Arroyo in North 
America [1-4]. The natural host of Arenaviruses are mainly rodents. In the case of LCMV, the reservoir is 
established in mice via neonatal/transplacental transmission (from mother to offspring) leading to lifelong 
asymptomatic infection. LCMV can be transmitted by feces, urine and saliva in adult mice but it does not 
normally lead to chronic disease. LCMV can be also transmitted to humans trough fresh urine/feces/body fluids or 
nesting material from rodents or by accidental exposure in the lab. Clinical manifestations are usually mild, flu-
like, but can also include meningitis requiring a hospitalization [5]. Other Arenaviruses such as Lassa, Junin, 
Guanarito can be much more pathogenic, causing severe hemorrhagic fever and death [6]. 
LCMV was discovered in 1930 and has been used since then as a tool to understand basic principles in 
immunology and virology. Famously, LCMV contributed to the Nobel prize in 1996, shared between Peter 
Doherty and Rolf Zinkernagel “for their discoveries concerning the specificity of the cell mediated immune 
response” [7, 8]. 
Arenaviruses virions range between 40-300nm in diameter, are spherical or pleomorphic in shape and are 
enveloped. The name “arenavirus” comes from the Latin word for “sand” due to the appearance of the viral 
particles under electron microscope (EM) [9]. The genome of the mammalian arenavirus consists of two single- 
stranded ambisense RNA molecules, namely the large (L) and small (S) segments, and purified RNA from virion 
alone is not infectious. Importantly, both the 5’ and 3’ of each segment has noncoding untranslated regions 
(UTRs) containing conserved complementary sequence of 19-30 nucleotides on each side [10]. It is predicted 
that these termini form a panhandle structure through base pairing [11, 12]. The 3’UTR of each segment contains 
a promoter directing RNA replication and gene transcription [13, 14]. 
Each arenavirus segment encodes two proteins in two separate ORFs of opposite polarities, also called 
ambisense coding strategy [15, 16]. The L segment which is around 7’200 nt long encodes the viral RNA- 
dependent RNA polymerase and a zinc-binding matrix protein, also designated as Z [17]. The small segment 
(~3’500nt) encodes a nucleoprotein (NP) and a precursor for the envelope glycoprotein (GPC) which is 
posttranslationally cleaved [18-20]. Between the ORFs of each segment there are intergenic noncoding region 
(IGR) which form stem-loop (hairpin) structures [15, 21]. The IGR has an important function in termination of 
transcription, which is structure-dependent, and virus assembly and/or budding [22-25]. 
The mRNAs of mammalian arenaviruses are capped and not polyadenylated [22, 26, 27] with the 5’ ends 
containing several nontemplated bases [22, 28, 29]. The mechanism of transcription initiation is similar to the 
cap-snatching mechanism which involves cleavages of the caps and the bases associated with them by 
endonuclease activity linked to the viral L polymerase [30]. Importantly, the cap leader is used as a primer to 
initiate transcription of the arenavirus genome [30]. 
A major structural protein of mammalian arenaviruses is the NP which is associated with viral RNA in a bead-like 
structure. NP interacts efficiently with the RNA-dependent RNA polymerase (L protein), the trans-acting viral 
factors indispensable for viral RNA replication and transcription [31] [32]. Similar to other RNA-dependent RNA 
polymerases, the L of mammarenaviruses carries both process of transcription and replication [28, 33-36]. The 
matrix Z protein contains a RING motif binding zinc and it is the main component driving virus budding [14, 17, 
37, 38]. It also blocks RNA synthesis in a dose-dependent manner [39-44]. The two envelope glycoproteins, GP1 
and GP2, are posttranslationally cleaved from GPC. Together with a stable signal peptide (SSP) which is cleaved 
off during GPC synthesis form the spike of the virion [20, 45, 46] and mediate attachment [47] and fusion with 
the membranes of their target cells [48-51]. Importantly, GP protein and its outer globular domain (GP-1) is 
the only target for arising neutralizing antibodies during infection [52]. 
Infection involves attachment of the arenavirus to host cell-surface receptor followed by endocytosis mediated 
internalization [53-56]. Late endosomes release the ribonucleoprotein (RNP) complex consisting of NP, L and 
viral genomic RNA into the cytoplasm via pH-dependent fusion and RNP then directs both RNA genome 
replication and transcription [57]. During the process of replication, the L pol generates uncapped antigenomic 
and genomic RNAs which contain one single nontemplated G at the 5’ end [28, 29, 58]. It is possible that the 
initiation of replication actually involved slippage mechanism of the L in the next RNA [34]. Transcription of GPC 
and Z mRNAs occurs only after a full round of viral replication during which the antigenomes of both S and L are 
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produced. The polyprotein GPC is synthesized in the ER where it is extensively glycosylated, forms oligomers and 
is proteolytically cleaved by (SKI-1/S1P) [59]. SSP plays a role in the proteolytic processing of GPC and trafficking 
of the protein from ER to cell surface [60]. Finally, the virion budding occurs in the plasma membrane of the 
infected cells by which provides the viral envelope for the newly released virions [14, 38, 61-65]. 
We and others described a reverse genetic technique to recover LCMV only from cDNA [66, 67]. Simply 
transfecting permissive cells with purified RNA of negative-strand viruses like LCMV does not lead to infectious 
cycle, due mainly to the inability of these RNAs to serve as mRNA. To this end, the viral RNA segments must be 
complemented with minimal viral-transacting factors in order to initiate genomic replication and transcription. 
The first breakthrough was the design of minigenome system (MG) which allowed studies of viral cis- and trans- 
acting factors and the initiation of transcription, replication and formation of infectious particles. [25, 32, 68- 
70]. Other arenaviruses like Lassa virus (LASV) also have an established reverse genetic rescue systems [71], [72]. 
Finally, in 2006 recovery of infectious LCMV entirely from plasmid was achieved. The basics are that the two 
viral genomes, S and L, are given as polymerase I-driven plasmids. The trans-acting elements, NP and L proteins, 
are introduced on separate sets of plasmids, these ones designed as polymerase-II-driven. Transfection of all 
the four plasmids using lipofectamine provides the viral genome and the necessary trans-acting elements which 
ensures the production of a full infectious LCMV particles. Recovery of LCMV entirely from plasmid DNA makes it 
easier to generate recombinant viruses, carrying variety of mutations that we can design according to our 
purposes. 

 
Adaptive immune responses to viral infections: T cells 

 
Adoptive immune responses are main players in containing viral pathogens with both T and B cells having their 
important role. Certain viruses, such as influenza viruses [73] or coronaviruses [74], can cause short duration (or 
acute) infection while other pathogen, like HIV and HCV, cause prolonged (or chronic) illness [75], [76]. Acute 
infections are either quickly resolved or the patient rapidly succumbs to death, whereas chronic infection can 
linger for years or may never be cleared by the host, as it is the case with HIV. Persistent pathogens usually lead 
to fatal outcome many years after infection. While HIV-1 is usually obligatory chronic due to its retroviral nature 
[77, 78], other pathogens such as HBV or HCV, or murine LCMV, can lead to either life-long (chronic) persistence 
or protracted but self-limiting infection. There are many biological factors from both pathogen and host side 
which can influence the course of the infection. One key determinant is the adaptive immune system of the 
host, as shown with the previously mentioned prototypic infection model with LCMV. In the murine 
experimental model of LCMV, the strain and dose of LCMV, as well as the MHC class I haplotype of the mouse 
define the outcome of LCMV infection in mice [79]. If the C57BL/6 mouse (H-2b) is infected with LCMV strain 
Armstrong or low dose WE the outcome is an acute infection with a typical rapid onset of the disease or 
asymptomatic progression and low viremia titers, resolved within days. Contrary to that, infection with clone 13 
LCMV or Docile LCMV results in persisting viremia, detectable in certain organs and tissues months after 
exposure [80, 81]. One can appreciate the viral factors of persistence when comparing virus clearance of Clone 13 
and Armstrong which differ in L1079 mutation in Cl13 polymerase, resulting in increased chronicity and 
exhaustion of virus-specific T-cell response [82]. 
Cytotoxic CD8+ T cells (CTLs) have been shown to play a major role in the clearance of LCMV infection [83-88], 
although noticeable differences were described for adaptive CTL responses to either acute or chronic LCMV. 
Acute infection leads to activated CD8+ T cells, followed by clonal expansion in response to antigen stimulation 
[89]. Upon activation CD8+ CTLs differentiate into effector cells expressing inflammatory and cytotoxic 
molecules such as IFN-g, TNF-a, perforin and granzyme B thus mediating direct killing of infected cells [90]. 
Following the expansion and effector stages, CD8+ contract by undergoing apoptosis and differentiating in 
memory T cells [91, 92]. The anti-viral memory T cells are the essential line of defense due to their quick re- 
expansion and effector function upon re-challenge with the original pathogen as summarized in [93]. Chronic 
infections push the differentiation of CTLs in a different direction. Upon infection, the CTLs clonally expand, 
similar to acute infection with LCMV, but many get clonally deleted [94]. The remaining CTLs lose effector 
functions over time, developing a functionally impaired state referred to as “exhaustion” [95] [81]. Exhaustion 
can be summarized as a reduced ability to kill infected cells, impaired proliferation in response to cognate 
antigen and altered production of cytokines such as IL-2, IFN-g and TNF-a. The viral factor, determining 
persistence, is the single-point mutation in the polymerase, increasing the intracellular viral load in plasmacytoid 
dendritic cells, thus outpacing the antiviral immune response to the host [82]. Chronic infection, therefore, leads to 
progressive impairment and loss of antiviral CTLs which favors the persistence of LCMV [81, 96-98].
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CD8+ T cells are sufficient to control acute LCMV even in the absence of CD4+ helper T cells [99-101]. CD4+ T 
cells are essential, however, in the clearance of chronic infection [102]. Without CD4+ T helper cells 
compartment, CTLs are depleted during an ongoing chronic infection [102, 103]. Interestingly, CD4+ can also 
undergo functional changes, similar or “exhaustion” due to continuous antigenic exposure rather than an early 
event in the ongoing infection [104, 105]. Despite this, CD4+ are capable of providing help to both CD8+ T cells 
and B cells during chronic infection. An example of this role is the production of IL-21 by CD4+ which improves 
the functionality of CD8+ T cells and play a pivotal role in the antiviral control [106-108]. 

 
Adaptive immune responses to viral infections: B cells 

 
In addition to T cells, a critical role in clearance of chronic LCMV infection play B cells. Initiation of humoral 
response starts with the encounter of a specific B cell with its cognate antigen which takes place in lymphoid 
tissues such as spleen, lymph nodes (LNs) and Peyer’s patches (PPs). Lymphoid organs have a filtration capacity, 
allowing to capture and present foreign antigens to the B cells. Second, the lymphoid tissues have specialized 
endothelial cells which mediate binding to lymphocytes and their compartmentalization forming lymphoid 
follicles [109, 110]. Follicular dendritic cells (FDC) are embedded in the follicles, which are stromal cells, 
specialized in capturing and presenting antigens for long periods [111-115]. B cells migrate to follicles upon 
sensing chemokine CXCL13, ligand for CXCR5, which is produced by the FDCs and other stromal cells [116, 117]. 
Within the follicle, B cells slowly scan for surface-displayed antigens presented by macrophages and FDCs [118]. 
Stromal cells in the lymphoid organs secrete BAFF, an essential B cell survival factor [119]. In order to get to the 
outer parts of the follicle where they can interact with helper T cells, B cells sense a second factor, the oxysterol 
7a, 25-HC, which is also produced by stromal cells and act via receptor EBI2 [120, 121]. If antigen is not 
encountered by the B cells, the cells exit lymphoid tissue in response to sphingosine-1-phosphate (S1P) sensed 
via its receptor S1PR1 [122]. After egressing from spleen or LNs, B cells exit in blood or lymphatic vessels, and 
travel to another lymphoid tissue to repeat the process of surveillance for foreign antigen. If no activation occurs, 
the B cells die and are replaced by new bone marrow B cell emigrants [123]. If engagement of the B cell receptor 
(BCR) with cognate antigen occurs, B cells migrate to the T-B cell border where they interact with cognate CD4+ 
T cells leading to reciprocal activation as B cells exert their antigen-presenting cells (APCs) properties [124-127]. 
When CD4+ T cells recognize the peptide bound to the MHCII on B cells they upregulate CD40L [128] and 
cytokines, such as interleukin-4 (IL-4) and IL-6 that in turn induce the activation of B cells [129-131]. This 
mechanism ensures a very precise “turn on” of the adaptive immune system against pathogens and B-T cell 
interactions are known to be reciprocally regulated since B cells are needed for CD4+ T cell activation and vice 
versa [132, 133]. 
Upon activation, B cells are migrating to the follicle border to the T cell zone and starting to expand, following 
various differentiation routes [134]. The first one is differentiating into short-lived plasmablasts (PBs) which are 
antibody-secreting cells (ASCs) [135, 136]. These extrafollicular responses usually produce IgM ASCs which are 
not mutated via somatic hypermutation (SHM) and are mostly from low-affinity. In the meantime, B cells and T 
cells continue to interact at the T-B border and start to form a geminal center (GC) upon migration back into 
follicle, as part of the T cell-dependent antibody response. The GCs are structures, described first by Flemming in 
1884, where lymphoid cells undergo mitosis or expand [137-139]. The mechanisms of this decision-making are 
poorly understood, but it is suggested that the affinity of interaction between the BCR for the antigen, the amount 
of engagement between antigen and receptor and the co-stimulatory molecules availability from T cells may all 
play a role [140-146]. In the GCs, B cells undergo somatic hypermutation (SHM) and class-switch 
recombination (CSR) increasing the affinity and quality of the antibody response, respectively. The enzyme 
activation-induced cytidine deaminase (AID) acts in both processes of SHM and CSR [147, 148]. CSR is the process of 
switching the antibody class from IgM, which is the “default” class, to IgA, IgG or IgE. During CSR, activation 
induced deaminase (AID) enzyme in combination with CSR co-factors basically excises all constant regions except 
the only left to be expressed under its promoter. SHM is causing accumulation of mutations in the BCR’s variable 
regions in the immunoglobulin genes, ultimately leading to a B cell clone with a high affinity for its cognate 
antigen via competition for help from CD4+ cells [149-151]. This process is called affinity maturation. The GCs 
reaction eventually leads to the formation of high-affinity, isotype switched B cells which can further 
differentiate into plasma cells (PCs) or memory B cells (MBCs) [152]. Typical GC reactions last a few weeks 
followed by dissolution of the structure but can persist in chronic infections [153-155]. The outcome of this 
prolonged GC in response to persistent antigen is the production of affinity matured antibodies [155], [156-160]. 
Plasma cells are the antibody-secreting cells which are defined by reduction of surface immunoglobulin (Ig), 
CD138 expression and a proliferation halt [161]. PCs exit GCs and home in peripheral tissue, lymph nodes and 
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spleen. They can be either short-lived (SLPCs) or long-lived (LLPCs) but both types secrete antibodies [162]. The 
latter find a specific niche in the bone marrow and can reside there for at least as long as memory B cells (MBCs) 
[163], which are the alternative outcome of the GC reaction. They are characterized by slow or absent division, 
express surface Ig and do not secrete antibodies. MBCs can produce rapid and robust respond to secondary 
challenge with previously encountered pathogen [164-171]. The mechanisms leading to the end-differentiation of 
B cells into LLPCs or MBCs is not fully understood but it could be influenced by cytokines (IL-5), CD40-CD40L 
interaction, by BCR affinity or by temporal control of the GC reaction [152, 172, 173]. 
Virus-specific antibodies (Abs) are essential to reduce viral load thus supporting CTLs’ effector functions [174- 
177]. In chronic LCMV infection the emergence of neutralizing antibodies (nAbs) correlate with virus clearance 
[155, 177]. Despite great redundancy of the human immune system, many of the currently used vaccines work 
via inducing nAbs in serum or mucosa and thus blocking infection. Therefore, nAbs are the most widely-accepted 
correlate for protection by vaccination [178] and many vaccine strategies aim at inducing protective antibody 
responses. For HIV infections, the induction of bnAbs is considered the “holy grail” in vaccine design as reviewed 
in [179-182]. nAbs have been shown to protect also against other infections, such as in the murine HCV and SHIV 
models [183-191]. The induction of nAbs in chronic infection, however, represents a major challenge. Whereas 
acute infection which require around 2 weeks to induce neutralizing titer, nAbs against persistent pathogens 
occur only after prolonged periods of protracted viremia [192-194]. This delay is influenced by several factors 
such extensive glycosylation of surface viral envelope [195, 196], viral escape mutants from nAbs [177, 195, 197- 
199] and recently described early decimation of B cells at the onset of chronic viral infection [200]. 
Induction of nAbs by vaccination against HIV and HCV were unsuccessful which can be partially explained by the 
correlation of protracted viral burden and the emergence of nAbs [155, 201]. Non-neutralizing antibodies, on 
the other hand, appear early in LCMV [193] and in HIV [202]. HIV and were shown to exert an antiviral function 
via antibody-dependent cellular cytotoxicity (ADCC) and Fc-mediated inhibition [203-209]. Promising new 
strategies for bnAbs induction are now development, namely combining B cell engineering and vaccination 
[210]. 

 
 
Transcriptional regulation of B cell differentiation 

 
There are several master regulators of B cells differentiation: paired box protein 5 (PAX5) [211], B-cell lymphoma 
6 (BCL-6) [212, 213], interferon regulatory factor 4 (IRF4) [214-216], B lymphocyte-induced maturation protein- 
1 (BLIMP1) [217-219], X-box binding protein 1 (XBP1) [220, 221] and BTB and CNC homology 2 (BACH2) [222]. In 
short, the B cell lineage is regulated by BCL6 and PAX5, whereas IRF4, BLIMP1 and XBP1 have a repressive 
function on B cell-associated genes and activate the plasma cell differentiation program. Upon initiation of the 
PC program, BCL6 and PAX5 are repressed on the account of IRF4, BLIMP1 and XBP1. 
PAX5 binds DNA as a bipartite paired domain and can function as repressor or activator of transcription [223, 
224]. It is now well established that PAX5 controls gene transcription by inducing transcription factor (TF) 
complexes, involved in chromatin remodeling, histone modification and basic transcription at target genes, thus 
suppressing inappropriate genes and activating B-cell-lineage genes. Thus, it restricts non-committed progenitor 
cells to the B cell pathway, regulates the cellular functions, induces VH-DJH recombination, facilitates pre-B cell 
receptor signaling and guiding these pre-B cells to their full commitment in the B cells lineage [225]. 
BACH2 belongs to the BACH family of transcription factors and, together with MAF proteins binds to MAF- 
recognition elements and represses immunoglobulin heavy chain 3’ enhancer. It is expressed in early B cells and 
shut-down in plasma cells [226]. 
BCL6 was first described as proto-oncogene in B cell lymphoma [227] and consequently recognized as a 
transcriptional repressor, containing six zinc-fingers and BTB domain [228]. It has been shown that BCL6 
upregulation in pre-germinal center B cells contributed to the sustained interaction between pre-GC B cells and 
their Tfh cells and the B cell entry into GC clusters [229]. BCL6 is, therefore, a master regulator of the GC 
reactions. 
Blimp-1 is five-zinc-finger domain which represses the promoter for interferon-I (IFN-I) [230]. It has a consensus 
recognition site similar to the one of interferon-regulatory factors 1 and 2 (IRF1 and IRF2). Quantitative changes in 
Blimp-1 define plasma cells ontogeny with highest expression in LLPCs [217]. Using DNA microarrays, it has been 
shown that Blimp-1 represses genes encoding TFs that regulate signaling by the BCR, as well as blocking 
expression of AID, Ku70 and STAT6 which leads to the inhibition of Ig class switching [231-235]. Moreover, XBP1, 
downstream of Blimp-1 increases protein synthesis in plasma cells thus supporting Ab secretion [220]. Blimp-1 is 
necessary for the B cell differentiation into immunoglobulin secreting plasma cells, as shown with 
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prdm1flox/floxCD19Cre mice (prdm1 is the gene encoding Blimp-1) which do not develop PCs nor secreting 
antibodies [236]. 
Interferon-regulatory factor 4 (IRF-4) can heterodimerize with different partners to either activate or repress 
transcription of the target gene [237] [238]. One of the many functions of IRF4 is control of plasma cell 
differentiation and class-switch recombination [239]. By using conditional deletion of Irf4 in GC B cells, it was 
shown that IRF4 is necessary for post-germinal center plasma cells, as well as for the differentiation to plasma 
cells from memory B cells. Both Blimp-1 and IRF4 were necessary for plasma cell differentiation and both acted 
upstream of XBP-1. 

 
Perturbations of B cells in chronic viral infections 

 
T cell responses to chronic viral infection has been extensively studied as T cell “exhaustion” was thought to be the 
main mechanism for the failure of immune responses against chronic viral infections. Indeed, in the field of 
cancer research, reversal of T cell exhaustion via inhibition of PD-1: PD-L2 pathway proved to be effective for 
treatment of some cancers, as summarized in [240]. The discovery deserved a Nobel prize in 2018, awarded to 
James P. Allison and Tasuku Honjo “for their discovery of cancer therapy by inhibition of negative immune 
regulation”. This approach, however, was not that successful in chronic viral diseases. In recent years, the 
specific role of B cells in antiviral responses was studies in more detail. B cell alterations were also identified 
with persistent-prone pathogens, for both, whether T cell-dependent or -independent reactions [241-256]. 
B cell dysfunction is now regarded as a main pathological feature of HIV infections, affecting memory B cell 
compartments, GC B cells and marginal zone (MZ) B cells with both HIV-specific and non-specific populations 
affected. Some B cell populations, such as MZ B cells and GC B cells are decreased at the expense of increased 
plasma cells in HIV (humans) and SIV (macaques). In contrast to healthy humans where the resting memory B 
cells (RM) represent the majority of the memory B cell population with expression of surface markers CD21 and 
CD27, in HIV patients the majority of memory B cells are abnormal. These B cells isolated from HIV patients are 
CD21loCD27-, called tissue-like memory B cells (TLM) and CD21loCD27+ activated memory B cells (AM) [242]. HCV 
chronic infection also resulted in “exhausted” peripheral B cell phenotype CD21-CD27- [257]. TLMs also express 
Fc receptor-like protein 4 (FCRL4) and sialic acid-binding Ig-like lectin 6 (Siglec-6), both putative inhibitory 
receptors [258]. Hypergammaglobulinemia has been shown to consist of mainly HIV-unspecific antibody clones, 
whereas dysregulated memory B cells in HIV patients were enriched for HIV-specific clones. These perturbations 
in the B cell compartment of chronically infected individuals are thought to play a major role in increased 
frequency of autoimmune diseases and poor vaccine response in HIV patients. 
HCV, HBV chronic infections [254, 256, 259, 260], Plasmodium [261-264], Schistosoma [265, 266], 
Mycobacterium tuberculosis [267, 268] have all been related to the induction of abnormal B cell responses. This 
points towards a general mechanism of immune subversion by persistent-prone pathogens. 

 
B cell competition and immunodominance 

 
B cell responses to complex antigens has been identified as a major hurdle in vaccine design. Major factors play 
B cell precursor frequencies, B cell receptor affinity for its cognate antigen, antigen avidity and T cell help, as 
summarized in this recent review [269]. It has been shown that GC reaction have three main outputs: death by 
apoptosis [270], memory B cells (MBCs) [271-274] and plasma cells [275](both long-lived and short-lived). The 
decision making for each GC B cells is still debated, but there is evidence that affinity of the BCR to antigen plays 
a role. It is thought that high-affinity GC B cells form the long-lived plasma cells (LLPC) whereas low-affinity 
clones differentiate into B memory cells. It has been shown that apoptosis of very low-affinity B cells in GC guides 
the selection of B cells clones in GCs [276]. 
Many of the fate-decision studies on B cells have been performed using haptens [277-279] which are valuable 
approaches but mostly fail to model the B cell response to more complex antigens such as HIV Env trimer. There 
is increasing evidence that immunodominance of B cells specific non-neutralizing epitopes is a great obstacle for 
HIV vaccine design [280-282]. Immunodominance is a naturally occurring process, in which particular B and T 
cell clones are selected in GC reaction at the expense of other cell pathogen-specific clones, thus limiting the 
breadth of the immune response. The fact that some immunodominant B cell clones are off-target is of major 
importance for future vaccination strategies and may be correlated with the specific B cell precursor frequency, 
affinity and valency of the epitope. 
Precursor frequencies of B cells have been studied in detail in the context of HIV infection with a focus of broadly 
neutralizing antibodies like the VRC01 class bnAbs, developing in some HIV+ patients [283-286]. It was shown 
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recently that precursor B cells for VRC01-class bnAbs exist in the majority of human population but are relatively 
rare with frequencies around 1 in 300’000 [287-290]. Moreover, these studies indicate that high-affinity VRC01 
precursor B cells were even less common in human naïve repertoire, around 1 in 106 B cells. Therefore, it was 
possible to assume, therefore, that small precursor numbers of a given B cell clone may dictate its 
immunodominance. A breakthrough was made using knock-in B cells expressing germline-reverted form of the 
VRC01-class of BCR [291], VRC01gHL, and engineered outer domain germline-targeting (eOD-GT) immunogens for 
HIV Env. This protein antigen is known to induce specifically germline VRC01-class bnAbs [289]. The authors 
showed that the precursor frequency of epitope-specific B cells was critical for successful competition of this B 
cell clone during germinal reaction upon immunization. It could result in a 1000-fold change in the ability to 
induce an antigen-specific response. Importantly, when the precursor number was close to human physiological 
range for VRC01-class antibodies, affinity to the antigen became main factor [291, 292]. The importance of 
precursor numbers have been shown using human knock-in for IgHV1-69 to study influenza responses, 
demonstrating that antibody responses are dependent on B cell precursor numbers in the naïve repertoire [293]. 
Another important factor for establishing protective immunity is the maturation of specific antibodies from 
germline to neutralizing affinity. Immunization studies using eOD-GT immunogens identified that VRC01-class 
bnAbs lack measurable binding to HIV Env when converted to germline sequence [160]. This suggested that 
multiple rounds of affinity maturation in the GC were needed for bnAbs to arise from their precursors [294]. 
Alternatively, it was proposed that a few unlikely mutations, rather than large mutational load leaded to 
successful production of bnAbs in HIV [156-159]. Precursor numbers of epitope-specific B cells should be taken 
into account in vaccinology studies because they play a major role in the success (or failure) of humoral 
immunity. 
Antigen affinity was determined as one of the key parameters in fate-decision of B cells upon immunization. One 
study showed that in T cell-dependent responses with limiting numbers of high- and low-affinity B cells mixed 
in wild-type recipient mice identified that only high-affinity B cells accumulated in GCs [144]. When tested in T 
cell-independent responses, antigen affinity played a role but to a lesser extend [295]. Low-affinity B cells have 
been described in multiple studies, suggesting that they have a capacity to get activated by low-affinity antigens 
[141, 296-298]. In these studies, however, precursor number frequency was not tested alongside affinity, 
meaning that key information about competition was lacking. It seemed that re-entering GCs upon booster 
immunization was also dependent on high-affinity memory B cells [299], consistent with priming of the immune 
response [290]. 
The relationship between affinity and precursor frequency in determining the fate of B cells have been 
investigated in this elegant study [291]. In short, when the epitope-specific B cell precursor frequency was high, 
there was a representation of both high- and low-affinity B cells in GC. When the precursor numbers were 
reduced to physiological levels in the 1 in 106 range, there was a strong preference for the high-affinity naïve B 
cells in GC. A separate study using N332-supersite on HIV Env trimer germline targeting showed that designing 
high-affinity antigens could elicit expansion of bnAbs precursor B cells, despite rare precursor frequencies for 
the latter [300]. Experiments utilizing authentic naïve VRC01-class B cells showed that both precursor frequency 
and affinity influenced responses to HIV immunogen, underlying the importance of germline targeting approach to 
vaccine design against HIV [301]. 

 
Immune subversion mechanisms of pathogens 

 
Mutational escape from antibodies and T cells is a common feature of chronic pathogens such as HIV and LCMV 
in mice [302-308] [309], [192, 310-318]. In LCMV infection, antibody escape mutants are usually observed in the 
absence of CTLs [176]. Additional escape, from the CTL epitopes of the nucleoprotein and the glycoprotein has 
been also described and is thought to contribute to viral persistence. It is similar for HIV where both antibody 
escape variants, bnAb escape variants and CTL escape variants have been described in HIV-infected patients. 
This is one of the most controversial observations in antibody evolution during chronic HIV: despite the need for 
chronicity for antibody breadth to evolve, this also give a chance of each viral variant to escape the newly- 
evolved antibodies [194, 314, 319]. 
Other factors, apart from mutational, escape have been described to negatively impact humoral responses 
during chronic infections. These include extensive glycosylation preventing neutralization, huge CTL response, 
polyclonal B cell activation and high antigen load [195, 196, 320-324]. 
Several studies suggested that CTLs mediate the destruction of the lymphoid structure, consequently affecting GC 
organization and effective interaction between lymphocytes [325-327] [328]. It is still debated whether CTL direct 
killing of B cells is also involved in the delay of humoral response [329-331]. Hypergammaglobulinemia is 
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a well-known part of the clinical picture for HIV patients and it has been described for HCV and LCMV in mice 
[243, 259, 260, 332-334]. It is suggested that hypergammaglobulinemia is one of the pathological skewing of B 
cells responses which lead to failure to control the virus due to polyclonal B cell activation. Activation of 
polyclonal B cells and overproduction of antibodies could be at the expense of other B cell compartments. 
Finally, the antigen load as a sole parameter is not so clear and it seems to be a point of controversy. High antigen 
load in LCMV had been reported to lead to terminal differentiation of antiviral B cells into short-lived IgM- 
producing ACSs [324]. On the other hand, mice with impaired CTL responses (TAP) developed high nAbs over 
time [177, 320]. Our group showed as well that chronic infection results in productive GC reaction and eventual 
development of neutralizing titer against LCMV, supporting the fact that one of the requirements for developing 
HIV broadly neutralizing antibodies (bnAbs) is infection time [155, 201]. 
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Aims of the thesis 

The aim of this study was to investigate the immune responses to chronic viral infections. Our main focus was 
the longitudinal response of monoclonal antiviral B cells (KL25) in the context of chronic viral infection with 
lymphocytic choriomeningitis virus (LCMV). 
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Abstract 
 
Perturbed B cell responses and late formation of neutralizing antibodies are hallmarks of chronic infections but 
the mechanisms underlying the dysfunctional humoral responses remain poorly defined. We used adoptive 
transfer of monoclonal anti-viral B cells (KL25) in the context of chronic lymphocytic choriomeningitis virus 
(LCMV) infection in mice and we observed late clonal deletion of the KL25 cells. This process was governed by the 
binding affinity of the KL25 B cell receptor (BCR) to its target, the viral glycoprotein (GP), and the persistence of 
the antigen. We found that the loss of the KL25 B cells was independent of IFN-I inflammation, and it was the result 
of terminal differentiation into short-lived antibody secreting cells (ASCs). In a striking difference to antiviral 
T cells, long-term viremia did not result in a significantly altered transcriptional program in the LCMV- specific 
B cells compartment. The late deletion of high-affinity B cells in chronic infection may explain the delayed 
neutralizing antibody response to persistent pathogens. Strategies to counter B cell clonal deletion should 
help us improve humoral immunity against chronic infectious diseases. 

 
 
One-sentence summary 

 
High-affinity antiviral B cells are deleted in late phase of chronic LCMV infection due to their terminal 
differentiation into short-lived antibody secreting cells. 
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Introduction 
 
Chronic systemic viral infections such as HIV (a), Hepatitis B virus (HBV) (b), and Hepatitis C virus (HCV) (c) infect 
millions of people around the world, thus representing a major medical and humanitarian challenge (WHO a,b,c- 
accessed March 2021). The main postulate is that the host organism fails to clear the pathogen due to the 
outpacing of the adaptive immune system by the pathogen, more specifically of the CD8+ cytotoxic T cells [82, 
94, 95, 335-338]. In such infections, antiviral T cell responses can undergo “exhaustion”, which encompasses 
their deletion or their functional alteration, associated with upregulation of inhibitory receptors, such as PD-1 
[339-343]. In contrast, B cell responses to chronic viral challenge have been studied less extensively and are less 
well understood. Data from HBV and HIV infected individuals indicate that their B cell compartment can undergo 
phenotypic alterations such as accumulation of atypical memory B cells [250, 344-347] with upregulation of 
inhibitory receptors such as FcRL4 and PD-1. Accordingly, HBV-specific B cells from chronically infected 
individuals produce limited amounts of antibodies in culture and exhibit defective antibody-secreting cells 
(ASCs) differentiation upon ex-vivo stimulation, both of which can be alleviated with anti-PD-1 blockade [344, 
348]. Moreover, immunosuppression in HIV patients comprises humoral arm of the adaptive immune defense 
as evident in impaired in antibody responses to vaccination [349] and a decreased life span of memory B cells 
[350]. 
Chronic infection of mice with lymphocytic choriomeningitis virus has long served as model to study host- 
pathogen interactions in persistent viral infections. Similar to HIV, LCMV infection suppresses antibody response 
to third-party antigens [82]. Moreover, at the onset of chronic viral infection, antiviral B cells are deleted in a 
type I interferon- (IFN-I-) dependent manner, termed decimation [200, 351, 352]. Non-canonical features of 
humoral immune defense to protracted or chronic viremia comprise also the clonal dominance of low affinity B 
cell clones in murine salmonellosis and their mostly extrafollicular hypermutation [353]. The dominance of IgM 
memory B cell recall responses to Plasmodium parasites and the importance of multimeric IgM antibodies in 
restricting parasite invasion in erythrocytes represent additional examples [354, 355]. 
These recent findings demonstrate the limitations in our understanding of B cell responses to chronic infections, 
which in critical parameters can differ from B cell responses to protein immunization. Here, we performed 
adoptive transfer experiments with monoclonal virus-neutralizing B cells to investigate their differentiation in 
chronic persistent LCMV infection. We found that high-affinity but not low-affinity B cells were clonally deleted 
owing to the cells’ biased differentiation into short-lived antibody-secreting cells (ASCs). This clonal dominance 
pattern was reversed in the context of acute infection or vaccination and was independent of IFN-I-driven 
inflammation, thus offering a mechanism for the delayed formation of high-affinity virus-neutralizing antibodies 
in chronic infections such as HIV and HCV. 



18  

Materials and Methods 
 
Cells 
BHK-21 cells (ECC) were cultured in Dulbecco’s Modified Eagle’s Medium High Glucose (DMEM) with 4500mg/L 
glucose (Gibco), L-glutamine, sodium bicarbonate (Sigma Aldrich), supplemented with 10% heat-inactivated 
foetal bovine/calf serum (FBS or FCS, Sigma), 10mM HEPES (Gibco), 1mM sodium pyruvate (Gibco), 1X tryptase 
phosphate broth (TPB)(Sigma). BHK-23, a producer cell line expressing WE glycoprotein, was cultured in 
complete BHK21 supplemented with Puromycin (200µg/ml stock concentration, Thermofisher). 3T3 cells were 
cultured in DMEM medium supplemented with 10% FBS and Penicillin/Streptomycin (10’000 U/ml penicillin and 
20mg/l streptomycin, stock concentrations, Gibco). Suspension cells 293F suspension cells were cultured with 
293 expression media (Gibco). MDCK cell line was maintained in minimum essential media (MEM) and 10% FCS. 
All cell lines were routinely Mycoplasma tested. 

 
Plasmids 
The pol I/II- driven rescue system has been previously described [66]. For the rescues of LCM viruses and New 
World Arenaviruses (Pichinde and Candid#1) used in this study we used their respective pC-L and pC-NP [66, 
356]. The recombinant viruses are described in detail in Table 1. 

 
Viruses 
Clone 13 LCM virus was [80] derived from LCMV Armstrong, isolated from infected monkeys [357] by Charles 
Armstrong in 1934. WE strain was isolated in 1935 by Scott and McNair [358]. Aggressive and docile LCM viruses 
were cloned from blood of an adult mouse, infected at birth with LCMV UBC (University of British Columbia 
isolate) [359], [360]. Pichinde was first described in 1971 [361] with PICV natural vaccine vectors also described 
before [362, 363]. The Argentine hemorrhagic fever was described in 1953 and the first vaccination study was 
done in 1998 [364]. The viruses were always propagated either BHK-21 or suspension cells 293F by infecting 
with M.O.I. (multiplicity of infection) 0.01. The supernatant was harvested and titers were determined by plaque 
forming assay. Mice were infected with various doses and routes, described in figure legends and results for 
each individual experiment. 

 
 

Virus name Glycoprotein Viral backbone pCs (L and NP) KL25 KD(M) 

rCl13/WE GP-WE LCMV Clone 13 LCMV 5.04E-09 
rCl13/N119D GP-WE (N119D) LCMV Clone 13 LCMV 1.60E-07 
rCl13/N119S GP-WE (N119S) LCMV Clone 13 LCMV < detection 
rDOC/N119D GP-DOC (N119D) LCMV Docile LCMV Not measured* 
rAGG/N119D GP-DOC (N119D) LCMV Aggressive LCMV Not measured* 
rArm/WE GP-WE LCMV Armstrong LCMV 5.04E-09 
rArm/N119S GP-WE (N119S) LCMV Armstrong LCMV < detection 
rPICV/WE GP-WE Pichinde PIC 5.04E-09 
rPICV/N119S GP-WE (N119S) Pichinde PIC < detection 
rCAND/WE GP-WE Junin CAND 5.04E-09 
rCAND/N119S GP-WE Junin CAND < detection 

 

Table 1. Recombinant viruses and their genetic description. Virus name is the name used throughout this 
work to describe the corresponding recombinant arenavirus. Glycoproteins and their single point mutations 
are described. Viral backbone refers to which is the large (L) segment used to rescue the recombinant virus. 
pCs are the transacting elements used in the poI/II-driven rescues of the viruses. KL25 KD(M) refers to the 
surface plasmon resonance study, performed by Dr. Remy and published in her thesis. For these KD values 
KL25 was used as a Fab analyte. 
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Transfection of cells and rescue of recombinant viruses 
We seeded BHK-21 or BHK-23 cells at 5X105 cells/well in a 6-well plate format in BHK-21 or BHK-23 medium. The 
next day, the cells were transfected with plasmid DNA using lipofectamine/OptiMEM (Invitrogen, 3µl/µg of DNA) 
according to manufacturer’s instructions. For rescue of all the two-segmented viruses, the trans-acting factors 
NP and L were supplied form pol-II-driven plasmids at 0.8µg/rescue of pC-NP and 1.4µg/rescue of pC-L. They 
were co-transfected with 1ug/rescue from each of the two pol-I-driven Arenavirus segments, segment S and 
segment L. Plasmid GFP-expressing minigenome (MG) was included in each rescue experiment to assess the 
success of transfection based on the GFP expression. 48 hours after transfection, we transferred the supernatant 
and cells into T-75 flasks. 72 hours later, the supernatant was collected, centrifuged to remove cell debris and 
stored at -80°C. The viruses were further passaged on either BHK-21 or suspension cells 293F (Invitrogen) and 
titrated on 3T3 cells. 
The reverse engineering and rescue of LCMV clone 13 (Cl13) and Armstrong (Arm), expressing WE and variants 
thereof, expressing either N119D or N11S mutations [176] has been described before [66, 195, 365]. DOCILE 
(DOC) and Agrressive (Aggr), expressing N119D mutation were also designed and rescued in a similar fashion as 
previously described [366] and stocks were grown on MDCK cells. The generation of the New World Arenavirus 
Pichinde and the live-attenuated Candid #1 was achieved by using engineering and rescue systems as before 
[356]. Mutations of the WE GP were introduced by site-directed mutagenesis (SDM) to introduce the single point 
mutation in the glycoprotein, encoded in PolI-S-segment of the corresponding virus. 
Virus stocks were produced on BHK-21 or 293F suspension cells (Invitrogen). Viral titers and viremia from mouse 
blood samples were determined by focus forming assays on 3T3 cells (ATCC)[367]. 

 
Focus forming assay (FFA) 
FFA for determination of LCMV titers was described before [367]. For determination of viral titers in general, 
3T3 cells were seeded at 0.5X105 cells/well and mixed with 3-fold dilutions of viruses, starting neat, in MEM with 
2% FBS in a 96-well format. For determination of blood viral titers, 1X105 cells per well were mixed with 200µl 
neat virus or 10-fold diluted virus in medium in a 24-well plate. 
The plates were incubated at 37°C, 5% humidity for 2-3 hours until the 3T3 cells attached and Methylcellulose 
medium (2% Methylcellulose in supplemented DMEM) was added (80µl for the 96-well plate and 200µl for the 
24-well plate) to ensure the virus spreads only through neighboring cells and not through the supernatant. After 48 
hours, the plates were flicked off and fixed with 4% paraformaldehyde (PFA) for 15-30 min. This and all 
following protocol steps were performed at room temperature and the volumes added to the plates were either 
100 µl/well for 96-well plates or 200µl/well for the 24-well plates. Next, cells were permeabilised with Triton-X 
(BSS with 1%Triton-X-100, Merck Millipore) for 20 min and blocked for 15 min with PBS with 5% FCS. For 
detection of LCMV an anti-LCMV NP at 1:30 (human VL4) was used and for Pichinde and Candid, anti-Pichinde- 
NP (1:200) and anti-Candid (1:400) were used, respectively. The antibodies were diluted with PBS/2.5% FCS and 
incubated for 1 hour. The plates were flicked off and washed in tap water and the secondary HRP-goat-anti-rat- 
IgG was added at 1:100 dilution in PBS/2.5% FCS and incubated for 1 hour. Again, the plates were washed and 
the color reaction (0.5g/l DAB (Thermofisher), 0.5 g/l Ammonium Nickel (II) Sulfate (Sigma) in PBS with 0.015% 
H2O2) was added. The reaction was stopped after 15 min by washing with tap water. Stained plaques were 
counted either manually (when background was high) or using C.T.L. counter (ImmunoSpot ®) using BioSpot® 
software. Final titers were calculated according to the dilution. 

 
Mice and animal experimentation 
KL25HL B cells express the LCMV-neutralizing KL25 antibody as a B cell receptor (BCR). The VDJ of the KL25 is a 
knock-in in the immunoglobulin heavy chain locus, replacing all DQ52 and JH elements with VHDJH of the KL25 in 
embryonic stem cells [368]. The light chain of KL25HL is a newly generated transgenic line (BasL36) (Narr et al. , 
manuscript in preparation) or knock-in line (HkiL) (Florova et al. , manuscript in preparation). The light chain VJ 
knock-in was achieved via homologous recombination to replace J1-J5 J elements of the IgL locus with the KL25 
VJ using CRISPR/Cas9 system. The HkiL was on a RAG2 knock- out background [369]. 
KL25L (carrying only the LC as a transgene) mice served as recipients to avoid anti-idiotypic rejection [155, 200] 
throughout this project and were always referred to as wild-type (wt) recipient mice. Throughout Figure 3, they 
are labelled as wt since they are compared to Ifnar-/- XTgL mice which are simply referred to as Ifnar-/- 
recipients. Ifnar-/- mice were described before [370] and were crossed to KL25L mice. 
Blimp-1-GFP KL25 reporter mouse was generated as a cross between heterozygous Blimp-1-GFP reporter [217] 
and KL25 BasL36 mouse. Due to technical reasons, we have kept the Blimp-1-GFP KL25 reporter as a chimeric 
mouse on C57BL/6 background. The chimeric animals were generated by adoptive transfer of bone marrow and 
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splenocyte from donor Blimp-1-GFP KL25 reporter mouse into CD45.2 lethally irradiated recipients one day after 
irradiation. 
All mice were on a C57BL/6 background and were kept under specific-pathogen-free (SPF) conditions for colony 
maintenance and experiments. Breeding was conducted at the University of Zurich and at the University of Basel. 
Experiments were performed at the University of Basel in accordance with the Swiss law for animal protection 
and with authorization by the Cantonal Veterinary Office Basel-Stadt. 

 
Isolation of cells and cell transfer 
For transfer of purified KL25 B cells, we used a magnetic-activated cell sorting (EasySepTM Mouse B cell Isolation 
Kit, StemCell. Purity (>95%) was confirmed by three separate FACS experiments (data not shown). After isolation 
the KL25 B cells were washed with BSS and counted using hemacytometer at 40X magnification under the 
microscope. The cells were step-wise diluted to the appropriate concentration for adoptive transfer and 
transferred in a 5ml polystyrene (FACS) tubes, always taking into account that engraftment was 5% as shown in 
Supplementary Figure 2. The adoptive transfer was performed via tail vein i.v. injection after inducing peripheral 
vasodilation by warming. If the injection was not 100% successful, the results were scrutinized when analysed 
and suspected failed engraftment samples were excluded from further analysis. 

 
Flow cytometry 
Organs were collected in RPMI-1640/5% FCS, adjusted to mouse osmolarity. Single cell suspensions were 
obtained by digesting the isolated spleens with collagenase D (Roche) and DNase (Sigma-Aldrich) in mouse 
osmolarity adjusted medium [371]. Staining of spleen samples was performed in PBS containing 2% FCS, 5mM 
ethylenediaminetetraacetic acid (EDTA) and 0.05% sodium azide (staining buffer). For staining of splenocytes, 
antibodies (clones) against the following antigens were used: CD45.1 (A20), CD45.2 (104), B220 (RA3-6B2), CD19 
(1D3), CD138 (281-2), GL7 (GL7), CD38 (90), CD22 (OX-97), TACI (ebioBF10-3), IRF4 (3E4) from eBioscienceTM and 
Bcl6 (K11-91) from BDBiosciences. The Zombie UVTM Fixable viability kit (BioLegend) was used to exclude dead 
cells as described in the manufacturer’s protocol. 
For intracellular staining of transcription factors, the cell suspensions were treated with FoxP3 transcription 
factor staining buffer from eBioscienceTM following the provider’s instructions. 
Stained cells were measured on a BD LSRFortessa™ (BD Biosciences) flow cytometer and data were analysed 
using FlowJo software (FlowJo LLC, version 10.5.3). 

 
Fluorescent-activated cell sorting (FACS) 
Spleens were collected as described before and stained in a similar fashion but using Na Azide-free buffer with 
mouse osmolarity. Samples were sorted unfixed in TRI reagent and immediately snap frozen on dry ice. 

 
Next generation RNA sequencing and bioinformatic data analyses 
Bulk RNA sequencing: CD45.1+CD19+GL7+ B cells were sorted directly in TRI Reagent (Sigma-Aldrich) using a 
FACSAria II (BectonDickinson). RNA was extracted with Direct-zol RNA MicroPrep Kit (Zymo Research) in a 
plasmid-free laminar flow cabinet. The RNA concentrations were measured with eukaryote total RNA pico with 
concentrations ranging from 10pg/µl. Library preparation was performed using TruSeq kit (Illumina) and were 
quality checked. Samples were pooled to equal molarity and sequenced with NextSeq500 (Kit V2) (Illumina) and 
the results were 37-66 million reads/sample. 
Reads were aligned to the mouse genome and data was analyzed in sciCORE using limma_voom gene mapping 
method with quality weights [372, 373]. Cut-off for significant difference in gene expression between 
experimental groups was set at log2 (fold change) >2. 

 
Enzyme-linked immunosorbent assay (ELISA) 
LCMV GP-1-specific antibodies in serum were measured by enzyme-linked immunosorbent assay (ELISA) using 
a recombinant fusion protein consisting of the outer globular GP-1 domain of the LCMV-WE glycoprotein fused to 
the human IgG constant domain (GP1-Fc) [374]. To perform ELISAs, 96-well flat bottom high-binding plates 
were coated with 50µl/well anti-human Fc-specific antibody (Jackson ImmunoResearch Europe Ltd, UK) diluted 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 removed and the plate was incubated with 200µl/well blocking 
buffer (5% milk powder PBS-Tween-20 (5%) (PBS-T) (Merk, Germany) at RT for 2 hours. The blocking buffer was 
removed and the WEGP was diluted in blocking buffer and added to the plates (50µl/well), followed by 
incubation at RT for 1 hour. Plates were washed 3X with PBS-T. Mouse sera were serially diluted (1:3) with a first 



21  

dilution 1:10 for samples where high antibody titers were expected. 50µl of the samples/well were transferred 
to coated and blocked plates, followed 1 hours of incubation at RT. Then the plates were washed 3X with PBS- 
T. HRP-conjugated anti-IgG antibody (Jackson) was diluted in blocking buffer and was added to the plates for 
detection of bound serum antibodies (50µl/well). The plates were washed 3X with PBS-T and once with PBS. The 
color reaction solution was prepared by mixing 2.8 ml 0.1 M citric acid (Sigma Aldrich), 2.2 ml of 0.2 M Na2HPO4 

(Sigma Aldrich), 5ml of ddH20, 10µl H202 and 10mg ABTS (2,2ʹ-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) 
diammonium salt, Sigma Aldrich). It was added to the wells at 50µl/well and 15 minutes later absorbance was 
measured on a monochromator (Safire II™, Tecan Group Ltd, Switzerland). KL25 IgG1 (BioCell) control antibody 
(at 100ug/ml starting concentration) was used to quantify the precise amounts of KL25 antibody per ml of blood. 

 
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. For comparison of a single parameter across multiple groups one-way ANOVA or multiple 
unpaired two-tailed Student̀ s t -tests were used as indicated in each figure legend. For comparison of multiple 
parameters across multiple groups two-way ANOVA with multiple comparisons test was used (simple effect 
within row option). Details about statistics are given in figure legends. Statistical tests were performed using 
Prism 8 for MacOS (version 8.1.1 (224)). ELISA titers were calculated using Gen5TM (BioTekTM) software. FlowJo 
software (FlowJo LLC, version 10.5.3) was used for the analysis of the flow cytometry data. 
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Results 
 
High-affinity B cells are deleted in chronic viral infection 
We used LCMV, a prototypic mouse virus [79, 357, 375], to model chronic virus infection in this study. Recipient 
mice were infected with high dose (approx. 106 pfu/mouse) LCMV Cl13 (Fig 1A), engineered to express WE 
glycoprotein (rCl13/WE), as described before [66]. A week later (day 0) we adoptively transferred titrated 
numbers of KL25 B cells into infected recipients, resulting in an engraftment of approximately 10, 100 or 1000 
cells per spleen. Engraftment was calculated by analyzing KL25 cell numbers one day after transfer in uninfected 
recipients and it was estimated to be in the range of 3-5% (Fig. S2), in line with previous reports [291, 292]. The 
engrafted KL25 cells have a BCR which binds with very high neutralizing affinity to WE glycoprotein and KL25 
Abs are capable of neutralizing LCMV carrying WE GP [176]. Four weeks later, the KL25 B cells were detected in 
the experimental groups where 103 and 100 cells were engrafted (Fig 1B and C) while the 10 engrafted KL25 cells 
were under detection limit as in recipient mice with no adoptive transfer (AdTF). Moreover, the cell numbers at 
week 4 from the 103 cells group were an average of 10-folds higher than recovered from the 100 cells group (Fig 
1C), reflecting the difference the initial number of engrafted cells. Intriguingly, however, the latter group’s KL25 
cells exceeded the technical background by >>10-fold. Hence, a proportionally expanded population of KL25 B 
cells in the 10 cells recipient group should have been readily detected (projected to be 1-2X103 cells/spleen 
which is readily detectable above technical background). The lack KL25 progeny population raised the possibility 
that the 10 engrafted KL25 did not expand at all and were lost after adoptive transfer. Contrary to this 
hypothesis, the KL25 cell-derived antibody was detected in the serum of recipient mice one week after transfer, 
indicating that some of the engrafted 10 cells survived, expanded and part of their progeny differentiated into 
ASCs (Figure 1D). Four out of five mice from the 10 engrafted cells group exhibited KL25 antibody was above the 
detection limit of the ELISA assay (0.05µg/ml) and above the no AdTF control group. The control group (no AdTF) 
did not produce GP1-specific antibodies over technical background, indicating that GP-1-specific antibody 
responses of the KL25 recipients originated from the transferred cells. The phenotype of the surviving KL25 cells 
in the 100 and 1000 cells transfer groups was predominantly of a germinal center (GC) phenotype (CD38-GL7+) 
(Figure 1B). Viremia was detectable throughout the 4 weeks of the experiment in the mouse group with 10 
engrafted KL25 cells, although it was somewhat suppressed at weeks 2 and 3, supposedly due to the secreted 
high-affinity antibody from the transferred KL25 cells. This limited amount of the antibody was apparently not 
sufficient to completely suppress the virus as evident from the viremia at week 4 in this experimental group. In 
contrast, the 100 and 1000 KL25 engrafted cells produced copious amounts of antibody (Figure D), resulting in 
early complete clearance of rCl13/WE virus from blood (Figure E). 
We next sought to investigate the fate of the disappearing 10 engrafted KL25 B cells. We performed LCMV 
infection and adoptively transferred 10 or 100 KL25 B cells as before (Figure 2A). 100 KL25 B cells expanded 
during week 2 and were maintained until week 3, whereas 10 engrafted KL25 B cells peaked at week 2 but were 
not found at week 3 anymore (Figure 1B and enumeration in C). By week 2 the 100 KL25 cells engraftment group 
has cleared the virus from blood, while most animals in the 10 engrafted cells group were viremic throughout 
week 3 (Figure 2D). Anti-GP1 responses in serum peaked at week 2 in both KL25 recipient groups but at week 3 
only the group of mice with 100 engrafted cells still had a detectable antibody titer (Figure 2E). 
The differentiation of the KL25 B cells differed fundamentally between the 100 and the 10 cells groups. At week 2, 
the cells in both groups had expanded similarly (Figure 2B and 2C), however the KL25 cell progeny in the 100 cells 
group consisted almost entirely of CD19+CD138- B cells, while the 10-cell transfer yielded mainly CD19- CD138+ 

ASCs or CD19-CD138- pre-plasmablast B cells, suggesting they were mainly a population of cells consisting of or 
committed to become ASCs (Figure 2F and 2G). 
Together, these observations indicated that a physiological precursor numbers of 10 high-affinity antiviral B cells 
[291] expanded vigorously upon adoptive transfer into viremic hosts but were eventually deleted as the chronic 
infection progressed. In contrast, higher numbers (:::100) of such cells secreted sufficient amounts of KL25 
antibody to clear the infection within a few days after engraftment, and avoided the aforementioned deletion. 

 
Chronic viral infection causes limited transcriptional changes in the antiviral KL25 B cells 
Chronic viral infection promotes unique differentiation programs in CD4 and CD8 T cells [376] [377], but the 
impact of persistent infection on antigen-specific B cells remains to be further investigated. The aforementioned 
sets of results had raised the possibility that persisting viral antigen per se could profoundly influence the fate 
of antiviral B cells. The early elimination of rCl13/WE by as few as 100 engrafted KL25 cells had, however, 
prevented us from formally differentiating the impact of chronic antigenic exposure from transferred cell 
number effects. To overcome these limitations, we engineered LCMV viruses, which were based on the Docile 
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and Aggressive variants of LCMV-WE, resulting in chronic and acute infection, respectively (Figure 3A) [359, 378]. 
Differential persistence of Docile and Aggressive is due to mutations in their large (L) genome segment [379]. 
Accordingly, we used viruses carrying either a Docile (DOC) or an Aggressive (AGG) L segment together with the 
same Docile small (S) segment. The latter was engineered to contain a single point mutation N119D in the GP 
gene, reducing KL25 affinity to below a critical threshold [176], thus enabling the viral persistence throughout 
the experiment even when confronted with a strong KL25 B cells response. We infected mice with either 
DOC/N119D or AGG/N119D and engrafted 100 KL25 B cells after one week (Figure 3B). DOC/N119D resulted in 
chronic viremia, while AGG/N119D remained below detection limit, as expected (Figure 3C). 4 weeks after 
adoptive transfer the KL25 B cells were detectable in all recipients (Figure 3D and percentage in Figure 3E). 
Irrespective of considerable of intra-group variation (Figure 3E) chronic viremia had not resulted in the deletion 
of the engrafted KL25 cells on day 25 (4 weeks). This finding prompted us to investigate potential transcriptional 
alterations resulting from chronic antigen exposure. A genome-wide transcription expression analysis of the 
KL25 B cells at week 4 showed that only very few genes were differentially regulated in cells emerging from 
acute as compared to chronic infection (Figure 3F). Accordingly, a principal component analysis (PCA) failed to 
show a clear clustering of KL25 B cells to either one or the other infection setting (Figure 3G). The top three 
differentially expressed genes upregulated in the chronic infection group were Ifi27l2a, Ifi27 and Usp18. All three 
are interferon-stimulated genes (ISGs) and Usp18 has been identified as a key regulator of interferon signaling in 
the context of LCMV infection [380-385]. These observations are in line with sustained type I interferon effect that 
last well into the chronic phase of LCMV [386]. At the same time, the absence of marked transcriptomic 
differences between B cells emerging from chronic and acute LCMV infection, and their long-term survival in the 
chronic infection rendered it unlikely that persistent antigenic stimulation alone was sufficient to account for 
the deletion of B cells described in previous paragraph and in Figure 1 and Figure 2. 

 
BCR affinity rather than interferon-driven inflammation account for late KL25 B cell deletion 
Our group and others have reported on the phenomenon of type I interferon (IFN-) driven deletion of KL25 cells at 
the onset of chronic LCMV infection [200, 352] herein referred to as “early decimation”. Hence, we sought to 
investigate to which extent interferon signaling may contribute to the phenotype of late deletion as described in 
Figure 1. Early IFN-I-driven deletion of KL25 cells occurs in a B cell-extrinsic fashion, supposedly by an IFN-I 
induced inflammatory milieu [200, 331]. Accordingly, it is prevented when hemopoietic cells other than B cells 
lack the type I interferon receptor (IFNAR), but not when B cells are IFNAR-deficient. Thus, we compared wild- 
type (wt) and interferon receptor deficient (Ifnar-/-) mice [370] as recipients in our experiments, to test whether 
late deletion relied on similar pathways as early decimation. As an alternative hypothesis to late IFN-I-driven 
deletion we considered that KL25 cells persisted when engrafted in chronically DOC/N119D-viremic mice but 
were deleted when exposed to persistent rCl13/WE (Compare Figures 1 and 3). This observation raised the 
possibility that antigenic affinity contributed to late B cell deletion in persistent viral infection. To this end, we 
used either ifnar-/- or wt mice as recipients and infected them with either rCl13/WE or with a variant thereof 
named rCl13/N119S (Figure 4A and Table 1). rCl13/N119S was engineered to carry a GP point mutation resulting 
in even lower KL25 affinity than the N119D variant when measured by Surface Plasmon Resonance, see Table 1 
[176]. Three weeks after engraftment of KL25 cells, the progeny of these cells was largely deleted in both 
rCl13/WE infected ifnar-/- and wt recipient, suggesting IFN-I-driven inflammation did not have a major 
contribution to late deletion (Figure 4B and C). In contrast, both types of recipients sustained the expansion of 
KL25 B cells when infected with the low-affinity rCl13/N119S variant virus (Figures 4B and C). These findings 
pinpointed a major role of BCR affinity in late deletion. 
To further scrutinize the role of inflammation we used congenitally infected LCMV carriers, which have been 
used for almost a century as a model for tolerant persistent infections with only very low-level IFN-I-driven 
inflammation [174], [387]. We infected pups within 24 hours of their birth (Figure 4D) and when the mice 
reached adult age, we engrafted 250, 100 or 10 KL25 cells per recipient. Four weeks later, the KL25 cells had 
expanded and were detectable in all groups except in the rCl13/WE-infected mice with only 10 engrafted cells 
(Figures 4E and F). In this group only one out of three mice retained a detectable population of KL25 B cells. 
Analogous experiments were conducted with rCl13/N119S carrier mice (Figures 4E and F). In these latter animals 
adoptively transferred KL25 cells were consistently detected at week four, even when only 10 cells were 
engrafted, further supporting the concept that high-affinity B cells may be subject to late deletion when 
engrafted at physiologically low numbers. Virus persisted in all animals, irrespective of its GP (WE or WE-N119S 
mutant), and independently of the number of KL25 cells engrafted. Viremia was detectable in all carrier mice, 
as expected (Figure 4G). 
Together, these data suggest that the observed late deletion of KL25 B cells in chronic viral infection occurs 
independently of IFN-I-driven inflammation but is chiefly governed by BCR affinity. 
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B cell receptor affinity governs late deletion of antiviral B cells in chronic infection 
Next, we sought to elucidate in more detail how BCR affinity impacts the late deletion of KL25 B cells. We 
infected adult recipient mice with either rCl13/WE, rCl13/N119D or rCl13/N119S (Figure 5A), and six days later we 
engrafted 10 KL25 cells per recipient and analyzed the cells’ progeny 4 weeks later (Figure 5B). Infection with 
Cl13/N119D or Cl13/N119S resulted in the maintenance of a KL25 B cell population while the recipients infected 
with rCl13/WE were virtually devoid of KL25 cells, as expected (Fig 5C and D). The surviving cells were all B cells 
(B220+CD138-) rather than ASCs (Figure 5E). Intriguingly, the initial expansion of KL25 B cells after the first week 
was largely independent of the BCR’s affinity for the viral GP (Figures 5G and H), with affinity-dependent deletion 
only evident by the end of week 3 (Figure 5G and H). 
These data corroborate that the affinity of interaction between antiviral B cells and their cognate antigen is the 
key determinant of late B cell deletion in chronic viral infection. 

 
KL25 cells of all affinities are maintained in a self-limited acute viral infection 
These findings of an inverse relationship between BCR affinity and B cell clonal maintenance (compare Figures 1 
and 5) were counterintuitive and suggested that chronic infection promoted B cells clones of low to 
intermediate affinities. Such a putative affinity hierarchy in chronic infection, therefore, challenged the concept 
of clonal selection and subsequent evolution of the B cell response, which poses that B cell clones of higher 
affinity - generally resulting from affinity maturation - are selected to dominate the immune response as it 
progresses [388-392]. Hence, we tested whether the classical hierarchy applied also to KL25 B cells when 
responding to acute infection or to live-replicating viral vaccines. We infected recipients with a low dose of 200 
plaque forming units (PFU) of either rCl13/WE, rCl13/N119D or rCl13/N119S, resulting in an acute self-limited 
infection, and engrafted 10 KL25 B cells 1 week later (Figure 6A). Indeed, the number of KL25 B cells recovered 
at week 1 reflected the affinity hierarchy: the highest affinity virus (rCl13/WE) resulted in the largest expansion 
of the cells, the intermediate affinity virus (rCl13/N119D) caused lower but detectable expansion and the lowest 
affinity virus (Cl13/N119S) only weakly expanded the B cells or not at all (Fig 6B and 6C). At week 4, however, 
these differences evened out, and all groups of recipients exhibited a similarly sized population of transferred 
KL25 cells, irrespective of the affinity of the KL25 BCR for the viral envelope GP (Figures 6B and C). 
Next, we infected animals with WE-GP- or WE-GP-N119S-expressing viruses based on the less invasive 
Armstrong (Arm) strain of LCMV [82] (Table 1). Three weeks after engraftment all recipients exhibited a clear 
KL25 B cell population which was of comparable size, irrespective of the affinity for the viral antigen (Figure 6D 
and E). 
Finally, in an attempt to test the KL25 B cell responses to prototypic live-attenuated viral vaccines we engineered 
Pichinde virus (PICV-) and Junin Candid#1 (CAND-)-based viruses, expressing WE-GP or WE-GP_N119S as their 
envelope protein [356] (Table 1). Pichinde is a very widely studied and highly immunogenic Clade A New World 
arenavirus that replicates poorly in mice [393]. Candid#1 is a live-attenuated vaccine used for prevention of 
disease by the Clade B arenavirus Junin, the causative agent of Argentine hemorrhagic fever [394]. One week 
after infection with either one of these viruses we engrafted 100 KL25 cells per recipients and analyzed 
population expansion and maintenance four weeks later. Corroborating and extending the trend observed with 
acute LCMV infection, rPICV/WE and rCAND/WE resulted in a more robust expansion and maintenance of the 
KL25 B cells 4 weeks after engraftment than their respective WE-GP_N119S low-affinity counterparts (Figure 6F 
and G). 
Taken together, these data showed that the commonly held concept of affinity-driven selection and dominance of 
B cell clones applies also to KL25 B cells responding to acute infection or vaccination, whereas that chronic 
infection perturbs this hierarchy by causing late deletion of high-affinity clones. 

 
High-affinity B cells responding to chronic infection undergo terminal ASC differentiation 
We were interested in the differentiation pathway KL25 B cells undergo in chronic rCl13/WE infection, leading 
to their deletion. We infected mice with rCl13/WE or rCl13/N119S and engrafted either 100 or 10 KL25-Blimp-1 
reporter B cells on day 6 [217] (Figure 6A). One week later we analyzed the differentiation of the transferred 
cells. All KL25-Blimp-1 reporter cells expanded to a detectable extent (Fig. 6B), with 100 engrafted KL25-Blimp- 1 
cells yielding more progeny than the 10 cells, as expected. This difference was, however, more pronounced in the 
context of high-affinity rCl13/WE than with rCl13/N119S, and the group of mice receiving 10 engrafted cells 
expanded comparably, regardless of the infecting virus (Fig 6B and C). rCl13/WE infection resulted in a 
significantly higher proportion of KL25-Blimp-1 ASCs progeny and higher absolute KL25-Blimp-1 ASCs counts per 
spleen than in animals undergoing rCl13/N119S infection. Conversely, the majority of KL25-Blimp-1 cells 
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progeny in the latter group were B cells, and their absolute number exceeded those in rCl13/WE-infected 
recipients. These data suggested there was a skewing of the high-affinity B cells to terminal ASC differentiation in 
chronic infection, which was prevented by lowering the affinity of interaction between the B cells and their 
cognate viral antigen. 
To further assess ASCs differentiation of KL25-Blimp-1 B cells we made use of an the engineered reporter allele 
Blimp-1gfp [217], reporting Blimp-1, a master transcription factor determining ASC differentiation, as a green 
fluorescence. Blimp-1 and TACI are both essential for ACS differentiation [395] [396-398] and were expressed in 
a higher proportion of KL25 cells responding to high-affinity antigen (WE) than in a setting of low-affinity 
infection (N119S) (Figure 6D). In line with this observation, CD22, a BCR inhibitory receptor downregulated 
during ASCs differentiation, was significantly lower in KL25 B cells responding to rCl13/WE than in the low- 
affinity rCl13/N119S setting (Figures 6D and E). 
To further investigate the impact of BCR affinity on transcriptional regulation of B cells we determined 
intracellular levels of the transcription factors (TFs) IRF4, known to be required for plasma cells differentiation 
[239], and of BCL6, the GC B cells’ master transcription factor [229, 399, 400]. Most KL25-Blimp-1 cells 
responding to high-affinity rCl13/WE expressed IRF4, whereas rCl13/N119S yielded balanced population of IRF+ 

and IRF4- KL25 B cell progeny. The proportion of cells expressing BCL6 was rather modest in general, but was 
clearly augmented in B cells responding to low-affinity antigen, as opposed to a virtual absence of such cells in 
high affinity infection (Figures 6F and G). 
Together, these data show that chronic infection promotes terminal ASCs differentiation of high affinity B cells, 
which may culminate in the cells’ clonal deletion. 
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Discussion 
 
HIV and HCV in human are associated with dysregulation in B cells responses, hypergammaglobulinemia and 
delayed development of neutralizing antibodies nAbs [250, 345-347, 349, 401, 402] [193, 320, 321, 403-406]. 
We observed clonal deletion of physiological-like precursor numbers [291, 292, 407] of high-affinity antiviral B 
cells in the chronic phase of the LCMV infection which may explain the late development of neutralizing 
antibodies against LCMV [175, 193, 320]. We hypothesize, therefore, that that clonal selection of the highest- 
affinity B cell clone against invading pathogen may be perturbed in a chronic infection. This may represent a 
novel immune subversion mechanism exploited by the chronic pathogen and may explain why is the mammalian 
immune system failing to clear persistent-prone pathogens. 
Previous studies described early IFN-mediated decimation of LCMV-specific B cells as a partial reason for late 
production of neutralizing antibody in chronic viral infection with LCMV [200, 351, 352]. The decimation could 
be reversed by blocking IFN-I signaling, deplete myeloid cells or by blocking IL-10 and TNF-a [200, 352]. The 
observations reported here are fundamentally different in what the underlying mechanisms and key parameters 
are concerned. We perform AdTF 6 days after infection when initial IFN-I levels have already declined as shown 
before by Fallet et al, 2016 [200]. KL25 B cells are also deleted in the late phase of infection in ifnar-/- recipients, 
indicating extrinsic IFN-I signaling does not play a role in the late deletion observed in the current study. 
Moreover, the majority of WE carriers failed to maintain KL25 B cells when only 10 cells were engrafted, 
rendering IFN-I-driven inflammation an unlikely cause of late deletion of high-affinity B cells, while the same are 
apparently essential for early decimation. Early decimation is affinity-independent as shown by infection with 
the N121K and N119D mutants, which are low-affinity GP variants but still lead to early B cell decimation. 
Together, these data show that both early decimation [200] and late deletion of B cells result from skewed 
proliferation of the KL25 cells into short-lived ASCs. The mechanisms and biological parameters governing these 
two phenomena are, however, fundamentally different from each other. 
After decimation in the first phase of infection, the B cell repertoire can be replenished by bone marrow B cell 
emigrants and ongoing GC reactions [324, 408]. Indeed, there is increasing evidence that chronic infection 
results in a particularly productive GC reaction, leading to the formation of nAbs in both LCMV and HIV-1 [155, 
201]. In LCMV infection, the neutralizing titer seems to evolve after viremia drops, suggesting that the B cell 
clones carrying high-affinity BCRs can only reach critical clonal dominance after viral loads are suppressed [155]. 
Importantly though, the reciprocal relationship of the two phenomena poses a perfect chicken-and-egg 
problem, where the causality between arising nAb responses and viral control (or escape) could be linked in a 
different way. It is a commonly held opinion that arising nAb force the virus to escape. Alternatively, and our 
data suggest so, virus control may be due to the combined action of the other immune defense mechanisms 
such as non-neutralizing antibodies [175] [176] and CD8+ T cells, whereby the first would force the virus to 
acquire antibody escape mutations. Only once antigenic loads of the non-mutated viral protein fall below critical 
threshold would nAbs-producing B cells specific for the original virus variant be able to expand and form nAbs. 
Fallet et al. (2020) [155] showed that chronic LCMV infection promotes more robust GC reactions resulting in 
higher nAbs titers than acute infection. nAbs responses do not, however, overlap timewise with high-level 
viremia unless the dominant viral quasispecies exhibit escape mutations. 
An unexpected discovery in our study was the minute differences in gene expression profile between B cells 
emerging from chronic and acute viral infection, as evident in a lack of group clustering in PCA and only a few 
clearly differentially regulated genes. This contrasts with Staupe et al. (2020) reporting differential gene 
expression between LCMV-specific B cells in acute and chronic LCMV infection [409]. The main difference, 
however, Staupe et al. detected on day 15 in GC B cells, an effect largely lost by day 45. These studies did not, 
however, take into account that LCMV Clone 13 infection is commonly cleared by day 45. In our study we 
therefore used the more invasive DOC strain of LCMV and we excluded any potential effect of differential clonal 
composition of B cells responding to acute and chronic infection by focusing on a monoclonal B cell population 
(KL25). In combination, these data suggest that murine antiviral B cells do not undergo a classical “exhaustion”, 
unlike T cells persistently exposed persistently to high levels of cognate antigen [410] [411]. 
As the present work shows, engrafting KL25 B cells at physiological-like precursor frequency similar or even 
lower than reported for VRCO1 anti-HIV class B cells in man [292], was key for the main observation reported. 
The very low numbers of KL25 cells but also their engraftment after infection was designed to mimic the 
response of new bone marrow emigrant B cells of antiviral specificity that are confronted with a persistent 
infection. Hence, this setting should further our understanding of viral immune subversion in the chronic phase 
of persistent viral infection rather than the response in the first, acute phase of the infection. 
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In conclusion, late deletion of B cells offers a novel mechanism whereby chronic infection subverts humoral 
defense. These insights should help tailoring intervention strategies aimed at furthering humoral immune 
control of persistent viral disease. 
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Figures 
Figure 1. High-affinity B cells are deleted in the late phase of chronic viral infection 
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Figure 1. (A) We infected mice at week -1 with rCl13/WE prior to KL25 adoptive transfer (AdTF) at day t=0 of 
antiviral KL25 B cells, starting with 10, 100 and 1000 engrafted cells per mouse spleen. The animals were 
sacrificed 4 weeks later. (B) Representative flow cytometry plots showing the frequencies of KL25 B cells 
(CD45.1) amongst all groups. (C) Enumerated virus-specific KL25 B cells in the spleen. (D) GP-1-specific antibodies at 
week 1 after adoptive transfer and indicated individual KL25 values in µg/ml of mouse serum. (E) Viremia 
measured at weeks 1,2,3 and 4 in 10 cells, 100 cells and 1000 cells and NoAdTF (control) experimental groups. 
Data is displayed as mean±SD and symbols represent individual mice. Doted lines on graphs represent detection 
limit. Statistical analysis was performed with unpaired two-tailed Student’s t tests for Figure 1 C and D. 
Significant p values (*,**,***,****) for p < 0.05; not statistically significant (n.s.) for p≧0.05, not statistically 
significant. 
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Figure 2. High-affinity B cells are deleted in the late phase of chronic viral infection (early analyses) 
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Figure 2. (A) We infected mice at week -1 prior to adoptive transfer (AdTF) and sacrificed the animals at the 
indicated time points. (B) Representative flow cytometry plots KL25 B cells from 10 and 100 engrafted cells 
groups. (C) Enumerated virus-specific KL25 B cells in the spleen from all groups. Viremia (D) and GP-1-specific 
antibodies (E) were monitored for the whole length of experiment. (F) Phenotypic analysis of KL25 B cells at 
week 2 from all groups. We calculated the percentage of B cells and ASCs at week 2 (G). Data is displayed as 
mean±SD and symbols represent individual mice. Doted lines on graphs represent detection limit. Statistical 
analysis was performed with one-way ANOVA for with multiple comparisons post-test (compared to control 
group No AdTF). Significant p values (*,**,***,****) for p < 0.05; not statistically significant (n.s.) for p≧0.05, 
not statistically significant. 
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Figure 3. Chronic infection causes limited transcriptional changes in the antiviral KL25 B cells 
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Figure 3. We infected mice with rDOC/N119D or rAGG/N119D (A) at week -1 prior to KL25 adoptive transfer 
(AdTF), resulting in 100 engrafted cells/spleen, and sacrificed the animals 4 weeks later and RNA sequencing of 
the KL25 B cells was performed. We monitored viremia over time (C). Representative flow cytometry plots 
showing KL25 progeny at week 4 (D) and calculated percentages of KL25 B cells in spleens at week 4 (E). Gene 
Set Enrichment Analysis (GSEA) (Figure 2F) and principal component analysis (PCA) in Figure 2G. Data is displayed as 
mean±SD in C and mean±SEM in E, and each symbol represent individual mice. Statistical analysis was 
performed with multiple unpaired two-tailed Student’s t tests for viremia (C) and normal unpaired two-tailed 
Student’s t tests for percentages of engrafted cells (E). Significant p values (*,**,***,****) for p < 0.05; not 
statistically significant (n.s.) for p≧0.05. (F) and (G) sequencing analysis was performed with limma_voom 
software with cut-off values for significantly differential gene expression set at 2. 



34  

Figure 4. BCR affinity rather than interferon-driven inflammation accounts for late deletion 
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Figure 4. (A) WT or Ifnar-/- recipients were infected with rCl13/WE or rCl13/N119S viruses at week -1 prior to 
KL25 adoptive transfer (AdTF) at t=0 and analysed three weeks later. (B) Representative flow cytometry plots 
showing specific KL25 B cells (CD45.1) from all groups. (C) Enumerated virus-specific KL25 B cells at week 3. (D) 
Mice were infected at birth with rCl13/WE or rCl13/N119S viruses, adoptive transfer (AdTF) performed 
approximately 8 weeks later (t=0) and analyzed after four more weeks. (E) Representative flow cytometry plots 
showing specific KL25 B cells (CD45.1) from all groups. (F) Enumerated virus-specific KL25 B cells in all groups. 
(G) We measured last time point viremia for all groups (H). All data is displayed as mean±SD and symbol 
represent individual mice. Doted lines on graphs represent detection limit. Statistical analysis was performed 
with unpaired two-tailed Student’s t tests. Significant p values (*,**,***,****) for p < 0.05; not statistically 
significant, n.s.: p≧0.05. 
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Figure 5. B cell receptor affinity governs late deletion of antiviral B cells in chronic infection 
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Figure 5. (A, B) Mice were infected with viruses with varying degree of affinity to the KL25 BCR at week -1 prior to 
KL25 AdTF (t=0) and sacrificed 4 weeks later. (C) Representative flow cytometry plots showing KL25 B cells. 
(D) Enumerated virus-specific KL25 cells, of which B220+CD138- B cells (E). (F) Mice were infected with viruses 
with varying degree of affinity to the KL25 BCR at week -1 prior to AdTF (t=0) and sacrificed 1 or 4 weeks later. 
(G, H) Enumerated KL25 cells at week 1 and week 4 after transfer. All data is displayed as mean±SD and symbols 
represent individual mice. Doted lines on graphs represent detection limit. Statistical analysis was performed 
with unpaired two-tailed Student’s t tests. Significant p values (*,**,***,****) for p < 0.05; not statistically 
significant, n.s.: p≧0.05. 
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Figure 6. B cells of all affinities are maintained in self-limited acute viral infection 
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Figure 6. (A) Mice were infected with low dose (200pfu/recipient) Cl13 backbone viruses at week -1 prior to KL25 
adoptive transfer (AdTF) (t=0) and analyzed 1 or 4 weeks later. (B) Representative flow cytometry plots showing 
KL25 B cells from all groups and time points. (C) Enumerated virus-specific KL25 B cells. (D) Mice were infected 
with Arm backbone viruses with WE GP or N11S GP at week -1 before engraftment of 100 or 10 KL25 B cells and 
analyzed 3 weeks later. (D) Representative flow cytometry plots at week 3. (E) Enumerated virus-specific KL25 B 
cells in all groups at week 3. A third infection model was performed using Candid and Pichinde backbone viruses, 
engineered with either WE GP or N119S GP. Infection and KL25 AdTF were performed as before. (F) 
Representative flow cytometry plots showing specific KL25 B cells (CD45.1) from all groups at week 4. (G) 
Enumerated virus-specific KL25 B cells 4 weeks after AdTF. All data is displayed as mean±SD, except Figure 5G 
which is displayed as mean±SEM and symbols represent individual mice. Doted lines on graphs represent 
detection limit. Statistical analysis was performed with unpaired two-tailed Student’s t tests for figures C and G. In 
Figure 5G the two-tailed Student’s t tests was performed after log10 conversion of data points. In Figure E, 2- way 
ANOVA with multiple comparisons was used with a simple effect within row post-test. Significant p values 
(*,**,***,****) for p < 0.05; not statistically significant, n.s.: p≧0.05. 
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Figure 7. High-affinity B cells responding to chronic infection undergo terminal ASC differentiation 
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Figure 7. (A) Recipients were infected with high dose WE or N119S Cl13 backbone viruses at week -1 prior to 
adoptive transfer (AdTF) at t=0 of Blimp-KL25 cells and analyzed within 1 week. (B) Enumerated virus-specific 
KL25 B cells. (C) Percentages and total enumerated cells as B cells or ASCs from reporter KL25 B cells’ progeny. 
Representative histograms are shown in (D) with the percentages of positive cells for transcription factor Blimp- 1 
and surface proteins TACI and CD22. We additionally performed an intracellular staining (ICS) for IRF4 and 
BCL6 transcription factors for all samples. Representative histograms showing pre-gated KL25 are shown in (F) 
and the enumerated percentage positive cells in (G). All data is displayed as mean±SD or mean±SEM for Figure 
6C. The symbols represent individual mice. Doted lines on graphs represent detection limit. Statistical analysis was 
performed with unpaired two-tailed Student’s t tests for C and E. For B and G, 2-way ANOVA with multiple 
comparisons was used with a simple effect withing row post-test. Significant p values (*,**,***,****) for p < 
0.05; not statistically significant, n.s.: p≧0.05. 
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Figure S 1. Gating strategy for KL25 progeny 
 

 
Figure S1. (A) Single cells were gated based on SSC-A and SSC-H, followed by FSC-A and FSC-H. Consequently, we 
gated on lymphocytes (SSC-A vs FSC-A), excluded dead cells with Zombie U.V. live-dead cells marker, and 
excluded autofluorescence cells (empty channel). (B) KL25 B cells were identified using CD45.1.1 syngeneic 
marker whereas endogenous population is CD45.2.2. For further analysis, we gated on B cells (CD19+ or B220+ 

CD138-) or ASCs (CD19- or B220-CD138+) and we determined memory B cells (MBCs) by GL7-CD38+ and GC B cells by 
GL7+CD38- surface expression. 
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Figure S 2. Engraftment of KL25 cells in naive spleens 
 

 
Figure S2. (A) We transferred KL25 B cells at various dilutions and analyzed the frequency of KL25 B cell 
population one day later. (B) Representative flow cytometry plots showing specific KL25 B cells (CD45.1) from 
all groups. (C) Enumerated virus-specific KL25 B cells in all groups. We calculated the percentage of engrafted 
cells amongst all groups 1 day after AdTF (D). 
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Figure S 3. Gating strategies for Blimp-1, CD22, TACI, BCL6 and IRF4 
 

 
Figure S3. Single cells were gated based on SSC-A and SSC-H, followed by FSC-A and FSC-H. Consequently, we 
gated on lymphocytes (SSC-A vs FSC-A), excluded dead cells with Zombie U.V. live-dead cells marker, and 
excluded autofluorescence cells (empty channel). (A) KL25 B cells were identified using CD45.1.1 syngeneic 
marker while endogenous population is CD45.2.2. For further analysis, we gated on Blimp-1-GFP, CD22 and TACI 
by using a non-B non-ASC population as a negative control and staining controls as positive controls. (B) 
Alternatively, we performed an intracellular staining (ICS) and gated on CD45.1 KL25 cells. Gating on IRF4 or 
BCL6 was performed in a similar fashion as in (A). 
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One Sentence Summary: Vaccination-induced Tfh memory CD4 cells prevent terminal plasmablast 
differentiation and clonal deletion of B cells responding to chronic viral challenge by instructing a germinal 
center transcriptional program. 

 
Abstract 

 
Chronic viral infections subvert protective B-cell immunity. An early interferon-driven bias to short-lived 
plasmablast differentiation leads to clonal deletion, so-called “decimation”, of antiviral memory B-cells. 
Therefore, prophylactic countermeasures against decimation remain an unmet need. 
We show that vaccination-induced CD4 T cells prevented the decimation of naïve and memory B-cells in 
chronically LCMV-infected mice. Although these B-cell responses were T-independent, pre-existing T help 
assured their sustainability by instructing a germinal center B-cell transcriptional program. Prevention of 
decimation depended on T cell-intrinsic Bcl6 and Tfh progeny formation. Antigen presentation by B-cells, 
interactions with antigen-specific T helper cells and costimulation by CD40 and ICOS were also required. 
Importantly, B-cell-mediated virus control averted Th1-driven immunopathology in LCMV-challenged animals 
with pre-existing CD4 T cell immunity. 
Our findings show that vaccination-induced Tfh cells represent a cornerstone of effective B-cell immunity to 
chronic virus challenge, pointing the way towards more effective B-cell-based vaccination against persistent viral 
diseases. 

 
 
Introduction 

 
CD4 T cell induction represents a key goal of vaccination and an important correlate of immunity to diseases of 
global importance such as tuberculosis 1. Moreover, genetic deficiency in CD4 T cell defense or the loss thereof in 
AIDS allows the emergence of various microorganisms, resulting in life-threatening opportunistic infections 2, 
3. Significant gaps remain, however, in our understanding of how CD4 T cells contribute to protection against 
chronic viruses. While essential to contain established HIV or cytomegalovirus infection 4, 5, 6, the potential role 
of pre-existing CD4 T cell immunity in the prevention of viral persistence remains a matter of debate 7. 
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Observations made in the model of chronic lymphocytic choriomeningitis virus (LCMV) infection of mice indicate 
that vaccination-induced CD4 T cell immunity, similarly to adoptively transferred virus-specific CD4 T cells, can 
result in severe immunopathological disease instead of protection 8, 9, 10. Th1-biased CD4 T cell memory – a type 
of CD4 T cell immunity commonly induced by bacterially and virally vectored vaccine delivery systems 11, 12, 13 – 
was found to trigger a pathogenic cytokine storm upon chronic virus challenge, thus questioning the utility of 
CD4 T cell-targeted vaccination for the prevention of chronic viral infection. 
Humoral immune protection against acute viral disease commonly requires a critical titer of pre-existing serum 
antibodies, irrespective of B cell memory 14. As an important exception, recall responses by vaccination-induced 
memory B cells have the capacity to prevent hepatitis B virus (HBV) persistence even after serum antibody 
immunity has waned 15, 16. Similarly, rapid neutralizing antibody (nAb) responses to primary and, importantly, 
also secondary HCV infection are associated with spontaneous viral clearance 17, 18, 19, 20. These findings highlight 
not only the tremendous potential of B cell-based protection, specifically in the context of chronic viral diseases, 
but also the need to better understand its functioning and the requirements for its optimal exploitation in 
vaccination. 
When aiming to harness B cell-based immunity against persistent viral diseases, the subversion of early – and 
therefore timely - humoral immune responses to these viruses is a major hurdle. This is evident in a delayed and 
inadequate antibody response to HCV and HIV in man 21, 22, 23 and to LCMV in mice 24. We and others have 
reported that antiviral B cells, whether naïve or antigen-experienced memory B cells (memB), undergo rapid 
terminal differentiation to short-lived antibody-secreting cells (ASCs) and near-total clonal deletion at the onset of 
chronic LCMV infection 25, 26, 27. This process, referred to as “B cell decimation”, is driven by type I interferon- (IFN-
I-) induced inflammation and may explain delayed antibody responses to persisting viruses 21, 22, 23, 24. 
Antibody-mediated blockade of the IFN-I receptor (IFNAR) prevented B cell decimation and restored B cell 
transcription factor profiles of mature B cell stages 25, thus enabling a sustainable germinal center-based antiviral 
B cell response. These findings suggested the utility of IFNAR blockade as a therapeutic strategy to counter B 
cell decimation. The same treatment given to SIV-infected non-human primates resulted, however, in the 
animals’ rapid progression to AIDS, illustrating the superordinate importance of IFN-I signaling in antiviral 
defense 28. Strategies to prevent B cell decimation and to enable effective primary and/or secondary B cell 
responses to chronic virus challenge remain, therefore, an important unmet need. 
CD4 T cell help, notably in the form of follicular T helper cells (Tfh), is essential for germinal center (GC) reactions 
and thereby for B cell affinity maturation and long-term antibody as well as B cell memory formation 29, 30, 31. 
Unlike protein-based immunization, several viruses have the capacity to trigger early antibody responses in a 
CD4-independent fashion 32, 33. Accordingly, we have reported that under conditions of IFNAR blockade, thus 
when B cell decimation was prevented, the early B cell response to chronic LCMV challenge was CD4- 
independent 25. In contrast to primary B cell responses, the dependence of memory B cell recall responses on 
primary and/or secondary CD4 T cell help remains a subject of controversy 34, 35. Accordingly, the differential 
availability and quality of memory CD4 T cell help 36, 37 has been identified as a likely confounding variable across 
several recent studies on memB cell recall responses 38, 39, 40, 41, 42, 43. 
Here we investigated the role of vaccination-induced CD4 T cell immunity in supporting primary and secondary B 
cell responses to chronic viral challenge. We found that early, cognate interactions of antiviral B cells with 
vaccination-induced CD4 T cells reversed the cellular and molecular hallmarks of B cell decimation, thereby 
enabling a robust and sustainable antibody response and the formation of B cell memory. In return, effective B 
cell-mediated control of viral replication prevented immunopathological complications of CD4 recall responses. 
These observations establish vaccination-induced CD4 T cell memory as an essential pillar of effective B cell 
immunity against persistent viral challenge. 

 
Results 

 
Pre-existing CD4 T cell help prevents decimation of naïve and memory B cells upon chronic virus challenge 
To study the impact of pre-existing CD4 T cell help on B cell responses to chronic LCMV challenge we immunized 
mice with a recombinant Listeria monocytogenes (LM61) expressing from its transgene the immunodominant 
LCMV glycoprotein- (GP-) derived CD4 T cell epitope GP61-80. Non-transgenic LM was used for controls. Four 
weeks later, both groups of mice were given monoclonal GP-specific B cells (KL25HL B cells) by adoptive transfer 
and were challenged with a chronic strain and dose of LCMV (Fig. 1A). Five days into the LCMV response, splenic 
GP66-77 (GP66) tetramer-binding CD4 T cells of LM61-immunized mice were significantly more abundant than in 
LM-vaccinated controls, as expected (Figs. 1B, S1A). Intriguingly, however, LM61-immune mice harbored also 
>20-fold higher numbers of KL25HL progeny B cells and >200-fold higher numbers of antibody-secreting cells 
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(ASCs, Figs. 1C, S1B). Accordingly, they mounted >100-fold higher LCMV-nAb titers than LM-immunized controls 
(Fig. 1D). Altogether these findings suggested that pre-existing GP-specific CD4 help prevented GP-specific B cell 
decimation upon chronic viral challenge. When B cell transfer and LCMV challenge were conducted only nine 
days after LM61 pre-immunization, thus shortly after its clearance 44, GP66-specific CD4 T cell as well as KL25HL 
B cell responses were similarly augmented (Fig. 1E) and this effect was sustained for at least 20 days after chronic 
virus challenge (Fig. 1E-G). Importantly, LM61 immunization also augmented the number of KL25HL B cells with 
a GC phenotype (GL7+CD95+, Fig. 1G,H) and promoted their participation in GC reactions as evident from 
histological sections (Fig. 1I). As both naïve and memB cells are susceptible to decimation 25, we next assessed 
whether pre-existing CD4 T help enables robust memB cell recall responses to chronic viral challenge. KL25HL 
memB cells were generated in primary recipients, sorted and characterized (Fig. S1C,D), then adoptively 
transferred into either LM61- or LM-immune secondary recipients, followed by LCMV challenge (Fig. 1J). Seven 
days later, substantial progeny populations of KL25HL B cells and ASCs were recovered from LM61-immune 
mice, while KL25HL memB cells in LM-immune control recipients were largely decimated (Fig. 1K, S1E). This 
effect translated into ~100-fold higher LCMV-nAb and GP-binding antibody responses by memB cell progeny on 
day 7 (Fig. 1L,M), which at this early time point of analysis, were mostly found outside B cell follicles (Fig. 1N). 
Altogether, these observations indicated that pre-existing CD4 T help prevented the decimation of both naïve 
and memory B cells. Analogous effects on KL25HL B cell and antibody responses were observed when GP66- 
specific TCR-transgenic CD4 T cells (SM cells) from naïve donor animals were engrafted in numbers to 
approximate LM61-induced CD4 T cell responses (Fig. 1O-Q). RAG-deficient SM cells were similarly effective (Fig. 
S1F,G), indicating that truly naïve CD4 T cells, when provided in sufficient numbers 45, can help B cells and 
prevent their decimation. 

 
LM61-induced CD4 responses are Th1-biased but comprise a Tfh-like population that expands upon recall 
The prevention of B cell decimation by LM61-induced CD4 T cells was surprising in light of the reportedly 
pronounced Th1 bias of these responses 8, prompting us to investigate the heterogeneity of LM61-induced CD4 T 
cell responses by single cell RNA sequencing (scRNAseq). We profiled the transcriptome of GP66 tetramer- 
binding CD4 T cells, which we collected on day 9 after LM61 pre-immunization (day 9, Fig. 2A) and five days 
following subsequent KL25HL cell transfer and LCMV challenge (day 14, Fig. 2A). A principle component analysis 
(PCA) and hierarchical clustering evidenced five and four main cell clusters on day 9 and day 14, respectively 
(Fig. 2B,C,F,G). As expected, three Th1-like clusters dominated the response at both time points, but seven to 
eight percent of cells fell into a fourth cluster, which by comparison to published scRNAseq data, 46 exhibited a 
Tfh gene expression signature (Fig. 2D,E,H,I, Fig. S2A,B). This Tfh cell cluster was characterized by elevated mRNA 
levels of the master transcriptional regulators Bcl6, Tcf1 (encoded by the Tcf7 locus) and Id3, and of Tfh hallmark 
genes such as Cxcr5 and Il21 (Fig. 2E,I, Fig. S2A,B). In contrast, the expression of Th1-related genes such as Tbx21 
(encoding T-bet) and Selplg (encoding PSGL1) was lower in these cells. A fifth yet very minor Treg-like subset 
was only detected on day 9. 
When analyzed by flow cytometry on day 9, vaccination with LM61 induced a population of ~1-2% GP66-Tet- 
binding CD44hi cells (Fig. 2J-L). Within this population a small but distinct subpopulation of cells co-expressed 
the Tfh markers CXCR5 and PD-1, mostly in combination with ICOS (Fig. 2J-L). The GP66-specific recall response 
to LCMV on day 14 contained ~15-20% CXCR5+PD-1+ cells (Fig. 2J-L). In keeping with a persisting Th1-bias, this 
proportion of Tfh-like cells was lower than in the primary GP66-specific response of LM control-immunized 
animals (~40-60%, Fig. 2L). Still, the total number of GP66-specific CD4 T cells in LM61 pre-immunized mice on 
day 14 exceeded the primary response of LM control-vaccinated animals ~15-fold. By consequence the 
CXCR5+PD-1+ Tfh-like subpopulation was also ~5-fold more abundant than in the respective population of LM- 
immune controls (Fig. 2L). Experiments in IL-21gfp reporter mice demonstrated that approximately two third of 
the Tfh-like (CXCR5+) GP66-specific cells expressed IL-21 (Fig. 2M, Fig. S2C), an important Tfh signature cytokine 
that is not normally expressed by Th1 cells 47. Altogether, these observations indicated that the LM61-induced 
GP66 response was Th1-biased but also contained a subpopulation of Tfh-differentiated CD4 T cells, which 
expanded upon LCMV challenge. 

 
Bcl6-dependent CD4 response and Th2- but not Th1-polarized SM CD4 T cells prevent B cell decimation 
We aimed to establish a functional link between CD4 T cell subset differentiation and the cells’ ability to prevent B 
cell decimation. To assess whether Th1 differentiation was required for the prevention of B cell decimation we 
performed adoptive transfer experiments with SM cells lacking T-bet (SMxTbx21-/-), the master 
transcriptional regulator of Th1 differentiation. These cells’ expansion upon LCMV challenge and, importantly, 
also the expansion of co-transferred KL25HL B cells was comparable to control mice receiving T-bet-sufficient 
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SM cells (Fig. 3A,B). This finding indicated that T-bet-mediated Th1 differentiation was not required for CD4 T 
cells to prevent B cell decimation. 
To test whether the Tfh-like subpopulation in the LM61-induced GP66 response was required for the prevention of 
B cell decimation, we exploited Bcl6fl/flCD4Cre mice with a T cell-specific deficiency in Bcl6, the master 
transcriptional regulator of Tfh differentiation 48, 49, 50. When immunized with LM61 and subsequently challenged 
with LCMV, Bcl6fl/flCD4Cre mice mounted a CD4 recall response that significantly exceeded the primary response 
of LM control-vaccinated wt and Bcl6fl/flCD4Cre mice (Fig. 3C). However, as expected, the number of CXCR5+PD- 
1+ Tfh-like CD4 T cells in Bcl6fl/flCD4Cre mice did not exceed the respective primary responses in LM-immune 
controls (Fig. 3D). Consistent with the lack of Tfh cells in Bcl6fl/flCD4Cre mice, there was an almost complete 
absence of the T-betlow/negCXCR5+ subpopulation (Fig. 3F,G), which in control mice expressed elevated levels of 
Bcl6 (Fig. 3H). Most importantly, Bcl6-deficient T help failed to prevent B cell decimation. Unlike in wt mice, 
where LM61 pre-immunization augmented KL25HL B cell and ASC progeny ~10 and ~50-fold, respectively, 
immunization of Bcl6fl/flCD4Cre mice failed to exert any discernible effect on KL25HL B cell progeny (Fig. 3E). 
To formally determine whether bona fide Th1 cells have the capacity to prevent KL25HL B cell decimation we 
subjected SM CD4 T cells to two consecutive rounds of in vitro activation and polarization to either a Th1 or a 
Th2 phenotype (SM-Th1, SM-Th2, Fig. S3). When transferred into naïve recipients alongside with KL25HL B cells 
and challenged with LCMV, SM-Th2 cells expanded substantially less than SM-Th1 cells (Fig. 3I). Yet SM-Th2 but 
not SM-Th1 cells formed a sizeable population of CXCR5+PD-1+ Tfh-like progeny (Fig. 3J,M) and they acquired 
only low to intermediate T-bet levels, whereas SM-Th1 cells were uniformly T-bethi, as expected (Fig. 3L). In 
keeping with superior plasticity and the resulting Tfh phenotype, SM-Th2 but not SM-Th1 cells prevented the 
decimation of KL25HL B cells (Fig. 3K). 
Altogether, these observations support the concept that the LM61-induced CD4 T cell response comprised a 
Bcl6-dependent Tfh-like population of CXCR5+PD-1+T-betlow/neg CD4 T cells, which was accountable for the 
prevention of B cell decimation upon LCMV recall. 

 
T help prevents B cell decimation in an antigen-specific and MHC class II-dependent manner 
Antigen-specific but also nonspecific bystander interactions between T and B cell can contribute to humoral 
immune responses 51. To test whether activated CD4 T cells prevent B cell decimation in a bystander fashion, we 
transferred either vesicular stomatitis virus (VSV) specific TCR-transgenic CD4 T cells (L7 cells) or SM cells, 
followed by KL25HL B cell transfer and co-infection with VSV and LCMV (Fig. 4A). L7 cells expanded vigorously 
and secreted cytokines upon peptide restimulation (Fig. 4B), a response that equalled or exceeded the response 
of SM cells (Fig. 4C). Still, the KL25HL B cell response in L7 cell recipients did not exceed the one of control 
recipients without CD4 T cell transfer, indicating that bystander L7 T help failed to prevent B cell decimation (Fig. 
4D). 
To investigate whether KL25HL B cells establish contacts with virus-specific SM CD4 T cells we analyzed 
histological sections of spleens prepared 24 and 48 hours after LCMV challenge. SM cells and KL25HL cells were 
frequently juxtaposed (Fig. 4E). A computational assessment confirmed that the contact ratio of KL25HL cells 
with virus-specific SM cells vastly exceeded the same B cells’ contact ratio with polyclonal endogenous and thus 
mostly virus-unspecific CD4 T cells (Fig. 4F), altogether suggesting early cognate T – B cell interactions. 
T help induced by LM61 immunization targets the same epitope as adoptively transferred SM cells. To determine 
whether another antiviral CD4 T cell specificity could prevent B cell decimation similarly to GP61-specific SM 
cells, we assessed the effect of adoptively transferred LCMV nucleoprotein- (NP-) specific TCR-transgenic CD4 T 
cells (NIP cells). NIP cells are predicted to provide help to KL25HL B cells that capture entire LCMV particles and 
present virus-internal NP fragments on MHC class II (MHC-II) 52. When challenged with LCMV, NIP cells expanded 
somewhat less than SM cells (Fig. 4G). Nevertheless, they were at least partially effective in preventing B cell 
decimation (Fig. 4H). 
We next assessed whether the prevention of B cell decimation required direct antigen presentation by the 
respective antiviral B cells 53. LM61 pre-immunization (Fig. 4I) prevented the decimation of MHC-II-sufficient but 
not of MHC-II-deficient KL25HL cells (Fig. 4J). In contrast, MHC-II-deficient KL25HL cells expanded vigorously 
when LCMV challenge was conducted in non-decimating IFNAR–/– hosts (Fig. 4J), confirming their intrinsic ability 
to mount T-independent responses to LCMV25. Taken together, these observations indicated that the prevention 
of B cell decimation by pre-existing T help relies on cellular interactions that involve MHC-II on the responding 
B cell. 
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T help prevents B cell decimation in a CD40- and ICOS-dependent manner 
Since CD4 T cells provide help to B cells in the form of costimulatory receptor engagement as well as cytokines, 
we examined these signals in the context of T help-mediated prevention of B cell decimation. ICOS blockade 
during LCMV challenge did not interfere with the expansion of LM61 pre-primed CD4 T cells (Fig. 5A,B) but it 
largely abrogated their ability to prevent B cell decimation (Fig. 5C). This indicated an essential role for ICOS – 
ICOSL interactions in the prevention of B cell decimation. Similarly and despite GP66-specific CD4 T cell 
responses of normal magnitude, LM61 pre-immunization of CD40L-deficient recipients failed to prevent the 
decimation of KL25HL cells (Fig. 5D,E). Consistent with these observations, CD40L-deficient SM cells also 
responded vigorously to LCMV challenge but could not restore KL25HL B cell responses (Fig. S4A). Importantly, 
LM61 pre-immunization failed to prevent the decimation of CD40-deficient KL25HL B cells (Fig. 5F,G). Altogether, 
these observations established an essential role for direct CD40 – CD40L interactions by virus-specific CD4 T cells 
and B cells, respectively, to prevent decimation of the latter. 
We also assessed a potential role of individual helper T cell cytokines in this process. Adoptively transferred IL- 4- 
or IFN-y-deficient SM CD4 T cells were as effective at preventing B cell decimation as their wildtype 
counterparts (Fig. S4B,C). In a complementary approach we performed LM61 pre-immunization experiments in 
either IL-10- or IL-21-deficient hosts but failed to reveal an essential individual contribution of either one of 
these cytokines to the prevention of B cell decimation (Fig. S4D,E). These observations indicated that IL-4, IL-10, 
IL-21 and IFN-y were either dispensable for T help-mediated prevention of B cell decimation or played a largely 
redundant role in this process. 
The above experiments identified CD40L as a key signal preventing the decimation of naïve B cells, but the 
CD40L-dependence of primary immune responses can differ from recall responses 54. Hence we tested whether 
the prevention of memB cell decimation by T help (compare Fig. 1I-K) was similarly dependent on CD40L signals. 
We generated KL25HL memB cells in LCMV-infected primary recipients, then sorted and adoptively transferred 
the cells into LM61 pre-immunized secondary recipients, which were either wildtype or CD40L-deficient (Fig. 
5H). GP66-specific CD4 T cell responses of LM61 pre-primed CD40L-deficient mice were of near-normal 
magnitude but they failed to prevent the decimation of KL25HL memB cells upon LCMV challenge (Fig. 5I,J). 
Hence, prevention of memB cell decimation by T help depended on CD40L signalling, analogously to primary B 
cell responses. 
Taken together, our results reveal that pre-existing CD4 T help prevents B cell decimation in an antigen-specific 
manner, which involves direct B cell – T cell contact with essential engagement of the costimulatory receptors 
ICOS and CD40 as well as MHC class II-dependent antigen presentation by B cells. 

 
Pre-existing CD4 T help antagonizes inflammation and instructs a germinal center B cell program 
We previously reported that IFNAR blockade promotes transcription factor expression profiles of mature B cell 
stages thereby antagonizing ASC differentiation and decimation 25. Here we profiled the transcriptome of 
KL25HL B cells on day 4 after LCMV challenge (Fig. 6A,B, S5). Pre-existing T help, provided either by LM61 pre- 
immunization or by SM cell transfer, augmented the expression of transcription factors characteristically 
upregulated in GC B cells 55. Amongst them were master regulators of the GC B cell program such as Bcl6 and 
Mef2b 56, 57. Intriguingly, these effects of T cell help on GC transcription factor profiles closely mimicked 
analogous effects of IFNAR blockade on the B cell transcriptome (Fig. 6A,B). Both T help and IFNAR blockade 
repressed inflammation-related hallmark gene sets such as interferon-a response, interferon-y response and 
TNF-a  signaling (Fig. 6C, S6). In addition, they augmented proliferation-related gene sets such as E2F targets 
and G2M checkpoints but also metabolism-related gene sets such as genes associated with oxidative 
phosphorylation (Fig. 6C, S6). To further investigate the functional impact of pre-existing CD4 T help on the GC 
program of B cells undergoing chronic viral challenge we made use of KL25HL donor mice expressing an AID fate 
mapping reporter (KL25HL-AIDrep 58). KL25HL-AIDrep mice carry one allele of an engineered aicda locus (encoding 
for activation-induced deaminase, AID), which drives a tamoxifen (TAM)-inducible Cre recombinase (Cre-ERT2). 
In conjunction with a Cre-inducible EYFP reporter gene, TAM administration induces EYFP expression in 
approximately 10%–20% of AIDrep GC B cells 39, 58. KL25HL-AIDrep B cells were transferred into recipient mice 
immunized with either LM61 or LM, or into a third cohort that was given IFNAR blockade instead of pre- 
immunization. Upon LCMV challenge, TAM was administered and KL25HL-AIDrep B cells were analyzed five days 
later (Fig. 6D). LM61 pre-immunization as well as IFNAR blockade significantly augmented both the absolute 
number and the proportion of KL25HL-AIDrep B cell progeny that reported AID (EYFP, Fig. 6E). This effect of pre- 
existing T help was also evident on histological sections (Fig. 6F). AID-reporting (EYFP+) B cells populated the B 
cell follicles of LM61 pre-primed or IFNAR-blocked recipients while only individual scattered cells were found in 
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LM-immune controls (Fig. 6F). These results suggested that pre-existing T help, analogous to IFNAR blockade 25, 
prevents B cell decimation by instructing a GC B cell transcriptional program. 

 
KL25HL B cells control viremia and prevent CD4 T cell-driven immunopathology upon chronic viral challenge 
The above results suggested that effective B cell immunity to chronic viral challenge requires not only a suitable 
repertoire of antiviral B cells but also pre-existing CD4 T cells with the capacity to prevent decimation of the 
former. This concept raised the question of whether combined B cell- and CD4 T cell-based immunity was 
associated with a risk of severe immunopathological disease as has been reported for vaccination-induced CD4 T 
cell memory in the absence of virus-neutralizing B cells 8. Mice were immunized with LM61 and prior to LCMV 
challenge were given KL25HL cells by adoptive transfer while control animals were left without cell transfer (Fig. 
7A). As expected8, LM61 pre-immunized and LCMV challenged control mice evidenced signs of 
immunopathology such as weight loss as well as elevated serum alanine and aspartate aminotransferase (AST, 
ALT) levels (Fig. 7B-D). Importantly, these signs of immunopathological disease were largely absent in mice that 
had received KL25HL B cells prior to LCMV challenge. A rapid and potent neutralizing antibody response in LM61 
pre-immunized KL25HL cell recipients (Fig. 7E) resulted in complete suppression of viremia (Fig. 7F). This 
observation was in line with earlier findings that suppression of LCMV viral loads by passively administered 
neutralizing antibodies prevented immunopathological disease induction by vaccination-elicited CD4 T cells8. 

 
Discussion 

 
The present work defines effective B cell immunity against chronic viral challenge as a synergy between two 
cellular compartments: B cells of a protective antiviral specificity as well as CD4 T cells with the capacity to 
provide early cognate help to the former. The mutual interdependence of these two cell types in the chronic 
infection context differs in key aspects from their co-operation in classical T-dependent B cell responses 59. In 
line with earlier CD4 T cell depletion data 25 we show that KL25HL B cell have the intrinsic capacity of responding 
to LCMV in a T-independent manner. It therefore appears that T help, which in classical T-dependent B cell 
responses is essential for B cell activation, expansion and affinity maturation, serves an additional key role in the 
context of chronic virus challenge. It assures the clonal survival and thereby the sustainability of antiviral B cell 
responses when at risk of IFN-I-driven decimation. However, vaccination-induced CD4 T cell immunity bears the 
risk of fatal immunopathology. Here we show the latter can be averted by antiviral B cells that – with support 
from the same pre-existing CD4 T cells - mount a timely and protective antibody response to control viral loads. 
The finding that T help prevents B cell decimation by instructing a germinal center B cell program, analogously 
to IFNAR blockade, provides additional support to our postulate that B cell decimation reflects a biased, 
unsustainable plasmablast response 25. Studies in mice with B cell-specific Blimp1 deletion and a resulting defect 
in ASC differentiation have also demonstrated that in hapten-carrier immunization, ASC differentiation 
inevitably occurs at the expense of GC cellularity 60. It therefore appears that productive and sustainable B cell 
responses reflect a delicate balance of GC and ASC differentiation, a balance which is tilted by IFN-I-driven 
inflammation to culminate in B cell decimation. As reported herein, not only IFNAR blockade but also pre-existing 
T help can readjust this balance to ensure both rapid antibody-mediated virus control as well as long-term 
sustained GC B cell responses. Whether and how pre-existing T help may additionally affect other postulated 
pathways of B cell decimation remains to be investigated 26, 27. 
Thus far IFNAR blockade has represented the only known intervention for the prevention of B cell decimation, 
but from a practical perspective, vaccination-induced CD4 T cell immunity offers key advantages. Firstly, IFNAR 
blockade can result in unwanted side-effects owing to inhibition of a main pathway of innate antiviral defense 
28. Secondly, as our earlier studies suggested 25, IFNAR blockade would likely have to be administered within the 
first two days if not within hours after a viral encounter, an occurrence that commonly goes unnoticed. CD4 T 
cell memory can be induced prophylactically with potentially long-lived effects 61, and strategies for its induction in 
clinical vaccination programs are well established 62. The present findings suggest pre-existing T help and 
memory Tfh cells in particular represent a rate-limiting component of protective B cell memory to persisting 
viruses. Vaccination strategies against HIV or HCV that focus on the induction of affinity-matured, broadly 
neutralizing memB cells 63 may, therefore, only succeed if combined with modalities that elicit potent and long- 
lived Tfh memory. With critical support from Tfh memory cells during the earliest phase of infection, timely and 
sustained memB cell responses may critically curb or even eliminate chronic viruses 64 and thereby may prevent 
viral sequence diversification from outpacing the host germinal center response 65, 66. 
The molecular interactions and signals we identified as essential for CD4 T cells to prevent B cell decimation at the 
onset of chronic infection – cognate antigen, MHC-II, CD40 and ICOS – closely resemble those required for 
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classical T-dependent B cell responses 59. Somewhat more surprisingly, not only IFN-y but also IL-4, IL-10 and IL- 
21 each individually appeared dispensable. Importantly, however, this observation does not exclude a 
supportive yet redundant role of these cytokines in the prevention of early B cell decimation. Moreover, these 
cytokines and even combinations thereof clearly are essential for effective CD4 T help to B cells during later 
stages of chronic LCMV infection 67. Interestingly, the key role of CD40 signals in preventing B cell decimation 
aligns well with the observation that CD40 ligation potently antagonizes ASC differentiation in human B cell 
cultures 68. 
In our standard experimental setting the number of adoptively transferred naïve KL25HL B cells resulted in a 
splenic B cell precursor frequency of ~2x10-4 (see Methods). This corresponds to the physiological range of B 
cells specific for proteins such as phycoerythrin, B. anthracis protective antigen or influenza hemagglutinin, 
which range from ~9x10-4-6x10-5 69, 70. In contrast, naïve precursor frequencies as low as ~3x10-6 have been 
reported for VRC01 class antibodies that target a specific neutralizing epitope on the HIV envelope 71. For such 
rare specificities, KL25 B cell precursor frequencies as established in our above experiments may thus be more 
reflective of memB cell populations upon vaccination 72, which we show are similarly rescued from decimation 
by pre-existing T help. 
We confirm earlier observations that LM61-induced CD4 T cell responses are largely Th1-biased 8. In vivo 
generated polyclonal CD4 T cell responses, however, commonly comprise several differentiation patterns 61, 73. 
Accordingly, we detect a small but clearly discernible Tfh-like subpopulation in the primary response to LM61 
and a population of ~15-20% such cells in the recall response to LCMV. It seems likely that the latter are 
descendants of the former analogously differentiated cells, with their Tfh differentiation likely supported by the 
antiviral B cell response ensuing in parallel 74. In light of the considerable plasticity of CD4 T cell subsets in the 
context of viral infection 75 we acknowledge, however, that Tfh trans-differentiation of other LM61-induced CD4 T 
cell subpopulations remains a not mutually exclusive possibility. 
Taken together our findings reveal and characterize very early yet essential interactions of antiviral memory B 
cells with pre-existing CD4 T helper cells, which provide key signals to prevent decimation and thereby 
subversion of the antiviral B cell response at the onset of chronic infection. These insights establish CD4 T cell 
memory as an essential cornerstone of B cell immunity to chronic viral challenge and should help in leveraging 
the full potential of B cell-based protection in the fight against persisting human pathogens such as HIV and HCV. 

 
Material and Methods 

 
Mice and animal experimentation 
KL25HL B cells express the LCMV-neutralizing KL25 antibody as monoclonal B cell receptor. The KL25 heavy chain is 
expressed from a VDJ knock-in in the immunoglobulin heavy chain locus 76. The light chain of KL25HL cells is 
delivered by a previously described transgene, which is linked to a Thy1.1 reporter (KL25L) 25, 58, or from an 
analogous newly generated transgenic line devoid of the Thy1.1 reporter (BasL36). KL25HL-AIDrep mice 58 have 
been described, KL25HLxCD40-/- and KL25HLxMHC-II-/- lines were obtained by intercrossing KL25HL mice with 
the CD40-/- 77 and MHC-II-/- lines 78, respectively. KL25HL mice and crosses thereof were maintained on a CD45.1 
background. SMxTbx21-/- , SMxIFN-y-/-, SMxIL4-/-, SMxRAG2-/-, were generated by intercrossing SM mice with the 
respective gene knockout lines 79, 80, 81, 82. The SM 83, CD40-/- 77, CD40L-/- 84, MHC-II-/- 78, IFNAR-/- 85, IL-10-/- 86, TCR�8- 
/- 87 and L7 88 lines were obtained from the Swiss Immunological Mouse Repository (SwImMR). The AIDrep strain 
(also referred to as AID-Cre-EYFP 39) was donated by Drs. J.-C. Weill and C.-A. Reynaud, SM mice on a Thy1.1 
background by Dr. P. Aichele, Bcl6fl/flCD4Cre 89 and NIP mice 90 by Dr. S. Crotty, IL21-/- mice 91 by Dr. M. Kopf, IL- 
21GFP reporter animals 92 by Dr. S. Nutt. All mice were on a C57BL/6 background and were kept under specific- 
pathogen-free (SPF) conditions for colony maintenance and experiments. Breeding was conducted at the 
Laboratory Animal Services Center (LASC) of the University of Zurich and at the University of Basel. Experiments 
were performed at the University of Basel in accordance with the Swiss law for animal protection and with 
authorization by the Cantonal Veterinary Office Basel-Stadt. 

 
Bacteria, viruses, virus titrations, infections and immunizations 
A genetically engineered LCMV Clone 13 was used, expressing the WE strain glycoprotein 93. It was propagated 
on either BHK-21 (ECACC) or 293-F cells (Invitrogen). Viral stocks and viral titers in mouse blood were determined 
by immunofocus assay on 3T3 cells using an anti-LCMV-NP antibody for detection 94. Mice were infected 
intravenously at a dose of 2x106 PFU. 
The recombinant Listeria monocytogenes expressing the LCMV glycoprotein-derived epitope gp61-80 8, 95, 96 was 
originally from Dr. H. Shen and was donated by Dr. P. Penaloza-MacMaster. The bacteria were harvested during 
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the exponential growth phase and washed with PBS. For infection of mice a dose of 2x105 CFU was administered 
intravenously. 

 
Flow cytometry and intracellular cytokine assays 
Spleens were digested enzymatically with collagenase D (Roche) and DNase I (Sigma-Aldrich). The resulting cells 
in suspension were counted using an Immunospot S6 ultimate UV analyzer (C.T.L.). FACS buffer and cell culture 
media were adjusted to mouse osmolarity. Surface markers were stained at 4°C for 15 minutes using the 
following antibody-fluorophore conjugates (antibody clones in brackets): B220-PECy7 (RA-3-6B2), CD19-PE 
(1D3), CD138-APC (281-2), CD45.1-BV421 (A20), CD45.2-AF700 (104), CD4-BV605 (RM4-5), F4/80-PerCP (BM8), 
PD1-BV711 (29F.1A12), ICOS-PE (C398.4A) GL7-APC (GL7) (all from BioLegend), B220-PerCP (RA-3-6B2), CD8a- 
PerCP (53-6.7), CD44-FITC (IM7), CD95- (Fas-) PECy7 (Jo2) from BectonDickinson, CXCR3-PerCPCy5.5 (CXCR3- 
172), CD62L-PECy7 (MEL-14) from (eBioscience) and CD25-APC (pC61.5), CD44-Pacific Blue (IM7) were produced 
inhouse at the DRFZ, Berlin. 
CXCR5 was surface stained using anti-CXCR5-BV421 or -BV605 conjugates (L138D7, BD) for 1h at room 
temperature. The following reagents were obtained through the NIH Tetramer Core Facility: H-2IAb tetramers 
loaded with the LCMV glycoprotein-derived GP66-77 epitope (DIYKGVYQFKSV) as well as negative control 
tetramers loaded with an irrelevant human CLIP 87-101 peptide (PVSKMRMATPLLMQA), both of them coupled to 
APC, PE and BV421. Staining was performed for 1h at 37°C. Intracellular transcription factor staining was done 
using the FoxP3/Transcription Factor Staining Buffer set (eBioscience): T-bet-PE (4B10), GATA3-eFLuor660 
(TWAJ) (both from eBioscience), Bcl6-AF647 (K112-91, BD), were used. 
To assess epitope-specific CD4 T cell responses by intracellular cytokine staining, splenocytes were stimulated for 
1h at 37°C using either the LCMV glycoprotein-derived peptide epitope GP64-79 (GPDIYKGVYQFKSVEF) or the 
VSVG-derived P8 peptide (Aa. 415-433; SSKHQVFEHPHIQDAASQL) at a concentration of 10-6M or PMA and 
Ionomycin (Sigma) at a final concentration of 5ng/ml and 500ng/ml respectively, then Brefeldin A (final conc. 
10ug/ml) was added and cells were incubated for another 4h. Surface staining was performed as above, then 
the cells were fixed (4% PFA) and permeabilized (1% Saponin, Fluka), followed by intracellular staining using IFN- 
y-APC (XMG1.2), IL2-PE (JES6-5H4), TNF-𝛼-PECy7 (MP6-XT22) (all from BioLegend) or IL-4-PE (11B11), IL-13-A488 
(eBio13A), IFN-y-eFluor450 (SMG1.2), IL-10-APC (JES5-16E3), TNF-𝛼-eFluor450 (MP6-XT22) (all from 
eBioscience) IL-2-APC (JES6-5H4) (BectonDickinson). Live-dead staining was performed using the Zombie UV 
Fixable viability kit (BioLegend). Samples were acquired on an LSRFortessa (BectonDickinson). 

 
Immunohistochemistry and image analysis 
Spleen tissue was fixed in HEPES glutamic acid buffer-mediated organic solvent protection effect (HOPE, DCS 
Innovative) and embedded in low melting paraffin following the manufacturer’s instructions. 1 µm-think 
sections were cut and dewaxed prior to staining and slides were mounted using Fluoprep. All staining steps were 
performed at room temperature if not otherwise stated. 
For co-staining of CD45.1, B220 and PNA, Slides were blocked with 10% normal mouse serum (Jackson 
ImmunoResearch, 015-000-001) in PBS. FITC-labelled anti-mouse CD45.1 antibody (Biolegend 110705, clone 
A20) was applied (1:50) simultaneously with AF467-labelled anti-mouse-B220 antibody (Biolegend 103229, 
clone RA3-682; 1:100) in PBS supplemented with 10% PBS, followed by 3h of incubation. FITC was visualized 
using a rabbit anti-FITC antibody (Life Technologies, 71-1900) followed by AF555 anti-rabbit (H+L) antibody (Life 
Technologies, A21429), both diluted 1:200 in PBS/5%FCS and incubated for 1h. Lectin PNA-AF488 (Life 
Technologies, L21409) was incubated (1:50 diluted) together with DAPI as nuclear stain for 30min in PBS. 
For co-staining of IgD, GFP and PNA, slides were blocked with 10% normal mouse serum (Jackson Immuno 
Research, 015-000-001) diluted in PBS, followed by 10% normal rat serum (Jackson Immuno Research, 012-000- 
001) diluted in PBS. PE-labelled anti-mouse IgD antibody (eBioscience 12-5993-81) was applied 1:50 together 
with rabbit anti-GFP (Cell Signaling, 29565; diluted 1:100) in DAKO diluent (DAKO, S2022) and incubated 
overnight at 4°C. PE was visualized using a biotinylated mouse anti-PE antibody (Biolegend, 408103) followed by 
Cy3-streptavidin (Biolegend, 405215), both diluted 1:100 in PBS and incubated for 1h. GFP was visualized using 
AF647-conjugated anti-rabbit (H+L) antibody (Life Technologies, A31573; diluted 1:100 in PBS) and incubated for 
1h. Lectin PNA-AF488 (Life Technologies, L21409) was incubated together with DAPI as nuclear stain for 
30min in PBS. 
For co-staining of CD45.1, Thy1.1 and CD4, slides were blocked with mouse Fab fragments (Jackson Immuno 
Research, 115-007-003; diluted 1:100) and incubated for 30 minutes followed by blocking with 10% FCS (both 
diluted in PBS) for 15 minutes. Anti-mouse CD4 antibody (BD Pharmingen, 550280) was applied 1:25 in DAKO 
diluent (DAKO, S2022) overnight at 4°C. Bound CD4 antibody was visualized using AF647-conjugated anti-rat 
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(H+L) antibody (Jackson Immuno Research, 712-545-153; diluted 1:200 in PBS) and incubated for 1h. Tissue was 
blocked using 10% normal mouse serum and normal rat serum in PBS for 30 minutes before applying PE-labelled 
anti-mouse CD90.1 antibody (Biolegend, 202523; 1:100 diluted) and FITC-labelled anti-mouse CD45.1 
(Biolegend, 110706) in DAKO diluent (DAKO, S2022) and incubating for 2h. PE was visualized using a biotinylated 
mouse anti-PE antibody (Biolegend, 408103) followed by Cy3-streptavidin (Biolegend, 405215), both diluted 
1:100 in PBS and incubated for 1h. FITC was visualized using a rabbit anti-FITC antibody (Life Technologies, 71- 
1900) followed by AF555 anti-rabbit (H+L) antibody (Life Technologies, A21429), both diluted 1:200 in 
PBS/5%FCS and incubated for 1h. 
Slides were scanned with a P250 Flash II whole slide scanner (3DHistech, Hungary) using a 20x objective resulting 
in a resolution of 0.325 µm/pixel. To determine cell-to-cell contacts between KL25HL and SM cells, images were 
analyzed using a custom ruleset in Definiens Developer XD Version 2.7.0 (Definiens, Germany). As a first step, 
total tissue was detected. Endogenous and transferred CD4 T cell and B cells were detected based on their 
respective markers. Cells were considered in “contact” if their object borders were closer than 20µm and the 
total number of contacts was determined for each cell. 

 
Next generation RNA sequencing and bioinformatic data analyses 
Single cell RNA sequencing: CD44hiGP66-Tet+ CD4 T cells were FACS sorted (FACSAria II, BD) at the given 
timepoint in RPMI with 60% FCS or pure FCS. Samples went immediately for cell capture and library preparation 
using the 10x Genomics Chromium Controller and Chromium Single Cell 3’ Reagent kits v3 according to the 
manufacture’s instruction. PE 28/8/0/91 sequencing was performed with the NovaSeq 6000 (Illumina) using an S1 
Reagent Kit v1 (100 cycles) at the Genomics Facility Basel. 
Sequencing data was processed using 10X Genomics’ cellranger software version 3.1.0 and transcriptome 
reference mm10-3.0.0. Raw molecule info from cellranger output was initially filtered leniently, discarding cells 
with fewer than 100 UMI counts, as well as those with more than 60000 to account for possible doublets. The 
resulting UMI matrix was further filtered to keep only cells with log library size > 3.3, log number of features > 
3.0, percent mitochondrial reads <= 5, and percent ribosomal protein reads >= 20. Normalization was done 
using the R package scran’s deconvolution method. Technical noise within gene expression was modeled using 
scran, and biologically relevant highly variable genes were calculated after separating the technical from 
biological variance, using FDR < 0.05 and biological variance > 0.1. PCA was run on the normalized data using 
the top 500 most variable genes by biological variance, and the PCA was denoised to account for the modelled 
technical variation. t-distributed stochastic neighbor embedding (t-SNE) was calculated using a perplexity of 75. 
Cells were clustered hierarchically using Ward’s method on the distance matrix of the PCA. Default dendrogram 
cut height using the R package dynamicTreeCut resulted in clusterings that also mapped to the highest average 
silhouette width. Data subsets, e.g. LM61 d14, were subjected to the same pipeline after subsetting. Cluster- 
defining genes were found using the R package limma and comparing cells in each cluster to cells in all other 
clusters. For LM61 d9, a sub’cluster (5) of putative regulatory T cells characterized by high Foxp3 expression was 
manually defined as a distinct cluster. 
Bulk RNA sequencing: CD45.1+B220+CFSElow B cells were sorted directly in TRI Reagent IS (Sigma-Aldrich) using a 
FACSAria II (BectonDickinson). RNA was extracted using Direct-zol RNA MicroPrep Kit (Zymo Research). Library 
preparation was performed, starting from 100ng total RNA, using the TruSeq Stranded mRNA Library Prep Kit 
High Throughput (Cat# RS-122-2103, Illumina, San Diego, CA, USA) and the TruSeq RNA CD Index Plate (Cat# 
20019792, Illumina). 15 cycles of PCR were performed. Libraries were quality-checked on the Fragment Analyzer 
(Advanced Analytical, Ames, IA, USA) using the Standard Sensitivity NGS Fragment Analysis Kit (Cat# DNF-473, 
Advanced Analytical) revealing excellent quality of libraries (average concentration was 70±18 nmol/L and 
average library size was 344±11 base pairs). Samples were pooled to equal molarity. The pool was quantified by 
Fluorometry Libraries were sequenced Single-reads 76 bases (in addition: 8 bases for index 1 and 8 bases for 
index 2) during 3 sequencing runs on NextSeq 500 High Output Kit 75-cycles (Illumina, Cat# FC-404-1005) loaded 
at 1.8pM, 3.6pM, 3.6pM respectively, including 1% PhiX in order to generate on average a total of 43.5±3.5 
millions of reads per sample. 
Reads were aligned to the mouse genome (UCSC version mm10) with STAR using the multi-map settings '- 
outFilterMultimapNmax 10 --outSAMmultNmax 1' 97. Mapped reads were assigned to genes based on the UCSC 
refGene annotation (downloaded 2015-12-18) using the function qCount of the R/Bioconductor package QuasR 98, 

99. Genes with zero counts were removed resulting in n=18824 detected RefSeq genes. Differential gene 
expression analysis between the genotypes relied on functions from the R/Bioconductor package edgeR 100. 
Specifically, function ‘estimateGLMRobustDisp’ was used for estimating gene-wise dispersions, and functions 
‘glmFit’ and ‘glmLRT’ were used for testing the contrast of interest. Differential regulation of all hallmark gene 
sets from MSigDB 101 was evaluated using the function ‘camera’ from edgeR with extra options ‘inter.gene.cor = 
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0.01’. The average absolute log fold change (absLog2FC) of a gene set was used as a proxy for its strength of 
regulation. Specific gene sets published by Shi et al. 55 were tested using the function ‘mroast’ with extra options 
` set.statistic = "mean", nrot=1e5`. 

 
Adoptive cell transfer, fluorescent cell labeling and FACS sorting 
For KL25HL cell transfer, single cell suspensions were prepared from spleens of KL25HL donor mice. The cells 
were labeled with CFSE (Sigma-Aldrich) and 2x105 cells were routinely administered to recipients intravenously. 
Spleens of KL25HL donor mice contain ~40% B cells, which in conjunction with an engraftment rate of ~5% 102, 103, 

104 resulted in ~4’000 engrafted KL25HL B cells per recipient spleen, corresponding to a precursor frequency in the 
range of 2x10-4. For experiments involving the histological analysis of adoptively transferred naïve B cells (Fig. 1E-
I), ~50’000 KL25HL B cells were engrafted. 
For transfer of purified B cells (when generating KL25HL memB cells, for immunohistochemical co-localization 
studies and analysis on d20 after infection), KL25HL B cells were purified using magnetic-activated cell sorting 
(EasySepTM Mouse Pan-B cell Isolation Kit, StemCell or Pan B cell Isolation Kit, Miltenyi Biotec). Purity (>95%) was 
checked before transfer by FACS. For CD4 T cell transfer, CD4 T cells were isolated from splenocytes using 
(EasySepTM Mouse Naïve CD4 T or EasySepTM Mouse CD4 T cell isolation kit). Purity (>95%) was addressed before 
transfer. KL25HL memB cells were sorted on a FACSAria II (BectonDickinson) and 4x104 – 105 cells were re- 
transferred intravenously to recipients. Naïve and in vitro polarized TCR-transgenic CD4+ T cells were adoptively 
transferred by the i.v. route (106 cells per recipient). 
C57BL/6J wildtype mice served as recipients for short-term analyses, whereas KL25L mice were used as 
recipients to avoid anti-idiotypic rejection 25, 58, notably when analyses were performed more than seven days 
after adoptive transfer. 

 
In vivo cell depletion, antibody blockade and Tamoxifen administration 
For in vivo blockade of the interferon type I receptor (IFNAR), 1mg of MAR1-5A3 antibody (BioXCell) was injected 
intraperitoneally (i.p.) on day -1 of infection. For ICOS blockade, 200 µg 7E.17G9 antibody (BioXCell) was 
administered i.p. on day -1, 1 and 2 of infection. Tamoxifen (Novadex, AstraZeneca) was administered to mice 
at a dose of 2.5mg, dissolved in 20% Clinoleic (Baxter). 

 
Neutralizing and GP binding antibody responses, and serum transaminase measurements 
Microtainer tubes (BectonDickinson) were used for serum collection. LCMV neutralizing antibodies were 
detected by immunofocus reduction assays 94 and GP1-binding antibodies were measured by ELISA as described 
in 105. 
For determination of serum AST and ALT activities, sera were diluted 1 in 10 in water and were measured by 
Bioanalytica (Switzerland) on a Roche/Hitachi Modular Analytics system according to the recommendations of 
the International Federation of Clinical Chemistry with pyridoxal phosphate activation at 37 °C 106. 

 
In vitro differentiation of SM-Th1 and SM-Th2 cells 
Naive CD4+ CD25–CXCR3-CD62LhiCD44lo T cells were isolated from spleens and lymph nodes of LCMV-TCR 
transgenic SM mice by FACS to a purity of >98%. Sorted T cells were cultured in the presence of LCMV-GP64-80 

peptide (1 μg/ml) and irradiated splenocytes from TCR�8-/- mice in RPMI1640 + GlutaMax I supplemented with 
fetal calf serum (10% v/v; Gibco), penicillin (100 U/ml, Gibco), streptomycin (100 mg/ml, Gibco), gentamycin (10 
ug/ml, Sigma Aldrich) and ß-mercaptoethanol (50 ng/ml, Sigma Aldrich). Th1 polarization was achieved by 
addition of IL-12 (10 ng/ml), IL-2 (5 ng/ml) and anti-IL-4 (11B11; 10 μg/ml). For Th2 differentiation, IL-4 (10 
ng/ml), IL-2 (5 ng/ml), anti-IL-12 (C17.8; 10 μg/ml) and anti-IFN-γ (AN18.17.24, 10 μg/ml) were added. Cells were 
split after 3 days of culture and replenished with fresh medium containing IL-2 (5 ng/ml). After 5 days, T cells 
were harvested by Histopaque density centrifugation and re-plated with freshly prepared, irradiated 
splenocytes in the same conditions for a second round of culture. 

 
Statistical analysis 
Statistical analyses were performed using Graph Pad Prism software. For comparison of two groups two-tailed 
unpaired Student’s t test was used, whereas for single measurement comparisons of more than two groups one- 
way ANOVA with Tukey’s post-tests was performed. For comparison to a reference group Dunnett’s post-test 
was used. For multiple comparison of more than one parameter between more than two groups, two-way 
ANOVA with Tukey’s post-test was used, for comparisons of two groups Bonferroni’s post-test was performed. 
When comparing to a reference group Dunnett’s post-test was used. Viral load, antibody titers and absolute cell 
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numbers were log-converted to obtain a near-normal distribution for statistical analysis. P values <0.05 were 
considered significant, p<0.01 as highly significant, and p>0.05 was considered as not statistically significant (ns). 

 
Data availability 
Bulk RNAseq and single cell RNAseq data are deposited with the National Center for Biotechnology Information 
Gene Expression Omnibus (GEO) under the accession numbers GSE160294 and GSE161356, respectively. 
Additional raw data sets will be provided by the authors upon request. 
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Figure 1. Pre-existing CD4 T cell help prevents decimation of naïve and memory B cells upon chronic virus 
challenge 
A-I: Schematic of the experimental design to panels B-I. Recipients were pre-immunized with LM61 or LM. 29 
days (B-D) or 9 days later (E-I) they received KL25 B cells transfer and LCMV infection. Immune responses were 
analyzed another 5 days (B-D) or 20 days (E-I) later. GP66-Tet+ CD4 T cells (B,E) and KL25HL B cell progeny (C,F) 
were enumerated and nAb titers in serum (D) were determined. Exemplary FACS plots analyzing KL25HL B cell 
progeny are shown in (G). For details on flow cytometry gating see Fig. S1A,B. GL7+CD95+ KL25HL GC B cells are 
enumerated in (H). KL25HL B cell progeny (CD45.1+) inside GCs (PNA) of splenic B cell follicles (B220) were 
visualized by histology (scale bars: 100 µm) (I). 
J-N: Schematic of the experimental layout to panels K-N. KL25HL cells were adoptively transferred into LCMV- 
infected primary recipients. 39 days later progeny memB cells were purified from spleen (see Fig. S1C,D) and 
were adoptively transferred into LM61- or LM-pre-immunized secondary recipients, followed by LCMV 
challenge. KL25HL memB cell progeny were analyzed 7 days later (K), neutralizing (L) and GP-1-binding (M) 
antibody titers were determined four and seven days later. Histological spleen sections (N) localized KL25HL 
memB cell progeny (CD45.1+) mostly outside B cell follicles (B220) and GCs (PNA; scale bars: 100 µm). 
O-Q: SM CD4 T cells were adoptively transferred to recipients one day prior to KL25HL cell transfer and LCMV 
challenge. Instead of SM transfer, controls were LMgp61-pre-immunized (LM61) LM-pre-immunized (LM) or 
received neither CD4 T cell transfer nor pre-immunization (none). GP66-Tet-binding CD4 T cells (O), KL25HL B 
cell progeny (P) and GP1-binding antibodies (Q) were analyzed 5 days after LCMV challenge. 
Symbols and bars represent means±SD. Number of biological replicates (n)=5 (B-D, K-N), n=4-5 (E-I), n=4 (O-Q), 
Number of independent experiments (N)=2-3. Unpaired two-tailed Students’s t test (B, D-E, H), two-way analysis 
of variance (ANOVA) with Bonferroni’s (C, F, K-M) or Dunnett’s (P) post-test for multiple comparison and 
ordinary one-way ANOVA with Dunnett’s post-test for multiple comparisons (O, Q). ns: not significant; **,##: 
p<0.01; when used next to each other ** compares B cells and ## compares ASCs. 
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Figure 2. LM61-induced CD4 responses are Th1-biased but comprise a Tfh-like population that expands upon 
recall 
A: Schematic of the experimental design to panels B-L. Mice were pre-immunized with LM61 or LM on d0, 
followed by KL25HL cell transfer and LCMV challenge on d9. GP66-Tet+ CD4 T cell responses in spleen were 
analyzed on d9 and d14 of the experiment. 
B-I: scRNAseq data from cells recovered on d9 (B-E; 14’459 cells from two mice) or d14 (F-I: 13’478 cells from 
two mice). Principle component analyses (PCA; B,F) and t-distributed stochastic neighbor embedding (t-SNE, 
C,G), normalized expression of gene sets 46 (D,H) and expression levels of select Tfh and Th1 hallmark genes (E,I) 
are shown. 
J-L: Representative FACS plots of the indicated immunization groups and time points show CD44hiGP66-Tet+ CD4 
T cells (pre-gated as shown in Fig. S1A) and these cells’ expression of CXCR5 and PD-1 (J). Co-expression of these 
markers together with ICOS is displayed in (K). Total CD44hiGP66-Tet+ CD4 T cells, the percentage thereof 
expressing both CXCR5 and PD-1, and the total number of the latter subset are displayed in (L, left to right). 
M: We immunized IL-21gfp reporter mice with LM61 and challenged them with LCMV as outlined in (A), and on 
d14 compared the IL-21 reporting by the CXCR5+ Tfh-like and CXCR5– Th1-like subsets of CD44hiGP66-Tet+ CD4 T 
cells. The percentage of IL-21gfp-positive cells in each subset is indicated in the bar chart. 
Numbers in exemplary FACS plots indicate percentages of gated cells. Symbols and bars represent means±SD, 
Number of biological replicates (n)=5 (J-K) and n=7 (M). Number of independent experiments (N)=1 (B-I), N=2 
(J-M). Ordinary one-way ANOVA with Dunnett’s post-test for multiple comparisons (L), unpaired two-tailed 
Student’s t test (M). **: p<0.01. 
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Figure 3. Bcl6-dependent CD4 response and Th2- but not Th1-polarized SM CD4 T cells prevent B cell decimation 
A,B: On day -1 we transferred either T-bet-sufficient or T-bet-deficient SM CD4 T cells (SMxTbx21-/-) to naïve 
recipients, followed by KL25HL cell transfer and LCMV challenge on d0. Controls were left without CD4 T cell 
transfer. Five days later we enumerated the progeny of adoptively transferred CD4 T cells (A) and KL25HL B cells 
(B) in spleen. 
C-H: CD4CreBcl6fl mice and wt controls were pre-immunized with either LM61 or LM on day -9, followed by 
KL25HL cell transfer and LCMV challenge on d0. On d5 we determined CD44hiGP66-Tet+ CD4 T cells (C), the 
CXCR5+PD-1+ Tfh subset comprised therein (D) as well as KL25HL cell progeny (E) in spleen. Exemplary FACS plots 
characterizing T-bethiCXCR5lo Th1 and T-betlow/negCXCR5hi Tfh cell subsets amongst the CD44hiGP66-Tet+ CD4 T 
cells enumerated in (C). Bcl6 levels of the aforementioned Th1 and Tfh cell subsets in LM61 pre-immunized wt 
control mice are displayed (G) and quantified (H). 
I-M: SM cells were polarized to either a Th1 (SM-Th1) or a Th2 phenotype (SM-Th2) using the appropriate in 
vitro culture conditions (see also Fig. S3) and were adoptively transferred to syngeneic recipients on d-1. Control 
mice were either given naïve SM cells or were left without SM cell transfer (“none”). On d0 all mice were given 
KL25HL cells and were challenged with LCMV. We analyzed the expanded SM cells (I), Tfh-differentiated 
CXCR5+PD-1+ SM cells (J) and KL25HL progeny (K) from spleen on d5. T-bet expression levels (L) of transferred 
SM cells including an isotype control stain as well as exemplary FACS plot of CXCR5 and PD-1 expression are 
shown (M). Percentage values in (L) are shown as mean±SD. 
Numbers in exemplary FACS plots indicate the mean±SD (F) or the percentage of gated cells (M). Symbols and 
bars represent means±SD, number of biological replicates (n)=4 (A-B) n=4-5 (C-M). Number of independent 
experiments (N)=2 (A-M). Unpaired two-tailed Students’s t test (A, H), two-way ANOVA with Dunnett’s post-test for 
multiple comparison (B,E,K). Ordinary one-way ANOVA with Dunnett’s post-test for multiple comparisons (C-
D,I-J),. ns: not significant; **,##: p<0.01; when used next to each other, ** compares B cells and ## compares 
ASCs. 
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Figure 4. T help prevents B cell decimation in an antigen-specific and MHC class II-dependent manner 
A-D: Schematic of the experimental design to (B-D). Recipient mice were given either LCMV-specific SM CD4 T 
cells or VSV-specific L7 CD4 T cells or no CD4 T cells on -d1. On day 0 they received KL25HL cells and were infected 
the same day with both LCMV and VSV. On day 5 we measured VSV P8-specific (B) and LCMV GP66-specific CD4 
T cell responses (C) in spleen by intracellular cytokine assay and enumerated KL25HL progeny (D). 
E,F: We transferred SM cells (Thy1.1+) on day -1, followed by KL25HL cell transfer (CD45.1+) and LCMV challenge 
on d0. 24 and 48 hours later we collected spleens for histological analysis. Exemplary image showing co- 
localization of SM and KL25HL cells (magnification bar: 10 µm). Contact ratios of KL25HL B cells with either LCMV- 
specific SM CD4 T cells or polyclonal endogenous CD4 T cells. Each dot represents one mouse (average contact 
ratio calculated from ≥2250 KL25HL cells for each mouse). 
G,H: We transferred GP-specific SM CD4 T cells or NP-specific NIP CD4 T cells on d-1, followed by KL25HL cell 
transfer and LCMV challenge on d0. Controls were left without T cell transfer (“none”). Adoptively transferred 
CD4 T cells (G) and KL25HL cell progeny (H) were enumerated on d5. 
I,J: Wt and IFNAR-/- recipients were pre-immunized on d-9 as indicated (LM61, LM or none), and on d0 received 
either MHC-II-deficient or – sufficient KL25HL cells simultaneously with LCMV challenge. CD44hiGP66-Tet+ CD4 T 
cells (I) and KL25HL progeny (J) were enumerated on d5 in spleen. 
Symbols and bars represent means±SD, number of biological replicates (n)=4 (A-D,G-H) n=5-6 (E-F) n=4-5 (I-J). 
Number of independent experiments (N)=2-3 (A-J). Unpaired two-tailed Students’s t test (F, G), two-way ANOVA 
with Dunnett’s post-test for multiple comparison (D,H), two-way ANOVA with Tukey’s post-test for multiple 
comparison (J), Ordinary one-way ANOVA with Tukey’s post-test for multiple comparisons (I),. ns: not significant; 
*: p<0.05;**,##: p<0.01; when used next to each other, ** compares B cells and ## compares ASCs. Datasets in 
(A-D) are from the same experiment as (G-H). 
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Figure 5. T help prevents B cell decimation in a CD40- and ICOS-dependent manner 
A-C: Schematic of the experimental design to (B,C). On d-9 mice were pre-immunized as indicated and 
challenged with LCMV on d0. ICOS-blocking antibody was administered to the indicated group of mice on d-1, 
d1 and d2. CD44hiGP66-Tet+ CD4 T cells (B) and KL25HL progeny (C) were enumerated on d5 in spleen. 
D,E: On d-9 wt and CD40L-/- recipients were pre-immunized as indicated and challenged with LCMV on d0. 
CD44hiGP66-Tet+ CD4 T cells (D) and KL25HL progeny (E) were enumerated on d5 in spleen. 
F,G: Wt recipients were pre-immunized on d-9 as indicated. On d0 they received either CD40-sufficient or – 
deficient KL25HL cells simultaneously with LCMV challenge. CD44hiGP66-Tet+ CD4 T cells (F) and KL25HL progeny 
(G) were enumerated on d5 in spleen. 
H-J: Schematic of the experimental design to (I,J). KL25HL cells were adoptively transferred into LCMV-infected 
primary recipients. 61 days later progeny memB cells were purified from spleen (compare Fig. S1C,D) and were 
adoptively transferred into LM61-pre-immunized secondary recipients, either wt or CD40L-deficient, followed 
by LCMV challenge and analysis seven days later. CD44hiGP66-Tet+ CD4 T cells (I) and KL25HL progeny (J) were 
enumerated in spleen. 
Symbols and bars represent means±SD, number of biological replicates (n)=4 (A-E) n=4-6 (F-G) n=3-4 (H-J). 
Number of independent experiments (N)=2-3 (A-J). Ordinary one-way ANOVA with Tukey’s post-test for multiple 
comparisons (B,D, F, I) and two-way ANOVA with Tukey’s post-test for multiple comparison (C, E, G, J),. ns: not 
significant;**,##: p<0.01; when used next to each other, ** compares B cells and ## compares ASCs. 
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Figure 6. Pre-existing CD4 T help antagonizes inflammation and instructs a germinal center B cell program 
A-C: Wt recipients were either pre-immunized with LM61 (“LM61”) or LM (“control”) on d-9 or were given SM 
CD4 T cells by adoptive transfer (“SM”) on d-1. IFNAR-/- recipients were left untreated. KL25HL cell transfer and 
LCMV challenge were conducted on d0. On d4 KL25HL B cell progeny (CD45.1+B220+) were purified by FACS 
sorting (Fig. S5) and subject to RNAseq. Heatmap displaying expression levels of GC B cell transcription factors 
as determined by Shi et al. 55. Pair-wise self-contained gene set testing for the same set of genes is shown in (B). 
Hallmark gene sets, which are significantly differentially expressed (FDR <0.05) in KL25HL B cells from LM61- 
preimmunized and LM-preimmunized control mice are displayed in (C). P-values obtained when assessing the 
same gene sets but comparing either SM vs. control or IFNAR-/- vs. control are also shown. 
D-F: Schematic of the experimental design to (E,F). Recipients were pre-immunized with LM61 or LM on d9 or 
were given IFNAR-blocking antibody. On d0 KL25HL-AIDrep B cells were adoptively transferred simultaneously with 
LCMV challenge. Tamoxifen was administered on d0 and d3 and AIDEYFP-reporting KL25HL-AIDrep cells were 
determined on d5 in spleen (E) and are expressed as a percentage of all KL25HL-AIDrep cells and also in absolute 
numbers. Histological sections prepared at the same time point revealed clusters of AIDEYFP-reporting KL25HL- 
AIDrep cells in the splenic B cell zone (IgD) of LM61 pre-immunized and IFNAR-blocked mice but not in LM-pre- 
immunized controls. Magnification bar: 100 µm. 
Symbols and bars represent means±SD, number of biological replicates (n)=4 (D-F). Number of independent 
experiments (N)=2 (D-F). Ordinary one-way ANOVA with Dunnett’s post-test for multiple comparisons (E),**: 
p<0.01. 
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Figure 7. KL25HL B cells control viremia and prevent CD4 T cell-driven immunopathology upon chronic viral 
challenge 
A: Schematic of the experimental design in (B-F). Two groups of mice were pre-immunized with LM61 on d-9 
and on d0 were challenged with LCMV. One of these groups was given KL25HL B cells simultaneously with LCMV 
challenge. Body weight was monitored on the indicated time points to determine weight loss (B). Serum alanine 
aminotransaminase activity (C) serum aspartate aminotransaminase activity (D), LCMV-neutralizing antibody 
titers (E) and viremia (F) were determined on d6, d9 and d12. 
Symbols represent means±SEM, number of biological replicates (n)=5 (B-F). Number of independent 
experiments (N)=3 (B-F). Two-way ANOVA with Bonferroni’s post-test for multiple comparisons (B-F), ns: not 
significant; *: p<0.05;**: p<0.01. 
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Figure S1: Flow cytometry gating strategies, KL25 memB cell FACS sorting and characterization, and prevention 
of B cell decimation by RAG-deficient SM cells 
A: General gating strategy used throughout the study for the analysis and enumeration of polyclonal GP66- 
specific CD4 T cells by MHC class II tetramer staining. A dump gate exclusion contained B220, CD8, F4/80. A 
control sample was stained with an hClip peptide-loaded MHC class II tetramer serving as specificity control. 
B: General gating strategy used throughout the study for the analysis and enumeration of adoptively transferred 
KL25HL cell progeny. 
C: Gating strategy used throughout the study for sorting of KL25HL memB cells from primary recipients and 
subsequent re-transfer into secondary recipients. 
D: Characterization of immunoglobulin isotype profile of adoptively transferred memB cells. 
E: Gating strategy used throughout the study for gating of KL25HL memB cell progeny in LCMV-challenged 
secondary recipients. 
F,G: SM CD4 T cells or RAG-deficient SM CD4 T cells (SMxRAG) were adoptively transferred to recipients one day 
prior to KL25HL cell transfer and LCMV challenge. Control mice were left without CD4 T cell transfer (“none”). 
KL25HL B cell progeny (F) and SM / SMxRAG CD4 T cells (G) were analyzed in spleen 5 days after LCMV challenge. 
Symbols and bars represent means±SD, number of biological replicates (n)=3-4 (F,G). Number of independent 
experiments (N)=2 (F-G). Two-way ANOVA with Dunnett’s post-test for multiple comparison (F), unpaired two- 
tailed Students’s t test (G), ns: not significant; **,##: p<0.01; when used next to each other, ** compares B cells 
and ## compares ASCs. n/a: not assessed 
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Figure S2: Single cell RNAseq analysis of GP66-specific CD4 T cell recall responses in LM61-preimmunized and 
LCMV challenged mice. 
A,B: Mice were pre-immunized with LM61, followed by KL25HL cell transfer and LCMV challenge as outlined in 
Fig. 2A (same data set as in Fig. 2B-I). GP66-specific CD4 T cells were isolated on d9 (prior to LCMV challenge; A) 
and on d14 (5 days after LCMV challenge; B). The expression of the indicated genes is displayed for 14’459 cells 
collected on d9 (A) and for 13’478 cells collected on d14 (B), with each row corresponding to an individual cell. 
Cells are vertically clustered as detailed in Fig. 2B-I (one cluster of Tfh-differentiated cells, three subclusters of 
Th1-differentiated cells and a minor population of Treg-like cells found only on d9). 
C: Gating strategy for the analysis and enumeration of IL-21gfp reporting, polyclonal GP66-specific CD4 T cells, 
either Tfh (CXCR5+) or non-Tfh (CXCR5–), by MHC class II tetramer staining. IL-21gfp reporter mice were compared 
to non-reporting littermate controls (wt). A dump gate exclusion contained B220, CD8, F4/80. 
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Figure S3: Characterization of SM cells prior to and after in vitro Th1/Th2 differentiation 
A: Naïve PI–CXCR3–CD25–CD44–CD62L+CD4+ SM cells were FACS-sorted from the spleen of SM TCR-transgenic 
donor mice. Representative quality control stains of pre-sort and post-sort SM cells are shown. 
B: Representative transcription factor expression profiles of differentiated Th1 and Th2 cells at day 10 of in vitro 
culture under Th1- or Th2- polarizing conditions, respectively. Isotype control stains are depicted in grey. 
C: Representative cytokine production profiles of differentiated Th1 and Th2 cells at day 10 of in vitro culture 
under Th1- or Th2- polarizing conditions, respectively, upon stimulation with either PMA/ionomycin or medium 
control, as indicated. 
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Figure S4: Prevention of B cell decimation depends on CD4 T cell-intrinsic CD40L but not on IFN-y or IL-4 and 
works in the absence of IL-10 or IL-21. 
A-C: SM CD4 T cells (SM), CD40L-deficient SM cells (SMxCD40L-/-), IFN-y-deficient SM cells (SMx IFN-y-/-) and IL- 
4-deficient SM cells (SMxIL4-/-) were adoptively transferred to recipients one day prior to KL25HL cell transfer 
and LCMV challenge. Control groups were left without CD4 T cell transfer (“none”). The progeny of adoptively 
transferred SM cells and the respective knockout versions thereof (SM CD4 T cells) as well as KL25HL B cell 
progeny were enumerated in spleen five days after LCMV challenge. 
D,E: Wt, IL-10-/- and IL-21-/- mice were pre-immunized with LM61 on d-9. On d0 they were given KL25HL cells by 
adoptive transfer simultaneously with LCMV challenge. GP66-Tet-binding CD4 T cells and KL25HL B cell progeny 
were enumerated in spleen on d5. Symbols and bars represent means±SD, number of biological replicates (n)=4 
(A-B), n=4-5 (C-D), n=3-5 (E). Number of independent experiments (N)=2 (A-B,E), N=1 (C-D). Unpaired two-tailed 
Students’s t test (A-C).Two-way ANOVA with Dunnett’s post-test for multiple comparison (A-E), ordinary one- 
way ANOVA with Tukey’s post-test for multiple comparisons (D-E), ns: not significant; *,#: p<0.05**,##: p<0.01; 
when used next to each other, ** compares B cells and ## compares ASCs. The SM and “none” control groups in 
(C) are the same as the ones shown in Fig. 3I-M. 
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Figure S5: Gating strategy for FACS sorting of B cells in the experiment to Fig. 5A-C 
Recipients were pre-immunized on d-9 as outlined for Fig. 5A-C. KL25HL cell transfer and LCMV challenge were 
conducted on d0. On d4 KL25HL B cell progeny (CD45.1+B220+) were purified by FACS sorting following the 
gating strategy as displayed. 

 
 
 

Figure S6: Hallmark gene sets differentially expressed in KL25HL cells responding to LCMV in the presence of 
pre-existing T help or in the absence of interferon-driven inflammation 
A: Volcano plot display of the hallmark gene set analyses shown in Fig. 5C. 
B: Pair-wise self-contained gene set testing for the indicated set of genes. 
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Abstract 
Passive antibody therapy and vectored antibody gene delivery (VAGD) in particular offer an innovative approach 
to combat persistent viral diseases. Here we exploited a small animal model to investigate synergies of VAGD 
with the host’s endogenous immune defense for treating chronic viral infection. 
An adeno-associated viral (AAV) vector delivering the lymphocytic choriomeningitis virus (LCMV)-neutralizing 
antibody KL25 (AAV-KL25) established protective antibody titers for >200 days. When therapeutically 
administered to chronically infected immunocompetent wildtype mice, AAV-KL25 afforded sustained viral load 
control. In contrast, viral mutational escape thwarted therapeutic AAV-KL25 effects when mice were unable to 
mount LCMV-specific antibody responses or lacked CD8+ T cells. VAGD therapy reduced inhibitory receptor 
expression levels on antiviral CD8+ T cells and augmented antiviral germinal center B cell and antibody-secreting 
cell responses. 
These results indicate VAGD augments and synergizes with host B cell and CD8 T cell responses to restore 
immune control of chronic viral infection. 

 
 
 
One sentence summary 
Vectored antibody gene delivery augments germinal center reactions and reverts T cell exhaustion to restore 
host immune control of a persisting virus. 
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Introduction 
 
Several decades after von Behring and Kitasato’s first description of passive antibody therapy [412], the advent of 
monoclonal antibody (mAb) technology [413] and recombinant antibody engineering [414] paved the way to the 
revolutionary role antibodies play in modern medicine. Considerable potential for antibody-based therapies looms 
also in the context of persistent viral diseases such as HIV, where the identification of broadly HIV- 
neutralizing antibodies (bnAbs [415, 416]) has opened up new horizons in the long-standing quest for a 
functional cure [417]. When administered to SHIV-infected non-human primates (NHPs) early after infection, 
viral loads were suppressed for prolonged periods of time [418-421]. Human trials co-administering two or more 
bnAbs to target different viral epitopes have demonstrated that HIV load suppression can be sustained for more 
than 30 weeks [422]. Such a functional cure would, however, require life-long, continually repeated infusions of 
bnAbs to sustain critical antibody concentrations. Costs of goods and logistics of re-administration therefore 
pose a significant challenge for long-term use at the global scale. Somatic antibody gene therapy based on 
adenovirus-associated viral (AAV) vector delivery may offer an elegant solution to this challenge [423], although 
further refinement is needed before widespread human use can be envisaged [424-426]. When used 
prophylactically in animal models, AAV-vectored antibody gene delivery (VAGD) has demonstrated efficacy 
against a vast range of microbes including HIV, Hepatitis C (HCV), influenza, Ebola and malaria parasites [427- 
433]. In a therapeutic setting, VAGD cleared HCV infection from immunodeficient mice with a human liver graft 
[430]. Sustained therapeutic effects of AAV-delivered bnAbs on viral loads were also observed in HIV-infected 
humanized mice [434] and more recently in a chronically SHIV-infected macaque that suppressed SHIV loads for 
at least three years after VAGD [435]. 
Mutational viral escape even from bnAbs is commonly observed in persistent viral infections of mice, monkeys 
and man, posing a formidable challenge to antibody therapy [189, 434, 436, 437]. Observations from animal 
studies suggest, however, that the host immune response contributes to virus control in the context of passive 
antibody therapy and has potential to prevent mutational viral escape [419, 435, 436]. CD8 T cells were essential 
to viral load control in long-term bnAb-treated NHPs [419, 438]. Similarly, the host’s endogenous antibody 
response can exhibit neutralizing activity against bnAb escape variants and may contribute to viral load 
suppression [436]. Besides synergistic antiviral effects, passive antiviral antibody administration can improve the 
host’s antibody response to persisting viruses [439-442]. Moreover, studies on CD8 and CD4 T cell responses to 
HIV and SHIV infection, respectively, suggest the immune enhancing effect of passive antibody therapy 
comprises both arms of adaptive immune defense [443, 444]. 
The lack of a suitable immunocompetent small animal model for HIV or HCV research has, however, precluded a 
systemic and comprehensive mechanistic assessment of the several axes of potential synergy between VAGD and 
the host’s adaptive immune response in the context of chronic viremia. Specifically, a potential impact of 
passive antibody delivery on the host’s germinal center B cell response remains to be investigated. 
Chronic infection of mice with lymphocytic choriomeningitis virus (LCMV) is widely studied as a model to 
decipher basic principles of virus – host interactions in persistent viral infection. Over the past decades LCMV 
research has contributed several important and widely validated concepts of antiviral immunity and immune 
evasion by persisting viral pathogens. Prominent examples comprise T cell-mediated control of viral infection 
[445] viral mutational escape from T cell selection pressure [302], T cell exhaustion as a consequence of chronic 
viral antigen exposure [94, 446-448] and its restoration by immune checkpoint inhibitors [449]. Additional 
commonalities of the LCMV model with human HIV and HCV infection consist in weak and delayed neutralizing 
antibody formation as a consequence of the viral envelope protein’s glycan shield on the outer globular domain of 
its envelope glycoprotein (GP-1) [192, 195] and the virus’ rapid mutational escape from antibody selection 
pressure [437]. 
Here we establish an experimental setting in which chronic LCMV infection of mice can be treated by means of an 
AAV vector (AAV-KL25) delivering one of the most potent LCMV-neutralizing antibodies (KL25). Combining this 
tool with genetically engineered mouse strains and cell subset depletion we systematically dissect how CD8 T cells 
and antiviral B cells contribute to AAV-KL25-mediated control of chronic infection and prevent viral 
mutational escape. Additionally, our study reveals distinct effects of VAGD on CD8 T cell exhaustion, CD4 Tfh 
responses and, intriguingly, we document that VAGD improves antiviral germinal center B cell and antibody- 
secreting cell responses. 
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Materials and Methods 
 
Mice and animal experimentation 
C57BL/6 wild-type (from Charles River Laboratories), T11µMT [450], KbDb-/- [451] and MD4 mice [452] were bred 
at the Laboratory Animal Services Center of the University of Zurich. Animals were housed under specific- 
pathogen-free (SPF) conditions throughout. All experiments were conducted at the University of Basel in 
accordance with the Swiss law for animal protection and with authorization from the Cantonal veterinary office. 

 
Viruses, cells, focus formation assay, plaque reduction neutralization test and TaqMan RT-PCR 
The reverse engineered LCMV strain Clone 13 virus expressing the LCMV-WE glycoprotein (rCl13) has been 
described previously [195, 365]. rCl13 stocks were produced on BHK-21 cells (ECACC). The LCMV strain Docile 
[453] was propagated on MDCK cells (ATCC). Titers of viral stocks and infectivity in mouse blood and tissue 
samples were determined by focus forming assays on 3T3 cells (ATCC) and LCMV nAb titers were determined by 
plaque reduction neutralization tests as described previously [367]. Mice were infected with a dose of 2-3x106 

plaque forming units (PFU) intravenously (i.v.) into the tail vein. For a quantitative assessment of LCMV Docile 
RNA in liver tissue we performed TaqMan RT-PCR using the nucleoprotein sequence-binding primers 5'- 
AGTTTGTCTTTCAGGTGAGGG-3'  and  5'-GGGTGAGTTAGCTACAGGTTTC-3'  with  the  probe  5'-FAM- 
ATTGTGGGAAGGGCATGGGAGAA-3'-BHQ-1 (Microsynth AG, Switzerland). 

 
Production of AAV-KL25 and its administration to mice 
The AAV-KL25 genome is based on AAV2 inverted terminal repeats (ITR) flanking a chicken beta-actin-driven 
expression cassette (pENN.AAV.CB7.CI) obtained from the PENN Vector Core (Perelman School of Medicine, 
University of Pennsylvania, PA, USA). Into this expression cassette we inserted a construct allowing for the 
monocystronic expression of the KL25 antibody (synthesized by Genscript). It contains in sequential order the 
KL25 heavy chain cDNA [155], a furin recognition site (R-K-R-R), a spacer (S-G-S-G), the foot-and-mouth-disease 
virus 2A peptide (F2A) for autocatalytic cleavage and the KL25 light chain cDNA. Recombinant AAV particles with 
an AAV8 capsid were produced and genome copy (GC) titer were assessed by a droplet digital (dd) PCR-based 
method at the PENN Vector Core [454]. rAAV particles were administered intramuscularly (i.m.) into the thigh 
of mice at a dose of 1x1011 GC in PBS. Control mice were administered PBS i.m or were left untreated. 

 
Flow cytometry 
Single cell suspensions were obtained by pushing spleens through a metal mesh using a syringe plunger. Mouse 
osmolarity-adjusted media were used throughout [371]. Staining of blood and spleen samples was performed 
in PBS containing 2% FCS, 5mM ethylenediaminetetraacetic acid (EDTA) and 0.05% sodium azide (staining 
buffer). For staining of spleen cell subsets, the following antibodies and clones were used: F4/80 (BM8), CD4 
(RM4-5), CD107a (1D4B), TNF-α (MP6-XT22), IFN-γ (XMG1.2), CD38 (90), GL7 (GL7), IgD (11-26c.2a), CD138 (281- 
2), CD8α (53-6.7), CD4 (RM4-5), CD45R/B220 (RA3-6B2), CD244.2 (2B4; m2B4 (B6) 458.1), CD279 (PD1, 
29F.1A12), CXCR5 (CD185, L138D7) from BioLegend (CA, USA) or against anti-IgM (II/41), CD223 (LAG-3, C9B7W) 
from eBioscience (CA, USA). Antibodies against CD44 (IM7), CD366 (TIM-3, 5D12/TIM-3) were purchased from 
Becton Dickinson (BD) Biosciences (NJ, USA). The Zombie UVTM Fixable viability kit (BioLegend) was used to 
exclude dead cells as described in the manufacturer`s protocol. CD8+ and CD4+ T cells specific for the LCMV 
epitopes GP33-41 and GP66-77 were identified by H-2Db and I-Ab tetramers, respectively, hCLIP87-101 epitope-loaded 
I-Ab tetramers were used as specificity control (generously provided by the NIH tetramer core, Emory University 
Vaccine Center, GA, USA). For the detection of NP-specific B cells, cells were stained with bacterially expressed 
fluorochrome-conjugated recombinant LCMV nucleoprotein (rNP) [195] as previously described [200, 455]. 
For intracellular cytokine staining of CD4 and CD8 T cells, spleen cell suspensions were incubated with anti- 
CD107a antibody (LAMP-1), and restimulated with the LCMV-GP derived GP64-79 and GP33-41 peptides (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 full 5-hour stimulation period, the cells were fixed 
with 2% PFA for 5 min. Fixation was followed by permeabilization using staining buffer supplemented with 0.05% 
saponin (Sigma-Merck, Germany). Stained cells were measured on a BD LSRFortessa™ (BD Biosciences) flow 
cytometer and data were analyzed using FlowJo software (FlowJo LLC, version 10.5.3). 
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In vivo cell subset depletion 
Mouse anti mouse-CD8α/Lyt-2 (YTS 169.4) (Absolute Antibody, MA, 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 
50. Mouse IgG2a anti-fluorescein antibody (4-4-20e) (Absolute Antibody) was administered as isotype control 
CD4-depletion antibody (YTS 191) (BioXCell) at a dose of 200 µg was administered i.p. 3 days and 1 day prior to 
infection. 

 
Enzyme-linked immunosorbent assay (ELISA) 
LCMV GP-1-specific antibodies were measured by enzyme-linked immunosorbent assay (ELISA) using a 
recombinant fusion protein consisting of the outer globular GP-1 domain of the LCMV-WE glycoprotein fused to 
the human IgG constant domain (GP1-Fc) [374]. The analogous construct for the Docile GP-1 sequence was 
generated by cDNA synthesis (GenScript) and was subject to site-directed mutagenesis to generate expression 
plasmids for the GP-1N119Y and GP-1N119S variants. 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 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 
blocking buffer and added to the plates, followed by incubation at RT for 1 hour. Plates were washed 3X with 
PBS-T. Then, mouse sera were serially diluted and transferred to coated and blocked plates, followed 1 hours of 
incubation at RT. Then the plates were washed 3X with PBS-T. HRP-conjugated anti-IgG2c (Bethyl Laboratories, 
TX, USA) or HRP-conjugated anti-IgG1 (ThermoFischer) antibodies were diluted in blocking buffer and were 
added to the plates for detection of bound serum antibodies. The plates were washed 3X with PBS-T and once 
with PBS. The color reaction solution was prepared by mixing 2.8 ml 0.1 M citric acid (Sigma Aldrich), 2.2 ml of 
0.2 M Na2HPO4 (Sigma Aldrich), 5ml of ddH20, 10µl H202 and 10mg ABTS (2,2ʹ-Azino-bis(3-ethylbenzothiazoline- 
6-sulfonic acid) diammonium salt, Sigma Aldrich). It 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) assay 
ELISpot assays were used to quantify the NP-specific antibody secreting cells (ASCs) in the bone marrow and in 
spleens of mice as described [455]. In brief, 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, the 3-amino-9- 
ethylcarbazole substrate kit was used (BD Biosciences). Spots were counted on an ImmunoSpot reader (C.T.L. 
Europe GmbH, Germany). 

 
Viral RNA isolation, cDNA synthesis and sequencing 
For viral RNA isolation and sequencing, BHK-21 cells were infected with the viremic serum of infected mice and 
virus-containing supernatant was harvested 48 hours later. 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 performed 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 direct Sanger sequencing (Microsynth 
AG, Switzerland). The primers used for amplification and sequencing were 5’-GCTGGCTTGTCACTAATGGCTC-3’ 
and 5’-TCAGCGTCTTTTCCAGATAG-3’. 
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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 have used two-way 
ANOVA. Statistical tests were performed using Prism 8 for MacOS (version 8.1.1 (224)). ELISA titers were 
calculated using Gen5TM (BioTekTM) software and were log-converted in order to reach a near-normal 
distribution 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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Results 
 
VAGD affords long-term protection and curbs viremia when administered early after viral challenge 
For our studies on VAGD in LCMV infection we constructed an AAV vector carrying a chicken beta actin 
promoter-driven cassette for monocistronic expression of the heavy and light chain genes of the LCMV- 
neutralizing GP-1-specific mAb KL25 (AAV-KL25, Fig. 1A). Upon intramuscular administration to mice, KL25 was 
detectable in serum by day 4 (Fig. 1B,C). Peak titers were reached within about two weeks and persisted at 
stable levels for more than 200 days. Accordingly, mouse serum collected on day 243 after AAV-KL25 
administration potently neutralized LCMV in cell culture (Fig. 1D). On day 245 we challenged these animals and 
control mice devoid of AAV-KL25 prophylaxis with LCMV. A genetically engineered LCMV Clone 13 was used, 
which expresses the glycoprotein (GP) of the KL25-sensitive WE strain (rCl13) [195, 365]. Viremia was high on 
day 5 after challenge of control mice but was significantly suppressed by AAV-KL25 prophylaxis given 250 days 
earlier (Fig. 1E). This indicated that AAV-KL25 afforded long-term protection against LCMV challenge. 
Next, we infected mice with rCl13 and 4 days later administered either AAV-KL25 or control (PBS) to test whether 
vectored antibody gene delivery would curtail LCMV infection in a therapeutic fashion (Fig. 1F,G). By day 11 of the 
experiment (seven days after AAV-KL25 administration) rCl13 loads were significantly suppressed and 
viremia subsided earlier than in control-treated mice. In infected mice without AAV-KL25 administration, GP-1 
binding IgG titers remained close to technical background throughout the observation period and rCl13-nAbs 
were undetectable on day 31 (Fig. 1H,I). In contrast, GP1-binding antibodies were readily detected in AAV-KL25- 
treated mice from day 22 onwards, and sera collected on day 31 neutralized rCl13. Of note, however, GP-1- 
binding antibodies and nAb titers in AAV-KL25-treated rCl13-infected mice were lower than in a control group 
of mice receiving AAV-KL25 in the absence of rCl13 infection. This observation suggested that LCMV antigen 
“consumed” some of the AAV-delivered antiviral antibody, supposedly by immune complex formation. 
Irrespective thereof, this set of experiments demonstrated the utility of AAV-KL25 for curbing LCMV infection. 

 
Therapeutic VAGD synergizes with host antibody responses for sustained suppression of chronic infection 
rCl13 persists in the blood of adult C57BL/6 (WT) mice for only about 30 days (compare Fig. 1G). To investigate a 
potential impact of AAV-KL25 when administered around three weeks after infection, i.e. in the chronic phase of 
infection when T cell exhaustion is established [94, 447-449, 456, 457] we used the KL25-sensitive but more 
invasive Docile variant of LCMV-WE (DOC [458]). We administered AAV-KL25 on day 19 after DOC infection of 
WT mice, resulting in significantly suppressed viremia from day 41 onwards (Fig. 2A,B). When the experiment 
was terminated on day 82, splenic viral titers of AAV-KL25-treated mice were below the detection limit whereas 
high levels of virus persisted in PBS-treated control mice (Fig. 2C). These effects of AAV-KL25 on systemic viral 
loads were further corroborated by TaqMan RT-PCR measurements from liver tissue of mice (Fig. S1A). From 
day 41 onwards AAV-KL25-derived GP-1-specific IgG was clearly detectable in serum (Fig. 2D), which timewise 
coincided with virus control. This sustained antiviral effect of AAV-KL25 was somewhat unexpected in light of 
earlier observations on rapid viral mutational escape from KL25 in life-long LCMV carrier mice [437]. Hence, we 
hypothesized that the host’s endogenous antibody and/or CD8 T cell response synergized with AAV-delivered 
KL25 for long-term suppression of viremia. To address this possibility we tested the efficacy of AAV-KL25 therapy 
in DOC-infected mice that lacked either CD8 T cells due to MHC class I-deficiency (KbDb-/- mice [451]) or were 
unable to mount LCMV-specific antibody responses owing to a quasi-monoclonal B cell receptor (BCR) repertoire 
directed against the LCMV-unrelated vesicular stomatitis virus (T11µMT mice [175, 450]). Unlike in WT mice and 
despite substantial titers of AAV-delivered GP-1-binding antibodies (Fig. 2D), AAV-KL25 therapy of KbDb-/- and 
T11µMT mice resulted in an only modest and very transient suppression of viremia on day 41 (Fig. 2B), and 
splenic viral loads on day 82 were comparable to controls (Fig. 2C). Analogous observations were made in MD4- 
transgenic mice expressing a monoclonal BCR specific for Hen egg lysozyme [452] and in mice depleted of CD4 
T cells (Fig. S1B-E), which suppresses LCMV-GP-specific antibody responses [455]. Taken together, these findings 
suggested that AAV-KL25 therapy synergized with host endogenous B cell and CD8 T cell responses for sustained 
control of chronic LCMV infection. 
When determining the glycoprotein sequence of the viruses persisting in the various groups of mice, we found 
that in untreated animals, irrespective of their genotype, the consensus sequence of the persisting virus 
remained identical to the inoculum, i.e. no KL25 escape mutations were detectable. In contrast, all viruses 
persisting in AAV-KL25-treated KbDb-/-, T11µMT, MD4 and CD4-depleted mice exhibited characteristic mutations 
at position N119 of GP-1, indicating KL25 escape (N119Y, N119S; Fig. 2E,F, Fig. S1F, Table S1, [437]) and 
explaining the eventual failure of AAV-KL25 therapy in these mice. Additional GP-1 mutations previously linked 
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to LCMV antibody evasion [459] were found in some AAV-KL25-treated KbDb-/- mice (Table S1). Intriguingly, 
N119-mutant sequences were also found in six out of thirteen WT mice analyzed at the last time point prior to 
AAV-induced viral load suppression (“pre-extinction” viruses; e.g. day 33 in Fig. 2B). Thus, we hypothesized that 
endogenous antibody responses and/or CD8 T cells of WT mice controlled KL25 escape variants that emerged 
upon AAV-KL25 therapy. To test whether the endogenous antibody response in AAV-KL25-treated mice covered 
KL25 escape variants and to discriminate AAV-delivered antibody from host B cell responses we relied on the 
observation that LCMV-specific antibody responses consists mostly of IgG2a/c [460] whereas AAV-delivered 
KL25 was of the IgG1 isotype. On day 82 after infection the sera of AAV-KL25-treated WT mice contained 
substantial Docile-GP-1WT-specific IgG2c titers whereas T11µMT mice were devoid of such responses, as 
expected (Fig. 2G). These endogenous antibody responses of WT mice recognized also the escape variants GP- 
1N119Y and GP-1N119S, which arose in AAV-KL25-treated KbDb-/-, T11µMT, MD4 and CD4-depleted mice (Fig. 2F-I, 
Fig. S1F, Table S1), lending further support to the concept that host-endogenous antibody responses contributed 
to sustained virus control in AAV-KL25-treated WT mice. Only marginal and transient effects of AAV-KL25 
therapy in KbDb-/- mice suggested that CD8 T cell responses were also required for sustained virus control upon 
vectored antibody gene delivery. Unexpectedly and for unknown reasons, however, the endogenous antibody 
responses of AAV-KL25-treated KbDb-/- mice were lower than those of WT mice (Fig. 2G-I), prompting us to 
further scrutinize the contribution of CD8 T cells to successful AAV-KL25 therapy. 

 
Therapeutic VAGD synergizes with CD8 T cells for sustained suppression of chronic LCMV infection 
We sought a second independent experimental setting to assess the contribution of CD8 T cells to AAV-KL25- 
induced viral load control in persistent DOC infection (Fig. 3A). Repeated administration of a murinized 
monoclonal anti-CD8 antibody allowed for a virtually complete depletion of CD8 T cells throughout a 50-day 
observation period (Fig. 3B). AAV-KL25 was administered on day 19 after DOC infection and by day 30 resulted in 
a significant viral load reduction in both CD8-depleted and isotype control antibody-treated mice (Fig. 3C). By day 
50, however, viremia in AAV-KL25-treated and CD8 T cell-depleted mice had rebounded, reaching the levels of 
control animals without AAV-KL25 therapy. In contrast and in keeping with the results reported in Fig. 2B, 
viral load control in isotype control-treated animals with AAV-KL25 therapy was sustained up to day 50. 
Analogously to KbDb-/- mice, rebound viremia in AAV-KL25-treated and CD8-depleted mice was accompanied by 
mutational escape (Table S1). Unlike in CD8 T cell-deficient KbDb-/- mice (compare Fig. 2G), GP-1-specific antibody 
responses of CD8-depleted and AAV-KL25-treated mice were comparable to those of AAV-KL25-treated mice 
given isotype antibody control treatment. These findings indicated that sustained viral load control upon AAV- 
KL25 therapy required not only endogenous antiviral antibody responses but also host CD8 T cells. 

 
 
Therapeutic VAGD partially reverts CD8 T cell exhaustion 
Persistent LCMV infection represent the classical model to study CD8 T cell exhaustion, which can manifest in 
functional adaptation or even deletion of antiviral CD8 T cells and is often associated with inhibitory receptor 
expression [94, 447-449, 456, 457]. Here we assessed whether AAV-KL25 therapy influenced the magnitude and 
phenotype of antiviral CD8 T cell responses. We infected WT mice with DOC on day 0 followed by AAV-KL25 
therapy on day 19 (analogous to Fig. 2A). On day 50 of the experiment the overall size of the splenic CD8+ T cell 
compartment was unaffected by AAV-KL25 therapy (Fig. 4A) and the frequency of CD8+ T cells (CTLs) specific for 
the immunodominant LCMV glycoprotein-derived epitope GP33 remained unaltered (Fig. 4B, Fig. S2). Moreover, 
intracellular cytokine stains detecting the frequency of GP33-specific cytolytic granule-releasing (CD107a+), IFN- 
y- and TNF-a -secreting CD8 T cells did not reveal any clear differences between AAV-KL25-treated mice and 
controls (Fig. 4D, Fig. S3). Interestingly, however, AAV-KL25 therapy consistently reduced the expression levels 
of the inhibitory receptors programmed cell death protein 1 (PD-1), lymphocyte-activation gene 3 (LAG3) and T cell 
immunoglobulin and mucin domain-containing protein 3 (TIM-3) on GP33-specific CD8 T cells (Fig. 4E,F). 
These findings indicated that AAV-KL25 therapy counteracted select features of CD8 T cell exhaustion, 
presumably by lowering viral loads [446]. 

 
Therapeutic VAGD results in reduced numbers of LCMV-specific follicular T helper cells 
An assessment of splenic CD4+ T cell numbers on day 50 did not reveal clear AAV-KL25-induced changes (Fig. 
5A). Neither did AAV-KL25 exert clear effects on the number of CD4 T cells that secreted the Th1 cytokines IFN- 
y or TNF-a upon stimulation with the immunodominant LCMV-derived epitope GP66 (Fig. 5B, Fig. S3). 
Interestingly, however, AAV-KL25-treated mice exhibited a statistically significant ~2-fold reduction in the 
number of GP66-tetramer-binding CD4 T cells (Fig. 5C,D, Fig. S4). A somewhat more pronounced reduction was 



93  

observed in the GP66-specific CD4+ T follicular helper cell subset (PD-1+ CXCR5+; Tfh, Fig. 5E,F). Taken together, 
these findings suggested a modest reduction of the overall LCMV-specific CD4 T cell population in AAV-KL25- 
treated mice, which was mostly accounted for by a reduction in antiviral CD4 Tfh cells. 

 
Therapeutic VAGD augments antiviral germinal center B cell and antibody-secreting cell response 
Next, we investigated a potential impact of VAGD on the host’s endogenous B cell response. We noted that AAV- 
KL25-treated mice mounted significantly higher GP1WT-specific IgG2c titers than controls (Fig. 6A, B). An 
analogous trend, albeit not statistically significant, was noted for antibody responses to the escape variant 
envelope proteins GP-1N119Y while GP-1N119S-binding responses seemed virtually unaffected by VAGD (Fig. 6C,D). 
Thus, we sought to investigate the cellular correlates of AAV-KL25-driven enhancement of humoral immune 
responses to LCMV. The total numbers of splenic B cells, isotype-switched B cells (swIg B cells; IgM–IgD–) and 
antibody-secreting cells were unaltered in animals with KL25-AAV therapy (ASCs, Fig. 6E-G). To specifically assess 
virus-specific B cell responses we used recently developed flow cytometry methodology, which is based on 
recombinantly expressed and fluorescently tagged LCMV nucleoprotein (NP) as a staining reagent (Fig. S5) [200, 
455]. Intriguingly, we found that NP-specific swIg B cells were ~6-fold more abundant in mice with VAGD than 
in controls (Fig. 6H,I). Within the population of NP-specific swIg B cells, the proportional representation of 
germinal center (GC) B cells (CD38–GL7+) and memory B cells (CD38+GL7–) was comparable in AAV-KL25-treated 
and control animals (Fig. 6J). Accordingly, there were approx. 6-fold higher total numbers of NP-specific GC B 
cells in spleens of mice with VAGD than in controls (Fig. 6K). To corroborate and extend the observation of VAGD- 
driven enhancement of antiviral humoral immune responses we performed ELISpot assays. VAGD significantly 
augmented the number of NP-specific antibody secreting cells (ASCs) in spleen but not in bone marrow (Fig. 6L). 
Taken together these results indicated that virus-specific GC B cell and ASC responses were augmented upon 
AAV-KL25 therapy, providing a cellular correlate of augmented antibody responses upon VAGD. 
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Discussion 
 
The present study provides a comprehensive analysis of the synergy between VAGD and the host’s adaptive 
immune response in persistent viral infection, which likely can be extrapolated to passive antibody therapy in 
general. We demonstrate that not only CD8 T cell but also B cell responses are essential for sustained viral load 
control upon VAGD. In the absence of either one of these responses, the therapeutic effect of VAGD was 
thwarted by promptly arising mAb escape variants. While an essential contribution of CD8 T cells to bnAb- 
induced suppression of SHIV infection has been documented [419, 438], the present work formally establishes an 
essential role of the host B cell response in containing VAGD escape variants and preventing viral rebound. 
Thereby we confirm and extend earlier correlative studies on the role of host antibody responses in the context of 
bnAb-treated SHIV infection [436]. 
An independent and equally important finding of our study consists in the profound impact of VAGD on host T 
and B cell responses to the persisting virus. Most importantly, we establish a cellular correlate of enhanced 
endogenous antibody responses upon passive antibody therapy [439]. Specifically, VAGD resulted in 6-fold 
higher numbers of virus-specific B cells overall and in a proportionally augmented GC B cell compartment, which 
in conjunction with elevated numbers of antiviral ASC numbers offers a compelling explanation for earlier 
observations of augmented and broadened nAb responses in bnAb-treated HIV patients [439]. AAV-KL25 
augmented predominantly the antibody response against the originally inoculated virus while antibody titers 
against KL25 escape variants were less affected. A limited duration of infection prior to VAGD and, therefore, 
only modest viral genetic diversification in LCMV-infected WT mice may, on average (compare Tbl. S1), have 
offered only limited B cell exposure to KL25 escape variants in successfully VAGD-treated WT mice. The 
mechanisms underlying augmented antiviral GC B cell responses in VAGD-treated mice requires further 
investigation. Several not mutually exclusive mechanisms may contribute including direct beneficial effects of 
reduced viral antigen loads on GC reactions [409], conformational epitope unmasking on antibody-bound 
antigens [461, 462] and improved delivery and/or retention of antibody-bound viral antigen by Fcy- and 
complement-receptors inside GCs [463-465]. 
VAGD reduced the levels of inhibitory receptor expression on LCMV-specific CD8 T cells, suggesting at least 
partial reversion of T cell exhaustion. This is in line with the concept that persistently high antigenic load, which 
is suppressed by VAGD, accounts for this T cell phenotype [446]. A complete loss of inhibitory receptor 
expression could not be expected, since inhibitory receptors are indicative of a differentiation program that 
persists even when CD8 T cells from chronically infected mice are adoptively transferred into completely 
antigen-free hosts [466]. Overall, our observations on CD8 T cell exhaustion are in line with and complement a 
recent report on bnAb-treated HIV patients [443]. While the latter study documented increased frequencies of 
cytokine-secreting human CD8 T cells, the present data from mice evidence a more pronounced effect of VAGD 
on the cells’ phenotype. In either case, future work should address the possibility that VAGD-mediated reversion 
of exhaustion may augment the cells’ antiviral efficacy, which in a positive feedback loop should facilitate VAGD- 
induced virus control. 
VAGD diminished rather than augmented antiviral Tfh numbers, which is in line with chronic antigen load as a 
potent driver of Tfh differentiation and population expansion [467-470]. The negative impact of VAGD on Tfh 
population size was, however, modest and still compatible with potent antiviral GC B cell responses. Moreover, a 
potential beneficial effect of VAGD on Tfh functionality [468] remains to be investigated. In contrast and for 
currently unknown reasons we failed to observe a clear effect of VAGD on cytokine-secreting Th1 responses as 
reported from SIV-infected NHPs [444]. 
We are aware that augmented antiviral antibody titers in VAGD-treated mice could be the result of 
“consumption” by high antigen levels and therefore a relative lack of detection rather than elevated production. 
The augmentation of antiviral B cells as determined by flow cytometry and, most notably, the augmentation of 
splenic ASC numbers in VAGD-treated animals indicates, however, that VAGD effects on humoral immune 
responses extend beyond potential “antibody unmasking”. We acknowledge that LCMV infection of mice can 
only recreate some but clearly not all relevant immunological features of chronic viral diseases of humans such as 
HIV, HCV or HBV infection. The gradual loss of CD4 T cells with progression to AIDS, for example, is likely to 
curtail the synergy of VAGD 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 [255, 471] 
In summary, the present work in immunocompetent animals with established chronic infection highlights 
previously underestimated VAGD effects on the host’s endogenous immune defense and resulting virus control. 
By revealing multiple layers of reciprocal interactions between passively administered antibodies with host GC 
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B cell and CD8+ T cell responses our findings should help to better position and leverage passive antibody 
therapy and VAGD in particular as innovative new tools in the combat against persistent viral diseases. 
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Figures 
 
 

Figure 1: VAGD affords long-term protection and curbs viremia when administered early after viral challenge. 
(A) Schematic of the AAV-KL25 genome. 5’ITR and 3’ITR: AAV genomic 5’ and 3’ inverted terminal repeats; 
Prom./enh: promoter and enhancer; heavy: KL25 heavy chain; Fu/S/F2A: furin cleavage site, spacer and F2A 
peptide; Light: KL25 light chain; pA: polyadenylation site. (B) We administered AAV-KL25 to WT mice on d0. On 
d245, these animals and previously untreated controls were challenged with rCl13. We measured KL25 serum 
concentrations over time (C) and tested the neutralizing activity in serum on d243 (D). (E) 5 days after virus 
challenge (d250) we determined viremia. (F) We infected WT mice with rCl13 on d0, followed by AAV-KL25 
administration on d4. We measured viremia (G) and LCMV GP-1-specific serum Ig titers over time (H) and 
determined rCl13-nAbs on day 31 (I). Symbols in C, G, H represent the mean±SEM of 4 mice. Symbols in D, E, I 
show individual animals, error bars denote the mean±SEM. Number of independent experiments (N) = 2 (C-E, 
G-I), Data were analyzed by unpaired two-tailed Student’s t tests (D-E), by two-way ANOVA followed by Tukey’s 
post-test for individual time points (G-H) and by one-way ANOVA followed by Tukey’s post-test for (I). * p <0.05. 
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Figure 2: Therapeutic VAGD synergizes with host antibody responses for sustained suppression of chronic 
infection. 

(A) We infected WT, KbDb-/- and T11µMT mice with LCMV-DOC on d0, followed by AAV-KL25 therapy or 
control (PBS) on d19. (B) Viremia was assessed on the indicated time points. (C) Viral titers in the spleen 
were measured on day 82. (D) LCMV GP-1 specific antibody titers were determined by ELISA. (E) 
Illustrative chromatograms of sequencing reactions performed to determine Aa119 of LCMV-Docile and 
of two commonly found escape variants. (F) Occurrence of N119 escape mutations in AAV-KL25-treated 
and untreated WT, KbDb-/- and T11µMT mice (see also Supplementary Table I). To determine host- 
endogenous GP-1-specific antibody responses we measured serum IgG2c titers against GP-1WT (F), GP- 
1N119Y (G) and GP-1N119S (H) by ELISA. Symbols in (B-D) and bars in (G-I) represent the mean ± SEM of 3- 
4 mice, symbols in (C, G-I) show individual mice. N = 2 D, G-I). Data were analyzed by unpaired two- 
tailed Student’s t test (B, C, G-I) and by two-way ANOVA followed by Tukey’s post-test for individual 
time points (D). *p < 0.05, **p < 0.01, n.s.: p≧0.05, not statistically significant. 

(B) 
 

 
Figure 3: Therapeutic VAGD synergizes with CD8 T cells for sustained suppression of chronic LCMV infection. 
(A) Mice were depleted of CD8 T cells from d-3 until d50 or were given isotype control antibody. On d0 they 
were infected with LCMV-Docile, AAV-KL25 therapy was administered on d19. (B) Representative FACS plots 
showing quasi-complete depletion of CD8 T cells in peripheral blood of anti-CD8a antibody-treated but not 
isotype control antibody-treated mice on d50 of the experiment (analogous results on d15 and d30). We 
monitored viremia (C) and host-derived GP-1-binding IgG2c titers in serum (D) over time. Symbols show the 
mean ± SEM of 5 mice (C-D). N = 2 (B-D). Data in (C-D) were analyzed by two-way ANOVA using group and time 
point of analysis (limited to post AAV-KL25, i.e. d30, d41, d50) as variables and the untreated group as reference 
for multiple comparisons using Dunnett’s post-test to assess between-group differences at individual time 
points (C), or to compare curves overall (C,D). *p < 0.05. 
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Figure 4: Therapeutic VAGD partially reverts CD8 T cell exhaustion. 
We infected WT mice with LCMV-Docile, followed by AAV-KL25 or control (PBS) treatment on day 19 (compare 
Fig. 2A). On d50 we enumerated total CD8+ T cells in spleen (A) and determined GP33-specific CD8 T cell 
frequencies using MHC class I tetramer staining (B,C). Representative FACS plots of AAV-KL25-treated (bottom) 
and control-treated mice (top) are shown in (B). We performed intracellular cytokine staining upon GP33 peptide 
stimulation to determine the frequency of cytolytic granule-releasing (CD107a+), IFN-y- and TNF-a -secreting CD8 
T cells (D). GP33-tetramer-binding CD8 T cells were characterized for their expression levels of the inhibitory 
receptors PD-1, LAG-3 and Tim-3 (E,F). Representative histogram plots are shown in (E) and mean fluorescence 
intensity is displayed in (F). Bars in (A,C,F) represent the mean±SEM. Symbols in (A,C,D,F) represent individual 
mice. N = 2 (A-F). Data in (A,C,D,F) were analyzed by unpaired two-tailed Student’s t test. *p < 0.05. n.s.: p≧0.05, 
not statistically significant. 
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Figure 5: Therapeutic VAGD results in reduced numbers of LCMV-specific follicular T helper cells. 
We infected WT mice with LCMV-Docile, followed by AAV-KL25 or control (PBS) treatment on day 19 (compare 
Fig. 2A). On d50 we enumerated total CD4+ T cells in spleen (A) and determined the number of GP66-specific 
IFN-y- and TNF-a -secreting CD4+ Th1 cells by intracellular cytokine assays (B). The total compartment of GP66- 
specific CD4 T cells was determined by MHC class II tetramer staining (C,D). Representative FACS plots from AAV- 
KL25-treated (bottom) and control-treated mice (top) are shown in (C). GP66-specific Tfh CD4+ T cells (PD-1+ 

CXCR5+) were enumerated in (C,D) with representative FACS plots shown in (D). Bars show the mean±SEM, 
symbols in (A,B,D,F) represent individual mice. N = 2 (A-F). Data in (A,B,D,F) were analyzed by unpaired two- 
tailed Student’s t test. *: p < 0.05. n.s.: p≧0.05, not statistically significant. 
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Figure 6: Therapeutic VAGD augments antiviral germinal center B cell and antibody-secreting cell response. 
We infected WT mice with LCMV-Docile on d0, AAV-KL25 was administered on d19 (A). We measured host- 
derived IgG2c responses to GP-1WT (B), GP-1N119Y (C) and GP-1N119S (D) over time. On d50 we determined the total 
number of B220+ B cells (E), swIg (IgMnegIgDneg) B cells (F) and CD138+ ASCs in spleen (G). We enumerated swIg 
B cells (B220+ CD138neg IgMneg IgDneg , Fig. S5) binding to recombinant LCMV-NP (rNP; H,I). Representative FACS 
plots of rNP binding are shown in (H). Within the population of rNP-binding swIg B cells we analyzed the 
representation of GC B cells (GL7+CD38–) and memory B cells (GL7–CD38+) (J; representative FACS plots are 
shown) and enumerated rNP-binding GC B cells (K). (L) LCMV NP-specific ASCs were enumerated in the spleen 
(left panel) and in bone marrow (BM, right panel) by ELISpot. Illustrative cell culture wells are shown. Symbols 
in (B-D) and bars in (E-G,I,K,L) display the mean±SEM of 5 mice, symbols in (E-G,I,K,L) show individual animals. 
N = 2 (B-L). Data in (B-D) were analyzed by two-way ANOVA using group and time point of analysis (limited to 
time points after AAV-KL25 treatment, i.e. d23, d32, d38 and d45) as variables with Dunnett’s post-test to 
compare entire curves. Data in (E-G, I, K and L) were analyzed using unpaired two-tailed Student’s t tests. *p < 
0.05; **p < 0.01; n.s.: p≧0.05, not statistically significant. 



108  

 



109  

Figure S1: Therapeutic VAGD synergizes with host antibody responses and depends on CD4 T cells for sustained 
suppression of chronic infection. 
(A) Arbitrary units of LCMV RNA copies in the livers of WT mice shown in Figure 2C were determined by TaqMan 
RT-PCR. (B) We depleted WT mice of CD4 T cells on d-3 and d-1 and left MD4 BCR-transgenic mice undepleted. 
Both groups of mice were infected with LCMV-DOC on d0, followed by AAV-KL25 therapy or control (PBS) on 
d19 (performed in parallel to the experimental groups displayed in Fig. 2). (C,D) Viremia was assessed on the 
indicated time points. (E,F) GP-1 specific antibody titers were determined by ELISA. (G) Occurrence of N119 
escape mutations in AAV-KL25-treated and untreated CD4-depleted WT mice and undepleted MD4 mice (see 
also Supplementary Table I). Symbols represent the mean±SEM of 2 (control MD4 mice) to 3 mice (all other 
groups). N = 1 (C-F). Liver Viral RNA titers and d41 viremia titers were compared using unpaired two-tailed 
Student’s t test (A,C,D), antibody titers by two-way ANOVA followed by Bonferroni’s post-test for individual time 
points (E,F). *p < 0.05; **p < 0.01; p≧0.05, not statistically significant. 
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Figure S2: Flow cytometry gating strategy related to the analyses reported in Figures 3B and 4A-F. 
Single cells were gated based on SSC-A and SSC-H followed by FSC-A and FSC-H. Subsequently, lymphocytes were 
gated according to their SSC-A / FSC-A profile and were further analyzed as displayed in Fig. 3B. For the analyses 
presented in Fig. 4A-G we next excluded B220+ cells and then determined CD8+ single-positive and CD8+GP33- 
tet+ double-positive cells, to calculate the percentage of GP33-tet-binding cells amongst CD8+ cells. 

 
 
 
 

 
Figure S3: Flow cytometry gating strategy related to the analyses reported in Figure 4D and Figure 5F. 
Single cells were gated based on SSC-A and SSC-H followed by FSC-A and FSC-H. Subsequently, lymphocytes were 
gated according to their SSC-A / FSC-A profile. After exclusion of B220+ cells CD8+ and CD4+ single-positive cells 
were identified. CD107a surface expression and intracellular IFN-y, TNF-a  and IL-2 levels were determined for 
either peptide-stimulated or medium control-stimulated CD4+ and CD8+ T cell populations were further gated 
for IFN-y, TNF-a  and IL-2, respectively for both peptide stimulated and medium control samples as indicated. 
The difference between peptide- and medium-stimulated responses are reported in Figure 4D and F5 for CD8+ 

and CD4+ T cells, respectively. 
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Figure S4: Flow cytometry gating strategy related to the analyses reported in Figure 5A-F. 
Single cells were gated based on SSC-A and SSC-H followed by FSC-A and FSC-H. Subsequently, Zombie-UV 
positive (dead cells) were excluded and lymphocytes identified based on the cells’ SSC-A / FSC-A profile. CD4+ T 
cells were identified as CD4+CD8–B220– cells within the lymphocyte population. Then, the GP66-specific 
(CD44+GP66-Tet+) CD4+ population was gated. hCLIP-Tet staining served as specificity control. Finally, CXCR5+PD- 1+ 

cells within the CD44+GP66-Tet+ CD4 T cell population were identified as Tfh cells. 
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Figure S5: Flow cytometry gating strategy related to the FACS analyses reported in Figure 6E-K. 
Single cells were gated based on SSC-A and SSC-H followed by FSC-A and FSC-H. Subsequently, Zombie-UV 
positive (dead cells) were excluded and lymphocytes gated based on the cells’ SSC-A / FSC-A profile. Amongst 
the lymphocytes, B cells (B220+CD138neg) and, as a subset, isotype-switched cells (swIg; IgM–IgD–) were 
identified. rNP-binding cells amongst swIg B cells were gated and within this population we differentiated GC 
cells (GL7+ CD38–). 
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General discussion 
We aimed to understand the role of antiviral B cells in chronic viral infections in greater detail than before. Such 
studies are essential to gain more knowledge about immune responses to chronic pathogens and may give us a 
clue how to design successful therapies and vaccines to tackle persistent infections. Our data showed that high- 
affinity antiviral B cells undergo deletion in response to persistent antigen stimulation. The process was IFN-I- 
and inflammation-independent and was the result of terminal differentiation of the antiviral B cells into short- 
lived ASCs. To our knowledge, this is the first time such type of perturbation of the B cell compartment in chronic 
infection has been described. It is a valuable discovery that may pave the way to new vaccine strategies to fight 
chronic infectious diseases. 
We have established a strategy to engraft precursor-like numbers of KL25 B cells [291, 292, 407] in mouse spleen 
and follow them during infection using congenic markers CD45. Physiological-like engraftments of KL25 B cells, 
close to VRCO1 precursor numbers in HIV [292, 472] and the time of engrafting were both designed to mimics 
the interaction between newly-egressed bone marrow B cell emigrants [200, 472] [324], challenged with 
persistent antigen. This setting allows us to identify individual antiviral B cell clones being recruited to GCs as 
the infection progresses to chronic phase rather than focusing on the early, acute phase of the infection. 
We observe a late deletion of virus-specific B KL25 B cells that seems to be driven by two parameters: i) high 
BCR affinity to the LCMV GP and ii) chronic exposure to antigen. [389-392]. In contrast to early decimation [200], 
the mechanism of late deletion is independent of IFN-I-inflammation. Overexpression of plasma cell-related 
surface markers and transcription factors indicates that late deletion is a result of B cells terminal differentiation 
into short-lived ASCs. The observed late clonal deletion of B cells, described in this thesis, may explain the late 
appearance of nAbs against LCMV [175, 193, 320], alongside with destroyed lymphoid organization [327] and 
IFN-mediated decimation of virus-specific B cells [155, 351, 352]. 
Our study showed that there was only limited differential gene regulation between monoclonal B cells, 
challenged with chronic pathogen, and those, challenged with acute strain of LCMV. Usp18, a ubiquitin-specific 
peptidase and a potent inhibitor of interferon signaling [382] [473], was upregulated in chronic LCMV in 
comparison to acute infection. The absence of USP18 leads to stronger IFN-I signaling which, in turn, inhibits viral 
replication and antigen presentation. As a consequence, Usp18 -/- mice survive intracerebral LCMV and VSV 
challenges, while WT mice do not [384]. Moreover, interferonopathy was prevented by Usp18 in mouse 
microglial cells [474]. Many antiviral genes, cytokines, chemokines and antigen presenting genes are expressed in 
the absence of Usp18, leading to better viral control [475]. The overexpression of these IFN-I-stimulated 
molecules, however, may drive pathological immune overactivation [476]. Usp18 plays a role at balancing out 
this malignant response to infection, as described for chronic HCV [477]. The other two overexpressed genes in 
response to chronic infection in our study are Ifi27 and Ifi27l2a, Interferon-stimulated genes (ISGs). These ISGs 
have been associated with protection against viral infection (anti-viral proteins) and with cancer [478-480]. 
Ifi27l2a plays a role in restricting West Nile virus propagation in the brain through inhibition of viral translation 
and Ifi27 (ISG12) is an important modulator of innate immune responses in murine sepsis model [481]. The 
simultaneous expression of these genes may indicate the unique features of B cells in chronic infection. It is 
plausible that upon IFN-I production in response to invading pathogens, cells react by ISGs upregulation, a 
process which may result in death for the B cells via terminal differentiation [200, 351, 352] or interferonopathy 
in microglia [474]. Usp18 counteracts this process by inhibiting IFN-I downstream signaling. Possibly, it is a matter 
of timing and dose of IFN-I which dictate for the fate of B cell in chronic infection. We could speculate that if the 
cells sense too much IFN-I, as at the onset of chronic Clone 13 infection [200], they have little time to upregulate 
protective inhibitors of interferon signaling, such as Usp18, and succumb to terminal differentiation and death. 
If the dose of IFN-I is relatively low, as in our RNAseq experiment, the B cells may not suffer the interferon- 
induced shock and may be fit enough to induce the IFN-I counteracting genes such as Usp18. 
Contrary to our observations, Staupe et al. (2020) reported substantial differential gene expression among 
LCMV-specific B cells, recovered from chronic or acute LCMV infection [409]. The greatest difference was 
detectable at day 15 in GC B cells. At day 45, however, the antiviral B cells from either chronic or acute infection 
were not transcriptionally different anymore. Combined, these data suggest that murine LCMV-specific B cells 
do not undergo a classical “exhaustion” pathway, defined by phenotypic and functional changes as their T cell 
counterparts [410] [411]. On the contrary, it seems that with the progression of chronic LCMV the humoral 
immune responses increase, whereas T cell responses undergo exhaustion. Recent papers show that chronic 
LCMV infection results in successful GC reaction, culminating in a late nAbs production, while acute infection 
rarely produce any neutralizing antibody titer [155, 482]. One main observation is, however, that nAbs arise only 
once virus is suppressed i.e., when antigenic burden is low after day 40. Taken together, these data suggest that 
as long viremia is of a high titer, the B cell clones with high affinity the viral GP can neither survive long enough, 
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nor could they expand sufficiently in order to exert antibody-mediated control on the pathogen. We speculate 
that in the late phase of chronic infection, non-neutralizing antibodies start to exert pressure on the virus, 
leading to escape mutations in viral GP [175]. Effectively, at this time point the viral loads of the founder virus 
may have fallen to very low titers, prompting the survival and expansion of those B cells clones, carrying a high- 
affinity BCR against that founder. Once these high-affinity clones are able to survive and produce nAbs, the 
infection may be greatly suppressed. It is possible that many rounds of antibody maturation such as this lead to 
successful clearance of all viral quasispecies from host. One could imagine that these are the processes that 
underline to development of broad neutralizing Abs in HIV as it was shown that length of infection, or the time 
of antibody maturation, is a main correlate to develop neutralizing breath [201]. 
Our observations may explain why the mammalian immune system is failing to clear persistent-prone 
pathogens. It is possible that this is a coping mechanism for a fast production of antibodies upon infection, 
resulting, however, in the specific loss of the B cells clone with neutralizing affinity. From evolutionary 
standpoint, when challenged with life-threatening acute infection, a bias towards ASCs differentiation of high- 
affinity B cells clones that can rapidly suppress the pathogen, would seem highly beneficial for the host. 
Conversely, such a differentiation bias jeopardizes the sustainability of adequate humoral response in chronic 
viral infections. Our lab showed that this bias may occur throughout the chronic infection. First, this occurs at 
the very onset of the infection when IFN-I drives terminal differentiation of all antiviral B cells, independent of 
their affinity for the virus and causes dramatic obliteration of the B cell compartment, termed decimation [351, 
352, 483]. The cells are eventually reconstituted by newly-egressed bone marrow B cell emigrants [200, 472] 
[324] and a second wave of antiviral B cells deletion begins, this time targeting solely the B cell clones carrying 
BCR of neutralizing affinity for the dominant circulating viral variant. The late clonal deletion of B cells seems to 
continue as long as viremia is above a certain threshold. Interestingly, late deletion “spares” the low- and 
average-affinity antiviral B cells clones, as those accumulate throughout the GC reaction in chronic infection 
[155, 482]. As mentioned above, pressure from those B cell clones may eventually curb viremia and allow B cell 
clones of high BCR affinity to survive. 

 
Outlook 
KL25 antibody treatment early during chronic viral infection: This work showed that chronic antigen exposure is 
one of the driving mechanisms for late deletion of high-affinity antiviral B cells. We also showed that high-affinity B 
cells are selectively maintained in acute infection and vaccination. In order to corroborate our results, we could test 
the survival of KL25 B cells upon suppression of viral loads by passive KL25 antibody administration. We 
hypothesize that early decrease in viral loads would prevent terminal ASCs differentiation of high-affinity KL25 
B cells and would result in their survival. 
Preventing the differentiation of KL25 B cells into short lived ASCs: As a follow-up of our Blimp-1 reporter we 
could test the differentiation of KL25 B cells lacking this transcription factor. In short, in Figure 7 we observed 
high expression of Blimp-1 in KL25 cells in rCl13/WE group, whereas rCl13/N119S infection caused only limited 
upregulation of Blimp-1. We know that Blimp-1 expression is required for the differentiation of KL25 B cells into 
ASCs as it acts as a master transcription factor in that process [217, 218, 231, 236, 484]. We hypothesize, 
therefore, that KL25 cells which lack the ability of differentiating into plasmablasts/plasma cells would be able 
to survive chronic rCl13/WE infection. To this end, we plan to Blimp-1-KO KL25 cells as described in [217]. We 
hypothesize that the inability of the KL25 cells to differentiate into short-lived ASCs due to the functional KO 
Blimp-1 TF should result in maintenance of this cell population upon transfer in chronic rCl13/WE recipients. 
This key experiment would provide us with mechanistic insides of the late deletion of high-affinity antiviral B 
cells. 
Unmutated ancestor of KL25: We are in the process of engineering a KI mouse which carries a lower affinity BCR 
for the WE glycoprotein, KL25 Low Affinity (KL25LA). We can transfer these KL25LA cells as “low affinity” donor 
cells in Cl13/WE chronic infection and follow their differentiation. We hypothesize that, due to the low binding 
of the KL25LA BCR to the viral GP, the KL25LA cells will not differentiate into short-lived ASCs and will be 
maintained in rCl13/WE-infected recipient 
Sequencing viruses and cells to look at viral escape mutants or rare cellular adaptations of the KL25 cells: We 
suspect that, in the rare event of survival of KL25 cell in chronic rCl13/WE infection, either the virus or the B cells 
mutated rapidly and thus allowed a low-affinity interaction between KL25 BCR and WE GP. If cellular, the escape 
would present as mutations in the heavy and light chains of the KL25 BCR as shown in [155]. The HC and LC could 
be co-expressed as natural antibody and tested for its capacity to neutralize virus with methods well-established in 
lab. 
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Viral escape mutations could also possibly arise. In order to prevent late deletion of the KL25, the majority of 
the virus quasispecies would need to accumulate mutations in the GP WE, like the ones we use throughout this 
manuscript, N119S, N119D and some in the proximity such as N121K [176]. It remains an open question if this is 
possible in a timely manner, allowing the KL25 B cells to survive. 

 
Limitations of the study 
While extremely valuable immunological tool for modelling chronic infections that occur in man, “chronic” LCMV 
Clone 13 and Docile are spontaneously cleared from adult infected C57/B6 mice which we used in our research. 
HIV in man is virtually a lifelong infection due to both the nature of the virus and the host’s immune system. I 
good measure of caution is required, therefore, when interpreting biological events taking place in LCMV model. 

 
Related work 
Our work would not have been possible without the development of BCR-engineered mouse strains. We 
performed physiological-like engraftments of KL25 B cells, close to VRCO1 precursor numbers in HIV [292, 472]. 
Engrafting the KL25 cells after infection mimics the interaction between newly-egressed bone marrow B cell 
emigrants [200, 472] [324] and the virus. 
The current work is tightly inked to other studies performed in the lab, addressing various aspects of humoral 
immunity against chronic viral infections. 
We showed that antiviral B cells can be rescued from IFN-I-decimation by inducing Tfh virus-specific response in 
the manuscript by Narr et al. Logically, we could argue that CD4-mediated rescue of KL25 B cells may apply in 
the newly-described late deletion of high-affinity KL25 B cells which is the focus of this thesis work. 
Unfortunately, one limitation of our study was its focus on B cells without simultaneous analysis of the CD4+ 
compartment. During the past years, however, a few studies have documented the essential contribution of Tfh 
cells to GC responses during chronic LCMV infection and viral control [131, 468, 485]. We know from the work 
by Narr et al. that GP66-specific CD4+ T cells are induced early after immunization with Listeria monocytogenes 
(LM), expressing LCMV-derived glycoprotein 61-80, for short LM61. Previous work showed that LCMV-specific Tfh 
(SMARTA) cells are induced early after Cl13 infection, with 10E5 SMARTA cells at day 9 post-infection [469]. A 
week into the chronic infection, we could assume that LCMV-specific Tfh exist in sufficient numbers to provide 
timely help to the cognate LCMV-specific B cells that we engraft and do not limit the immune response [486, 
487]. Moreover, we could assume with high certainty that there is no significant difference between the T help 
induced in chronic rCl13/WE infection compared to chronic rCl13/N119S infection because both viruses have 
absolutely identical T cell epitopes. Chronic rCl13 infection, regardless of carrying wt or mutant GP, results in 
similar viral loads and persist for the same amount of time, suggesting that the T help response would be induced 
with similar potency across experimental groups. One could conclude from these findings, that despite existing Tfh 
help, our high-affinity precursor-like B cells are still deleted late in the course of the chronic LCMV infection due 
to overwhelming activation. This is in a strong contrast to the work of Narr et al., again showing that early 
decimation and late deletion of KL25 B cells are two entirely different pathways for subversion of the host’s 
immune response to persistent pathogens. 
VAGD success at resolving chronicity in LCMV is yet another powerful tool to fight chronic pathogens, as 
exemplified by the work of Ertuna et al. VAGD therapy could improve the deleterious outcome for high-affinity 
KL25 B cells in chronic viral infection, described in this thesis. Timely administration of AAV-KL25 could 
potentially prevent deletion of the adoptively engrafted cells. We could test the VAGD therapy in resolving 
viremia early during infection and preventing deletion of high-affinity KL25 B cells. The observations, made by 
Ertuna et al., on improved GC responses upon VAGD therapy may be a result of the survival of LCMV-specific 
high-affinity B cells clones from the endogenous B cells compartment. As we discussed, reducing viral loads 
relatively early in the chronic infection may reduce the chances for high-affinity antiviral B cells to undergo late 
deletion. This survival should reflect in improved GC responses and antiviral antibodies, as shown by Ertuna et al., 
thus indirectly confirming our observations on the deletion of high-affinity B cells in the late phase of chronic viral 
infection. 
In conclusion, our study offers new insights in the field of chronic infectious diseases and may explain some of 
the immune perturbations associated with chronic viral diseases. As mentioned before, detailed knowledge 
about B cells’ role in chronic infections is still limited, despite the best efforts. We offer a new mechanism of 
subversion of the immune system in the context of persistent infection, namely the clonal deletion of antiviral B 
cells. Understanding the humoral perturbations, such as the one described in this thesis, could provide us with new 
strategies to prevent and cure chronic infections. Such knowledge may be implemented into vaccine design for 
chronic pathogens, a field of vaccinology which proved to be extremely challenging. 
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